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ABSTRACT: Electrochemical membrane filtration is widely reported to
enhance water contaminants’ degradation or rejection via anodic
oxidation or cathodic repulsion. Despite their advances, electrochemical
membranes or electrocatalysts often suffer from corrosion or passivation,
especially under strong electrode potentials or reactions. Moreover, the
formation of toxic byproducts, such as chlorinated organic compounds
and oxyhalides (e.g., ClO4

−) is another major concern. This study
investigated the membrane aging processes of two types of conductive
membranes, multiwalled carbon nanotubes (MWCNTs) and ferrite/
graphitic carbon nitride hybrids (Fe3O4@g-C3N4) coated on ceramic
membranes. Under high current densities (∼20 mA·cm−2) with anodic
potentials (∼10 V), MWCNTs and Fe3O4@g-C3N4 catalysts underwent
evident oxidation as indicated by an increase of the intensity ratio of the
Raman spectral bands (ID/IG) and charge transfer resistance (Rct) of two
electrochemical membranes. Under variations of electrode potentials, chloride or bromide were shown to be oxidized to bromate
(BrO3

−) and chlorate (ClO3
−) at levels of 1−10 mmol·L−1. The formation of BrO3

− and ClO3
− was dependent on the solution pH,

current densities (1−20 mA·cm−2), and initial concentrations of Br or Cl ions. To warrant a safe and rational design and operation of
electrochemically reactive membrane processes, membrane aging and toxic byproduct’s formation deserve careful characterization
under relevant water filtration environments.

1. INTRODUCTION
Electrically charged or electrochemically reactive membranes
(ERMs) integrate electrochemical advanced oxidation and/or
electrochemical reduction reactions into membrane filtration
to enhance pollutant degradation, rejection, or transformation
(e.g., nitrification).1,2 Electrochemical membrane filtration has
demonstrated promising concurrent rejection and degradation
of diverse contaminants for water purification and wastewater
treatment.3 For example, effective removal of persistent organic
pollutants (e.g., polycyclic aromatic hydrocarbons and
polychlorinated biphenyls), dyes, pharmaceutical residuals,
and personal care products, and perfluorochemicals as well as
microbial species were reported.4−8 In a typical configuration,
the constituents of influent serve as the electrolyte, and ERMs
act in the dual function of separation unit and electrode. Such a
design can improve electrochemical kinetics and efficiencies by
the increased electro-active surface area and the enhanced
convective mass transfer of pollutants.9,10 When the proper
electrode potentials (e.g., 1−2 V) are applied to ERMs, anodic
or cathodic reactions may take place and generate diffusive
radicals or reactive species such as reactive oxygen/chlorine
species, causing direct or indirect oxidation or reduction of the
aqueous species.11,12

Electrochemical membranes are featured for high electrical
conductivity, electrochemical activity, and water permeability.
Various organic and inorganic materials have been reported to
fabricate ERMs, including conductive polymers (e.g., polyani-
line, polythiophene, and polyacetylene),13,14 carbon-based
nanomaterials such as multiwall carbon nanotubes
(MWCNTs) and graphite,15,16 metallic membranes (e.g.,
Cu),17 and ceramic/metal oxides membranes such as alumina
(Al2O3), zirconia (ZrO2), and titania (TiO2)), silica (SiO2),
and Magneĺi phase Ti4O7).

2,18 Conductive ceramic membranes
particularly demonstrate high chemical inertness, excellent
thermal stability, outstanding mechanical strength, and long
service life. Except for the Magneĺi phase Ti4O7, most ceramic
materials (e.g., Al2O3, ZrO2, and TiO2) are nonconductive and
require the construction of a conductive catalyst layer for
electrochemical reactions. For example, MWCNTs-based
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materials and carbon−metal nanohybrids (e.g., Fe3O4 con-
jugated with g-C3N4) as a conductive layer were reported due
to their high conductivity and reactivity.19,20 Zhang et al.
coated CNTs onto a ceramic membrane by pyrolysis for
organic wastewater treatment.21 Wang et al. reported that
CNT-functionalized ceramic membrane possessed high hydro-
philicity, permeability, and conductivity, which promoted the
generation of reactive (radical) chlorine species (RCS)
through the anodization of chloride ions for membrane self-
cleaning.22

Practical implementations of electrochemical membranes are
largely hampered by electrode material stability and opera-
tional cost for long-term use.23 For instance, ERMs are often
needed to operate at relatively high overpotentials to effectively
degrade persistent pollutants. However, high electrode
potentials cause high electrical consumption and risks of
inducing undesirable water oxidation or oxygen evolution on
anode or chlorine or hydrogen gas evolution on cathode.5

Furthermore, high electrode potentials may lead to detrimental
impacts on electrochemical membrane properties (e.g., aging
or passivation), as characterized by the loss of conductivity,
reactivity, and even mechanical integrity or stability.24

However, only a few studies have reported the membrane
aging on limited materials such as the Magneĺi phase Ti4O7
that could be oxidized into TiO2 or other titanium phases in
oxidative environments.2 Halali et al. also reported that CNT/
PVA-coated electrically conductive membranes were physically
unstable during the filtration as indicated by the PVA leaching
under 2−4 V vs Ag/AgCl reference electrode.25 Three
standardized methods such as electrochemical oxidation,
surface scratch testing, and pressurized leaching were
employed to assess the electrochemical, chemical, and physical
stability of such membrane coatings.26 The related aging
mechanisms are not well understood and deserve research
efforts to support the rational design and operation of
electrochemical membrane systems.
The other important concern is the formation of poisonous

halo-oxyanions and halogenated byproducts in the electro-
chemical treatment.27 Strong anodic oxidation could yield
chlorate (ClO3

−), perchlorate (ClO4
−), and bromate (BrO3

−)
in the treated water,28 especially when Cl− and Br−

concentrations are high (500−4000 mM). ClO4
− is laborious

to reduce to Cl− once it is formed and presents serious health
risks. The halogenation of organic compounds can lead to the
production of halogenated byproducts such as trihalomethane
and polybrominated biphenyl that are significantly more toxic
than the precursor compounds. However, electrochemical
production of these halogen oxides or halogenated organic
matters requires certain reaction times due to relatively low
reaction rate constants (e.g., the formation rate constant of
ClO3

− is around (2.4−12) × 10−6 s−1).29 To avoid these
byproducts and address this critical challenge, applying proper
electrode potentials is essential.
The objectives of this study aim to unravel electrochemical

membrane aging mechanisms and byproducts formation using
two model electrocatalyst-membranes: hybridized MWCNTs
coated ceramic membrane (MWCNTs/CM) and Fe3O4@g-
C3N4 loaded ceramic membrane (Fe3O4@g-C3N4/CM), which
have been reported for the degradation of organic dyes,30

tetrabromobisphenol A (TBBPA),31 and diclofenac.32 For
example, g-C3N4 hybrids with Fe3O4 composite have been
reported with better electrochemical performance than pure g-
C3N4.

33,34 Membrane filtration experiments were performed in

the single pass, permeate flow-through operational mode under
variations of the initial concentrations of sodium chloride
(NaCl) and sodium bromide (NaBr), solution pH, and applied
electrode potentials. The membrane aging of the two types of
hybridized ERMs were thoroughly characterized by examining
the changes of the membrane’s physicochemical and electro-
chemical properties. Halogenated byproducts in the filtrate
were analyzed to establish connections with operational factors
such as applied current densities and solution pH values.
Ultimately, this work promotes the durable design and
operations of efficient and safe electrochemical membrane
water filtration.

2. MATERIALS AND METHODS
2.1. Anode Membrane Preparation and Character-

ization. 2.1.1. Preparation of MWCNTs and MWCNTs-
Coated Membrane (MWCNTs/CM). MWCNTs (>99%) were
purchased from Fisher Scientific (USA). The outer diameter
and length of CNTs are 20−40 nm and 5−15 μm, respectively.
To introduce oxygen-containing functional groups, which
could interfere with the electron transport in the sp2
carbonaceous structure, we prepared two kinds of MWCNTs,
pristine or untreated MWCNTs (p-MWCNTs) and oxidized
MWCNTs (o-MWCNTs). p-MWCNTs were produced by
hydrochloric acid treatment of the MWCNTs. Briefly, 0.2 g of
the MWCNTs powder was dispersed in 200 mL of HCl (36%)
and heated at 70 °C under refluxing for 12 h. After heating, the
solid sample was cooled to room temperature, rinsed by DI
water, and vacuum-filtered to collect the p-MWCNTs. o-
MWCNTs were prepared by the oxidation of the p-MWCNTs
using a modified Hummers’ method,35 where 0.1 g of p-
MWCNTs was dispersed in 60 mL of H2SO4 (78%) with 0.1 g
of NaNO3 by stirring it an ice bath for 40 min, followed by the
addition of 0.2 g of KMnO4 and sonication at 40 °C for 2 h.
Twenty milliliters of H2O2 (30%) was then added, and the
mixture was stirred under reflux at 70 °C for 40 min. After
heating, the resulting mixture was centrifuged, diluted,
vacuum-filtered, and rinsed with DI water to obtain the o-
MWCNTs.
A commercial ceramic membrane (47N014, Sterlitech

Corporation, US) was chosen as a membrane support for
catalyst coating. This flat-sheet membrane is made of a
zirconia/titania (Zr/TiO2) coating on an alumina (α-Al2O3)
owing a nominal pore size of 140 nm, a diameter of 4.6 cm,
and an effective surface area of 17.34 cm2. The membrane was
rinsed rigorously with deionized (DI) water before use to
remove loosely attached particles or impurities. To obtain
hybridized MWCNTs-coated membrane (MWCNTs/CM), p-
MWCNTs and o-MWCNTs were dispersed in DMSO at 0.5
mg·mL−1 with a 10:1 mass ratio followed by ultrasonication for
15 min to obtain a hybridized MWCNTs suspension, which
was then vacuum filtered through the planar ceramic
membrane at a loading rate of 1 mg·cm−2. The 10:1 mass
ratio of p-MWCNTs and o-MWCNTs was chosen to obtain
the optimal surface states of hydrophilicity and conductivity
and high water permeability as reported previously.22 The
fabricated membrane was then rinsed by sequential filtering of
50 mL of ethanol, 50 mL of 1:1 DI water/ethanol, and 100 mL
of DI water to remove the residual DMSO, followed by
desiccating at 70 °C for 60 min.

2.1.2. Preparation of Fe3O4 NPs, Fe3O4 NPs@g-C3N4, and
Fe3O4 NPs@g-C3N4-Coated Membranes. To synthesize Fe3O4
nanoparticles (NPs), 0.67 g of the FeCl3 6H2O was dissolved
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in 50 mL of ethylene glycol to form a well-mixed solution.
Then, the controlled amount of sodium acetate, (1.08 g) was
added to the prepared ethylene glycol solution at room
temperature under magnetic stirring. The resultant homoge-
neous mixture was then transferred to a 100 mL Teflon lined
stainless steel autoclave and incubated at 200 °C for 24 h. After
the incubation, the black solid precipitates were collected by
magnetic separation and washed with ethanol three times. The
final products were dried in a vacuum oven at 40 °C for 6 h.
Fe3O4@g-C3N4 composites were prepared via a two-step self-
assembly.36 The g-C3N4 solid was prepared by heating
melamine to 550 °C for 2 h in N2 atmosphere. After that,
the g-C3N4 solid was ground and mixed with 10 mL of
methanol under ultrasonic mixing for 30 min. Finally, the
mixture of Fe3O4 and g-C3N4 with a weight ratio of 5 wt %
(Fe3O4 to g-C3N4) was ultrasonicated for 30 min and stirred in
a fume hood for 24 h to remove methanol. The obtained solids
were calcined in a muffle furnace at 150 °C for 4 h.
The Fe3O4@g-C3N4 composite was dispersed in dimethyl

sulfoxide (DMSO) at 0.5 mg·mL−1 and ultrasonicated for 15
min to obtain a Fe3O4@g-C3N4 suspension, which was loaded
onto the ceramic membrane at 1 mg·cm−2 by vacuum filtration
of the as-prepared Fe3O4@g-C3N4 suspension through the
pristine ceramic membrane with an effective membrane area of
approximately 17.34 cm2. The membrane was then rinsed by
sequential filtering of 50 mL of ethanol, 50 mL of 1:1 DI
water/ethanol, and 100 mL of DI water to remove the residual
DMSO, followed by desiccation at 70 °C for 60 min.
2.2. Membrane Surface Aging and Characterization.

Membrane aging experiments were performed by continuously
filtering the 100 mM NaCl solution at 350 L·m−2·h−1 under
pressure of 1.0 bar (14.5 psi) for 5 days (120 h) through the
modified membranes that were applied at an anodic potential
of approximately 10 V (corresponding to a current density of
20 mA·cm−2). To analyze membrane aging, cyclic voltammetry
(CV) was conducted to measure the electroactive properties of
the anode membrane materials before and after applications of
DC currents and liquid permeate filtration. Briefly, the
standard three-electrode system was established with the two
anode membranes as working electrode, the Ag/AgCl (in 1.0
M KCl) as reference electrode, and a 3 mm platinum wire as
the counter electrode. CV curves will be mapped on a CHI
700E electrochemical workstation (CH Instrument, USA). All
the measured electrochemical potentials are referenced to the
Ag/AgCl electrode potential (considered as 0 V). The
electrolyte solution is 10 mM K3Fe(CN)6 (a redox mediator)
in 0.5 M KCl as a supporting electrolyte. The CV curves were
obtained by sweeping from −0.4 to 1 V versus Ag/AgCl at a
scan rate of 0.05 V·s−1. Chronoamperometry (CA) was also
conducted in 100 mM NaCl electrolyte at 10 V versus Ag/
AgCl. All electrochemical measurements (CV, CA, and EIS) of
the ERMs were performed using Ag/AgCl (in 1.0 M KCl) as
reference electrode, and a 3 mm platinum wire as the counter
electrode.
Electrochemical impedance spectrometry (EIS) was further

conducted to investigate the electrochemical properties of the
anode membranes. The anode membranes were charged under
open circuit potential (OCP) of 0.3 V vs Ag/AgCl at the
frequency range of 100 kHz to 0.01 Hz in aqueous solution
containing 10 mM K3Fe(CN)6 with 0.5 M KCl solution.
Furthermore, the obtained EIS data were split/fitted into
electrolyte resistance, charge-transfer resistance, and resistance
of solid/electrolyte interface to examine the changes in

electrode conductivity in detail. During EIS measurements,
total impedance of the membrane system (Zm) is measured as
a function of frequency ( f), and the resulting data are
represented on a Nyquist plot. The obtained data are
interpreted by using ZSim 3.0 software.

2.3. Electrochemical Membrane Filtration Assess-
ment. Electrochemical membrane filtration experiments
were conducted by a dead-end membrane filtration cell as
illustrated in Figure S1 in the Supporting Information (SI).
Reactive oxygen species (ROSs), reactive chlorine species
generation, and bromate generation highly depend on the
concentrations of chloride or bromide and applied anode
potentials. Thus, the feed solution was prepared with the NaCl
or NaBr concentrations of 50 mM, 100 mM, 200 mM, and 400
mM. These high concentrations were selected to facilitate the
detection of the byproducts during electrochemical experi-
ments. Moreover, the high salinity conditions are relevant for
the brine wastewater generated from oil and natural gas
production, which may contain chloride and bromide at a wide
range (e.g., 1−200 g·L−1).37 The applied cell voltage was
applied within 3−15 V, resulting in the current density of 1, 5,
10, and 20 mA·cm−2 (corresponding to an anodic potential of
approximately 1, 2, 5, and 10 V vs Ag/AgCl, respectively).
During the electrochemical membrane filtration, the current
densities were controlled at fixed levels by a DC power
generator (DC power supply YH-302D). The solution pH
value can affect the formation of byproducts and was adjusted
to 2.0, 7.0, and 13.0, to compare the changes of byproduct
formation. The pH value of the feed solution was adjusted with
1.0 M NaOH solution and 1.0 M HCl solution. Filtration
lasted for about 1 h. After stabilizing the electrochemical
filtration for 15 min, the filtered solution was collected for
sample testing every 10 min. The overall porosity (Pr) of the
membrane was determined by a gravimetric method. In
addition, the membrane mean pore radius (rm) was
determined by the Guerout−Elford−Ferry equation. The
permeate flux was calculated by the Darcy’s equation and
expressed in units of liters per m2 of membrane per hour (L·
m−2·h−1, LMH). The detailed descriptions are provided in
section S2, where we compared the changes of permeate flux,
membrane porosity, pore size, and surface hydrophobicity
before and after the aging experiments as Table S1 and Table
S2. Chloride, chlorite, chlorate, bromide, and bromate
concentrations in the permeate were measured by a Dionex
ICS-1500 ion chromatography system (ICS-1500) equipped
with the AS50 autosampler, and an IonPac AS22 column
coupled to a conductivity detector (31 mA). For separation of
those anions, we used 23 mM NaOH as the eluent. Operation
was isothermic at 30 °C with a flow rate of 1 mL·min−1. More
details can be found in Supporting Information (section S6).

3. RESULTS AND DISCUSSIONS
3.1. Morphological Characterization before and after

Aging Treatment. Figure S2 shows the typical SEM figures
of the p-MWCNTs, o-MWCNTs, Fe3O4 NPs, g-C3N4 sheet,
and Fe3O4@g-C3N4. The MWCNTs diameter and length
distributions are 20−40 nm and 5−15 μm as measured from
Figure S2a. The pure Fe3O4 NPs exhibited a spherical
morphology with a size diameter in the range of 200−300
nm (Figure S2c). Figure S 2d shows that the pure g-C3N4
sample was composed of different sizes of crystal stacking
layers. Figure S2e shows the conjugated state of Fe3O4@g-
C3N4, where g-C3N4 is expected to be those irregular
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aggregated particles about several micrometers in size.
Moreover, g-C3N4 has small pores due to the gas discharge
from the melamine decomposition. Fe3O4@g-C3N4 exhibited a
sheet-like structure with spherical Fe3O4 NPs deposited on the
g-C3N4 sheet surfaces as marked in red circles.
The top view and cross-section images of pristine CM,

MWCNTs/CM, and Fe3O4@g-C3N4/CM in Figure 1d and 1f
show that the surface of pristine ceramic membranes contains
pores with about hundreds of nanometers in diameter, which is
consistent with the reported 140 nm pore size by the
manufacturer. Figure 1e shows that the coating layer of
MWCNTs/CM are in possession of the typical morphology of
MWCNTs as shown in Figure S2 and Figure 2b. The cross
section images of the MWCNTs/CM indicate that MWCNTs
formed a layer with a thickness of ∼11 μm. For the Fe3O4@g-
C3N4/CM, Figure 1f shows the ceramic membrane is covered
with many irregularly shaped particles. The cross section image
of the Fe3O4@g-C3N4/CM reveals that the layer thickness is
∼7 μm.
Figure S3 compares the surface morphology of the two

functionalized membranes before and after aging treatment.
There are no apparent visual differences for MWCNTs/CM,
indicating that the aging treatment had no considerable
impacts on the physical integrity of hybridized MWCNTs or
its coating structure. Electrochemical oxidation of MWCNTs
by the BDD anode was previously reported under 710−2840
mA·cm−2.38 The oxidized MWCNTs have transformed from a
highly bundled state to a debundled state. The amorphous

carbon tends to get smaller and become isolated after
oxidation, which is not observed in our study. In addition,
the SEM images in Figure S3 show significant differences in
surface morphology between the pristine and the aged Fe3O4@
g-C3N4/CM. After aging, the bulk graphitic carbon nitride
seems to be fractured and has an increased surface roughness.
The oxidation treatment of g-C3N4 results in the formation of
spherical nanoparticles,39 which may explain the increased
surface roughness of the aged membrane. This morphological
change might be responsible for the formation of the
mesoporous graphitic carbon nitride or oxidized g-C3N4.

40

3.2. Surface Chemical Characterization before and
after Aging. Figure 2a shows the FTIR spectra of Fe3O4 that
has one strong absorption at 590 cm−1 assigned to the Fe−O
stretching vibration.41 However, this peak declined in Fe3O4@
g-C3N4 samples due to the reduced content of Fe3O4 (5%).
Both g-C3N4 and Fe3O4@g-C3N4 yielded the absorption at
810, 1100, 1470, and 1630 cm−1 attributed to the breathing
and stretching vibrations related to C−N and C�N of triazine
units of g-C3N4, respectively.

42 Compared with the pristine
Fe3O4@g-C3N4, the aged Fe3O4@g-C3N4 had an evident
decrease of the peak intensity at 1100 cm−1 that is assigned to
the stretching of the C−N bond (Figure 2b), due to the
transformation of C−N into C−O during aging treatment.43

The FTIR spectra of the p-MWCNTs and o-MWCNTs show a
peak at 1670 cm−1 that could be associated with the C�O
stretch mode of carboxylic groups due to the acid treatment.
Additionally, o-MWCNTs show four major peaks at 3230,

Figure 1. (a−c) Photographs and (d−f) SEM images top view of the pristine CM, MWCNTs/CM, and Fe3O4@g-C3N4/CM, and (g−i) cross-
section of the pristine CM, MWCNTs/CM, and Fe3O4@g-C3N4/CM.
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1670, 1530, and 1200 cm−1, respectively, which correspond to
the hydroxyl groups, the C�C bond stretching, the C�O
stretching, and the C−O bond stretching.44 Moreover, Figure
2b shows that the peak intensities assigned to C�O and C−O
bond are slightly higher for the aging membrane when
compared to that of the pristine membrane, probably because
of the increase of the amount of the new functional groups
(e.g., COOH). Li et al. reported two possible mechanisms of
interactions between hydroxyl radicals and MWCNTs,45

radical attack on defect sites and unsaturated bonds of
MWCNT sidewalls. XPS results Figure S5 also provide
evidence for the aging of two kinds of electrocatalysts as
detailed in section S4. For instance, the N−C�N intensity at
396.5 eV for Fe3O4@g-C3N4 was significantly reduced due to
the oxidation of C�N to tertiary nitrogen, secondary amines,
and nitroso groups. After aging, the percentage of the carboxyl
group peak intensity relative to the total C 1s intensity (13.8%)
surpassed that of pristine hybridized MWCNTs (10.7%),
implying that electrochemical aging promoted the incorpo-
ration of carboxyl groups. This result is supported by a
previous study reporting that the carboxyl (−COOH) group
could hinder the electrooxidation of pollutants and increase
resistance of charge transfer.46 The aging mechanisms of
Fe3O4@g-C3N4/CM and MWCNTs/CM are depicted in
Figure 2c, where C−O, C−N, or C�C are converted to
COOH during the aging treatment.
The surface aging of MWCNTs and Fe3O4@g-C3N4

modified membranes during electrochemical filtration was
studied with Raman spectrometry. The top two rows in Figure

3 compare the surface Raman mapping of the pristine and aged
MWCNTs/CM membranes. Pristine MWCNTs/CM samples
typically exhibit three characteristic Raman peaks at 1344.5,
1581.2, and 2681.2 cm−1, respectively, as shown in Figure S6a,
which correspond to the D band, the G band, and the G′ band.
The three columns, a, b and c, are images generated based on
the intensities of D band, G band, and the ratio of D/G bands,
where some regions have higher intensities (red dots)
indicative of the presence of MWCNTs. The aged
MWCNTs/CM surface had a remarkable reduction in
intensity of these Raman signals compared to that of pristine
MWCNTs/CM. The ratio between the intensity of D-band
and the G-band is slightly higher for an aging membrane when
compared to that of the pristine membrane. Moreover, it is
possible to identify the locations of the aged MWCNTs on the
membrane surface from these mapping images. Similarly, the
Raman spectra for the aged Fe3O4@g-C3N4 in Figure S6b
show the G band intensity decreased remarkably similar to the
observation on MWCNTs, probably because of the increase of
both disordered structures and the amount of the new
functional groups (e.g., −COOH) on Fe3O4@g-C3N4 after
the aging process. Accordingly, the ID/IG ratios of MWCNTs/
CM and Fe3O4@g-C3N4/CM were found to increase from
20% and 25% to 40% and 50%, respectively, indicating that the
two electrocatalyst membranes underwent different aging
degrees. The ID/IG ratio changes also reflect the trans-
formations of C−O, C�N or C�C groups into COOH
groups. The loss of N increased the structural defects (e.g.,

Figure 2. (a) FTIR spectra of Fe3O4, g-C3N4, Fe3O4@ g-C3N4, MWCNTs, p-MWCNTs and o-MWCNTs. (b) FTIR spectra of the pristine
Fe3O4@ g-C3N4, aged Fe3O4@ g-C3N4, MWCNTs and aged MWCNTs. (c) Proposed mechanism of membrane aging and byproduct formation in
filtration process.
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nitrogen vacancies) on g-C3N4 as indicated by the relatively
higher band intensity ratio (ID/IG).

47

3.3. Electrochemical Activity Changes. 3.3.1. Cyclic
Voltammetry Assessment for the Pristine and Aged
Membranes. The aging degree is often associated with the
reduction of the electrochemically active surface area or
electroactive sites. Voltametric charge density (Q) is closely

related to the amounts of electroactive sites of a porous
electrode and was calculated by integrating the CV curves in
Figure S7a−d. Total voltametric charge density (QT, mC·
cm−2) is the Q value obtained when the scan rate (v, mV·s−1)
is zero as indicated by eq 1 and represents the total
electroactive surface charge per surface area.

Figure 3. Raman mapping of pristine and aged MWCNTs and Fe3O4@g-C3N4/CM: (a) D band mapping of the membrane surface, (b) G band
mapping of the membrane, (c) ID/IG ratio contrast imaging of the membrane surface.

Table 1. Total, Outer and Inner Charge Density, QI/QT and Rr of the Pristine and Aged MWCNTs and Fe3O4 NPs@ g-C3N4
Coated Membranes

Membrane QT (mC·cm−2) QO (mC·cm−2) QI (mC·cm−2) QI/QT (%) Rr (unitless)

Pristine MWCNTs/CM 216.91 28.26 188.65 86.97 3615.17
Aged MWCNTs/CM 208.74 26.14 182.60 87.47 3479.00
Pristine Fe3O4@g-C3N4/CM 140.06 12.06 128.00 91.38 2334.33
Aged Fe3O4@g-C3N4/CM 130.77 11.11 119.66 91.50 2179.50
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= +Q kv( ) (Q )1
T

1 1/2
(1)

where k is a constant (no unit). Total voltametric charge
density (QT) is equal to the sum of the outer voltametric
charge density (QO) and the inner voltametric charge density
(QI), which represent the charge related to the outer geometric
and the inner unattainable electrode areas, respectively. The
ratio between QI and QT (QI/QT) is equal to the electro-
chemical porosity. QO is related to the easiest attachable
electroactive surface area. QT and QO for the pristine and aged
MWCNTs/CM or Fe3O4 NPs@ g-C3N4/CM samples were
determined using eq 1 and 2 with the data in Figure S7 panels
e and f, respectively.

= +Q Q kvO
1/2

(2)

The determined voltametric charges, electrochemical
porosity, and roughness factor (Rr) are listed in Table 1,
which shows that the outer voltametric charge of the pristine
MWCNTs/CM was greater than that of the Fe3O4 NPs@ g-
C3N4/CM. Thus, the MWCNTs/CM yielded a greater
number of active sites than Fe3O4 NPs@g-C3N4/CM. After
aging treatment, the outer voltametric charge of the
MWCNTs/CM or Fe3O4 NPs@g-C3N4/CM decreased due
to the limited membrane aging. The electrochemical porosity
of the MWCNTs/CM or Fe3O4 NPs@ g-C3N4/CM increase
slightly, showing that the aging process exerts a minor
influence on the catalytic behavior of the conductive
membrane. Rr as an indicator or electrocatalytic activity is
the electroactive surface area (ECSA) divided by the
geometrical area of the electrode (i.e., Rr = ECSA/geometrical
area).48 The ECSA of membrane electrodes is often calculated
using the normalization constant of 60 μC·cm−2. The
geometrical area (17.34 cm2) was then used to calculate the
roughness factor. Similar to voltametric charges, Rr of two-
membrane electrode decreased after aging, suggesting the loss
of catalytic activity of the aged membrane.49

Furthermore, Figure 4a compares the CVs of the different
membrane samples. Without surface coating, the pristine
ceramic membrane yielded negligible peak currents at all the
sweep potentials, suggesting low electrochemical activity. By
contrast, with the coating of MWCNTs or Fe3O4@g-C3N4, the
typical electrochemical reversible current curves are observed.
The peak current of MWCNTs/CM is achieved at 0.04 V and
is greater than that of Fe3O4@g-C3N4 at 0.14 V, which
indicates a higher interfacial charge transport on the

MWCNTs coating surface. For the aged membrane, the peak
currents, especially under the high positive potential bias,
decreased significantly for both coated membranes, implying
the partial loss of the electrochemical activity or reactive sites
on MWCNTs and Fe3O4@g-C3N4 as mentioned above. To
better assess their performance and stability during aging
experiments, these two electrochemical membranes were
subjected to chronoamperometry at 10 V vs Ag/AgCl. Figure
S8 shows that MWCNTs/CM yielded a relatively stable
current (∼15 mA·cm−1) over time, whereas Fe3O4@g-C3N4/
CM exhibited an initial high current density (∼20 mA·cm−1)
that progressively declined to 10 mA·cm−1 and eventually
dropped to 8 mA·cm−1 at day 5 due to the oxidative aging. The
electrochemical activity of MWCNT/CM generally remained
higher than that of Fe3O4@g-C3N4/CM after the same aging
treatment.

3.3.2. Electrochemical Impedance Assessment for the
Pristine and Aged Membranes. To analyze the changes of the
interfacial charge-transfer resistance before and after aging
treatment, electrochemical impedance spectroscopy (EIS) of
the brand-new and aged MWCNTs and Fe3O4@g-C3N4
modified membranes were studied in the same electrolyte
solution (10 mM K3Fe(CN)6 and 0.5 M KCl) at an open
circuit potential (0.3 V). The EIS spectra are presented as a
Nyquist plot in Figure 4b. The diameter of the semicircle arc of
MWCNTs and Fe3O4@g-C3N4 modified electrodes was
significantly smaller than the diameter of the semicircle arc
of the pristine membrane, suggesting a faster interfacial charge
transport on the coated membrane surface than on the pristine
membrane surface.50 The EIS spectra were fitted with an
equivalent circuit as shown in the inset of Figure 4b, where Rct
is the charge-transfer resistance at the electrode/solution
interface, Rs represents the electrolyte resistance, C is the
electrode double-layer capacitance formed at electrode/
solution interface. W is the Warburg impedance that models
the diffusion process in the dielectric spectroscopy. The value
of Rct was further converted to resistivity (Rct*) using the
surface area and coating thickness of the catalyst layer. The
results of Rct, Rct*, Rs, C, and W are summarized in Table 2.
Smaller resistances under the MWCNTs composite were
obtained compared to that for the Fe3O4@g-C3N4 composite.
Ceramic membranes made of alumina (Al2O3) and zirconia

oxides (ZrO2) also exhibit electrochemical impedance
responses as reported previously.51 Thus, Table 2 demon-
strates that the charge transfer resistance (Rct) of the pristine
CM reached up to 1000 ohm due to the semiconducting

Figure 4. (a) CV curves of the pristine and aged MWCNTs/CM and Fe3O4@g-C3N4/CM obtained at a sweeping rate of 0.05 V·s−1. (b) EIS
spectra of the pristine and aged MWCNTs/CM and Fe3O4@g-C3N4/CM. (All electrochemical testing use Ag/AgCl (in 1.0 M KCl) as reference
electrode, and a 3 mm platinum wire as the counter electrode.)
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nature of ceramic membranes. The Rct values of MWCNTs
(220.3 ± 12) and Fe3O4@g-C3N4 (290.2 ± 11ohm) modified
membranes were significantly smaller than that of the pristine
membrane, suggesting a good conductivity on the coated
membrane surface and supporting MWCNTs, and the Fe3O4@
g-C3N4 coating converted the pristine CM to a conductive
CM. Li et al. also reported that the CNT coating could covert
the charge transfer resistance of the Al2O3 CM support, around
3000 ohm, to the CNT-coated Al2O3 CM of only
approximately 200 ohm.52

By contrast, the charge transfer resistance (Rct) of two aged
electrochemical membranes increased from 220.3 ± 12 ohm to
248.1 ± 3 ohm and from 290.2 ± 11ohm to 299.6 ± 3 ohm,
respectively. This increase mainly resulted from the restructur-
ing, irreversible phase transition, and reduction of electroactive
sites as described above and elsewhere.53 For example, the
decrease of the electrochemically active surface area results in a

reduced electrode double-layer capacitance (C), which agrees
with our results in Table 2. Warburg impedance (W) reflects
the diffusion process of the electrolyte. Table 2 shows that
Warburg impedance increases after aging, implying that the
diffusion resistance of the electrolyte within the solid electrode
increased. This phenomenon could be caused by the expansion
of electrode materials or pore clogging.54 The electrochemical
aging process could have changed the pore size of membranes
due to formation of holes, broken layers, partial unzipping, and
debundling of MWCNTs,55 which will hinder efficient
diffusion of the redox species from the bulk electrolyte into
the pores.53,56

3.4. Analysis of Halogenated Byproduct Formation.
3.4.1. Comparison of Halogenated Byproduct Formation on
Two Electrochemical Membranes. The generation of chlorine
related byproducts during electrochemical membrane filtration
is initiated by the oxidation of chloride at the anode surface,
which follows the general oxidation pathway as shown in
Figure 2c (Cl− → Cl· → HOCl/OCl− → ClO2

− → ClO3
− →

ClO4
−).57−59 However, halogen oxides byproduct generation

highly depends on the electrode materials.60 The halogenated
byproduct formation on the two presented composite
conductive membranes has not been reported elsewhere.
Figure 5 shows the halogenated anions such as ClO2

−, ClO3
−,

and BrO3
− present in the filtrate from the anodic membrane

with the feed solutions made of different concentrations of
NaCl or NaBr with two MWCNTs/CM and Fe3O4@g-C3N4/
CM electrodes. Perchlorate was not detected in the filtered
water under the current experimental conditions. During
electrochemical filtration, Cl− or Br− could directly react with
the electrode or indirectly with reactive oxygen species
(hydroxyl radicals or ozone) to produce oxyanions. Chlorate
and bromate formed with a lower level in the Fe3O4@g-C3N4/
CM experiment than that in the MWCNTs/CM experiment.
The efficiency of oxidant generation in the electrochemical
process depends on the applied anodic potential and
adsorption enthalpy of M−OH on electrode materials.61

Table 2. Fitted Results of the Parameters in the Equivalent
Circuit for Pristine CM and Two Modified CM before and
after the Aging Experiments

Electrode Parameters Before aging After aging

Pristine CM Rs (ohm) 58 ± 10 NA
Rct (ohm) 1015 ± 105 NA
C (F) 8.51 × 10−9 NA
W (S·s1/2) 0.0012 NA

MWCNTs/CM Rs (ohm) 37.4 ± 3 35.4 ± 5
Rct (ohm) 220.3 ± 12 248.1 ± 3
Rct* (ohm·cm) 3820.1 ± 69.2 4302.2 ± 53.02
C (F) 3.95 × 10−7 3.65 × 10−7

W (S·s1/2) 0.0056 0.0068
Fe3O4@g-C3N4/CM Rs (ohm) 43.5 ± 5 44.5 ± 4

Rct (ohm) 290.2 ± 11 299.6 ± 3
Rct* (ohm·cm) 5032.1 ± 90.7 5195.2 ± 98.5
C (F) 3.68 × 10−7 3.45 × 10−7

W (S·s1/2) 0.0067 0.0075

Figure 5. Changes of concentrations of chlorite, chlorate, and bromate of two electrochemical membranes before and after electrochemical aging
(a,d) 1−20 mA·cm−2 current density with initial concentration 100 mM at pH = 7; (b,e) initial pH = 2−7 with initial concentration 100 mM and
current density = 10 mA·cm−2; and (c,f) initial concentration 50−400 mM with current density = 10 mA·cm−2 at pH = 7. (The subcolumns with
line pattern are concentrations after aging and the labeled numbers stand for the percentage change after electrochemical aging.)
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During electrolysis, ·OH is produced from water as a surficial
intermediate. M−OH denotes ·OH radicals that are physically
adsorbed at a surface site. The results suggest that MWCNTs
provide more effective catalytic ability and generate more
electrogenerated hydroxyl radicals than Fe3O4@g-C3N4 under
the same anodic potentials. Wu et al. confirmed that carbon
nanotube electrodes could also produce hydroxyl radicals in
electrolysis processes.62 After the electrochemical aging
process, the concentrations of all halogenated anions decreased
due to the loss of catalyst activity or reactive sites. After
membrane aging, oxygen-containing functional groups were
introduced that are capable of interfering with electron
transport in the sp2 carbonaceous structure.63 Fe3O4@g-
C3N4/CM had a relativity higher reduction in halogenated
byproduct production than MWCNTs/CM did, due to the
relatively lower stability of g-C3N4 and Fe3O4 than MWCNTs
during electrochemical aging as indicated by the XPS results
(section S4).64

3.4.2. Effect of Current Density on Halogenated By-
product Formation. Figure 5a shows the effect of the current
density on the oxychloride anions distribution. The produced
levels of chlorite, chlorate, and bromate increased at high
current densities (∼20 mA·cm−2), which increase the electron
transfer rates and favor hydroxyl radicals’ formation. Thus, the
rate of chloride oxidation to chlorite or chlorate increased.
More importantly, high current densities yield high anodic
potentials, which is essential for activating the anodic oxidation
reactions of these halogen anions as listed in eqs S5−S9. For
instance, the Visual MINTEQ simulation indicates that
hypochlorous acid (HOCl) and hypochlorite ions (OCl−)
will be involved when the oxidation/reduction potential is
higher than 1 V as shown in Figure S9. Even after the
electrochemical aging process, the concentrations of halo-
genated anions under a high current density only did not
change significantly. By contrast, at low current densities (<5
mA·cm−2), there was almost no chlorite, chlorate, or bromate
production. The electrochemical aging would significantly
cause reduction (above 10%) of the chlorinated or brominated
byproducts under low current density. However, lowering
current densities or anodic potentials could reduce the
oxidation efficacy of water micropollutants. For example,
anodic potentials of 3−14 V were needed to mineralize 1,4-
dioxane on TiO2 and Ti/IrO2−Ta2O5.

65,66 PFASs require even
higher anodic potentials (e.g., 4−15 V on Ti/RuO2

67,68) for
oxidative degradation. Thus, when treating these recalcitrant
micropollutants in saline water, there could be sizable amounts
of halogen oxyanions produced.
3.4.3. Effect of pH on Halogenated Byproduct Formation.

The summarized major reactions in eqs S5−S9 clearly indicate
the involvement of protons in many reactions, and thus the
solution pH could sensitively affect the formation of oxyanions
and their speciation. Our results in Figure 5b compare the
electrochemical byproducts of oxychloride/bromide anions in
acidic (pH = 2), neutral (pH = 7), and basic (pH = 13)
conditions using 100 mM NaCl or NaBr solutions under a
current density of 10 mA cm−2. The formation of ClO2

− and
ClO3

− increased with an increase in the initial pH values of the
solution and remained constant at higher pH conditions. This
result is due to the fact that, at acidic pH (pH = 2), the
dominant chlorine species is hypochlorous acid, and the
electrochemical oxidation of HOCl (eq S5) would contribute
less to the formation of ClO3

− than does the OCl− (eq S6). If
the solution pH is neutral or alkaline, HOCl is likely converted

into of ClO2
− and ClO3

−, which agrees with experimental
observations. The MINTEQ simulations in Figure S9 confirm
that the HOCl concentration decreased as a function of pH
increase. At acidic pH values, gaseous chlorine could be
promoted, reducing available anionic oxychloride species for
oxidation reactions and formation of halogenated oxyanions.
Thus, for the aged MWCNTs/CM and Fe3O4@g-C3N4/CM,
reducing the solution pH could greatly inhibit the byproduct
formation.

3.4.4. Effect of the Initial Concentration of Salts.
Increasing the initial concentration of Cl− and Br− generally
increases the reaction kinetics of electrochemical oxidation.
Figure 5c shows the formation of ClO2

−, ClO3
−, and BrO3

−

during the electrochemical filtration of the solutions with
varied initial NaCl or NaBr concentrations (50, 100, 200, and
400 mM). The concentrations of chlorite, chlorate, or bromate
all increased appreciably with an increase in the Cl− or Br−
concentrations, which matches the result reported previously.69

After electrochemical aging, the percentage change of chlorate
concentrations are 19.2, 4.0, 4.5, and 1.3% for the initial Cl−
concentrations of 50, 100, 200, and 400 mM under
MWCNTs/CM, respectively. The electrochemical aging
process will not affect the chlorinated or brominated
byproducts formation when the initial Cl− concentrations is
high. The amount of ClO2

− could not be precisely measured
because the produced ClO2

− could rapidly react with other
oxidants, such as O3 and ·OH, or directly react on the anode to
form stable ClO3

−. Less ClO4
− could be generated with a

higher initial Cl− content (50−250 mg·L−1) due to the
limitation in reactive sites on the electrode.70 The reactive sites
on the electrode will be occupied by excessive Cl− and then
inhibit the ClO3

− to form ClO4
−.

4. CONCLUSION
Electrochemical membrane filtration has proven effective for
pollutant degradation or chemical conversion in water/
wastewater treatment and resource recovery. The high surface
area, microporous structures, and tunable reactivity of
electrochemically reactive membranes garner the enhanced
reaction efficiency and pollutant removal. However, the
membrane properties could change with time due to
membrane fouling or aging. Particularly, the aging mechanisms
for electrochemical membranes remain largely elusive, due to
the lack of in-depth research and analysis. Most prior studies
only employed limited testing time (1−5 h) to evaluate the
conductive membrane filters (e.g., CNT22 and β-PbO2

71) or
employed electrolytes that have different water chemistries
from reality.24 The presented electrochemical assessment (CV
and EIS) combined with electron microscope imaging, FTIR,
XPS, and Raman spectrometry reveals a comprehensive picture
of the interfacial chemical state changes and electrochemical
activity reduction of MWCNTs and Fe3O4@g-C3N4 mem-
branes after filtering high-salinity water under high currents
(∼20 mA·cm−2) and long-term operation (5 days). This aging
assessment is essential to fully understand the membrane aging
risks and determine operational limits of the applied currents
or potentials for the development of novel electrode filters or
membranes. The results lay groundwork to guide the practical
and scalable applications of ERM filtration for water/
wastewater treatment.
The utilization of electrochemical membrane filtration as

decentralized point-of-use and point-of-entry water/waste-
water treatment seems to be promising. However, the
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formation of potentially toxic or carcinogenic organic and
inorganic byproducts on electrified filtration must be carefully
addressed. The natural water may contain chloride (10−100
ppm) and bromide (1−2 ppm), which leads to potential
formation of ClO3

−, ClO4
−, or BrO3

− via electrochemical
oxidation. Our study examined the chlorite, chlorate, and
bromate byproducts formation under different current
densities on different anode materials, different initial solution
pHs, and different salt concentrations. Clearly, proper
adjustment of the operational strategies, including lowering
the anodic oxidization potential and lowering the feed solution
pH values, may reduce the likelihood of ClO3

− or BrO3
−

formation. The use of electrochemical membranes for water/
wastewater treatment applications will require optimization of
operating conditions and possibly a multibarrier approach.
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