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ABSTRACT: A facile and effective strategy that can be used to fabricate
electrically conductive membranes (ECMs) of diverse filtration perform-
ance (i.e., water productivity and solute rejection) is not available yet.
Herein, we report a facile method that enables the fabrication of ECMs of a
broad performance range. The method is based on the use of
polyethylenimine (PEI), glutaraldehyde, and any of a diverse set of
conductive materials to cast an electrically conductive layer atop any of a
diverse set of substrates (i.e., from microfiltration to reverse osmosis
membranes). We developed the reported ECM fabrication method using
graphite as the conductive material and PVDF membranes as substrates.
We demonstrate that graphite-PVDF ECMs were stable and electrically
conductive and could be successfully used for solute filtration and
electrochemical degradation. We also confirmed that the PEI/glutaralde-
hyde-based ECM fabrication method is suitable for conductive materials other than graphite, including carbon nanotubes, reduced
graphene oxide, activated charcoal, and silver nanoparticles. Compared with the substrates used for their fabrication, ECMs showed
low electrical sheet resistances that varied with conductive material, increased solute rejection, and reduced water permeance. Taken
together, this work presents a promising general strategy for the fabrication of ECMs for environmental applications from diverse
substrates and conductive materials.
KEYWORDS: conductive materials, polyethylenimine, graphite, carbon nanotubes, activated charcoal, silver nanoparticles,
electrically conductive membranes

■ INTRODUCTION
Water is essential for life on Earth, as well as global economic
development. However, water scarcity has been accelerating
due to rapid industrialization, population growth, and climate
change.1,2 To address the water crisis, membrane-based
seawater/brackish-water treatment and wastewater reclamation
have been widely utilized for producing potable and irrigation
water.3−5 In spite of the commercial success of membrane
separation technologies, improvements in membranes and
membrane processes are still needed to address existing
challenges such as membrane fouling and low (or no)
removal/degradation of some targeted contaminants.6−8 One
such innovation is the utilization of electrically conductive
membranes (ECMs) due to their self-cleaning efficiency and
simultaneous oxidation/reduction ability over long-term
operation.9−12 By applying an electric potential to an ECM,
the membrane exerts strong electrostatic repulsion against
contaminants.13,14 Under applied voltages, the membrane can
also generate strong oxidizing species (e.g., reactive oxygen and
chlorine species) that could inactivate attached microorgan-
isms,15 reduce/oxidize toxic heavy metal ions (e.g., arsenite-
(III) and chromium(VI)),12,16 and degrade contaminants on
membrane surfaces/pores or in water.17

To fabricate ECMs, the choice of conductive material is a
critical consideration.18 Since most conductive metal particles/

nanoparticles (e.g., silver (Ag) and copper) are relatively costly
and tend to leach into solution,19 carbon-based materials
including graphene,20 reduced graphene oxide (rGO),19 and
carbon nanotubes (CNTs)14,21 have been evaluated in recent
years, with the latter being the most widely reported. In terms
of the method used to render membranes electrically
conductive, poly(vinyl alcohol) (PVA)-based cross-linking
with CNTs or graphene as conductive materials is the most
commonly used method for functionalization of ultrafiltration
(UF) membranes,12,22−24 whereas the only reported approach
for functionalization of polyamide-based osmotic membranes
is the physical blending of polymer and CNTs or other
conductive materials (e.g., carbon particles) during polyamide
layer formation.25,26 Although ECMs fabricated via the
aforementioned approaches show excellent potential in
water/wastewater treatment applications, a simple and cost-
effective fabrication method that could be used to realize
ECMs of diverse filtration performance using diverse substrates
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(e.g., reverse osmosis (RO), nanofiltration (NF), ultrafiltration
(UF), and microfiltration (MF) membranes) and conductive
materials would significantly contribute to facilitating broader
ECM implementation.
In this study, we report a facile and cost-effective method for

the fabrication of ECMs using different types of conductive
materials and nonconductive substrates. The method uses
polyethylenimine (PEI), glutaraldehyde, and a conductive
material (e.g., inexpensive graphite) to modify a nonconductive
substrate. We first optimized the ECM fabrication method
using ECM stability as the criterion, graphite as the conductive
material, and PVDF membranes as substrates. Then, we
demonstrated that the proposed fabrication method can be
used with a broad range of commercial substrates (i.e., MF,
UF, NF, and RO) and conductive materials (i.e., CNTs, rGO,
activated charcoal, and Ag nanoparticles (NPs)). We also
demonstrated the stability of ECMs under various water and
stress conditions and ability of ECMs to filter solutes out of
water and degrade a model organic contaminant (i.e.,
methylene blue (MB)) as an illustrative application of ECMs.

■ METHODS AND MATERIALS
Synthesis of Electrically Conductive Membranes.

Substrates (i.e., commercial membranes) were washed with
50 vol % ethanol for 24 h at room temperature to remove
impurities from the surface and pores. For ECM fabrication
using graphite as the conductive material, a graphite solution
(20 mg/mL in laboratory-grade water (LGW)) containing
glutaraldehyde (0−5 wt %) was prepared and stirred at 130
rpm overnight. Next, 2−12 mL of the graphite-glutaraldehyde
solution was filtered through the substrate (active area of 12.56

cm2) by either vacuum filtration (i.e., 0.1−0.8 μm PVDF
membranes) or dead-end filtration at 200 psi (i.e., PSf 20 kDa,
NF270, ESPA3, and SWC4+ membranes). Then, 0.1−0.6 mL
of a PEI solution (0−15 wt % in ethanol) was gently added to
the graphite-covered substrate surface for glutaraldehyde-PEI
cross-linking and air-dried for a few minutes. The volume ratio
between glutaraldehyde and PEI solutions was always 20:1.
The resulting ECM was immersed in LGW and stirred at 130
rpm for 12 h to remove any loosely attached graphite particles
and noncross-linked PEI. The resulting membrane was stored
in LGW at room temperature until use. ECMs were also
fabricated using the same procedure but with CNTs, rGO,
activated charcoal, or Ag NPs as the conductive material.
Characterization of Membranes. Physical and chemical

properties of substrates and ECMs were evaluated by common
membrane characterization procedures such as microscopy and
spectroscopy methods (Section S1). The physical stability of
ECMs was assessed via visual inspection (i.e., absence of
conductive layer detachment indicated stability; Section S1)
and/or evaluation of change in sheet resistance (i.e., <5%
change in sheet resistance indicated stability; Section S1).
ECM water permeance and salt rejection were evaluated via
dead-end filtration without applied voltage. MB degradation by
ECMs was evaluated using a batch electrochemical reaction
setup (i.e., ECM as cathode, platinum (Pt) as anode), and
simultaneous MB rejection and degradation were evaluated via
dead-end filtration with and without applied voltage (Section
S1). The MB concentration in solution was obtained from the
solution absorbance at 664 nm (HP 8452A, USA). The total
oxidant concentration in solution was measured using the N,N-
diethyl-p-phenylenediamine (DPD) colorimetric method.27−29

Figure 1. Schematic diagrams of (a) the filtration setup used to prepare graphite-PVDF ECMs (see more details in Figure S4) and (b) physical
stability of membranes after overnight stirring (130 rpm) followed by sonication (5 h, 50 °C) in LGW. The x-axis and y-axis values in (b) indicate
the range of membrane fabrication conditions studied; the ECM fabricated with graphite, 2.5 wt % glutaraldehyde, 10 wt % PEI, and the PVDF 0.1
μm substrate is termed the g/PVDF-m1 ECM. Representative (c, d) SEM top-view, (e, f) SEM cross-section, and (g) EDS cross-section elemental
mapping of the (c, e) unmodified PVDF 0.1 μm substrate and (d, f, g) g/PVDF-m1 ECM. g/PVDF-m1 ECM fabrication conditions: 8 mL of 20
mg/mL graphite in aqueous solution with 2.5 wt % glutaraldehyde was filtered through a 96 mm diameter coupon of a PVDF 0.1 μm substrate via
vacuum filtration, and then, 0.4 mL of 10 wt % PEI in ethanol was poured on membrane.
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■ RESULTS AND DISCUSSION
Fabrication of Graphite-Based ECMs. Figure 1a and

Figure S4 illustrate the synthesis of electrically conductive
membranes (ECMs) using the proposed PEI/glutaraldehyde-
based fabrication method, graphite as the conductive material,
and PVDF as the substrate. Results show that graphite-PVDF
ECMs were not stable when using PEI only, glutaraldehyde
only, or both with a PEI concentration <5 wt % (Figure 1b,
Table S1). Although graphite-PVDF ECMs obtained with a
PEI concentration of 5 wt % together with a glutaraldehyde
concentration ≥2.5 wt % were stable after overnight stirring,
those membranes were not stable under sonication (Figure 1b,
Figure S5, Table S1). By contrast, when ≥10 wt % PEI
together with ≥2.5 wt % glutaraldehyde was used, the resulting
graphite-PVDF ECMs were stable after both overnight stirring
and sonication in the pH range of 3−11, batch MB
degradation tests, and MB filtration tests with and without
an applied voltage (1 h) (Figure 1b, Figures S5 and S6, Table
S1). Evaluation of ECM stability under long-term operation is
needed in future studies for ECMs intended to be upscaled for,
e.g., pilot studies. Considering that a greater PEI concentration
might result in lower water permeance because of potential
greater cross-linking of the conductive layer, 2.5 wt %
glutaraldehyde and 10 wt % PEI were selected as the
optimized condition for preparation of graphite-based ECMs
for subsequent tests.
The changes in the membrane surface and cross-section

microstructure resulting from graphite layer casting were
evaluated by scanning electron microscopy (SEM). The
original PVDF substrate showed a relatively smooth surface
with a homogeneous distribution of surface pores (Figure 1c),
whereas graphite particles were present across all the graphite-
PVDF ECM surfaces (Figure 1d). The graphite-PVDF ECM
had a surface roughness measured by AFM on the ∼1 μm

scale, which is about 4−5 times greater than that of the original
PVDF substrate (Figure S7). The graphite layer in the ECM
was also evident in the cross-sectional SEM images with a
thickness of ∼30 μm (Figures 1e−g). The main reason for the
relatively large thickness of the conductive layer is the average
size of the commercial graphite used (i.e., few to 20 μm, Figure
S3); however, within the constraints imposed by the size of the
conductive particles, we controlled the thickness of the
conductive layer by adjusting the amount of graphite deposited
on the substrate (Figure S8). Cross-section energy dispersive
spectroscopy (EDS) elemental mapping results (Figure 1g)
show that a carbon layer (carbon, C signal) was present on top
of the PVDF substrate (fluorine, F signal), confirming the
successful coating of the substrate with graphite, while a
nitrogen (N) signal from PEI was not observable in the
graphite layer of the graphite-PVDF ECM due to low
sensitivity of EDS for nitrogen.30,31 X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and attenuated
total reflection Fourier-transform infrared (FTIR) spectrosco-
py results also confirmed the casting of the graphite layer and
cross-linking between glutaraldehyde and PEI (Section S2).
Thanks to the successful coating of the substrate with a stable
cross-linked graphite layer, the graphite-PVDF ECM is
electrically conductive. The synthesized graphite-PVDF ECM
showed a sheet resistance (3.2 ± 1.5 kΩ/sq) lower than most
of those reported for conductive membranes/thin films in the
literature (Table S2).
Filtration Performance and MB Degradation by

Graphite-Based ECMs. We evaluated the water permeance
and salt rejection of PVDF substrates and PVDF-graphite
ECMs (Figure 2a, b). Results (Figure 2a) show that the water
permeance of the graphite-PVDF ECM was substantially lower
(7 L/m2/h/bar) than that of the original PVDF substrate
(∼4300 L/m2/h/bar) due to added resistance to water

Figure 2. (a) Water permeance and (b) single-salt rejection of a graphite-PVDF ECM (g/PVDF-m1) when filtering 1 g/L feed salt solutions. (c)
Zeta potential of pristine PVDF 0.1 μm substrate and the graphite-PVDF ECM (g/PVDF-m1) in 1 mM KCl under different solution pH
conditions. (d) Schematic illustration of a batch electrochemical oxidation system used for MB degradation (100 mL, 30 mg/L MB, 100 mM
NaCl). (e) Batch MB degradation with time with (5 V) and without applied voltage using a graphite-PVDF ECM (g/PVDF-m1) and the system in
panel d. Error bars represent the standard deviation (n ≥ 3). ECM fabrication conditions: 8 mL of 20 mg/mL graphite in aqueous solution with 2.5
wt % glutaraldehyde was filtered through a 96 mm diameter coupon of a PVDF substrate via vacuum filtration, and then, 0.4 mL of 10 wt % PEI in
ethanol was poured on membrane.
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transport by the conductive layer. Although the graphite-PVDF
ECM had a low water permeance, the ECM permeance can be
tailored by using different substrates and thicknesses of the
conductive layer. Specifically, we showed that a bigger pore
size substrate (e.g., 0.45 and 0.8 μm) resulted in ECMs with
higher water permeance in the NF to UF performance range
(Figure 2a). Additionally, coating the substrate with a smaller
amount of graphite led to thinner conductive layers and higher
permeance (Figure S8). Salt rejection results (Figure 2b) show
that the graphite-PVDF ECM rejected different salts in
decreasing order: CaCl2 > NaCl > MgSO4 > Na2SO4. This
order is consistent with the rejection order of positively
charged NF membranes32,33 and the slight positive charge of
the graphite-PVDF ECM (Figure 2c). The nanofiltration
behavior of the graphite-PVDF ECM was supported by its low
molecular weight cutoff (∼2 kDa; Figure S9). The lower water
permeance and higher solute rejection of ECMs compared
with the original substrates indicate that the two would likely
not be used in the same filtration applications. Further
development of the fabrication method is needed to optimize
filtration performance (e.g., increase water permeability).
To demonstrate the possible applications of graphite-PVDF

ECMs, dye degradation was demonstrated via batch MB
electrochemical degradation under an applied voltage (5 V;
Figure 2d). The graphite-PVDF ECM served as the cathode
and a platinum electrode as the anode. Results show that MB
completely degraded over 1 h (Figure 2e) while the ECM
remained stable (Table S1). This demonstrates that the
graphite-PVDF ECM is stable under applied voltage and can
be potentially used in water/wastewater treatment applications
for, e.g., electrochemical degradation of contaminants. The
solution pH was stable during this experiment, which is
consistent with results by Halali et al.14 The reason why the
pH does not change is the simultaneous production of protons

at the anode (2H2O → O2 + 4H+ + 4e−) and hydroxyl ions at
the cathode (2H2O + 2e− → 2OH− + H2) that neutralize each
other in the bulk solution.
In addition to their evaluation for batch MB electrochemical

degradation, graphite-PVDF ECM was evaluated for MB dead-
end filtration with and without an applied voltage (30 mg/L
MB in 100 mM NaCl solution). Results showed that in the
absence of an applied voltage MB concentration increased with
time in both the feed and permeate, consistent with the
decreasing feedwater volume and relatively high MB rejection
(∼90%) by the ECM (Figure S10a). By contrast, under
applied voltage, the MB concentration decreased with time in
both the feed and permeate waters (Figure S10a). Similar to
work by others,29,34 we attribute MB degradation under an
applied voltage (Figure 2e and Figure S10a, c) to conversion of
MB to CO2 and H2O by continuously generated oxidants (e.g.,
chlorine and hydrogen peroxide) at the anode (Pt) and
cathode (ECM). Measurements of total oxidant concentration
in solution (i.e., Cl2, H2O2) in control batch tests with ECMs
confirmed that oxidants were produced and accumulated
under the applied voltage (Figure S10d).
The filtration results also show that the ECM flux decline

rate (i.e., fouling) under an applied voltage was 42% lower than
that without a voltage (Figure S10b). Given that the ECM was
used as the cathode (i.e., negatively charged), MB is positively
charged in solution, and MB was the only foulant in solution,
the results indicate that the lower flux decline under an applied
voltage was the result of MB degradation on the ECM surface
and/or inside its pore (i.e., self-cleaning performance).
Applicability of Proposed Fabrication Method to

Different Substrates. We evaluated the general applicability
of the proposed PEI/glutaraldehyde-based method for ECM
fabrication by using four other commercial substrates (i.e., PSf
20 kDa, NF270, ESPA3, and SWC4+ membranes) with

Figure 3. (a) Schematic of proposed physical interlocking between the conductive layer and the substrate in ECMs synthesized using the PEI/
glutaraldehyde-based fabrication method. (b) Images of ECMs prepared using a PSf 20 kDa membrane as substrate, diverse conductive materials
(i.e., CNTs, rGO, activated charcoal, Ag NPs) and the proposed PEI/glutaraldehyde-based fabrication method. (c) Sheet resistance of membranes
in (b) after stirring in water overnight. ECM fabrication conditions: 4 mL of 20 mg/mL active material with 2.5 wt % glutaraldehyde was filtered
through a 48 mm diameter coupon of a PSf 20 kDa membrane at 200 psi, and then, 0.2 mL of 10 wt % PEI in ethanol was poured on the
membrane. Error bars represent standard deviation (n ≥ 5).
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graphite as the active material. Using 2.5 wt % glutaraldehyde
and 10 wt % PEI, physically stable ECMs were synthesized
using two different amounts of graphite (photos in Figure
S11a, b). Results demonstrated the general applicability of the
proposed PEI/glutaraldehyde-based fabrication procedure to
diverse substrates.
As mentioned above for the PVDF 0.1 μm membrane, the

thickness of the graphite layer on porous substrates can be
tailored up to at least several tens of micrometers by
controlling the amount of graphite deposited on the substrate
(i.e., at least ∼45 μm, ∼32 μm, and ∼37 μm for PVDF 0.1 μm,
PSF 20 kDa, and NF270 substrates, respectively; Figures S8
and S12a, b). By contrast, the graphite layer was unstable
above a thickness of ∼20 μm for the nonporous substrates (i.e.,
ESPA3 and SWC4+; Figures S11 and S12c, d). A plausible
explanation for the graphite layer instability on nonporous
substrates for graphite layer thicknesses over ∼20 μm is as
follows. For porous substrates, the graphite layer is stabilized
by polymer cross-linking both on the substrate surface and
inside substrate pores; however, for nonporous substrates only
surface cross-linking occurs therefore resulting in reduced
physical interlocking between the graphite layer and the
substrate (Figure 3a). This interpretation is supported by the
significantly greater flux decline observed for the porous
substrates (98% for PVDF 0.1 μm and 90% for PSf 20 kDa)
compared with the nonporous substrates (80% for ESPA3 and
65% for SWC4+) under the same ECM fabrication conditions
(Figure S13). When using the same conductive layer casting
conditions, we did not observe major differences in stability
between porous substrates or between nonporous substrates,
and therefore, we do not know if surface roughness
(understood beyond differences accounted for by pores)
affects conductive layer stability. Further studies are needed to
evaluate the specific role of roughness on stability across.
Despite the lesser thickness of stable graphite layers on
nonporous substrates (15−20 μm) compared with porous
substrates (30−40 μm) (Figure S12), all ECMs prepared with
graphite had similar sheet resistance (i.e., <3.2 and <2.8 kΩ/sq
for ECMs prepared with nonporous and porous substrates,
respectively; Table S2). Therefore, we did not observe a strong
correlation between the electrical resistance and conductive
layer thickness.
Applicability of Proposed Fabrication Method to

Different Conductive Materials. In addition to graphite,
other conductive materials, including CNTs, rGO, activated
charcoal, and Ag NPs (Figure S14a−d), were used to fabricate
ECMs using PSf 20 kDa substrates. The images of synthesized
ECMs (Figure 3b) and their XRD patterns (Figure S14e)
confirm that the proposed glutaraldehyde/PEI-based method
was successful, regardless of the conductive material. While for
the specific fabrication conditions used (i.e., 2.5 wt %
glutaraldehyde, 10 wt % PEI, filtration-based deposition of
conductive particle on substrate) conductive material identity
did not impact ECM stability, we did not evaluate a broader
range of fabrication conditions with diverse conductive
particles. Therefore, further studies are needed to understand
the effect of particle properties on ECM stability. Membrane
sheet resistance results (Figure 3c, Table S2) indicate that
ECM electrical conductivity varied with the conductive
material. Graphite stood out because despite being the
cheapest material it resulted in competitive resistances (3.2
± 1.5 kΩ/sq); CNTs resulted in ECMs with half the resistance

(1.5 ± 0.6 kΩ/sq) of those prepared with graphite. Ag NPs
yielded ECMs with the lowest resistance (<0.02 kΩ/sq).
Permeation results (Figure S15) show that ECMs

synthesized with PSf 20 kDa substrates and diverse conductive
materials displayed water permeances in the RO (∼1 to few L/
m2/h/bar) to NF (few to <20 L/m2/h/bar) range35 and NaCl
rejection in the NF range (i.e., few to tens of percentage
points), when challenged with a 1 g/L NaCl solution. Ag NPs
were the conductive material that resulted in the lowest water
permeance (∼7.7 L/m2/h/bar) and the highest NaCl rejection
(∼32%). The results therefore indicate that it is viable to
produce ECMs with NF filtration performance and potentially
RO filtration performance using our ECM fabrication method.
Further work is needed to optimize filtration performance.
Overall, we demonstrated a facile ECM fabrication method

that uses relatively low-cost and common materials (e.g., PEI,
glutaraldehyde, and ethanol) and is suitable for ECM
fabrication from diverse commercial substrates and conductive
materials. One drawback of this method is that the filtration-
based procedure used for depositing the conductive particles
on the substrates is not easily scalable. Therefore, there is a
need to evaluate alternate approaches for conductive particle
deposition that are more translationally relevant (e.g., spray-
based techniques used in RO membrane fabrication36−38).
Using the current bench-scale fabrication method, the
estimated cost of the fabrication materials different from the
substrate is approximately $4/m2 (Table S3). Given that the
method has not been optimized nor adapted for scalability, and
that the retail cost of a seawater desalination membrane is
approximately $20/m2,39 the proposed ECM fabrication
method appears economically promising for upscaling.
Technical improvements for scalability (e.g., spray-based
deposition of conductive particles on a substrate) and
optimization of material utilization (e.g., decreasing the
conductive layer thickness) will contribute to improving the
economics of the method. The reported ECM fabrication
method could find applications in water and wastewater
treatment, where simultaneous separations and oxidation/
reduction would be advantageous.
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