RESEARCH ARTICLE

W) Check for updates

ADVANCED
SUSTAINABLE
SYSTEMS

www.advsustainsys.com

Electro-Conductive Silver-Coated Polyamide-Imide
Membranes for Sustainable Water Treatment

Zahra Zandi, Mehrasa Yassari, Mojtaba Mohseni, Hesam Jafarian, Mohsen Pilevar,
Mahshid Mardani, Farah Rahman Omi, Mark Elliott, Ahmad Rahimpour,
Matthias Wessling, Mostafa Dadashi Firouzjaei,* and Mohtada Sadrzadeh*

1. Introduction

This study focuses on developing and evaluating electro-conductive
polyamide-imide (PAl) ultrafiltration membranes with a stable metallic
coating that can tackle the dual challenges of dye removal and membrane
fouling in wastewater treatment applications. The Ag-coated PAl membranes
exhibit high electrical conductivity (exceeding 5.6 X 10* S cm~"), enabling the
use of an applied electric potential to enhance dye removal efficiency and
mitigate membrane fouling via electrochemical mechanisms. The
electrochemical impedance spectroscopy (EIS) test confirm the high
conductivity of the membranes. Meanwhile, linear sweep voltammetry (LSV)
revealed the presence of the oxygen reduction reaction (ORR) and the
hydrogen evolution reaction (HER) on the membrane surface. These findings
provide valuable insights into the electrochemical potential for fabricating
electro-conductive membranes (ECMs). The Ag-PAl membranes demonstrate
remarkable dye rejection, with rates reaching 97% for reactive red 120
(RR120) and 90% for reactive black (RB) at an applied voltage of 7 V, while
maintaining a consistent permeate flux of 100 LMH. The membranes also
show significantly improved resistance to organic fouling, with the flux
recovery ratio (FRR) increasing from 49.14% for pristine PAI to 80.41%,
representing a 31% enhancement. The enhanced antifouling performance is
attributed to gas bubble formation during voltage application, which
disrupted the accumulation of the fouling cake layer. Together, these
mechanisms effectively enhance the overall performance of the membrane.

Membrane fouling, particularly biofoul-
ing, is a major obstacle limiting the
long-term efficiency of water treatment
processes. Biofouling accounts for the
largest share of total fouling and can
increase operational costs by 30% to
50%.!'-%] Despite advantages such as en-
ergy efficiency, simple operation, and
compact design,!*°l membrane systems
remain susceptible to fouling, which sig-
nificantly reduces their performance.[67]

To mitigate fouling, various strate-
gies have been explored, including
surface modifications and the devel-
opment of membranes responsive to
external stimuli such as temperature,[®°]
pH, %11 magnetic fields,['>13] and elec-
tric fields.'*1%] The latter is among the
most recent advances in membrane tech-
nology, offering easy implementation
and precise control within the membrane
process.[1®171 An electric field initiates
electrochemical reactions that dislodge
foulants and dyes, enhance mass trans-
fer, and reduce membrane fouling.!'8]
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The key mechanisms involved include electrophoresis, electroos-
mosis, electrostatic repulsion, and electrochemical reactions,
all occurring at the surface of electro-conductive membranes
(ECM).["24] The applied electric field drives ion migration
through the solution (electrophoresis), which can oppose the
convective transport of charged species toward the membrane
surface and reduce their accumulation.[*>?%! This ion movement
can also generate fluid convection within small pores (electroos-
mosis), further improving mass transport.[?”-2] Electrostatic
repulsion occurs when the membrane surface carries the same
charge as the foulants, effectively repelling them and limiting
surface accumulation.??

The electrochemical reactions on ECM surfaces can degrade
pollutants directly at the membrane surface. These reactions in-
clude oxidation processes that generate reactive species such as
hydroxyl radicals (OH*),[?! direct electron transfer reactions,*"!
and hydrogen peroxide (H,0,) generation via oxygen reduction
in Fenton reactionsi®!l at the membrane surface. Applying a
more negative potential and creating higher potential differences
in electrochemical systems generates hydrogen (H,) and oxy-
gen (O,) bubbles. These bubbles repel attached foulants away
from the membrane surface, further improving the antifoul-
ing performance.3233] Therefore, ECMs simultaneously mitigate
fouling and degrade pollutants in situ, making them practical for
water treatment.[!920)

To maximize the potential of the electrified membrane sys-
tems, various electro-conductive materials, including carbon
nanotubes (CNTs),3#%] graphene,l?’) MXene,***’ and metal-
based coatings!***?] have been used for ECM fabrication. These
materials impart conductivity, enabling the membranes to act
as porous electrodes in a two-electrode setup with working and
counter electrodes. However, despite the effectiveness of elec-
trochemical reactions and electrostatic forces in fouling miti-
gation, some microorganisms may still form biofilms on the
membrane.[*! This limitation is largely due to the insuffi-
cient gas bubble formation during water electrolysis, which re-
duces the effectiveness of cell detachment from the membrane
surface.*!l Integrating conductive materials with antibacterial
properties may be a promising solution to address this issue.

Silver stands out for its high electrical conductivity (0.063 x
107 S cm™1)*! and antimicrobial properties, making it increas-
ingly popular in developing ECMs for water treatment.[**#7] The
incorporation of silver nanoparticles (Ag-NPs) into membranes
boosts their antibacterial effectiveness through two mechanisms:
the controlled release of highly reactive silver ions (Ag*), which
can disrupt bacterial cells and damage their membranes, and
the production of reactive oxygen species that target and de-
grade bacterial structures.[“! The antibacterial activity of silver
is well-established, relying on the interaction of Ag* with elec-
tron donor groups in biological materials containing oxygen, ni-
trogen, or sulfur.*8] However, excessive or uncontrolled release of
silver nanoparticles can lead to diminished long-term antibacte-
rial performance and potential environmental concerns. Recent
studies have explored methods to control silver release in mem-
branes, particularly through the fabrication of silver-based metal-
organic framework (AgMOF) membranes, as the organic frame-
work serves as a barrier to metal leaching.[***% Techniques such
as in situ surface functionalization of polyamide thin-film com-
posite (TFC) membranes with AgMOFs ! or integrating Ag-
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MOFs during interfacial polymerization (IP) [°2] have success-
fully regulated silver release. In parallel, several techniques have
been developed to incorporate silver into membranes, includ-
ing in situ reduction, complex surface modifications using poly-
dopamine, and electrospinning.>>-7] Beyond these, other metal
deposition techniques, such as arc plasma deposition and elec-
troless plating, have been used to fabricate silver-functionalized
membranes. Arc plasma deposition provides robust immobi-
lization of AgNPs with proven antibacterial performance; how-
ever, it requires expensive vacuum systems and complex equip-
ment, which limits scalability.®®! Similarly, electroless deposi-
tion can produce electro-conductive surfaces, but the process in-
volves multiple steps, chemical activation, and is primarily ap-
plied to metallic or rigid supports rather than polymeric filtration
membranes.[5%]

While these approaches have demonstrated improved antibac-
terial performance, they often suffer from limitations, including
increased fabrication complexity and cost, limited scalability for
large-scale membrane production, and poor stability due to sil-
ver nanoparticle leaching. Moreover, these methods typically fail
to fully exploit the electro-conductive and antibacterial proper-
ties of silver in membranes simultaneously. Therefore, to over-
come these limitations, it is essential to employ methods that en-
sure a stable and uniform silver layer on the membrane surface,
effectively utilizing both its antibacterial properties and electro-
conductivity to enhance performance and longevity.[®162]

As a promising alternative, the spray-coating technique has
shown significant potential. Various spraying methods, includ-
ing cold spray, blow spray, and plasma spray, have been explored
for silver coatings.[®*-%] However, their application to porous
membranes for water treatment remains limited. Cold spray, for
instance, suffers from poor control over coating uniformity and
thickness, while plasma-based methods require high-cost equip-
ment, limiting their scalability for membrane fabrication. The
spray-coating technique rapidly atomizes the silver nanoparti-
cle suspension, allowing for the uniform formation of a surface
layer while minimizing nanoparticle penetration into the mem-
brane support. Rapid droplet drying reduces nanoparticle intru-
sion into the porous substrate, (%67 while the fine droplet size and
enhanced spreading improve surface wetting and strengthen the
interaction between silver nanoparticles and the membrane ma-
trix, enhancing coating stability.[%®]

In this study, for the first time, a simple, low-pressure tech-
nique was applied to deposit a homogeneous and electro-
conductive layer of silver nanoparticles onto the polyamide-
imide (PAI) ultrafiltration (UF) membranes. Unlike previously
reported silver nanoparticle membrane modification methods,
this approach provides a straightforward, scalable coating pro-
cess without the need for complex plasma systems, high tem-
peratures, or vacuum equipment. Simultaneously, it enhances
both the antibacterial performance and electro-conductivity of the
membranes, enabling active fouling mitigation and long-term
operational stability. The robust silver coating imparts electri-
cal conductivity to the PAI membranes, allowing the application
of an electric potential that enhances dye rejection and reduces
fouling through electrochemical reactions. Additionally, the an-
timicrobial properties of the membranes were evaluated to as-
sess their potential for use in anti-biofouling applications. Finally,
the stability of the silver coating was thoroughly assessed under
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various operational conditions to confirm its durability. Our find-
ings demonstrate that these silver-coated PAI membranes pro-
vide a sustainable solution for contaminant removal and foul-
ing mitigation, contributing to more efficient water treatment
processes.

2. Materials and Methods

2.1. Chemicals and Reagents

Aqueous silver nanoparticle solution with 52% silver loading
(SPI 508) was purchased from Novacentrix company (USA).
N, N-dimethylacetamide (DMAc, >99.9%), calcium chloride
(CaCl,), sulfuric acid (H,SO,), and acetone were provided by
Fisher Scientific. Hydrochloric acid (HCl) was supplied by Ana-
chemica. Polyvinylpyrrolidone (PVP, 360 kDa), poly (ethylene
glycol) (PEG, 2kDa), sodium alginate (SA), glacial acetic acid
(ReagentPlus, 99.0%), and sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich. Sodium sulfate (Na,SO,) and oxy-
gen (O,), with a purity of 99.995 %, were supplied by Sigma
Aldrich and Nippon gases, respectively. Trypticase soy broth
(TSB), agar, phosphate buffer saline (PBS), and Escherichia coli
(E. coli, ATCC 35695), as a gram-negative model bacterium, were
used in antibacterial tests. Polyamide-imide (PAI, Torlon 4000
THYV) was supplied by Solvay Advanced Polymers. Reactive Red
120 (RR120, MW: 1774.15 Da) and reactive black (RB, MW: 991.82
Da) dyes were acquired from Sigma-Aldrich and utilized as or-
ganic contaminants for dye removal experiments. Deionized wa-
ter (DI) was used for all experiments throughout this research.

2.2. Fabrication of the PAI Support Layer

The PAI support layers were fabricated using the non-solvent-
induced phase separation (NIPS) technique. PAI, specifically
Torlon 4000 THYV, was chosen for its outstanding thermal, me-
chanical, and chemical resistance and remarkable hydrophilicity.
DMACc served as the solvent throughout the procedure. A uni-
form polymer solution was prepared by dissolving 9 wt.% PAI in
DMAC, followed by stirring at 350 rpm and maintaining the tem-
perature at 45 °C for 24 h. The homogenous solution was then
allowed to rest in a vacuum oven for 10 min to eliminate any
trapped air bubbles.

Finally, the large-scale membrane fabrication casting device
prepared the PAI support layer using a film applicator to cast the
solution onto a non-woven polyester fabric. Lastly, the cast film
was immersed in a coagulation bath containing deionized water,
where it remained overnight to ensure the complete removal of
the solvent from the polymer matrix.

2.3. Electro-Conductive Ag-PAl Membrane Fabrication

Following PAI membrane fabrication, an Ag-coated PAI mem-
brane was prepared using a facile spray coating method. This
approach utilized an airbrush equipped with a 1 mm diameter
nozzle to spray the Ag ink under an air pressure of 25 psi. Dur-
ing spraying, 3 mL of silver ink was evenly distributed onto the
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PAI membrane with a surface area of 1000 cm?. A constant dis-
tance of 25 cm was maintained between the membrane and the
airbrush to ensure uniform coverage and prevent the formation
of large silver droplets. After applying the silver ink on top of the
PAI membrane surface, the coated membrane underwent a cur-
ing step to ensure the adhesion and stability of the silver coat-
ing onto the PAI membrane surface. In this curing process, the
membrane was cured in an oven at 80 °C for 20 min. The mem-
brane was then cooled down to room temperature, completing
the fabrication process of the electro-conductive Ag-PAI mem-
brane. Figure 1 presents a schematic illustration of the Ag-PAI
membrane fabrication process, highlighting key stages from ini-
tial preparation to final ECM formation.

Employing commercially available silver nanoparticles on the
membrane surface and curing the coated membrane provided
a straightforward and effective approach for preparing the PAI
membrane with a conductive silver coating layer. This process
resulted in the fabrication of Ag-PAI membranes with electro-
conductive properties, making them suitable for various applica-
tions. These membranes demonstrate potential as practical solu-
tions in water treatment, particularly with membrane-based tech-
nologies that utilize electrochemical assistance. Accordingly, the
prepared Ag-PAI membranes were further evaluated for their
electrochemical performance, antifouling behavior, and dye re-
moval efficiency in the subsequent sections.

2.4. Characterizations of Silver Nanoparticles

The chemical composition of silver nanoparticles was analyzed
by X-ray photoelectron spectroscopy (XPS, Kratos AXIS ULTRA),
equipped with a monochromatic Al K X-ray source operating
at 1496 eV. Dynamic light scattering (DLS) with an ALV/CGS-3
Goniometer was employed to assess the size distribution and hy-
drodynamic radius using photon correlation spectroscopy. Before
measurement, the silver nanoparticle sample was diluted in DI
water and sonicated for 10 min. Morphological analysis was per-
formed using field emission scanning electron microscopy (FE-
SEM, Zeiss Sigma 300 VP) with an integrated energy dispersive
X-ray (EDX) spectrometer, as well as transmission electron mi-
croscopy (TEM, Philips/FEI Morgagni 268). The crystalline struc-
ture of silver nanoparticles was analyzed using X-ray diffraction
(XRD) with a 26 range of 20° to 90°, utilizing a Bruker D8 Ad-
vance diffractometer. The X-ray source was a cobalt anode, with
copper as the background material.

2.5. Characterizations of the Fabricated Membranes

The surface wettability of both pristine PAI membrane and Ag-
PAI membrane was evaluated by measuring the water contact an-
gles (WCA) utilizing a drop shape analyzer (DSA 100E, KRUSS
GmbH, Germany). WCA was measured at five different posi-
tions on the surface for both samples, and the average value was
reported. The pristine PAI membrane and Ag-PAI membrane
morphology were analyzed using field-emission SEM (FE-SEM)
equipped with an EDX spectrometer. The surface zeta potential
of the membranes was measured using a Surpass 3 electrokinetic
analyzer (Anton Paar, Graz, Austria). Zeta potential values were
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Figure 1. Schematic illustration of the step-by-step fabrication process of electro-conductive Ag-PAl membranes.

evaluated across a pH range of 4-9 at 25 °C, using a 1 mm KCl
solution based on streaming potential measurements. The pH
of the electrolyte solution was adjusted to the target level using
HCl and NaOH solutions to facilitate analysis. The charge prop-
erties of the membranes were analyzed further using the ion elu-
tion method, which quantified the density of carboxylic groups
present within the pores of the pristine PAI and modified PAI
membranes. This analysis used inductively coupled plasma mass
spectrometry (ICP-MS; 143 NEXION 300D, PerkinElmer). Full
details of all characterization protocols are provided in Sections
S1-S3 (Supporting Information).

The molecular weight cut-off (MWCO) of the membrane was
evaluated by filtering a polyethylene glycol (PEG) solution with
a total concentration of 200 ppm and molecular weights ranging
from 200 to 8000 Da. The PEG solution was filtered for 1 h at a
pressure of 20 psi, and the concentration of PEG in the permeate
was measured using total organic carbon (TOC) analysis with a
Shimadzu TOC-L instrument. The Stokes radius (r,) of the Ag-
PAI membrane was calculated using Equation S1 of Section S4
(Supporting Information), which defines the molecular weight
(MW) of PEG at a rejection rate of 90%.%! The relationship be-
tween the pore size distribution of a membrane and the Stokes
radius of a neutral solute is defined in Equation S2 in Section S4
(Supporting Information).

The surface electrical resistivity of the membranes was mea-
sured using a four-point probe resistivity measurement device
(PRO4-4000) connected to a Keithley 2601A power source meter
(Section S5, Supporting Information).
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The linear sweep voltammetry (LSV) experiments were con-
ducted in an undivided flow-through module using our stan-
dard electrochemical cell (Flex-E-Cell, Flex-X-cell GmbH). An ex-
panded metal titanium sheet coated with platinum (Magneto),
measuring 4.5 X 5.0 cm?, the synthesized Ag-PAI membrane
(1.5 X 3 cm?), and a potassium-saturated Hg,SO, (0.64 V vs. the
standard hydrogen electrode (SHE)) served as the counter, work-
ing, and reference electrodes, respectively. A 100 mL solution of
50 mm Na,SO, at pH 3 + 0.1 was circulated through the module
at a 50 mL min~! flow rate as the background electrolyte. Dur-
ing LSV measurements, the electrolyte was continuously bubbled
with N, and O, gases, starting 10 min before the experiment to
ensure complete saturation. N, bubbling was performed to re-
move dissolved oxygen and prevent re-entry of atmospheric oxy-
gen, while O, bubbling was applied to achieve oxygen-saturated
conditions for ORR evaluation.l*7!]

The electrochemical impedance spectroscopy (EIS) experi-
ments were also performed in the cell before the LSV mea-
surements at open-circuit potential, covering frequencies rang-
ing from 0.1 Hz to 100 kHz. Figure 2 displays the schematic
of the experimental setups for both undivided and divided cells.
To analyze the electro-generation of hydrogen peroxide (H,0,),
chrono-amperometry (CA) experiments were carried out in the
same flow-through module but divided into two compartments
using a cation exchange membrane (Nafion 117) to avoid possi-
ble oxidation of formed H,0, on the anode surface. Similar to
LSV experiments, 50 mm Na,SO, at pH 3 + 0.1 was circulated
as catholyte, but at a reduced volume of 50 mL to increase the
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Figure 2. The schematic of the experimental setup used in LSV, CA, and multi-chrono-amperometry (MCA) experiments for A) undivided and B) divided

cell configurations in a flow-through module.

concentration of H,0, for improved detection precision. Ad-
ditionally, the geometrical surface of Ag-PAI membranes was
doubled to 9 cm?. In the anode compartment, 50 mL of 500
mM H,SO, solution was circulated as the anolyte. A dis-
tance of 3 mm was considered between the counter and the
working electrode. During CA experiments, 1 mL samples of
catholyte were collected at predefined time intervals for H,O,
measurement using a colorimetric method at 450 nm through
a reaction with ammonium metavanadate to form peroxo-
vanadium cations.[?l All CA experiments were performed in
duplicate.

The occurrence of the hydrogen evolution reaction (HER)
was assessed using multi-chrono-amperometry (MCA) experi-
ments in the same flow-through module used for H, O, electro-
generation. In the MCA experiments, potentials of +0.5, 0.0,
—0.5, —1, and —1.5 V vs. SHE were applied sequentially for 300
s each to the Ag-PAI membrane as the working electrode while
monitoring the flowing current over time and measuring the cell
potential using an additional multimeter connected between the
working and counter electrode.

2.6. Membrane Performance Test Experiments

The performance of pristine PAI and Ag-PAI membranes was
evaluated using a cross-flow filtration setup at a pressure of 20
psi and a feed flow rate of 2.4 L min~'. The setup was equipped
with a circulating water bath (ISO temp3013, Fisher Scientific) to
control the feed temperature. To assess the dye rejection perfor-
mance of the membrane under an electrical potential (ranging
from 0 to 7 V), 20 ppm solutions of RR120 and RB were filtered.
An electrical potential was applied between the stainless-steel
electrode (anode) and the Ag-PAI membrane’s (cathode) surface.
The volumetric permeate flux and dye rejection were calculated
by Equations (1) and (2), respectively.

_ Am
pA, At

Jw 1)
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where Am represents the mass difference, p was the membrane
permeate density, A,, ., the membrane surface area (20.25 cm?),
and At denotes the filtration time.

CP
R(%) = 1—€f x 100 2)

Here, C, and Cyrepresent the dye concentration in the perme-
ate and feed solutions, respectively, measured by UV-Vis spec-
trophotometry.

The antifouling tests were conducted based on a three-step
procedure to evaluate membrane performance under an applied
electric potential. Initially, DI water was filtered for 20 min to
stabilize the permeate flux before introducing the foulant into
the feed solution. Permeate was collected on a digital balance
(ME4002, Mettler Toledo), with data recorded on a computer at
15-s intervals. Following this, the feed solution was replaced with
a 200 ppm foulant solution, and the permeate flux of the foulant
solution (/) was measured over 6 h. After fouling, the mem-
brane surface was washed with DI water for 20 min at the same
flow rate and applied pressure (20 psi) as in the fouling step. No
additional pressure was applied beyond this point. The same DC
electrical potential used in the fouling step was applied to the
membrane during the cleaning step. The pure water flux of the
cleaned membrane (J,,) was then measured after the washing
step.

To evaluate the antifouling property of the membranes, the to-
tal flux decline ratio (FDR,) and flux recovery ratio (FRR) were
calculated according to Equations (3) and (4), respectively, as
follows:

FDR, =1- Jos (3)
wl

Juz

wl

FRR = 4)

The release of silver ions from the electro-conductive mem-
brane was assessed through both batch and dynamic filtration
experiments. In the batch test, a membrane sample (1 cm?) was
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Figure 3. Characterization of Ag nanoparticles (Ag-NPS). A,B) SEM and TEM images showing Ag-NP morphology. C) High-resolution XPS Ag 3d spec-
trum with peaks at %368.2 eV (Ag 3ds;) and #374.2 eV (Ag 3d3 ;) (inset: elemental composition of Ag-NPS). D) EDX analysis shows Ag as the dominant
element. E) XRD pattern with a primary peak at 44.4° (200 plane) F) DLS size distribution indicating the hydrodynamic size of Ag-NPS.

immersed in 20 mL of DI water and shaken at 100 rpm at room
temperature. To monitor Ag* release, the DI water was replaced
every 24 h, and the collected samples were analyzed using ICP
analysis.

For the dynamic release test, a membrane with an active sur-
face area of 20.25 cm? was subjected to filtration under the same
conditions used in the performance test: an applied voltage of 3
V, flow of 2.4 L min~!, and a pressure of 20 psi. The experiment
was conducted continuously for 24 h, with permeate samples col-
lected every 2 h to monitor silver release over time. All samples
were analyzed using ICP techniques.

2.7. Antibacterial Assessment Methods of Membranes

The antibacterial properties of pristine PAI and Ag-PAI mem-
branes were investigated via colony-forming unit (CFU) enumer-
ation and disc inhibition zone against (E. Coli FAMP). The inhi-
bition ratio IR(%) from the CFU enumeration test was calculated
using Equation 5:

N PAI
IR (%) = (1—M>xloo 5)

Ncry(pan

where Nepyag— panand Negya, - paj are the number of colonies
formed on the agar plates for modified (Ag-PAI) and pristine
(PAI) samples, respectively. See detailed procedure in Section S6
(Supporting Information).
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3. Results and Discussions

3.1. Characterization of Silver Nanoparticles

SEM and TEM results (Figure 3A,B) show that the silver nanopar-
ticles are mostly spherical and form a compact, interconnected
network on the membrane surface. This connected structure
likely results from interparticle contact rather than uncontrolled
agglomeration. Such network formation was beneficial, as it fa-
cilitates the creation of continuous conductive pathways, thereby
enhancing the membrane’s overall electrical conductivity.l”*! Fur-
thermore, the size distribution of silver nanoparticles determined
by DLS (Figure 3F) indicates a hydrodynamic radius ranging
from 30 to 100 nm, with a mean particle size of 57.5 nm.

Additionally, the XPS analysis of the nanoparticles is shown in
Figure 3C. The deconvolution of Ag 3d reveals two distinct peaks
at 368.2 eV (Ag 3ds),) and 374.2 eV (Ag 3d,),), characteristic of
silver.*”] The atomic concentration of Ag was 86.2%, indicating
its dominance in the structure. Furthermore, the EDX analysis
(Figure 3D) revealed a prominent peak ~3 keV, corresponding to
silver, associated with the surface plasmon resonance effect.l’*]
This signal indicates that the sample contains over 95 wt.% silver,
which aligns with the XPS results. The XRD pattern of the silver
nanoparticles (Figure 3E), recorded in the 26 range of 20° to 90°,
shows a distinct peak at 44.4°, corresponding to the (200) crystal-
lographic plane of silver. This peak matches the JCPDS (Card No.
87-0597), confirming the face-centered cubic (FCC) structure of
silver.l”]
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Figure 4. XPS analysis of pristine PAI, Ag-PAl, and Ag-NPs. A) Survey spectra showing Ag 3d and Ag 3p peaks after silver incorporation. B) High-
resolution Ag 3d spectra C) C Ts spectrum of PAI with peaks for aromatic C=C/C-C/C-H, imide C~CON, C-N, and N-C=0. D) O Ts spectrum showing
imide and amide C=0 bonds. E) N 1s spectrum with imide (—CO—N—CO—) and amide (—CONH—) peaks.

3.2. Surface Characterization of the Fabricated Membranes

The XPS survey spectra of the prepared membranes in Figure 4
reveal the existence of three primary elements: carbon, oxygen,
and nitrogen, positioned ~285, 531, and 400 eV, respectively.’%7]
Table 1 presents the elemental compositions of the Ag NPS,
pristine PAI, and Ag-coated PAI membranes, as determined
from the XPS analysis. The high-resolution C 1s spectrum
(Figure 4C) shows a ~284.6 eV peak for C=C, C—C, and C—H

Table 1. Comparative elemental compositions of the Ag NPS, pristine PAI,
and Ag-coated PAl membranes as determined by XPS analysis.

MembranexAtom Carbon Oxygen Nitrogen Silver
Ag NPS 5.61 6.57 1.6 86.2
PAI 56.97 34.34 8.7 0
Ag-PAl 4.84 3.53 3.63 88

Adv. Sustainable Syst. 2025, 00527 €00527 (7 of 19)

bonds in the aromatic rings, contributing to polymer stability.””’]

The ~286 eV peak corresponds to C-CON from the imide
(—CO—N—CO—) structure, reinforcing the backbone. The pres-
ence of C-N bonds (~287.6 eV) represents amide (-CONH-)
and imide (-CO-N-CO-) linkages, which can be attributed to the
nitrogen-carbon connectivity within the polymer.’®! Finally, the
peak at ~288.7 eV, assigned to N—C=O, verifies the presence of
imide and amide groups.”*%% The high resolution O 1s spectrum
(Figure 4D) shows C=0 (~531.5 eV) from imide (-CO-N-CO-)
and C=0 (~532.7 eV) from amide (-CONH-), representing both
linkages.!®1%2] The high-resolution N 1s spectrum (Figure 4E)
shows N-C (#399.8 eV) from imide and amide, as well as N—H
(~400.8 eV) from amide, indicating the polymer’s characteris-
tic backbone.®!) These findings support the polyamide-imide
structure.

The Ag-PAI membrane shows strong Ag 3d and Ag 3p peaks
(Figure 4B).[3384] Notably, the Ag-PAI spectrum resembles the
Ag-NPS spectrum (Figure 4A). The Ag content in Ag-PAI (88%)
is slightly higher than in Ag-NPS (86.2%), and also the C (4.84%
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Figure 5. A,—-A;) EDX mapping analysis for three elements: (A,) silver, (A;) oxygen, and (A,) carbon from the corresponding top surface FE-SEM image;
B,.-B,) cross-sectional view of the Ag-PAl membrane coating layer with STEM-EDX mapping showing the same elements; C) elemental compositions

of Ag-PAl membrane.

vs.5.61%), O (3.53% vs. 6.57%), and N (3.63% vs. 1.6%) contents
differ slightly (Table 1). This similar XPS spectra between Ag-
NPS and Ag-PAI membrane suggests that the Ag-NPS coated the
membrane surface entirely.

The EDX mapping confirmed the presence of Ag on the mem-
brane’s surface. As shown in Figure 5C, the average Ag load-
ing, calculated from the EDX analysis, was found to be as high
as 96% by weight on the Ag-coated membrane. Figure 5A1-A4
and Figure 5B,-B, provide explicit representations of the EDX
scans obtained from the top and cross-sectional views of the
silver-modified membrane, respectively. The images revealed
that while the cross-section of the membrane contains higher lev-
els of C and O elements, the top surface is predominantly com-
posed of Ag.

As illustrated in Figure 6A, there was a 12-degree reduction in
the WCA of the Ag-PAI membrane compared to the pristine PAI
membrane, shifting from 55° to 43°. Coating membrane surfaces
with hydrophilic nanomaterials such as AgNPs limits the adhe-
sion of hydrophobic organic foulants.®S] This can be achieved
through two primary mechanisms: modifying surface roughness
and enhancing hydrophilicity.®) Both properties facilitate water
passage through the membrane and establish a hydration layer
that prevents foulants from attaching to the membrane surface.
As can be seen in Figure 6B, the surface roughness of the mem-
branes increased upon Ag coating, from ~20 nm in pristine PAI
to #39 nm in Ag-PAI membranes. The increased roughness,
caused by silver nanoparticles, enhanced hydrophilicity as pre-
dicted by the Wenzel equation.!®”] According to this theory, in hy-
drophilic materials, when the WCA on a surface is below 90°,
increased surface roughness leads to a decrease in WCA, thereby
improving surface wettability. These observations align with the
WCA measurements, confirming that increased surface rough-
ness enhanced the membrane’s hydrophilicity.!®!

Figure 6C displays the zeta potential of pristine PAI and Ag-
PAI membranes, conducted using a zeta potential analyzer. The
data revealed that both membranes exhibited a negative charge
across the pH range of 4.0 to 9.0. Furthermore, the magnitude of
this negative charge increased with rising pH values. The pris-
tine PAI membrane showed minor fluctuations (6 mV), while
the Ag-PAI membrane exhibited an isoelectric point at pH = 4.5
and a less negative potential of —15 mV at pH = 9.0. Coating the

Adv. Sustainable Syst. 2025, €00527 00527 (8 0f19)

PAI membrane with silver alters its charge characteristics, as the
positive charge of silver nanoparticles reduces the overall nega-
tive potential. In the case of the Ag-PAI membrane, although it
exhibits a less negative surface charge compared to pristine PAI,
the electrochemical reactions occurring under applied voltage,
such as HER, ¥ play a critical role in enhancing antifouling per-
formance #2. Also, under cathodic conditions, water electrolysis
generates hydroxide ions (OH™), leading to a locally increased pH
near the Ag-PAI membrane surface. This elevated pH can influ-
ence the surface charge by increasing the negative potential in the
membrane.[*) Additionally, the presence of silver demonstrates
good stability under alkaline conditions (Figure 8A), which not
only preserves the membrane structure but also facilitates elec-
tron transfer. Together, these effects enhance electrochemical ac-
tivity and antifouling performance. The electron density test di-
rectly measures the functional groups contributing to the mem-
brane’s chemical reactivity at different pH levels (Figure 6D). At
pH 7, the pristine PAI membrane exhibited a higher electron
density (~52.9 sites nm~2) than the Ag-PAI membrane (~33.2
sites nm~2). This higher density in the pristine PAl membrane is
attributed to secondary amide groups (—HNC=O0), which are less
prone to losing hydrogen at pH 7. In contrast, the silver nanopar-
ticles (Ag NPs) coating the Ag-PAI membrane reduce the overall
density by neutralizing secondary amide groups through direct
bonding with the silver nanoparticles. At pH 10.5, the pristine
PAI membrane reached a charge density of ~#42 sites nm~2, while
the Ag-PAI membrane had ~24.2 sites nm™2. The minor decrease
observed in the Ag-PAI membrane indicates that the silver coat-
ing limits the ionization potential and forms ionic bonds with the
secondary amide groups that help with their strong bond with the
PAI layer. Amide groups contain two potential coordination sites
for metal ions, such as Ag*: the carbonyl oxygen and the amino
nitrogen. Among these, the carbonyl oxygen is generally the pre-
ferred coordination site due to its higher electron density and ac-
cessibility, often resulting in weakening of the C=0 bond and
relative strengthening of the C—N bond upon coordination.”!]
Depending on the molecular environment, silver ions can coor-
dinate in either a monodentate mode (binding to either O or N)
or a bidentate mode (simultaneous coordination to both O and
N within the amide group). In our study, the PAI support matrix
contains secondary amide groups, which are known to stabilize
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Figure 6. A) WCA measurements of the pristine PAl membrane (top) and Ag-PAl membrane (bottom); and B) AFM results show increased average and
RMS roughness in Ag-PAl membranes compared to pristine PAI, highlighting the impact of silver nanoparticle coating on surface morphology. C) The
zeta potential of membranes as a function of solution pH. D) The charge density in the structure of pristine and modified membranes. (charge density
(Sites nm~2). E) The MWCO and F) Pore size distribution of Ag-PAl membrane.
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Figure 7. A) Top-surface and B) cross-sectional FE-SEM images of the prepared PAI support layer; C) top-surface and D) cross-sectional FE-SEM images
of the Ag-PAl membrane, demonstrating a silver coating thickness of ~0.54 um.

coordination complexes with Ag*. This interaction has been pre-
viously reported in coordination chemistry and metal-polymer
interface studies.[®>%]

The MWCO and pore size distribution of the Ag-PAI mem-
brane were evaluated by filtering PEG solutions with molecular
weights ranging from 200 to 8000 Da. The molecular weight cor-
responding to 90% rejection is defined as the MWCO, which
was determined to be 6750 Da (Figure GE). Additionally, the
probability density function plotted against pore size (Figure 6F)
demonstrates that the membrane has an effective mean pore
size of 5 nm and exhibits a moderately narrow pore size dis-
tribution. This analysis provides further insight into the mem-
brane’s separation performance for neutral solutes, where elec-
trostatic interactions are negligible and size exclusion dominates.
The membrane’s ability to retain PEG molecules above 6750 Da
indicates that similarly sized neutral compounds would be effec-
tively rejected, while smaller molecules are more likely to perme-
ate through the membrane.

FE-SEM analyzed the surface morphology of the membranes
before and after Ag-coating (Figure 7). The main objective of this
study is to use the electro-conductivity and antibacterial proper-
ties of Ag-NPS for the membrane’s functionality. Therefore, it
is essential that Ag-NPS cover the entire membrane surface and
form a strong bond with the PAI layer. In both the top surface and
cross-section FE-SEM analysis, a distinct Ag-coating layer on the
PAI support can be seen (with a measured thickness of 0.54 pm).

3.3. Electrochemical Properties and Filtration Performance of the
Membranes
Due to the non-conductive nature of the PAI polymer, the pristine

PAI membrane exhibited a low electrical conductivity of 2.215 X
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107> S cm™!. In contrast, the Ag-PAI membrane showed a signif-
icant increase in conductivity, exceeding 5.6 x 10* S cm™!. This
substantial enhancement can be attributed to the metallic nature
of silver nanoparticles, which form conductive pathways for rapid
charge transfer across the membrane. However, acidic conditions
may also influence membrane conductivity.

As depicted in Figure 8A, the electrical conductivity of the Ag-
PAI membrane remained stable at 5.6 X 10* S cm™ in differ-
ent acidic (pH = 2), neutral (pH = 7), and alkaline (pH = 10)
conditions. The Ag-PAI membrane exhibited cathodic stability
but demonstrated anodic instability when subjected to positive
electric potential. This anodic instability resulted from the rapid
oxidation of Ag nanoparticles, which caused the Ag coating to
peel off and reduced the membrane’s electrical conductivity. No-
tably, a similar phenomenon has been reported for CNT coatings,
which also exhibit instability during anodic operation modes due
to CNT oxidation.[**!

LSV and EIS tests were conducted to examine the electrochem-
ical behavior of the Ag-modified membrane. Figure 8B repre-
sents the Nyquist plot, which provides information about the
electrochemical resistive and capacitive behavior of the electro-
chemical cell. In the high-frequency region, the x-axis intercept
corresponds to a resistance of ~5 Q. This resistance is primarily
attributed to the electrolyte (50 mM of Na,SO,) and all the config-
urations, the electrode distance and area. The ohmic resistance
also reflects the intrinsic and contact resistance of the electrode
material. Since the counter electrode (Pt-coated expanded metal)
has high electrical conductivity, it can be inferred that the Ag-PAI
membrane used as the working electrode also exhibits high elec-
trical conductivity.

Figure 8C shows the LSV data for the Ag-PAI membrane un-
der O, and N,-saturated medium. A greater current decrease was
observed at 0.5 V vs. SHE under O, saturation compared to N,
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Figure 8. A) WCA measurement and electrical conductivity measurements after a stability test (48 h immersion in solutions with various pH; B) the
EIS and C) the LSV analyses conducted in the flow-through module using the Ag-coated PAI membrane as the working electrode, with 50 mm Na,SO,
served as an electrolyte circulated at a 50 mL min~" flow rate; D) the concentration of H,0, and E) corresponding Faraday efficiency measured over CA
experiments in a flow-through module divided by a cation exchange membrane. 50 and 500 mm of Na, SO, and H,SO, were circulated at 50 mL min~!
as catholyte and anolyte, respectively; F) monitored current density at different applied cathodic potentials during MCA analysis using the divided flow-
through module. The strong fluctuations in monitored current density observed at more negative cathodic potentials were caused by bubble formation
on the electrode surface; G) photographs of Ag-PAI membranes before and H) after MCA experiments.
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indicating the occurrence of oxygen reduction reaction (ORR) on
the Ag-PAI membrane surface. After reaching the plateau, the
current showed another decline at cathodic potentials lower than
—1.0 V vs. SHE under both O, and N, saturation, which can be
attributed to the onset potential for HER. The LSV results in-
dicate that ORR occurs within the potential window of +0.5 to
0.0 Vvs. SHE.

Figure 8D displays the concentration of H,0, formed in the
flow-through module at a constant potential of +0.25, +0.1, 0.0,
and —0.25 V vs. SHE over 1-h experiments. Considering the aver-
age values, the highest average H,0, concentration of 6.6 + 1.3
ppm was achieved at an applied cathodic potential of 0.25 V vs.
SHE. In comparison, the decrease in potential to —0.25 V resulted
in the lowest H,O, concentration of 1.3 + 0.6 ppm by the end of
the experiments. Based on Figure 8E, the Faraday efficiency for
H,O0, electro-generation reached its maximum of 20 + 4.3 % at
0.25 V vs. SHE and declined with decreasing the cathodic poten-
tial. Although these results show the potential for H,0, forma-
tion on the Ag-PAI membrane electrodes, the H,O, concentra-
tion was relatively low and significantly decreased as the applied
cathodic potential dropped.

Figure 8F represents the MCA data for the Ag-PAI electrodes
at cathodic potentials of 0.5, 0.0, —0.5, —1.0, and —1.5 V vs. SHE.
The monitored current density stayed below 20 mA cm~2 for
applied potentials from 0.5 to —0.5 V but increased drastically
to 90 mA cm=2 at —1.0 V vs. SHE. This sharp increase in cur-
rent density is attributed to the HER on the Ag-PAI membrane.
Fluctuating current signals, typical of bubble formation, became
more pronounced at —1.5 V vs. SHE. Visible bubble formation
occurred in the catholyte solution at potentials of —0.5, —1.0, and
—1.5 Vvs. SHE. The measured cell potentials for the MCA exper-
iments were 0.62, 1.64, 2.24, 3.4, and 4.2 V for applied cathodic
potentials 0of 0.5, 0.0, —0.5, —1.0, and —1.5 V vs. SHE, respectively.

Hence, increasing the cell potential promotes the forma-
tion of H, bubbles, which can facilitate the detachment of
foulants from the membrane surface during a membrane filtra-
tion process. The primary antifouling mechanisms during filtra-
tion include electrostatic repulsion between negatively charged
foulants and the membrane surface, as well as H, bubble for-
mation at elevated cell potentials. Photographs of the fresh
Ag-PAI membranes before and after the MCA experiment
are presented in Figure 8G,H, respectively. Compared to the
sophisticated methods required for preparing electrocatalysts
to improve antifouling performance, the HER facilitated by
silver nanoparticles offers a facile, easily scalable deposition
approach.[?>9¢]

3.4. Dye Separation and Antifouling Performance of Membranes
Under Electric Potential, and Evaluation of Membrane Stability

The filtration performance of the PAI and electro-conductive Ag-
PAI membranes was evaluated using a two-electrode cross-flow
filtration setup, focusing on dye rejection as a key parameter in
assessing membrane performance under applied electric poten-
tials. In this setup, the Ag-PAI membrane served as the cath-
ode, while stainless steel was used as the anode. To assess the
influence of electrical assistance on the modified membrane, two
negatively charged dyes, RB (MW: 991.82 Da) and RR120 (MW
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1774.15 Da), were filtered at incremental potentials ranging from
Oto7 V.

Figure 9A,B shows the filtration performance of the Ag-coated
membrane against RR120 and RB as a function of applied volt-
age. Dye rejection increased with applied potential, by 14% for
RR120 and 32% for RB, though the trend was nonlinear, as
higher voltages did not yield proportionally greater improve-
ments. This behavior can be attributed to bubble dynamics,
where increased gas evolution at higher voltages produces larger
hydrogen bubbles that may disrupt the uniform electric field dis-
tribution, limiting further rejection improvement.[’! In addition
to the bubble effect, the greater rejection improvement observed
for RB compared to RR120 is likely due to its smaller molecular
size and higher electrophoretic mobility, making it more respon-
sive to the applied electric field.l”®! Permeation flux remained sta-
ble, increasing slightly from ~90 LMH to 100 LMH. This slight
flux increase may also result from localized heating at the mem-
brane surface under applied voltage, which reduces solution vis-
cosity and facilitates water permeation.[*’]

These results suggest that applying an external electric field
enhanced rejection performance while maintaining membrane
permeability. This can be explained by the findings from MCA
experiments, which suggest that the membrane surface acquires
a more negative charge when an electric potential is applied be-
tween the modified membrane (cathode) and the anode. The in-
creased current density and electron transfer in the Ag-PAI mem-
brane enhance the local negative surface charge, which intensi-
fies electrostatic repulsion between the membrane and negatively
charged dyes, leading to improved dye rejection.[*"]

Although only anionic dyes were evaluated in this study, the
membrane’s near-neutral surface charge at pH 7 implies that
electrostatic repulsion toward cationic dyes would be limited. In
such cases, dye rejection would primarily depend on steric hin-
drance and molecular size. This behavior has been noted in other
studies, where size exclusion dominated dye retention even when
membrane-solute charge interactions were not favorable, indicat-
ing that molecular dimensions can outweigh charge effects when
electrostatic forces are weak.[101:102]

The normalized fluxes versus time are shown in Figure 9C.
The water flux of the pristine PAI membrane (0 V) declined more
rapidly than that of the Ag-PAI membrane under applied volt-
age. The organic fouling test demonstrated that the pristine PAI
membrane lost #60% of its initial flux, while the modified mem-
brane experienced a lower flux decline, reaching a minimum
of 43% at 7 V. The antifouling performance of the pristine PAI
and Ag-PAI membranes was evaluated by monitoring flux de-
cline ratio (FDR) during a 6-h filtration of SA/CaCl, solution us-
ing the same cross-flow setup (Figure 9D). Afterward, the feed
solution was replaced with DI water, and the membrane under-
went a 20-min cleaning process. Following this cleaning step, the
corresponding FRR was assessed by determining the recovered
water flux after washing using Equation (4). Like the filtration
experiment, the membrane was exposed to an external voltage
ranging from 0 to 7 V with increments of 2 V. Simultaneously,
the FRR (Figure 9D) values increased with the rising electrical
potential in the modified Ag-PAI membrane. Compared to the
pristine PAI (without voltage) membrane with an FRR of ~49%,
the Ag-PAI under electrical voltage exhibited an increased FRR,
ranging from 43% to 80%. It should be emphasized that these
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Figure 9. A) Water flux and B) dye rejection performance of the Ag-PAl membrane with electrochemical assistance, using RR120 and RB as dye solutions;
C) antifouling behavior of the pristine PAI membrane (M) and Ag-PAl membranes over 6 h of continuous filtration of 200 ppm SA/CaCl, at varying
voltage levels; and D) FDR and FRR of the membranes under different voltages, showing the effectiveness of higher voltages in enhancing antifouling
properties; E) long-term and cyclic anifouling performance of the Ag-PAl membrane under an applied potential of 3 V; F) FDR and FRR of the Ag-PAI
membrane during cyclic testing under 3 V; G) long-term silver release profile of the Ag-PAI membrane under batch and dynamic filtration. Subpanel:
24 h dynamic release (3 V, 20 psi); H) FE-SEM image of the membrane after seven days of silver release.
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antifouling results are specific to organic fouling, represented
by sodium alginate and calcium chloride as model foulants. The
membrane’s effectiveness against other fouling types, such as
inorganic or colloidal foulants, requires further investigation.
These results support the enhanced antifouling properties of the
electro-conductive membrane under the tested conditions.

The improved antifouling properties of the Ag-PAI membrane
with increasing voltage can be attributed to several factors: (1) the
negative surface charge of the Ag-PAI membrane generates elec-
trostatic repulsion, which inhibits negatively charged foulants
from adhering to the membrane surface; (2) the production of
hydrogen (H,) bubbles on the electro-conductive membrane sur-
face effectively removes the cake layer; and (3) enhanced hy-
drophilicity leads to the formation of a hydration barrier that pre-
vents the attachment of foulants.[1%%1]

Although increased surface roughness due to silver nanopar-
ticle deposition could theoretically promote bubble attachment,
in this case, the enhanced hydrophilicity and hydration layer
counteract this effect. Furthermore, the transient nature of bub-
ble formation during HER and the increased gas generation
rate at higher applied voltages, as demonstrated by the MCA ex-
periments, further prevent stable foulant accumulation on the
membrane surface.l'%%1%] Therefore, the proposed electrically
enhanced approach for reducing fouling propensity is a straight-
forward strategy that eliminates the need for chemicals and con-
sumes less energy.

Cyclic and long-term fouling tests were performed at 3 V to fur-
ther assess the Ag-PAI membrane’s resistance to organic fouling.
The cyclic test consisted of three consecutive steps (1 h fouling
followed by a 20-min wash). As shown in Figure 9E,F, the FDR
slightly increased from 47.3% to 48% over the three cycles, while
the FRR showed only a minor decline from 62.7% in the first
cycle to 61.9% and 61.6% in the second and third cycles, respec-
tively. In the long-term fouling test (24 h), the membrane main-
tained stable performance with an FDR of 48.6% and an FRR of
62%, demonstrating the membrane’s durability under prolonged
and repeated fouling conditions. These findings suggest that the
application of an electric field effectively repels foulants from the
surface of the electro-conductive membrane, helping to maintain
its filtration performance over time. Moreover, the fouling behav-
ior of the membrane under an applied electric field remained
controllable, indicating reliable antifouling functionality during
extended operation. Importantly, although only a single AgNP
size (average 57.5 nm) was utilized in this study, previous re-
search has shown that silver nanoparticles within the 30-70 nm
range consistently enhance antifouling performance by increas-
ing membrane hydrophilicity and repelling organic foulants such
as sodium alginate.[196197:57] These effects are not very sensitive
to small variations in particle size, particularly for non-biological
fouling rather than microbial foulants.[1%111] Therefore, the en-
hanced antifouling behavior observed in this work likely results
from the combined effects of the applied electric field and the
optimized incorporation of AgNPs.

The long-term stability of silver on the coated membrane is
essential for practical membrane applications. Monitoring Ag*
ion release profile offers a measure of coating stability and mem-
brane lifespan. As shown in Figure 9G, the initial silver release
on the first day was ~0.092 mg L', corresponding to 0.0575% of
the total 3.2 mg silver content on a 1 cm? membrane. Over the
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course of seven days, this value increased slightly to 1.2 mg L1,
equivalent to only 0.075% of the total silver loading. This mini-
mal release supports the membrane’s stability, further confirmed
by SEM analysis (Figure 9H), which reveals only a slight detach-
ment of silver nanoparticles from the surface. Since the batch
test was conducted over seven days using the same membrane,
direct daily monitoring of the surface morphology was not fea-
sible. Therefore, the final SEM image of the membrane, taken
after seven days, is presented here, which is consistent with the
findings reported in previous papers.[112113]

“To provide a more accurate comparison, a dynamic silver re-
lease test was performed under the same conditions as the fil-
tration process (3 V, 20 psi, 2.4 L min~!) for 24 h. As shown in
the subpanel of Figure 9G, the silver concentration in the per-
meate was below the detection limit (LOD 0.003 mg L), con-
firming minimal release under operational conditions. In con-
trast, the static batch test, which is often used as a worst-case
method, showed comparatively higher silver release. These re-
sults align with previous studies suggesting that batch meth-
ods tend to exaggerate silver leaching, whereas dynamic meth-
ods may underestimate it due to system adsorption and dilution
effects” [114115]

3.5. Antibacterial Assessment of Pristine and Modified
Membranes

The intrinsic antibacterial properties of pristine and modified
membranes were assessed via disc inhibition zone and CFU enu-
meration tests under static and suspension conditions, respec-
tively. These tests were designed to evaluate the baseline an-
tibacterial potential of the membranes rather than fully repli-
cate dynamic filtration conditions. The attachment to bacterial
cell membranes, intracellular damage caused by Ag NPs or re-
leased Ag™ ions, and oxidative stress induction by generating re-
active oxygen species (ROS) are the predominant antibacterial
pathways of silver NPs.["] The disc inhibition zone test revealed
no visible inhibition region around the membrane coupons
(Figure 104A), indicating that antibacterial agents remained im-
mobilized under static conditions. This is likely due to the strong
integration of silver nanoparticles within the polymer matrix, re-
stricting the release of Ag NPs or Ag* ions for direct bacterial con-
tact. The CFU enumeration test, performed under suspension
mode, demonstrated a 57% inhibition rate after 1 h of bacterial
exposure (Figure 10B). The observed inhibition rate could be due
to the increased release rate of antibacterial agents under suspen-
sion mode compared to static mode, as seen in the disc inhibition
zone results. Additionally, the more positively charged surface of
the Ag-PAI membrane (compared to the pristine PAIl membrane)
enhanced the electrostatic attraction between the membrane sur-
face and partially negatively charged bacterial cells. Therefore, a
larger population of bacterial cells adhered to the surface of the
Ag-PAI membrane, allowing the incorporated nanoparticles to
cause cell damage either by directly harming the cells through
released Ag NPs and Ag™ ions or by disrupting metabolic cycles
through surface oxidative stress.[''7118] Tt should be noted that
the release rate of Ag* from the Ag-PAI membrane must be lim-
ited and controlled to sustain antibacterial activity while ensuring
sufficient stability to maintain long-term functionality.
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Figure 10. A) The inhibition zone test was conducted on both PAl and Ag-PAl membrane coupons, and B,C) the CFU enumeration results were obtained

by exposing bacterial suspension (i.e., E. coli) to membrane coupons.

3.6. Comparison with Literature

Table 2 presents a comparative analysis of our Ag-PAI mem-
brane and previously reported electro-conductive membranes,
highlighting the comprehensive scope of our evaluation. This
includes electrochemical performance, dye rejection, antifouling
behavior, electrical conductivity, water flux, and antibacterial ac-
tivity, which are often addressed independently in earlier studies.

While certain recently reported electro-conductive membranes
demonstrate higher rejection enhancements under specific con-
ditions, the dye rejection improvement achieved by our mem-
brane remains competitive, particularly at low applied voltages
(2-3 V), where many studies report only modest increases of 4—
11%. In contrast, our Ag-PAI membrane achieved up to a 14%
increase in rejection within this low voltage range. For example,
Ni-plated PVDF membranes required 7 V to achieve nearly a 20%
improvement in dye rejection, whereas our Ag-PAI membrane
achieved similar performance at just 5 V, underscoring its greater
energy efficiency.

In terms of antifouling performance, our membrane exhibited
a 21.5% increase in FRR at 3 V over 6 h, outperforming Memb-
PAMPSA-EG/DBSA (10%) and PANI-rGO (16%). Additionally, it
achieved a 5-6% reduction in FDR at the same voltage, a perfor-
mance that compares favorably with MWCNTs-50, which showed
less than 2% improvement and did not report FRR. Unlike stud-
ies that offer only qualitative or partial assessments, such as those
on Ni-plated PVDF, our work provides quantitative validation of
both FRR and FDR, positioning the Ag-PAI membrane among
the most well-characterized electro-conductive membranes for
antifouling performance. The membrane’s high conductivity of
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5.6 X 10* S cm™!, which is substantially higher than MWCNTs-
50 (0.00128 S cm™!) and PANI-rGO (0.8453 S cm™), further en-
hances its electrochemical effectiveness. Moreover, it maintains a
stable water flux of 100 LMH under applied voltage, unlike mem-
branes that show only temporary flux improvements. The Ag-PAI
membrane also achieved 55.7% E. coli inhibition, a level of an-
tibacterial activity rarely observed in similar electro-conductive
membrane studies.

Taken together, these results underscore the multifunctional
capabilities of our Ag-PAI membrane. The combination of en-
hanced rejection, effective antifouling, superior conductivity, sta-
ble flux, and antibacterial properties establishes this membrane
as a high-performing and energy-efficient alternative to existing
electro-conductive membranes for water treatment applications.

3.7. Cost Analysis for the Fabrication of Ag-PAl Membranes

To assess scalability and cost-effectiveness, we compared silver-
based membranes with alternatives such as carbon-based coat-
ings (CNTs, graphene) and conductive polymers (PANI, MX-
ene). Carbon-based materials offer a cost advantage ($5 to $600
CAD m™2), but generally exhibit lower conductivity than silver
and often require higher loadings or chemical functionalization
to achieve comparable performance. They also present disper-
sion challenges in solvent systems, which may affect coating uni-
formity during spray deposition.!?] Conductive polymers such
as PANI and emerging materials like MXene are similarly expen-
sive or even more costly than silver, with costs ranging between
$210 and $660 CAD m~2, and are prone to chemical degradation
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Table 2. Comparison of the performance of various electro-conductive membranes with the Ag-PAl membrane developed in this study.

Membrane Rejection Antifouling Electrical Water Flux Antibacterial Properties Refs.
Enhancement (%) Enhancement (%) Conductivity [S cm™] (LMH)
Ag-PAI RR: (+7) at 2V, (+14)at 7V FDR: (+5-6) at3V, (+10) at 7V 5.6 x 10* 100 (stable) 55.7% E. coli growth This work
RB: (+14) at2V, (+32) at 7V FRR (+215) at3V, (+37) at 7V inhibition
MWCNTs-50 No enhanced yeast rejection. FDR: (+2) at 2V, 0.00128 Temporarily N/A [119]
FRR: N/A Increased from
90 to 220
Ni-plating PVDF Congo red: (+19-20) at 7 V Lacked quantitative discussion N/A 202 Lack of discussion [120]
Memb-PAMPSA- N/A FDR: (+16) 0.001 357 N/A [22]
EG/DBSA FRR: (+10)
Voltage: N/A
TDC10 Orange G: (+4) at 3V N/A 60 23 N/A [121]
Methyl Orange: (+17) at 3V
PANI-MWNT N/A FDR: (+15) at 2V 7.32 596.6 N/A [122]
FRR:(+ 11.8) at 2V
MF membrane N/A FDR: (+7) at 2V - 1980 N/A [123]
FRR: N/A
PANI-rGO TOC: FDR: (+12) at3V 0.8453 107.7 N/A (18]
(+11-12) at 3V FRR: (+16) at 3 V
RGO-MXene Orange G: (+35.4) at2V N/A 110 x 10° 62.1 N/A [124]
CNT-ECM N/A N/A 349 14.7 Complete bacterial [125]
inactivation at 2.5V
Zeolite/CNS Crystal violet: (+40) from2Vto 3V N/A 20 210 N/A [126]
PANI-DBSA N/A FDR: (+38) at 1V 22% 107 15.5 N/A [127]

FRR: N/A

or oxidation, particularly under aqueous conditions.l*! In con-
trast, Ag-PAI membranes offer a balanced combination of high
conductivity, excellent stability in water, and easy processability
via spray coating.['*"] While silver requires proper waste man-
agement protocols due to its environmental impact, the overall
material cost remains competitive at $75 CAD m~2. The fabri-
cation cost is consistent across all membrane types, estimated
at $33-37 CAD m~2, which includes spray coating and solvents
(e.g., DMAc, isopropanol at $5-8 CAD m~2). Additionally, the
PAI support layer contributes significantly to the total material
costs, accounting for ~70-80% of the total material mass ($0.75—
1.75 CAD g!). The cost estimates presented in this section were
derived from current market prices of key raw materials obtained
from commercial suppliers.'3!-135] Material consumption rates
were calculated based on our experimental membrane fabrica-
tion process, where ~30 grams of silver nanoparticles per square
meter of membrane were required to achieve the desired con-

ductive layer, along with corresponding amounts of PAI poly-
mer and solvents. Solvent costs were estimated based on typi-
cal laboratory-scale casting practices, with high-purity DMAc and
isopropanol contributing ~$5-8 CAD m~2.1136:137] This combined
approach provides a realistic, laboratory-scale estimation of both
material and fabrication costs, which may vary with process opti-
mization or large-scale production. Taken together, the total cost
of Ag-PAI membranes is ~#$108.75-$112.75 CAD m~2, which
is competitive for specialized highly electro-conductive mem-
branes. The cost analysis results are summarized in Table 3.

4, Conclusion

The electro-conductive Ag-PAI membranes were fabricated us-
ing a simple and scalable spray-coating technique. The appli-
cation of silver coating noticeably enhanced the membrane’s

Table 3. Cost analysis of Ag-PAI membranes and comparison with conventional carbon and polymer-coated membranes at the laboratory scale.

Parameter Ag-PAI Membranes Carbon-coated Membranes Polymer-coated membranes
Material Cost (per m?) $75 $5-600 $210-660

Fabrication Cost (per m?) $33-37 $33-37 $33-37

Total Cost (per m?) $108-112 $38-$637 $243- $697
Conductivity High Moderate Moderate-High
Processability (spray) High Moderate-low Moderate (PANI is viscous)- High
Stability in water High Moderate May degrade

Special notes Requires waste handling

Poor dispersion Chemical stability is limited
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electrical conductivity, increasing it from a low value of 2.215 x
107> S cm™! for the pristine PAI membrane to an impressive
5.6 x 10* S cm™! for the Ag-PAI membrane. This substantial
increase in conductivity indicates the successful integration of
silver nanoparticles, establishing effective conductive pathways
for electron transfer. The Nyquist plot confirmed the low resis-
tance and high electrical conductivity of the Ag-PAI, while LSV
data indicated the occurrence of ORR and HER on the membrane
surface. The Ag-PAI membranes also demonstrated remarkable
dye rejection rates of up to 97% for RR120 and 90% for RB at a
voltage of 7 V, with only a moderate decrease in permeate flux.
Additionally, the ECMs showed effective antifouling properties,
achieving an FRR of 80% under a cathodic voltage of 7 V, at-
tributed to HER and enhanced electrostatic repulsion between
the foulant and the membrane surface. Additionally, the mod-
ified Ag-PAI membrane demonstrated a 55.7% inactivation rate
for E. coli, demonstrating their potential for biofouling mitigation
in wastewater filtration applications.

In summary, the highly conductive membranes developed in
this study offered an effective and sustainable approach for dye
removal and fouling mitigation in wastewater treatment. The
membranes exhibited enhanced dye rejection, antifouling prop-
erties, antibacterial activity, and robust silver coating across var-
ious pH conditions. These features position the Ag-PAI electro-
conductive membrane as a strong candidate for advanced water
purification technologies. Future research will focus on optimiz-
ing membrane design for scalable production and broader com-
mercial applications. In addition, the anti-biofouling properties
of Ag-PAI electro-conductive membranes can further be studied
via biofouling studies under dynamic filtration conditions.
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