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ABSTRACT: Forward osmosis (FO) has been emerging and gaining attention within the membrane-based processes because
it can achieve high water fluxes while minimizing energy consumption, making it a cost-effective approach for wastewater
treatment. However, membrane fouling remains an obstacle to this application. To address this concern, we fabricated an
electroconductive membrane composed of polysulfone and polyaniline (PAni). These membranes have the potential to oxidize
targeted organic compounds and/or electrostatically remove the fouling layer. After optimizing the PAni loading, we performed
bench-scale tests using sodium alginate as model foulant. The membranes were fouled resulting in a decrease in FO efficiency of
72%. Fouled membranes were treated with a cathodic potential for 30 min, the fouling and antifouling processes were
monitored with scanning electron microscopy (SEM), and contact angle and electrochemical methods were used. The fouled
membrane exhibited a clogged surface and high electrical resistance, while the treated membrane recovered the PAni nanofibers
morphology, its electrical and hydrophilic properties, and 84% of its FO efficiency. Thus, PAni can improve the overall
membrane permeability while incorporating antifouling properties. Moreover, the EIS results of this study shed light on the
mechanisms that govern the water separation process before and after fouling in the FO mode.
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■ INTRODUCTION

Among membrane-based processes, osmotically driven pro-
cesses, such as forward osmosis (FO), have attracted
researchers, mainly due to advantages related to power
consumption as opposed to reverse osmosis (RO), a power-
intensive process. FO has been widely studied for different
applications, such as wastewater reclamation, desalination,
power regeneration, among others.1 FO is a natural
phenomenon that occurs spontaneously when two solutions
of different osmotic potentials are separated by a semi-
permeable membrane. Specifically, it creates an osmotic
potential difference (Δπ) that makes the water molecules
cross the membrane from the feed solution (FS, the solution
with lower osmotic potential) to the draw solution (DS, the
solution with higher osmotic potential), Scheme 1a.2,3

Moreover, with the advent of new osmotic agents,4,5 the FO

process has gained track, but research in the area of
electrochemically active FO membranes is still limited.
In fact, a common problem associated with wastewater

treatment using membrane-based systems is the fouling
phenomenon (Scheme 1b). Fouling occurs after prolonged
usage of the membrane, where pollutants block the pores and
form a film that decreases its overall performance signifi-
cantly,6,7 leading to increased operational costs8,9 and a
shortened membrane functional life.10 When compared to
pressure-driven membrane processes, such as RO, FO benefits
mainly from (a) lower fouling propensity due to low
transmembrane pressure, (b) spontaneous process, (c) high
water fluxes and selectivity, and (d) cost-effectiveness. Albeit
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FO exhibits lower membrane fouling, further use and
implementation of this technology is still hindered from such
effects. The way fouling in FO occurs is quite unique due to
the low pressure being applied, which ultimately affects the
density of the resulting fouling layer.11,12

Common fouling agents found in wastewater, such as
polysaccharides, are often negatively charged, which makes
them prone to electrostatic repulsion by a negatively charged
surface.13 Thus, the fabrication of conductive membranes has
emerged as a sound strategy to mitigate the fouling of the
membrane.14 The electroconductive reactive membranes are a
key advancement in the area of water purification, as they
prevent or remove the fouling layer that is typically removed by
chemical and mechanical means. This process is achieved by
two possible mechanisms, (1) electrostatic repulsions or (2)
electrochemical reactions (e.g., oxidation of certain contami-
nants). Both mechanisms work as a response to an applied
electric pulse through the membrane that occurs in situ.
Although the area of electroconductive reactive membranes is
still in development, researchers have explored the incorpo-
ration of metal nanoparticles,15 carbonaceous species,16

metallic scaffolds,17 and less common, electrically conductive
polymers (ECPs).18 Among the ECPs, polyaniline (PAni) is
one of the most extensively studied due to its low production
cost, simple synthesis, mechanical and environmental stability,
and adjustable conductivity.19 PAni exhibits high conductivity
in its partially oxidized state and good chemical reversibility.20

PAni exists in several forms (Scheme S1), depending on the
potential applied, and assumes distinctive properties, depend-
ing on the oxidation or protonation degree. It has been shown,
that PAni nanostructures (e.g., fibers) assemble into highly
porous, hydrophilic, and high surface area electrodes.21

In light of all these facts, herein we explore the incorporation
of PAni into a polysulfone (PSF) support in order to shed light
on the mechanisms that govern the water separation process
before and after fouling. This work provides a thorough study
on the fabrication essentials of the electroconductive reactive
membranes and how fouled membranes can be reconstituted
by employing electrical pulses. More importantly, this is one of
the few works in the literature that provides a chemical and
electrochemical focus to understand the fouling layer
formation and removal processes in the FO mode.

■ EXPERIMENTAL SECTION
Materials. PSF (average Mn ∼ 22 000), N-methyl-2-pyrrolidone

(NMP, 99%), aniline (ACS reagent, 99.5%), hydrochloric acid (HCl,
37%), ammonium persulfate (APS, ACS reagent 98%), potassium
chloride (KCl, ACS reagent 99%), potassium ferrocyanide trihydrate
(ACS reagent, 99%), potassium ferricyanide (ACS reagent, 99%),
sodium chloride (NaCl, ACS reagent 99.0%), and sodium alginate
(SA) were purchased from Sigma-Aldrich. The reagents were used as
received; i.e., no further purification was carried out. Nanopure water
(18.2 MΩ·cm2) was used at all times.

PSF Support Fabrication. The membranes were prepared using
the nonsolvent-induced phase separation (NIPS) process in
accordance with the methodology described in our previous
publication.22 Briefly, a 12% w/v PSF dope solution was prepared
in NMP, stirred overnight at room temperature for complete
dissolution, and casted over a polyester (PE) mesh (105 μm, 52%
open area from Elko Filtering Co.) attached to a clean glass plate. The
film thickness was controlled with a doctor blade casting knife and
adjusted to 150 μm. Thereafter, we immersed it in a DI water
precipitation bath for 10 min before transferring the membrane to a
DI water bath for storage.

Polymerization of Aniline. The PSF:PAni membranes were
fabricated through a chemical oxidative polymerization (COP)
reaction. In brief, the PSF support was immersed and stirred for 24
h in 0.2 M aniline in 0.5 M HCl solution. Then, a solution of 0.05
mM of APS was added dropwise and was allowed to react for 48 h.
The membranes were rinsed several times and stored in DI water.

Membrane Characterization. Infrared spectra of air-dried
samples were recorded on a Bruker Alpha Platinum-ATR
Spectrometer using transmittance mode. A small piece of the
membrane was analyzed, and the spectral width ranged from 600 to
4000 cm−1, with 4 cm−1 resolution and an accumulation of 64 scans.
The electrochemical measurements were performed using a Biologic
SP-240 potentiostat from Biologic USA and a custom-made 3-
electrode cell, where the membrane was used as the working electrode
on a fluorine-doped tin oxide (FTO) and carbon tape contact, the
reference electrode was Ag/AgCl (0.197 vs NHE), and the counter
electrode was a platinum wire. A Hitachi S-4800 field emission
scanning electron microscope (SEM) was used with an accelerating
voltage of 10.0KV and a current of 5 μA to analyze the morphology of
the membrane’s surface. Air-dried samples were fixed onto a sample
holder and sputtered with a gold−palladium film (ca. 5 nm thick).
Contact angle measurements were carried out using a Theta Lite
Optical Tensiometer (Biolin scientific, Gothenburg, Sweden) at room
temperature. A 1 cm2 coupon of each air-dried membrane was fixed,
and a 3.0 μL DI water droplet was used for the analysis. The
tensiometer records drop images as a function of time and analyses
the drop shapes using OneAttension software (Version 1.5).

The permeability performance was tested using a custom-made
flow-cell with deionized water (18 MΩ·cm2) as the feed solution (FS)

Scheme 1. Representation of (a) FO Process and (b) Membrane Fouling after FO Experiment
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and an aqueous 5% w/v NaCl solution as the draw solution (DS).
The exposed area of the membrane was 4.25 cm2, the active layer was
facing the feed solution, and the results were collected at a constant
flow rate of 12.3 mL/min and constant temperature of 22 ± 1°C for
one hour. The water fluxes, Jw in LMH (L·m−2·h−1), were calculated
using the following equation

= Δ
J

V
A tw
M (1)

where ΔV is the volume increment in the draw solution in L, AM is
active membrane area, and t is time or duration of test in hours.
The reverse salt flux, Js in GMH (g·m−2·h−1), from the draw

solution to the feed solution was calculated using eq 2

=
Δ

J
C V
A t
( )

s
t t

M (2)

where Ct and Vt are the salt concentration and the feed volume at the
end of the FO experiments, respectively. In order to determine the
salt concentration in the feed solution, we measured the solution
conductivity and used a calibration curve of NaCl solutions (i.e.,
concentration−conductivity).
Fouling Experiments. To simulate the fouling of the membranes,

SA was used as model foulant. The fouling experiment was carried out
in the FO mode, using the same setup conditions as the FO
performance, for 8 h with concentrated solutions. A 2000 ppm of SA
was used as the feed solution and 3 M NaCl as the draw solution; a
concentrated draw solution was used to maintain the osmotic gradient
and promote the water flux from the FS to the DS. Thereafter, the FS
and DS were changed to DI water and 5% NaCl, respectively, and
these fluxes were compared to the unfouled (i.e., control) membrane.
PAni Electrical Regeneration. To remove the fouling layer and

regenerate the PAni electroconductive reactive layer, an electric pulse
of −2 V vs Ag/AgCl was applied for 30 min in 0.1 M KCl/0.5 M HCl,
where the HCl promotes the protonation of the PAni, and the KCl
maintains the electroneutrality of the system. The experimental setup
is shown in Scheme S2. The regeneration process was monitored by
cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), SEM, contact angle, and FO water flux experiments and
compared to the control membranes. Table 1 summarizes the
experimental conditions employed for the electrochemical studies.

■ RESULTS AND DISCUSSION
PSF:PAni Membrane. PAni is an intrinsic conductive

polymer with high hydrophilicity, deposited over a PSF
support through a COP reaction. Previous reports have
established that the type of dopant used during the COP
influences the electrical conductivity of PAni composites,
where higher conductivities are achieved using strong protonic
acids, such as hydrochloric acid as a dopant.23 In this work, due

to the high porosity of the PSF, the PAni monomers are likely
adsorbed to the surface, although some permeate through the
pores. After the addition of the oxidant solution, the aniline
monomer polymerized within the PSF support and showed a
significant change in color from white to green. Figure 1a
shows the optical images of the bare PSF support and the
PSF:PAni membrane, where the final membrane exhibits an
intense green color suggesting the deposition of the conductive
polymer.24 This conductive polymer is color specific (Scheme
S1), and each color provides a visual corroboration of the
deposited PAni form. The green color observed in the
deposited layer (Figure 1b) suggests that the PAni form
deposited is the emeraldine salt (ES). To confirm the chemical
integrity of the membrane, FTIR was employed. Figure 1c
shows the FTIR spectra of the studied materials, where the
typical feature of PSF25 and PAni23 are observed. The
PSF:PAni spectra exhibit similar vibration bands with the
PSF support at lower wavenumbers, where the sulfones show
very strong absorption bands at these energies. Most of the
PAni absorption bands are overlapped with PSF bands since
both polymeric structures have benzene and similar vibration
energies. However, corresponding to the vibration energy to
the secondary aromatic amine in PAni, the N−H stretches of
∼3250 and 3040 cm−1 (vw bands) are observed in the
PSF:PAni.
The deposition of PAni over the PSF support was validated

by the physical change and the presence of new vibration
bands in the composite Fourier-transform infrared spectra
(FTIR). Nevertheless, the main purpose of adding this
polymer to the PSF support was to incorporate functionalities
that could render a conductive membrane. CV was used to
corroborate the incorporation of such features (i.e., con-
ductivity). A comparison of the CV between the fabricated
membranes under the same experimental conditions is shown
in Figure 2. At the studied potential window (−2 to 2 V vs Ag/
AgCl), PSF (inset graph in Figure 2a) did not exhibit any
electrochemical activity, although water oxidation and hydro-
gen evolution were observed at 2 V and −2 V vs Ag/AgCl,
respectively. Furthermore, the voltammogram of PSF:PAni
shows the characteristic electrochemical behavior of PAni in
HCl, showing that the polymeric layer is electrochemically
active. Using this voltammogram, the chemical structure of the
deposited PAni can be corroborated.24 In the anodic sweep, a
−2H+ oxidation takes place, from ES to pernigraniline salt at
0.9 and 1.7 V vs Ag/AgCl. In the cathodic sweep, the opposite
reaction occurs. The first protonation (H+) occurs at −0.04 V
vs Ag/AgCl, and the second protonation is observed at −0.6 V
vs Ag/AgCl. These transitions can also be validated by the
visual change in color at the membrane’s surface.
Previous works have suggested the importance of PAni

loading and how it influences essential properties of the
membrane, such as hydrophilicity, roughness, porosity, and
conductivity.26 Thus, in this work, the PAni loading at the PSF
support was carefully optimized. Different loadings of PAni per
membrane area (2.6, 8.8, and 24.8 mL/cm2) were tested and
were further scrutinized by means of morphological changes,
contact angle, electrochemical properties, and FO perform-
ance.
The morphology of the active side of the fabricated

PSF:PAni membranes was studied using SEM micrographs.
Figure 3a,b shows the PSF support (0.0 mL/cm2 ratio) prior to
modifications, where a smooth surface with pores in the range
of ca. <100 nm can be observed. Figure 3c−h shows the SEM

Table 1. Summary of Electrochemical Experiments To
Monitor the Formation of the Fouling Layer and the
Regeneration of the PAni Layera

technique solution experimental conditions

1 CV Ferric/
Ferrous

−1 to 1.5 V at 25 mV/s for 3 cycles

2 EIS Ferric/
Ferrous

Eoc = 0 V; voltage amplitude, 20 mV; frequency
range, 0.5 MHz to 5.0 Hz and 10 points per
decade

3 CV HCl/
KCl

−2 to 2 V at 100 mV/s for 3 cycles

aAll experiments were carried using a custom-made 3-electrode cell
where Ag/AgCl was used as a reference electrode and a Pt wire as the
auxiliary electrode. The solutions used were 5 mM Ferric/Ferrous in
0.1M KCl and 0.5M HCl in 0.1M KCl.
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micrographs of the PSF:PAni fabricated with different PAni
ratios. At the 2.6 mL/cm2 ratio (Figure 3c,d), the PAni appears
in short nanofibers with some disconnected nanoparticles. As
the ratio increases, the PAni nanofibers become longer and
abundant at the PSF support. When the 8.8 mL/cm2 ratio is
reached (Figure 3e,f), a larger PAni network is observed, while
at a higher ratio, 24.8 mL/cm (Figure 3g,h), a denser
morphology is obtained with poorly defined fibers.
Thereafter, the electrochemical properties of the different

PAni membranes were studied using CV in the presence of a
common redox mediator [Fe(CN)6]

3‑/4 (Ferric/Ferrous). The
studies reported in Figure S1 were conducted in potassium
chloride at a potential range of −1.0 to 1.5 V vs Ag/AgCl. In
the experiment, the membrane’s CV was evaluated as a
function of scan rate (Figure S1a), where it exhibited a well-
defined oxidation and reduction peak of the redox mediator,
which validates the membrane’s electroactivity and chemical
reversibility. Faster scan rates lead to higher currents due to a
decrease in the diffusion layer at the membrane’s surface.27

Each peak current (ip), anodic and cathodic, was found to be
almost directly and inversely proportional with the square root
of the scan rate, respectively, and this behavior suggests a

quasi-reversible redox process. To study the kinetics, the
Randles−Sevcik eq (eq 3) can be employed to determine the
experimental diffusion coefficient

ν= ×i n AD C2.687 10p
5 3/2 1/2 0 1/2

(3)

where n is the number of electrons in the half-reaction of the
redox probe (n = 1), A is the electrode’s geometric area, D is
the diffusion coefficient, C is the bulk concentration, and ν is
the scan rate. The diffusion coefficient of electroactive species,
from the bulk solution to the electrode’s surface, will depend
on the electrode’s shape, size, and material.28,29 In this work, all
three membranes are made of the same material; however, as
shown in the SEM, the shape and the size of the conductive
material vary among them. The 8.8 mL/cm2 ratio has the
highest diffusion coefficient and slope at the ip/ν

1/2, suggesting
that the redox probe diffuses freely and faster within the
polymeric layer (see the Supporting Information, Figure S2).
Interestingly, the highest PAni ratio deposited (24.8) was the
least electrochemically efficient in terms of the kinetics as well
as in the proportionality between the ip/ν

1/2. Previous reports
account for the fact that PAni nanofibers have a higher surface
area that facilitates rapid ion exchange.30−32 Thus, the obtained

Figure 1. Optical images of fabricated PSF-based membranes. (a) PSF support, (b) PSF:PAni composite membrane after polymerization, and (c)
FTIR spectra of individual and combined materials.

Figure 2. PSF-based membrane (a) CVs of PSF membrane (inset graph) and PSF−PAni for electrochemical property evaluations in a 3-electrode
cell setup, at 10 mV/s in 0.5 M HCl/0.1 M KCl. Reference electrode is a Ag/AgCl (NaCl satd, 0.198 V vs NHE) and a platinum wire as a counter
electrode. (b) Suggested electrochemical process and optical images at the respective potentials.
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trend in this study can be correlated with the SEM images,
where the more defined and abundant PAni fibers are obtained
at the 8.8 ratio. The 24.8 ratio has a denser PAni layer, which
could lead to a larger diffusion layer and therefore a lower
measurable faradaic current.
Further, the wettability of each membrane was measured by

contact angle (CA) after 10 s of DI permeation, and the results
are summarized in Table 2. All membranes have a CA smaller

than 90°, which indicates all are hydrophilic in nature. When
compared among them, the PSF support (0.0 mL/cm2 ratio) is
the most hydrophobic, followed by the 2.6, 24.8, and 8.8 ratio;
within these results, we did not observe a direct proportionality
with the PAni ratio.
The FO performance of each membrane results, in Figure 4,

show that the membrane with the 8.8 mL/cm2 PAni ratio
reached the highest water flux, 12.7 LMH, which represents an
increment of 34% over the PSF support. In contrast, the 2.6
and 24.8 mL/cm2 ratios exhibited lower water fluxes than the

PSF support. On the other hand, the reverse salt flux of all
PSF:PAni membranes is lower than the PSF support, and this
suggests that the addition of a cross-linked layer to the support
surface prevents the salt ions from migrating to the feed
solution. Interestingly, the lowest Js was also obtained with the
8.8 ratio.
Overall, the PSF support does not exhibit any electroactivity

and has a homogeneous hydrophobic surface that allows for
proper water permeability. Modification of this support with
2.6 mL/cm2 PAni makes the membrane 37% more hydro-
philic; however, the Jw decreases significantly (i.e., 80%).
Similarly when the support is modified with 24.8 mL/cm2

PAni, the membrane hydrophilicity increases up to 66%, but
the water permeability decreases by 63% before the
modification. In contrast, when the 8.8 mL/cm2 PAni ratio is
used, the membrane becomes very hydrophilic (90%), which
allows for higher water permeability (34%). These results
indicate that the optimal PAni ratio is 8.8 mL/cm2, and for the
purposes of investigating the chemical and electrochemical
intricacies of these membranes, it provides a suitable case
study. The 8.8 mL/cm2 PAni ratio was found to be optimal
because it exhibits (1) well-dispersed nanofibers, (2) the
highest diffusion coefficient, (3) the most hydrophilic surface,
(4) the highest water flux, and (5) the lowest reverse salt flux.

Fouling and Electrochemical Membrane Regener-
ation. Membrane fouling is still a drawback to the applications
of the FO process for wastewater reclamation. To evaluate the
feasibility of using PAni to mitigate this issue and to
understand its fundamental mechanism, we performed
bench-scale tests. First, the studied membranes, PSF and
PSF:PAni, were fouled using SA, which has been reported as a
typical foulant for carbohydrates.17 As expected, after an 8-h
fouling experiment in the custom-made flow cell, the
membrane pores became blocked; consequently, the FO
performance of the membranes decreased significantly. Then,
the fouled membrane was transferred to the electrochemical
cell (Scheme S2), where a cathodic voltage (i.e., an electric
pulse of −2 V vs Ag/AgCl) was applied for 30 min to strip the
fouling layer and regenerate the PAni active layer to recover its
efficiency. The cathodic potential was selected to promote the
electrostatic repulsion of the alginates and to force the
formation of the ES, granting higher water permeability and
electroactivity. By applying the potential of −2 V vs Ag/AgCl,
we promote that the membrane acts as a cathode, and thus, we

Figure 3. SEM micrographs of the (a, b) PSF support and the studied
PAni ratios (mL/cm2) in the PSF:PAni composite membranes, (c, d)
2.6, (e, f) 8.8, and (g, h) 24.8, at different magnifications 50× and
100×.

Table 2. Comparison of the Studied PAni Ratios (mL/cm2)
in the PSF:PAni Composite Membranea

a(a) Contact angle measurements and (b) water fluxes.

Figure 4. Water flux and reverse salt flux performance of the
fabricated PSF:PAni membranes. Experiments were run for 1 h using
DI water as the feed and 5% w/v NaCl as the draw solution.
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focus on the reduction reaction at its surface. Even though
chlorine gas could potentially form in the studied anode (Pt
wire) at the applied potential, it does not exhibit any ionic
charge or possible attraction to either the alginate layer or the
negatively charged membrane after applying the cathodic
potential. Therefore, if any chlorine is formed at the anode or
remains in solution, it will not affect the fouling of the
membrane.
The fouling and PAni regeneration processes were

monitored using physical changes at the membrane surface
using SEM and CA. The SEM images in Figure 5a account for

the presence of the alginate layer and the regeneration of the
PAni nanofibers (similar to that in Figure 3e,f), respectively.
On the other hand, the CA results (Figure 5b) suggest the
same trend, higher CA values are reached when the membrane
is fouled due to the presence of a more hydrophobic material
and the reduction of the membrane pores. After the cathodic
potential treatment, the CA was reduced 60%, suggesting the
regeneration of the hydrophilic PAni structure. Experiments
without applying voltage were also conducted (data not
shown). We observed that PAni structures were slightly more
present than in the fouled membrane. We verified this with
SEM, where few PAni fibers are present within the fouling
layer, and interestingly, some potassium chloride seemed to be
deposited over it. The contact angles of these membranes
decreased when compared to the fouled membrane, but they
were still higher than those of the treated membrane. The same
trend was observed in the water flux.
Electrochemical measurements were also used to study the

fouling and the PAni regeneration processes, specifically CV
and EIS (Figure 6). EIS is a nondestructive and sensitive
method that can be used to analyze the structural character-
istics and changes on a surface, such as a porous membrane.
This technique provides information about the electrical
properties of multilayered systems (i.e., membrane and
electrolyte).33,34 EIS is regularly utilized in the area of lipid
bilayer membranes.35,36 Although such systems are different in
chemical nature to the that presented in this article, both
describe the passive ion permeation through the membrane
pores. In order to understand and assign the different RC

Figure 5. PSF:PAni membrane physical comparison between the
fouled and treated stages. (a) SEM micrographs and (b) contact angle
measurements.

Figure 6. Electrochemical impedance results. (a−d) EIS spectra of each membrane and their respective fitting of the EEC simulation, (e)
equivalent electrical circuit, and (f) EIS setup scheme.
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circuits to the membrane-solution interfaces, we followed
reported models with phospholipid membranes, which
describe the passive ion permeation using the solubility-
diffusion theory. For a better comparison between the control
and fouled membrane, we studied four different PSF:PAni
membranes, (1) control (i.e., the clean membrane), (2)
control membrane treated with the electric pulse (C-treated),
(3) fouled membrane and (4) fouled membrane treated with
the electric pulse (F-treated). Similar to Sengur-Tasdemir37 et
al., we used the EIS results to model the equivalent electrical
circuit (EEC), and then we provided a description and
quantitative analysis of the physical properties of the studied
system. The Nyquist plots are shown in Figure 6a−d, these
results were analyzed with the EC-Lab V10.40 software, and
the EECs were chosen to better describe the properties of the
membrane and to obtain a suitable model. The circuit
elements for the EEC are shown in Figure 6e, and their
respective values are reported in Table 3. The selected EEC
has 4-elements in series, an individual resistance (Rs) and three
RC circuits that correspond to each of the formed interfaces
within the system (see scheme in Figure 6f). In the EIS, the
beginning of the first semicircle at high frequencies (right to
left) is ascribed to the uncompensated bulk resistance (Rs), i.e,.
ohmic resistance due to the presence of an electrolyte within
the membranes and in solution. It has been shown, that more
porous membrane morphology leads to higher Rs,

37 thus the
control samples (untreated and treated) showed similar values.
In contrast, there is a significant increment from the Fouled
membrane, 16.49 Ω, to the F-treated 192.8 Ω, and this
suggests that the pores at the F-treated become exposed and
unclog after the electrical treatment.
Then, the first RC circuit is attributed to the formation of a

double-layer (dl) that arises from the alignment of solvated
counterions (i.e., electrolyte) along the membrane’s surface.
The specific arrangement of the solvated electrolytes is directly
dependent on the membrane’s electronic distribution and
partial charges. Electrically conductive polymers typically have
a conjugated backbone formed by a series of altering single and
double carbon bonds, and within these π-bonds, the p-orbitals
overlap, allowing for the electrons to move freely between
atoms. Different dopants can be incorporated to improve the
conductivity by introducing a minor charge carrier that
removes or adds electrons from/to the polymer chain.38 In
this work, we doped the PAni with HCl, and it is hypothesized
that the fabricated PAni could exhibit both types of minor
charge carriers (i.e., holes and electrons), which translate into
partial δ+ and δ− charges within the membrane. By the
presence of both partial charges, more charges are accumulated
at the membrane’s surface, and thus, the capacitance (Cdl)
values are higher by a 103 factor at the untreated membranes
than at the treated membranes. However, when the Rdl values
are compared, the fouled membrane has a 13-fold value higher
than that of the control one because of the additional alginate
layer.

The followed semicircle in the EIS corresponds to the
second parallel RC circuit that combines the resistance due to
charge transfer (Rct) and a constant phase element (CPE, Q).
The CPE was used in the EEC for the simulation of the
impedance results as it takes into account the lack of
homogeneity (nonideal) of the conductance and the
membrane. The impedance of a nonideal electrode is
dependent on an α value that describes the deviation from
an ideal capacitor. The α values vary from 0 to 1, and α = 1
defines an ideal capacitor. All the reported values are higher
than 0.7; therefore, the CPE element acts more like a capacitor
than a resistor.
We observed a remarkable increase in charge-transfer

resistance (Rct) in the fouled membrane due to the negatively
charged alginate layer, which retarded electron transfer of the
[Fe(CN)6]

3−/4− probe to the PSF:PAni membrane. On the
other hand, after the membranes were treated with the electric
pulse, the Rct decreased in both the C-treated and F-treated.
After the electrical treatment, the surface and inner part of the
membranes are being polarized, which promotes the
homogenization of the PAni species that predominates at the
surface. As shown in Figure 2, the PS form of PAni
predominates at more-positive potentials and has higher
electronic density than the ES form; therefore, the electron
transfer within the [Fe(CN)6]

3−/4− is favorable when the ES
species predominates. Additionally, in the F-treated, the
reduction in Rct suggests that the alginate layer is either
eliminated or reduced in thickness. If we compare the specific
values of the treated membranes, 1618 and 1094 Ω, we obtain
that C-treated > F-treated. This is likely due to the hydrogen
evolution reaction, which can be occurring at the C-treated
surface when the cathodic potential is applied (see Figure S3a).
Finally, there is the third RC circuit, which is generated by

virtue of having a very porous membrane as the working
electrode that allows for the movement, impediment, and
accumulation of charges. Rp accounts for the resistance of the
membrane pores and Cp for the capacitance within it.
Certainly, this RC circuit is related to the previous elements.
First, an increment in Cp is observed for the C-treated when
compared with the control because of the PAni species at the
surface was homogenized; therefore, there are less internal
repulsions between the electrolytes and the partial charges of
the membrane. As for the fouled membrane, the same trend
was observed, and these results suggest (a) the same
phenomena as the control membrane, but also that (b) the
pores were unclogged, allowing it to retain a higher number of
charges within the membrane pores.
CV experiments (Figure S3b) were carried out; a significant

decrease in the anodic and cathodic current peaks of the
[Fe(CN)6]

3−/4− probe was observed due to the negatively
charged alginate, and an increment in both currents was
observed after the −2 V was applied. These results clearly
indicate that the alginate layer from the fouled membrane was
potentially removed, while the PAni ES structure predominates
at the surface.

Table 3. Fitting Values for the Equivalent Circuit Elements by the Simulation of EIS

Rs (Ω) CPE (nF.s(α‑1)) α Rct (Ω) Cdl, F Rm (Ω) C, F Rp (Ω) X2 (×10−2)

PSF:PAni control 82.74 69.25 0.785 5425 18.71 μ 385.7 0.611 n 905.3 1.21
C-treated 120.8 44.33 0.845 1618 0.681n 1102 27.82 μ 232.6 1.95
fouled 16.54 39.97 0.789 35832 3.13 μ 5098 0.751 n 1207 2.74
F-treated 192.8 132.7 0.789 1094 0.960n 1394 12.31 μ 166.5 5.69
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The physical characterization and the electrochemical results
suggest that the PAni structure was regenerated at the
membrane’s surface and, indirectly, suggest that the pores
were unclogged after the cathodic potential treatment. In order
to validate that the membrane was able to recover its primary
function, i.e., water flux, we conducted bench-scale FO
performance tests. Figure 7 shows the Jw comparison at the
three studied phases (i.e., control, fouled and treated) of the
two membranes, PSF and PSF:PAni.

First, we calculate the total fouling (FT) ratio of both
membranes using eq 4. After the 8-h experiment, both
membranes were clogged in 72%, which only allows for a
water flux of 28% when compared to the control. The total
fouling ratio was composed of reversible (Fr) and irreversible
(Fir) fouling; we use eqs 5 and 6 to calculate their ratios,
respectively. In the PSF, only 5% of the total fouling was
reversible, and the other 68% of it was irreversible with the
applied bias. On the other hand, the fouling on the PSF:PAni
was 56% reversible and only 16% irreversible after the applied
bias.
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where Jf is the water flux of the fouled membrane (LMH), Jw,c
is the water flux of the control membrane (LMH), and Jw,t is
the water flux of the membrane after the cathodic treatment
(LMH).
Finally, we calculate the flux recovery percentage using the

following equation

= ×
J

J
%FR 100w,t

w,c (7)

For the PSF membrane, 32% was recovered, while for the
PSF:PAni membrane, 84% was recovered. These results are in
agreement with the previous characterizations, where we
confirm that the membrane pores were clogged with alginate,
and after applying an electric pulse, it was removed almost
completely when the membrane exhibits conductive proper-
ties. Even though the recovery efficiency was not 100%, the
obtained water flux was higher than the PSF support by itself.

■ CONCLUSION
In this work, we were able to incorporate electroconductive
properties to the PSF support by adding PAni via chemical
oxidative polymerization. The effects of varying the PAni ratio
deposited were carefully scrutinized, and the optimal PAni
ratio (8.8 mL/cm2) was selected since it exhibited higher
conductivity, hydrophilicity, and permeability Thereafter, we
were able to monitor the fouling and antifouling processes by
physical changes, wettability, electrochemical properties, and
permeability. It was shown that the alginate fouling could be
successfully removed by applying a cathodic bias due to
electrostatic repulsion, and simultaneously, the PAni layer can
be regenerated, which accounted for a recovery in the FO
efficiency. Herein, we were able to (1) fabricate electroactive
membranes that exhibited promising water fluxes and (2)
explore EIS as a powerful analytical tool to examine changes at
the membrane’s surface produced by fouling and antifouling
processes. In future studies, we will study (a) the process with
more complex foulants (e.g., calcium) for longer experimental
times and (b) the reusability using an in situ setup to improve
the membrane properties under operational conditions.
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