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Electrically Pore-Size-Tunable Polypyrrole Membrane  
for Antifouling and Selective Separation

Xiao Tan, Chengzhi Hu,* Zongqiang Zhu, Huijuan Liu, and Jiuhui Qu

Antifouling and selectivity are major challenges for membrane separation 
technology. Herein, a polypyrrole-dodecylbenzene sulfonate (PPy-DBS) 
membrane with tunable pores is fabricated to alleviate pore blocking and achieve 
selective separation. The insertion/extraction of ions during the electrical redox 
process causes the change of PPy-DBS volume, so that the membrane pores 
can be tuned in situ by applying an external redox potential. The pore size of a 
fouled membrane is enlarged under an oxidation voltage, then the membrane 
is backwashed to eliminate foulants in the pores, after which membrane 
pore size is recovered under a reduction voltage. Thus, membrane fouling 
can be effectively alleviated by adjusting the membrane pore size combined 
with cleaning. The specific flux of PPy-DBS membrane increased by 21.91% 
after applying the voltages and backwashing, and it exhibits great recycling 
performance. Moreover, the distribution of humic acid macromolecules in the 
permeate significantly decreased, proving the enhanced sieving effect of smaller 
membrane pores under negative voltage. This study provides an intelligent 
strategy for fouling prevention and selective separation in water treatment.

DOI: 10.1002/adfm.201903081

X. Tan, Prof. C. Hu, Prof. Z. Zhu, Prof. J. Qu
State Key Laboratory of Environmental Aquatic Chemistry
Research Center for Eco-Environmental Sciences
Chinese Academy of Sciences
Beijing 100085, China
E-mail: czhu@rcees.ac.cn
X. Tan, Prof. Z. Zhu, Prof. J. Qu
Guangxi Key Laboratory of Environmental Pollution Control  
Theory and Technology
Guilin University of Technology
Guilin 541004, China
Prof. C. Hu, Prof. J. Qu
University of Chinese Academy of Sciences
Beijing 100049, China
Prof. H. Liu
Center for Water and Ecology, State Key Joint Laboratory of Environment 
Simulation and Pollution Control
School of Environment
Tsinghua University
Beijing 100084, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201903081.

is of great urgency to improve the anti-
fouling ability of membranes. Membrane 
surface modification, pretreatment of the 
feed solution and membrane cleaning 
are popular methods to cope with mem-
brane fouling.[4,5] Only a small proportion 
of pollutants in membrane pores can be 
removed by simple physical backwashing 
due to the fixed size of membrane pores. 
Thus, if the pore size of a membrane 
can be intelligently switched between 
the micropore mode in filtration and 
macropore mode in the cleaning process, 
membrane fouling can be effectively alle-
viated, and this capability can even provide 
a strategy for selective separation.

Polypyrrole (PPy) is a typical conductive 
polymer known for its reversible volume 
change during the redox process.[6–8] The 
volume change of PPy is dependent on 
the ionic doping/dedoping process. Under 
a reduction potential, ions can be rapidly 

embedded in PPy, leading to volume expansion. Conversely, the 
ions in the PPy membrane are deintercalated from the PPy at 
the oxidation potential and enter the bulk solution, resulting in 
volume shrinkage.[9,10] Therefore, PPy can be utilized in applica-
tions such as electric trigger actuators,[11,12] drug release,[13,14] arti-
ficial muscles,[15,16] and energy storage.[17,18] Otero and Cortés pro-
duced all-polymeric triple-layer artificial muscles that functioned 
by swelling and shrinking of PPy in a redox reaction.[19] Hery and 
Sundaresan fabricated an ionic redox transistor from a pore-span-
ning PPy(DBS) membrane, which is suitable as a smart mem-
brane separator in supercapacitors and redox flow batteries.[20] 
Jeon et al. reported the development of an electrically responsive 
nanoporous membrane based on PPy/DBS, which successfully 
demonstrated drug release on switching to different electro-
chemical states.[21] This provides an inspiration for designing 
a smart membrane with tunable pore size, which could exhibit 
antifouling and selective separation during the filtration process.

In this study, we successfully fabricated an electrically respon-
sive ultrafiltration membrane (UF) through vapor-phase polym-
erization (VPP) of PPy within the pores of a  polyvinylidene fluo-
ride (PVDF) membrane, the pore size of which was dynamically 
regulated by the applied potential. Foulants in membrane pores 
could be effectively removed by enlarging the adjustable pores 
and backwashing. In addition, the molecular weight distribution 
of solute in the permeate could be dynamically adjusted by the 
PPy membrane by tuning the voltages to control the membrane 
pore size during the filtration process. The response mechanism 
of the PPy membrane pore size to voltages was investigated 

Conducting Polymers

1. Introduction

Membrane separation plays an important role in purifying 
water or harvesting green energy.[1,2] However, membrane 
fouling, especially irreversible blockage of membrane pores, 
causes serious membrane flux attenuation.[3] Therefore, it 
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using various feed solutions with different cations and ionic 
strengths. Herein, by combining electrochemical and membrane 
separation, we provided an electrically responsive UF membrane 
for fouling alleviation and selective separation, which is a prom-
ising candidate in applications such as water purification.

2. Results and Discussion

2.1. PPy-DBS Membrane Synthesis and Characterization

The preparation process of the PPy-DBS membrane is schemati-
cally illustrated in Figure 1A. A PPy-DBS membrane was pre-
pared by exposing an oxidant-impregnated PVDF membrane to 
pyrrole vapor using the VPP technique.[17] The scanning electron 
microscopy (SEM) images indicated that the pyrrole vapor can be 
polymerized by infiltration into the oxidant-impregnated PVDF 
membrane after the drying process because the PVDF mem-
brane had a 3D network structure with many channels and pores 
(Figure S1a, Supporting Information). This proved that pyrrole 
vapor penetrated into the membrane and polymerized throughout 
the PVDF membrane via the VPP process. The α and β sites of 
pyrrole had comparable polymerization abilities, and the polym-
erization exhibited 3D growth in the shape of a cauliflower as 
shown in Figure 1B.[22,23] The particle size of the PPy was about 
150 to 300 nm, as has been reported in other studies.[24,25] The 
uniform brightness and distribution of N and S elements in the 
energy dispersion spectrum diagram of the PPy-DBS membrane 
proved that PPy was uniformly distributed throughout both the 
PVDF membrane surface and inner skeleton.

As shown by the Fourier transform infrared (FTIR) spectra 
(Figure 1C), compared with the PVDF membrane, new peaks 
appeared in the FTIR spectra of the PPy-DBS membrane. The 
peak at 1539 cm−1 is the characteristic PPy ring vibration, that 
at 1171 cm−1 is attributed to the breathing vibration of the PPy 
ring, the sharp band at 1380 cm−1 is the in-plane deformation 
of the NH bonds, and the peak at 1036 cm−1 corresponds to 
the CN stretching vibration and pyrrole CH bonding in-
plane vibrations. This is consistent with the known structure 
of pyrrole, a five-membered heterocyclic compound containing 
nitrogen atoms.[26–28] Moreover, the Raman spectra of the PPy-
DBS and PVDF membranes were measured using a 633 nm 
laser with 2.5 mW power (Figure S1b, Supporting Informa-
tion). The results demonstrated that pyrrole had polymerized in 
the PVDF membrane.

The pore diameters of the PPy-DBS membrane and PVDF 
membrane were measured by a capillary flow porometer 
(Figure S1c, Supporting Information). The pore diameter 
of PVDF membrane ranged from 101 to 72 nm, which cor-
respond to the average water flux with 203.08 L m−2 h−1 bar 
(Figure S5b, Supporting Information). The PPy-DBS membrane 
had pore sizes with diameters of 88–70 nm, the water flux of it 
was 158.02 L m−2 h−1 bar. The PPy-DBS membrane with oxida-
tion and reduction were 170.43 and 134.16 L m−2 h−1 bar, respec-
tively (Figure S5b, Supporting Information). The average value 
of the contact angle of the pure PVDF membrane and PPy-DBS/
PVDF membrane was 79.61° and 25.28°, respectively (Figure S1d, 
Supporting Information). The results showed that the gas-phase 
polymerized PPy-DBS membrane had good hydrophilicity, which 
was important for increasing the antifouling capability.[29]
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Figure 1. A) Schematic illustration of preparation process of the PPy-DBS membrane. B) SEM image and elemental mapping of C, F, N, and S of the 
cross section of PPy-DBS membrane. C) FTIR spectra of PPy-DBS membrane and PVDF membrane.



www.afm-journal.dewww.advancedsciencenews.com

1903081 (3 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.2. Electrical Response Characteristics of the PPy-DBS 
Membrane

In order to illuminate the effects of the electrical response char-
acteristics of the PPy-DBS membrane, we examined the specific 
flux of a PPy-DBS membrane with a filtration cell in the absence 
and presence of applied voltages (Figure S2, Supporting Infor-
mation). Furthermore, the PPy-DBS membrane was oxidized 
(0.7 V) or reduced (−0.7 V) for 600 s, which was enough to com-
plete the reaction of insertion/extraction of Na+ (Figure S3a, 
Supporting Information). The in situ Raman spectra indicated 
that the PPy-DBS membrane was fully reduced and oxidized 
at −0.7 and 0.7 V (vs Ag/AgCl), respectively (Figure S3b, Sup-
porting Information). The purple and yellow in the Figure 2B,D 
represent the experimental group and control group, respec-
tively. First of all, the PPy-DBS membrane was fouled for 1 h, 
then the fouled membrane continously filtrated HA with an 
applied voltage of 1.8 V for 10 min before 60 min backwashing. 
After that it was reduced for 10 min under −1.8 V during filtra-
tion, then it was used in 1 h regular filtration. For the control 
group, the fouled membrane was only backwashed for 60 min 
without appling voltages in comparison.

As shown in Figure 2B, the specific flux of the reduced 
membrane after 60 min of backwashing was 21.9% higher than 
that without applied voltages, which could be ascribed to the 
change of the pore size of the membrane, and thus pollutant in 
the membrane pores was efficiently removed by backwashing. 
Moreover, the specific flux of the membrane after continuous 
pollution was still 10% higher than that obtained without 
external voltages. In Figure 2B, in the absence of applied volt-
ages (yellow bars), the specific flux of PPy-DBS membrane after 

backwashing only increased by 5.05%. In comparison, in the 
presence of applied voltages (purple bars), the specific flux of 
PPy-DBS membrane after backwashing was 21.63% higher 
than that of fouled membrane at 60 min. In addition, interchain 
electrostatic repulsion of HA macromolecules were reduced in 
the presence of NaCl, HA macromolecules became coiled and 
spherical in shape, increasing the compact fouling layer.[30,31] 
Therefore, it was more difficult to recover the specific flux of 
fouled membrane only by backwashing (Figure 2B, yellow bars) 
comparing with that of control group in Figure 2D. Figure 2D 
showed that the specific flux of fouled membrane after 60 min 
of backwashing in the absence and presence of applied voltages 
were almost same. No redox reaction occurred in the absence 
of the electrolyte solution could not tune the pore size of  
the PPy-DBS membrane. The results illustrated that the pore 
size of the membrane could be enlarged by applying an oxida-
tion voltage, and the specific flux of the membrane increased 
after oxidation in combination with cleaning (Figure 2A,C).

We also tested the molecular weight (MW) distributions of 
HA and the pore diameter distribution of PPy-DBS membrane 
in the oxidized and reduced states. As illustrated in Figure 3A, 
there were three main HA fractions in feed water with the 
MW of 14.64, 11.34, and 5.41 kDa. The peak value of the MW 
distribution after applying the reduction voltage decreased by 
32.5%. In addition, from the results of peak area normaliza-
tion, the large molecular weight components of HA showed a 
relative decrease after reduction. The MW distribution of HA at 
14.64 and 11.34 kDa in the permeate of reduction were respec-
tively 4.18% and 14.5% lower than that after oxidation due to 
the smaller membrane pores. Furthermore, we measured the 
particle size distribution (PSD) of feed water and permeate 
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Figure 2. Schematic diagram of water permeation for PPy-DBS membrane in the A) presence and C) absence of applied voltages. Specific flux of 
PPy-DBS membrane in the presence and absence of applied voltages for 20 mg L−1 HA solution B) with 0.1 m NaCl as the background electrolyte and  
D) without electrolyte. The time of purple bars: “0–60 min for regular filtration, 60–70 min for filtration with applying 1.8 V, 70–80 min for filtration 
with applying −1.8 V after backwashing, and 80–140 min for regular filtration.” The time of yellow bars: “0–70 min for regular filtration and 80–140 min 
for filtration after backwashing.”
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with reduced membrane and oxidized membrane filtration 
(Figure 3B). As shown in Figure 3B, the PSD of HA in the feed 
water mainly showed two characteristic peaks that ranged from 
68 to 80 nm and from 120 to 190 nm, respectively. SEM and 
laser confocal scanning microscope also revealed the size distri-
bution of HA (Figure S4, Supporting Information). With respect 
to the permeate of pristine membrane, two narrow peaks were 
found at ≈70 and ≈80 nm. When the PPy-DBS membrane 
was reduced, the peak of ≈70 nm for HA PSD in the permea-
tion was more obvious, and that of ≈80 nm decreased. For the 
oxidized PPy-DBS membrane, the peak of HA PSD exhibited a 
significant decrease about ≈70 nm and shifted to ≈80 nm.

Figure 4 showed that the SEM and of pore diameter distri-
butions PPy-DBS membranes with oxidation and reduction. 
According to Figure 4A, the relatively large pores of reduced 
PPy-DBS membrane were less than that of oxidation state. This 
is in accordance to the results of the pore diameter distribu-
tions of the PPy-DBS membrane in the oxidized and reduced 
states. The results demonstrated that the membrane after 
reduction dramatically increased the proportion of pore sizes 
with a diameter less than 88 nm. These resuts are consistent 
with those of Figure 3B. This indicated that the pore size of the 
PPy-DBS membrane could be regulated by the redox potential, 
which enabled selective separation of HA fractions with dif-
ferent molecular size.

To investigate the effects of the cation types and ionic 
strength on antifouling performance, NaCl, KCl, Na2SO4 

solutions, and NaCl solutions with different concentration were 
prepared as feed solutions, respectively. A pair of redox peaks 
at lower potential can be clearly seen in Figure 5A. The reduc-
tion potential of the PPy-DBS membrane in 0.1 m KCl was 
higher than that in 0.1 m NaCl, proving that K+ ions enter the 
membrane more easily. Although the radius of K+(149 pm) is 
larger than Na+(117 pm), the hydration radius of K+(331 pm) 
is smaller than Na+(358 pm), which makes it easier for it to 
enter/exit the membrane.[32,33] Some researchers reported that 
the strain of PPy/DBS was dependent on the cation hydration 
number (Na+: 4.3–4.5, K+: 2.0–2.2).[34,35] Moreover, Figure 5C 
illustrates that the membrane showed great antifouling perfor-
mance in Na2SO4 solution, due to the higher ion strength of 
Na+, which is further demonstrated in Figure 5B. As illustrated 
in Figure 5B, the redox peaks of the membrane were larger 
in a solution with higher NaCl concentration, which indi-
cated a higher ion exchange capacity and higher capacitance 
for the membrane. From Figure 5D, the specific flux of the 
reduced membrane increased with higher NaCl concentration 
(0.2 mol L−1) after backwashing, which was consistent with the 
result of the cyclic voltammetry (CV) curves. Furthermore, the 
electrolyte concentration is an important parameter influencing 
the expansion of conducting polymers. Many related studies 
indicated that the expansion decreases when the electrolyte 
concentration is more than 0.3 mol L−1, and the experimental 
result is coincident with the previous reports (Figure S5a, Sup-
porting Information).[36,37]

Adv. Funct. Mater. 2019, 29, 1903081

Figure 3. A) Molecular weight distributions of HA in feed water and the permeates of oxidation and reduction. B) Particle size distributions for feed 
water and permeate with reduced membrane and oxidized membrane filtration.

Figure 4. A) SEM images of PPy-DBS membranes (oxidation/reduction-treated ones). B) The pore diameter distributions of the PPy-DBS membrane 
during the redox reaction.
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2.3. Mechanism

To further investigate the electrical response mechanism, the 
atomic contents of the PPy-DBS membrane after oxidation and 
reduction in the 0.1 m NaCl solution were analyzed by X-ray 
photoelectron spectroscopy (XPS). The electrical response 
behavior of the PPy-DBS membrane was also observed by in 
situ atomic force microscopy (AFM) after applying reduction 
and oxidation potentials. As shown in Figure 6A, the peak at 
1071.9 eV was assigned to the characteristic Na peak of NaCl. 
The Na content of PPy-DBS was higher after reduction when 
compared with that after oxidation. The S 2p spectra were attrib-
uted to the covalently bonded sulfonate anion (SO3

−) and can 
be fitted with the spin-orbit doublet S 2p3/2 and S 2p1/2 peaks 
at 168 and 169 eV, respectively (Figure 6B).[38] The S content in 
the oxidized membrane was similar to that in the reduced one, 
indicating that DBS was still trapped in the membrane during 
the redox reaction. These results demonstrated that DBS is 
immobile in PPy during the redox process and the volume 
change is dependent on the hydrated cation transport.[34,39] The 
redox reaction of PPy-DBS was actually the electrochemical 
doping/undoping process. It can be represented by

PPy DBS PPy DBS0A e An n+ + ↔+ − + − − +

 (1)

where PPy+ and PPy0 are the oxidized state and the reduced 
state, respectively.

AFM images showed remarkable differences between 
the surface morphologies of the PPy-DBS membranes. The 
average, root-mean-square, and maximum roughness (Ra, Rq, 

and Rmax) of membranes are given in Table S1 of the Sup-
porting Information. In comparison with the original mem-
brane (Figure 6C), the Ra value agreed with the image showing 
that the roughness of the oxidized membrane decreased and 
the gaps between peaks and valleys on the membrane were 
uniform (Figure 6D). However, the surface roughness of the 
reduced membrane increased, indicating greater surface area 
for the membrane (Figure 6E).[40] This can be explained by the 
fact that the Na+ ions enter the PPy network after applying 
the reduction potential, resulting in conformational relaxa-
tion of the PPy-DBS membrane. In the oxidized state, the Na+ 
was expelled from the membrane, which caused the volume 
shrinkage of PPy.

The electrical response mechanism of the PPy-DBS mem-
brane was explained as shown in Figure 7A. PPy was initially 
polymerized in the oxidized state in the presence of DBS− 
dopant ions. When a negative potential was applied to PPy-DBS, 
the DBS− ions could not leave the PPy due to their large size, 
thus resulting in excessive negative charges in the membrane. 
To compensate this negative membrane charge, external cat-
ions would enter the PPy, and the distance between the chains 
increased, causing volume expansion of the PPy-DBS and 
thus smaller pores in the membrane. If a positive potential 
is applied, the cations would be expelled from the PPy, which 
causes volume shrinkage.

Furthermore, we tested the stability of the PPy-DBS 
membrane during repeated redox processes. The PPy-DBS 
membrane was fouled for 1 h, then the fouled membrane con-
tinously filtrated feed water with an applied voltage of 1.8 V for 
10 min before 60 min backwashing. After that it was reduced 

Adv. Funct. Mater. 2019, 29, 1903081

Figure 5. A) CV curves of PPy-DBS in various salt solutions at a scan rate of 10 mV s−1 in 0.1 m electrolyte. B) CV curves of PPy-DBS in NaCl solution 
with various concentrations. Scan rate = 10 mV s−1. Effect of C) the cation types and D) solution ionic strength on the specific flux.
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for 10 min under −1.8 V during filtration, then it was used 
in 1 h regular filtration to complete a cycle (purple bars). For 
the control group (yellow bars), the fouled membrane was 
only backwashed for 60 min without appling voltages in com-
parison. In order to recover the pore size distribution of PPy-
DBS membrane, the PPy-DBS membrane was backwashed and 
reduced before next cycle. As shown in Figure 7B, the specific 
flux of the membrane in the presence of applied voltages was 
still 21.36% higher than that without applied voltages after 
5 cycles. After continuous contamination for 1 h, the specific 
flux of the membrane was still 16.3% higher than that without 
external voltages. This demonstrated the high stability of the 
PPy-DBS membrane in long-term operation. Moreover, in com-
parison to the commercial PVDF membrane (100 nm pore size, 
Millipore, USA), the PPy-DBS membrane demonstrated less 
flux depression and the flux recovery ratio was 15.87% higher 
than that of commercial PVDF membrane (Figure S6, Sup-
porting Information). Overall, the results proved that the pore 
size of the PPy-DBS membrane was dynamically regulated by 
the voltages, and combined with backwashing could effectively 
relieve membrane fouling.

3. Conclusion

We demonstrated that the pore size of a PPy-DBS membrane 
could be regulated in situ by an applied potential. The mem-
brane pore size increased on applying a positive potential and 
decreased when negative potential was applied. Thus, mem-
brane fouling could be effectively relieved by adjusting the 
pore size and backwashing. The specific flux of the membrane 
under applied voltages was 21.91% higher than that without 
voltages, and it still maintained 58.31% of the original flux after 
recycling. The results certified that DBS− is immobile in PPy 
and the volume change is dependent on hydrated cation trans-
port. In addition, hydrated ions with small radius could more 
easily enter and exit the membrane, and the antifouling perfor-
mance of the membrane could be improved with a moderate 
increase in the ion concentration. Furthermore, the distribu-
tion of large HA molecules in the permeate was clearly lower 
when the membrane was in the reduced state than that after 
oxidation due to the smaller membrane pores. The PPy-DBS 
membrane shows bright potential for fouling prevention and 
selective separation in water treatment.

Figure 6. A) Na 1s spectra and B) S 2p spectra of PPy-DBS membrane. 3D AFM images of PPy-DBS membranes in different electrochemical states. 
C) Original state. D) Oxidized state. E) Reduced state.
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4. Experimental Section
Synthesis of PVDF Membrane and PPy-DBS Membrane: PVDF 

membranes were prepared by utilizing the phase transformation 
induced by immersion precipitation technology.[41] First, 0.05 g 
polyvinylpyrrolidone (K.30) as pore-forming agent was dissolved in  
20 mL N,N-dimethylacetamide and stirred vigorously at 27 °C, then 3 g 
PVDF was slowly added into the solution and stirred to obtain uniform 
mixing. The solution was stored for 24 h to remove air bubbles. Then 
an automatic film scraper with a thickness of 200 µm was used to 
spread the solution on a glass plate, and the membrane was stripped 
from the plate by soaking in warm water. The PPy-DBS membrane 
was prepared by VPP of pyrrole. The PVDF membrane was immersed 
in 30 mL of 50 g L−1 FeCl3 ethanol solution for 5 min. After drying in 
air, the membrane was placed in a beaker containing 0.1 mL of freshly 
distilled pyrrole monomer and 0.1 mL of 0.1 m SDBS dopant solution. 
Then the membrane was exposed to pyrrole vapor for 4 h at 15 °C in a 
vacuum desiccator. The PPy-DBS membrane was washed with ethanol 
and deionized water. The pore size distribution of the membrane was 
calculated according to the nitrogen flow rate corresponding to the 
dry-wet curves of two adjacent points of a pressure step.

Characterization Techniques: SEM (SU8020, Hitachi) and AFM (Agilent 
5500, Agilent) were used to observe the surface morphologies and other 
major topographic features of PPy-DBS membranes. In situ infrared 
(ATR-FTIR, Nicolet 8700, Bruker), Raman spectroscopy (Raman, in Via-
Reflex, Renishaw), and XPS (ESCALAB 250Xi, Thermo Scientific) were 
used to analyze the internal structure and surface functional groups of 
the PPy-DBS membrane. In addition, the pore size of the membrane was 
investigated by a capillary flow porometer (POROLUX 1000, Porometer 
NV). The contact angle was tested using an OCA-15EC goniometer 

(Data Physics, OCA-15EC). The PSD of HA was measured by a laser 
particle size analyzer (Zetasizer Nano, Malvern Panalytical, UK) and a 
laser confocal scanning microscope (Leica TCS SP5, Germany).

Electrochemical Tests: Electrochemical tests such as CV and 
chronoamperometry scan were performed by an Interface 1000 
electrochemical workstation (Gamry), clarifying the microstructure 
and electrochemical characteristics of the membrane. The PPy-DBS 
membrane, a platinum electrode, and a Ag/AgCl electrode were used as 
the working, counter, and reference electrodes, respectively. Salt solution 
was used as the electrolyte.

Filtration Set-Up and Antifouling Experiments: The filtration unit 
comprises a PPy filter-electrode (effective membrane surface area of  
6 cm2), and current is introduced from the O ring of Ti foil tightly attached 
to the membrane, and a Ti counter electrode placed 10 mm above the 
surface of the PPy-DBS membrane (Figure S2, Supporting Information). 
The influent water is filtered on the membrane under transmembrane 
pressure provided by a gas cylinder and separated into filtered water and 
concentrated water. The permeate flux (J) and membrane specific flux 
were analyzed according to the following equations

J V
A t P

= × ×  
(2)

Specific flux
0

J
J

=
 

(3)

where V is volume of the filtered water, t is filtered time, A is effective 
membrane surface area, P is transmembrane pressure, and J0 is initial 
flux.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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