
Journal of Water Process Engineering 58 (2024) 104733

Available online 8 January 2024
2214-7144/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Electro-sorption and -desorption characteristics of electrically conductive 
polyacrylonitrile membranes to remove aqueous natural organic matter in 
dead-end ultrafiltration system 

Muhammad Usman a,*, Sarah Glass b, Tomi Mantel a, Volkan Filiz b, Mathias Ernst a 

a Institute of Water Resources and Water Supply, Hamburg University of Technology, Am Schwarzenberg-Campus 3(E), 21073 Hamburg, Germany 
b Institute of Membrane Research, Helmholtz-Zentrum Hereon, Max-Planck-Straße 1, 21502 Geesthacht, Germany   

A R T I C L E  I N F O   

Keywords: 
Electrical field–assisted UF 
NOM characterization 
Size exclusion chromatography 
Membrane regeneration 
DBPs precursors removal 
Drinking water treatment 

A B S T R A C T   

Electrically conductive (EC) membranes have emerged as an innovative approach in removing natural organic 
matter (NOM) by electro-sorption (e-sorption) when external anodic potential (AP) is applied. In this study, the 
EC membranes were established by a forming a porous nanolayer of Pt nanoparticles via magnetron sputtering on 
both sides of virgin and chemically modified PAN ultrafiltration (UF) membranes. The modified PAN membranes 
were functionalized with ethylenediamine (PAN-EDA) and sodium hydroxide (PAN-NaOH). The virgin PAN 
membrane material contains nitrile group and demonstrated a negative zeta potential in the analyzed pH range. 
The PAN-EDA membrane owned amidine and amine groups, whereas PAN-NaOH membrane possessed carboxyl 
and amide groups in the membrane matrix. The PAN-NaOH and PAN-EDA membranes exhibited isoelectric 
points at 3.7 and 7.8, respectively. Electrical field-assisted UF experiments were conducted with Suwannee River 
NOM in dead-end mode and NOM removal was monitored using different methods of NOM characterization (e. 
g., SEC, DOC and UV254 absorbance). The results revealed that the non-electrically conductive (NEC) and EC 
virgin PAN membranes exhibited almost no intrinsic adsorption (at 0 V external potential) and e-sorption of 
NOM at 2.5 V AP respectively. However, NEC PAN-NaOH and PAN-EDA membranes showed DOC intrinsic 
sorption loadings of 17 mg⋅m− 2 and 258 mg⋅m− 2 at permeate flux 100 L⋅m− 2⋅h− 1 and pH 7 respectively. In 
comparison, the DOC e-sorption loadings of the EC PAN-NaOH and EC PAN-EDA membranes at 2.5 V AP were 
197 mg⋅m− 2 and 525 mg⋅m− 2 under same test conditions respectively. The NOM e-desorption characteristics of 
the EC modified PAN membranes were also investigated to regenerate membranes for a sustainable filtration 
process. The results indicated that the EC PAN-NaOH and PAN-EDA membranes can be regenerated by reversing 
the electrical polarity almost completely. In conclusions, the outcomes of this work confirm that the presence of 
the derivatives of amines (e.g., amines, amidine and amide groups) and carboxyl group are necessary in the 
membrane matrix to induce e-sorption and -desorption characteristics.   

1. Introduction 

Natural water resources usually contain variety of organic and 
inorganic soluble ions/compounds [1,2]. Among organic compounds, 
humic substances (HSs) having carboxylic acid and phenolic groups in 
their structure are the prevailing natural organic matter (NOM) in 
drinking water resources such as surface water and groundwater [3,4]. 
In addition, HSs can make up to 90 % of the dissolved organic carbon 
(DOC) [5]. NOM is part of the total organic (TOC), which usually is 
presented after 0.45 μm filtration as DOC. During the disinfection of 
drinking water by chlorination, free chlorine may react with fractions of 

the NOM to create disinfection by-products (DBPs) such as tri
halomethanes (THM), haloacetic acids (HAA) and others [1,6,7]. Many 
DBPs are recognized as detrimental to mankind health [8]. HSs in water 
typical exhibit higher aromatic carbon content and thus may produce 
relevant concentrations of DBPs during disinfection [6,7]. Further, the 
presence of NOM may cause membrane fouling by the irreversible 
adsorption of organics [9–11], promote undesired bacterial growth in 
case of no-disinfection [12,13], and impart a yellowish color and/or bad 
taste/odor [3]. In addition, NOM can bind with heavy metals primarily 
because of its complexation and possible electrostatic interactions [5]. 

Membrane separation processes are widely used in drinking water 
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treatment especially due to their superior effluent quality, modular 
flexibility and small physical footprint [14]. To remove NOM, nano
filtration (NF) and/or reverse osmosis (RO) membranes are applied 
because of high TOC rejection rates (> 90 % of aquatic NOM) [15,16]. 
However the specific energy consumption (SEC) of those dense mem
branes is high (up to 4 kWh⋅m− 3) due to high membrane resistance and 
relatively low molecular weight cut-off characteristic (<100–500 Da) 
[17,18]. In comparison, ultrafiltration (UF) membranes employed in 
water treatment mainly for removal of particles including pathogens (e. 
g., bacteria and viruses) [19–21] are less energy intensive (SEC ≈
0.3–0.5 kWh⋅m− 3 [22]). Conventional UF membranes materials are 
often polyethersulfone (PES), polyacrylonitrile (PAN) and cellulose ac
etate (CA) with typical MWCO of 50–200 kDa enable rejection of high 
molecular weight fractions only [15,23,24]. Consequently, UF can only 
reject about 10 % of DOC from natural waters. These organics consists of 
large NOM fractions like biopolymers and low content of HSs [9,15,25]. 

Various hybrid approaches like coagulation-UF, powdered activated 
carbon (PAC)-UF or magnetic ion-exchange (MIEX)-UF have been 
adopted to extend the selectivity of UF membrane processes for DOC as 
well as to prevent the membrane fouling [9,26–31]. These hybrid UF 
processes are connected with additional use of chemicals/materials and 
produce waste streams [9]. Electro-sorption (e-sorption) using porous 
electrically conductive membranes (ECMs) is an intriguing approach to 
remove charged molecules (e.g., fractions of NOM) from raw waters 
[32]. To accomplish these objectives, flow-through electrode configu
ration is used and the electrical potential difference in the range of 0.5 V 
to 2.5 V across the electrodes is applied as a driving force [33,34]. 

The concept of EC membranes (ECMs) has been considered to in
crease not only the selectivity but also mitigate fouling of membranes by 
many fold increase in research for both, water and wastewater treat
ment. The ECMs have been used to induce electrically driven physical 
and chemical phenomena including electrostatic interactions (signifi
cant attractive or repulsive forces, depending on the applied potential, 
may be induced on charged organics/ions), electrophoresis, electro- 
osmosis and electro-chemically induced redox reactions like electro- 
oxidation [14,33–39]. Most of the studies are focused on (organic) 
fouling mitigation [38,40], selectivity improvement by local pH change 
[39], removal of NOM and heavy metal ions either by induced repulsive 
electrostatic force [35,36] or by attractive electrostatic force [32]. It is 
important to recognize that various researchers have reported the se
lective e-sorption of ions (e.g., Li+, NO3

-, Ca2+, Na+, and Cl− ) and heavy 
metal ions on porous carbon/polymer composite electrodes for desali
nation and water purification, as well as for recovery of nutrients (e.g., 
NH4

+, and PO4
3− ) from wastewater in flow-between (or flow-by) config

uration [41–44]. However, there are scanty investigations on e-sorption 
of dissolved organic water constituents using porous ECM and subse
quent regeneration of membrane in a flow-through electrode configu
ration relevant to dead-end membrane filtration systems [32]. This 
mode of operation is known for high recoveries in practical applications. 
The hypothesis coming out of our previous study on NOM e-sorption 
using dead-end ECMs is that the membrane materials with positive zeta 
potential might be better suited for the e-sorption/− desorption process 
[32]. To the best of our knowledge, there is no comprehensive study that 
has investigated the role of functional groups in the matrix of membrane 
materials leading to different surface potentials on the membrane sur
face and thus, e-sorption/− desorption property. 

To fill the above-mentioned knowledge gap, the effect of different 
chemical functional groups, existing in the ECMs matrix, on NOM e- 
sorption and e-desorption characteristics was studied in an electrical 
field-assisted dead-end UF system. In this work, we investigated ECM as 
a working electrode for NOM e-sorption in flow-through configuration 
to provide a suitable alternative to existing NOM removal techniques (e. 
g., NF) due to its potentially low energy consumption and selective 
removal of charged NOM molecules. Moreover, the NOM e-sorption on 
ECMs in dead-end UF systems for drinking water treatment can be 
combined with the retention of particles like pathogens (e.g., viruses and 

bacteria). To establish ECMs, the virgin and two chemically modified 
PAN membrane materials having different functional groups were used. 
Virgin modified PAN membranes carried derivatives of amine, nitrile 
and carboxyl groups as active group. These functional groups led to 
different surface potentials (negative vs. positive zeta potential) under 
neutral pH conditions. The ECMs based on virgin PAN, PAN-NaOH and 
PAN-EDA membranes were established by coating a porous nanolayer of 
platinum (Pt) nanoparticles (NPs) using magnetron sputtering on both 
sides (duplex coating) of the membranes. We evaluated the hypothesis 
by carrying out electrical-field assisted UF experiments if derivatives of 
amine (amine, amide and amidine groups) are imperative to induce e- 
sorption characteristics to the membranes under anodic charging. The 
mechanism of e-sorption process was elucidated using size exclusion 
chromatography combined with organic carbon detection, DOC ana
lyzes and UV absorbance at 254 nm (UV254). In addition, e-desorption 
characteristic of ECMs based on modified PAN membranes was inves
tigated under cathodic charging with the aim to optimize the membrane 
regeneration process without chemicals. Finally, the cyclic operation of 
ECMs for e-sorption and e-desorption was exercised with aim of devel
oping an application-oriented UF system for continuous NOM removal 
and membrane regeneration that can be applied for extended filtration 
time with negligible membrane fouling. 

2. Material and methods 

2.1. Feed solution 

The NOM standard used for the experiments was Suwanee River 
NOM (SRNOM, 2R101N) procured by the International Humic Sub
stances Society (IHSS, Denver, CO, USA). Benecke, [15] examined the 
NOM removal rates of SRNOM for 150 kD PES UF membranes and found 
a maximum DOC rejection of 2 %. Accordingly, we considered this NOM 
standard ideal for investigations on e-sorption and e-desorption with EC 
UF membranes. To understand the removal of SRNOM via e-sorption on 
ECMs, the information on the total acidity of the NOM/HSs is vital. Total 
acidity is the sum of acidity due to carboxyl and phenolic groups. For 
SRNOM, the total acidity is 7.3 meq⋅C− 1, which is lower than the acidity 
of a standard fulvic acid solution tested (8 meq⋅C− 1) [45]. A higher total 
acidity represents a larger proportion of negatively charged functional 
groups than a lower total acidity. 

The stock solution of concentration 300 mg SRNOM⋅L− 1 was pre
pared by dissolving the sample in deionized (DI) water and shaking it at 
150 rpm for one week. After preparation, the stock solution was passed 
through 0.45 μm cellulose acetate (CA) filter to separate suspended 
particles from the solution. It was later added to establish 12 mg 
SRNOM⋅L− 1 feedwater concentration (≈ 5 mg DOC L− 1) using DI water. 
The specific ultraviolet absorbance (SUVA) value, an indicator of 
aromaticity, of the feed water, was 3.9 L⋅mg− 1⋅m− 1. The ionic strength 
of the feed was adjusted to 1 mmol/L by dosing NaCl and pH was set to 
pH 7 by titration of 0.1 M NaOH. NaCl and NaOH were procured from 
Carl Roth GmbH + Co KG, Germany. A portable analytical multimeter 
Multi 3620 IDS from WTW Xylem GmbH, Weilheim Germany, was used 
to regulate the pH and electrical conductivity of the feed solution. 

2.2. Virgin and modified PAN UF membranes 

The virgin polyacrylonitrile (PAN) UF membranes were modified 
with ethylenediamine (EDA) or NaOH, respectively, as base materials 
for the formation of ECMs. The PAN membranes having a size of 5 cm ×
10 cm were functionalized by EDA as described before [46,47]. The 
modification of PAN with NaOH was discussed elsewhere [48]. The 
virgin and modified PAN membranes were composed of a non-woven 
polyphenylene sulfide (PPS) support layer to provide mechanical 
integrity to the thin active layer. In the previous studies, we provide 
characterization of the unmodified, modified PAN membranes using 
attenuated total reflection Fourier-transform infrared spectroscopy 
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(ATR-FTIR). The unmodified PAN membrane carried nitrile group as 
active functional group in the membrane matrix. The PAN-EDA mem
brane owned amidine and amine groups, whereas PAN-NaOH mem
brane possessed carboxyl and amide groups. The pore size of the virgin 
PAN membrane was 12.6 nm ± 6.7 nm and surface porosity was 11.7 ±
1.3 %. In comparison, the average pore sizes of the PAN-NaOH and PAN- 
EDA membranes were 11.9 nm ± 6.2 nm and 12.2 nm ± 6.1 nm 
respectively. The average surface porosities of the PAN-NaOH and PAN- 
EDA were 6.9 % ± 1.2 % and 9.3 % ± 0.6 % [48]. 

2.3. Establishment of EC PAN-based membranes 

For the formation of ECMs, a sputter deposition technique was 
applied using Sputter Coater SCD 005 (Baltec Inc., Balzers, Lichten
stein), which is a bench scale sputtering device capable of producing 
nanothin nanolayers of various metals by DC magnetron sputtering. To 
establish EC PAN-based membranes in this study, three metals such as 
Au, Pt, and silver (Ag) were investigated in preliminary NOM e-sorption 
experiments. These investigations showed corrosion of Ag in chloride- 
rich environments. The corrosion mechanism usually starts with the 
reaction of Ag with Cl− ions, leading to the formation of AgCl on the 
membrane surface. This is followed by the detachment of AgCl into the 
solution, leading to electrical disconnect of the Ag coating [49]. Au NPs 
forming nanolayer on the membrane working electrode lost stability in 
long term e-sorption experiments. Au coated membranes were unable to 
effectively conduct and distribute the external applied electrical po
tentials (either anodic or cathodic) across the whole membrane surface, 
resulting in a sharp decrease in current density. In comparison, EC PAN 
membranes based on a nanolayer coating (20 nm) of Pt NPs have shown 
stable porous Pt layer. Hence, Pt was used to implement electrical 
conductivity at the membrane surface. The thickness of Pt nanolayer 
was optimized in preliminary NOM e-sorption experiments. Pt nano
layers with 10 nm and 20 nm thickness were investigated. The obtained 
membrane exhibited an electrical conductivity of 1.62 × 105 S/m and 
2.42 × 105 S/m for 10 and 20 nm Pt nanolayers, respectively. With a 10 
nm Pt nanolayer, the PAN-EDA membrane was not fully coated as re
flected by the SEM image (Fig. 1 SI). As a result, the electrical conduc
tivity was lower for 10 nm Pt sputtered PAN-EDA membrane. When 
comparing the e-sorption rates of 10 nm and 20 nm Pt sputtered PAN- 
EDA membranes, PAN-EDA with 10 nm nanolayers yielded lower 
NOM e-sorption rates, as detected with UV at 254 nm (UV254) in the 
initial phase of the NOM breakthrough curves (Fig. 2 SI). Further in
vestigations were carried out with 20 nm Pt nanolayers on both sides of 
the virgin and modified PAN UF membranes for the filtration experi
ments. Henceforth, the membranes without and with Pt coating were 
referred to as non-electrically conductive (NEC) and electrically 
conductive (EC) membranes. 

2.3.1. Characterization of virgin and modified PAN membranes 

2.3.1.1. Pure water permeability. The measurement of pure water 
permeability (PWP) provides information about the pore size and the 
number of pores on the membrane. A higher PWP reflects that there are 
either low numbers of larger pores or higher numbers of smaller pores. 
Hence, the PWP of the uncoated and conductive membranes were 
measured in dead-end mode at the beginning of all electrical field- 
assisted UF filtration tests. Before the experiments, around 500 mL of 
DI water was passed through each membrane at 0.5 bar and room 
temperature (22 ± 2 ◦C) to determine the PWP and evaluate reproduc
ibility of PWP. Flow rates were measured using the Cori-flow meter 
(M14-AGD-22-0-S, Bronkhorst Deutschland Nord GmbH, Kamen, Ger
many). Finally, the PWP was calculated using the following expression: 

PWP =
Q

Am⋅TMP
(1)  

where Q is the flow rate in L⋅h− 1, Am is the active membrane area in m2 

and TMP is the transmembrane pressure in bar. The PWP was measured 
in unit of L⋅m− 2⋅h− 1⋅bar− 1. 

2.3.1.2. Water contact angle. The water contact angle (WCA) of NEC 
and EC membranes was measured to assess the membrane hydrophi
licity before and after coating with Pt using the sessile drop method. The 
active layer of the membrane was placed exposed to the environment, 
and 1 mL syringe was used to place droplets of DI water on its surface. 
Both left and right contact angles were measured, More information on 
measurement of WCA can be accessed in our former study [50]. 

2.3.1.3. Zeta potential. The zeta potential of the membranes was 
calculated using Surpass equipment provided by Anton Paar GmbH, 
Graz, Austria. The zeta potential was determined by the streaming po
tential method. The ionic strength and pH were adjusted using KCl and 
KOH respectively. During the measurement, the streaming solution is 
titrated against HCl from pH 9 to 3. Further details on zeta potential 
measurement are documented in Luxbacher, [51]. Each measurement 
was repeated twice. 

2.3.1.4. Scanning electron microscopy. The scanning electron micro
scopy (SEM) images were recorded on a Merlin SEM (Zeiss, Jena, Ger
many) at an accelerating voltage of 3 keV using an InLens secondary 
electron detector. Additional details on SEM are provided in Kishore 
Chand et al. [48]. 

2.4. Electrical field-assisted membrane filtration setup 

The experimental setup consists of a CF042 flat sheet membrane cell 
manufactured by Sterlich, Kent, WA (USA), with an active membrane 
surface of 42 cm2 (Fig. 1). After placing the membrane, the cell was 
assembled using nut and bolt connections on four corners. The electrical 
connections to the membrane were provided by means of thin strips of 
titanium foils, which in turn were connected to the potentiostat (IPS 
Elektroniklabor GmbH, Münster, Germany). 

For pumping the feed solution, a magnetic coupled gear pump 
(Bronkhorst Deutschland Nord GmbH, Kamen, Germany) was used. The 
outlet of the membrane was attached to Spectrophotometer (DR6000, 
Hach Lange GmbH, Düsseldorf, Germany) for analysis of ultraviolet 
absorbance at 254 nm (UV254) using 1 in. flow-through cuvette supplied 
with the photometer and ultimately, leading to the permeate tank. The 
pressure at the inlet and out of the membrane filtration cell was recorded 
by pressure sensors (Bronkhorst Deutschland Nord GmbH, Kamen, 
Germany) every 5 s. Permeate and desorbate were collected in separate 
containers for NOM characterization. In all experiments, fresh NEC and 
EC membranes were used for all filtration tests. 

The electrical field-assisted filtration experiments were conducted 
with cell potentials of 1.5, 2.0 and 2.5 V at a constant permeate flux of 
100 L⋅m− 2⋅h− 1. Anodic potential (AP) of >2.5 V on membrane working 
electrode was not chosen to avoid water splitting. When the cell po
tential is higher than the decomposition potential of water, the gener
ation of electro-generated oxidants can occur heterogeneously from 
water splitting at the surface of anode [33]. The cyclic voltammogram of 
Pt showed that water splitting will observe at potential >1.2 V vs. Ag/ 
AgCl (Fig. 3 SI). The cell potential equivalent to 1.2 V vs. Ag/AgCl is 2.5 
V (Fig. 4 SI). 

In all filtration tests, the cell potential was held constant and the 
current was measured with a potentiostat. The active side (feed side) of 
the ECM was functioning as the working electrode, whereas the support 
side as the counter electrode. Anodic (positive) and cathodic (negative) 
cell potentials were applied to the membrane working electrode during 
e-sorption and e-desorption cycles, respectively. Similarly, cathodic 
potential (CP) and anodic potential (AP) was imposed to the membrane 
counter electrode. Such a configuration of membrane electrodes 
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excludes the necessity of the additional counter-electrode in the mem
brane module and thus, makes the design of flat sheet modules more 
simple [32]. 

2.5. NOM characterization 

The DOC in the feed and permeate samples was measured using a 
total organic carbon analysis (TOC, Shimadzu, Kyoto, Japan) analyzer. 
In addition to DOC, organics in feed and permeate samples were char
acterized by liquid chromatography-organic carbon detection (LC-OCD, 
DOC-Labor GmbH, Karlsruhe, Germany). LC-OCD is a size–exclusion 
chromatographic (SEC) procedure combined with both ultraviolet (UV) 
and organic carbon (OC) detection facility. The five major fractions 
measured in this method are: biopolymers (> 20,000 g⋅mol− 1), HSs 
(300–1200 g⋅mol− 1), building blocks (breakdown product of HSs) 
(300–500 g⋅mol− 1), low molecular weight (LMW) acids and neutrals 
(<350 g⋅mol− 1) [15,52]. Further information on instrument, analytical 
method, and data interpretation are presented somewhere else [53]. The 
SEC column had a fractionation range of 100–10,000 g⋅mol− 1. The UV 
detector provides an online UV signal and OC detection is enabled by an 
infrared (IR) detector after oxidation of NOM to CO₂ in a Graentzel Thin- 
Film Reactor. SEC chromatograms were interpreted with customized 
software (ChromCALC, DOC-Labor GmbH, Karlsruhe, Germany). 

3. Results and discussion 

3.1. Membrane characterization 

The PWP and WCA of all applied membranes are shown in Fig. 2. The 
PWP of the NEC PAN was 1876 L⋅m2⋅h− 1⋅bar− 1. In comparison, the PWP 
of NEC PAN-EDA and PAN-NaOH membranes was 1770 and 1650 
L⋅m2⋅h− 1⋅bar− 1. After chemical modification, the maximum reduction in 
PWP was 12 % for PAN-NaOH, indicating the pore size has been only 
slightly reduced. These results are consistent with pore size of the all 
membranes. The virgin PAN has the largest pore size followed by PAN- 
EDA and PAN-NaOH. After formation of ECMs, the PWP of the all PAN- 
membranes were reduced. The decrease in case of virgin PAN membrane 
was 30 %. In case of PAN-EDA and PAN-NaOH membranes, the decrease 
in PWP was 27 and 28 % respectively. 

A WCA < 90◦ indicates a membrane surface with hydrophilic char
acter. The NEC PAN membrane demonstrated a WCA of 46.4◦, whereas 
NEC PAN-EDA and the PAN-NaOH was 41.6◦ and 43.5◦ respectively. A 
slightly lower WCA of the modified PAN membranes than virgin PAN 
membrane was attributed to the presence of the hydrophilic groups (e. 
g., carboxyl group and derivatives of amine) in the membrane matrix 
[48]. After establishment of ECMs, the hydrophilicity of the EC modified 
PAN membranes were slightly decreased (WCA increased by 3–4 %). 
The minor increase in WCA might be explained by decreasing surface 
porosity, pore diameter and pore size. 

distribution of the EC membranes compared to NEC membranes 

Feed pump

Pressure 

sensor
P

UV-VIS 

detection

Permeate

out
P

Flow 

meter

in

Pressure 

sensor

Feed

Permeate

Filtration 

cell

Porous Pt nanolayer

Membrane 

support layer 

Membrane active

layer

Porous Pt nanolayer

Permeate

Feed

- - -

- - - - - -

+ + + +

Fig. 1. Schematic representation of the fully automatic dead-end electrical field-assisted UF unit. Inset demonstrates the orientation of the ECM in a membrane 
filtration cell. The thicknesses of the various layers are not scaled. 

Fig. 2. (A) Pure water permeability, and (B) water contact angle of non-electrically conductive (NEC) and electrically conductive (EC) PAN membranes.  
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(Fig. 3). In addition, it has been shown that the surface roughness of 
metal sputtered membranes increases and pore size distribution de
creases due to the deposition of Pt NPs onto the membrane surface, 
causing a decrease in the membrane porosity [54]. According to Krainer 
and Hirn [55], the measured WCA increases with decreasing porosity, 
pore diameter, and water permeability of the membrane material. 

The coating of the active and support layer of the membrane with Pt 
NPs led to significant changes at membrane surface of (Fig. 3). Active 
and support sides of the ECM are entirely covered with Pt NPs. SEM 
images of the EC membranes were carried out to study cross-section 
morphology. The SEM images show a porous nanolayer of Pt and a 
very porous, sponge-like structure of membrane (Fig. 3C and D). The Pt 

NPs forming a nanolayer were accumulated only at the membrane sur
face and the deeper membrane matrix was free of Pt NPs. At the ECM 
surface, the interconnected cracks appeared in the porous Pt nanolayer 
(Fig. 3B) and these cracks allowed the water to flow through the Pt 
sputtered membranes, as evidenced by relatively high water perme
ability (> 1000 L⋅m2⋅h− 1⋅bar− 1 for all ECMs). In addition, small pores 
can be seen in the porous Pt nanolayer. 

It can be observed in Fig. 4 that the zeta potential of virgin PAN 
membrane was completely negative in the pH range from 9 to 3; iso- 
electrical point (IEP) was not detectable. Compared to the virgin PAN 
membrane, the zeta potentials of the modified PAN membranes were 
increased. The PAN-NaOH membrane showed a zeta potential ranging 

A

NEC PAN-EDA membrane 

B

EC PAN-EDA membrane

D

Cross section of EC PAN-NaOH

C

Pt nanolayerPt nanolayer

Cross section of EC PAN-EDA

Membrane active 

layer

Membrane active 

layer

200 nm 200 nm

200 nm200 nm

Fig. 3. SEM imaging of (A) NEC PAN-EDA membrane; (B) EC PAN-EDA membrane; (C) cross-section of EC PAN-EDA membrane and (D) EC PAN-NaOH membrane 
with 50 K magnification. 

Fig. 4. Zeta potentials of NEC and EC PAN-based UF membranes; streaming potential method in 1 mmol⋅L− 1 KCl; error bars present standard deviations (n = 2).  
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from − 15 mV to 7 mV with an IEP at pH 3.7. The IEP was recognizable 
due to the protonation of COO- to COOH. Similarly, the increase in the 
zeta potential of the PAN-EDA membrane was higher compared to PAN- 
NaOH membrane probably due to protonation of amine groups (− NH2) 
in EDA to cationic form (-NH3

+) to higher extent in acidic solution [56] 
and as a result, IEP of PAN-EDA was at 7.8. 

After coating with Pt NPs via magnetron sputtering, the zeta po
tential of EC PAN-EDA and EC PAN-NaOH was shifted towards lower 
values. This might be explained by the charge properties of Pt nano
particles as well as of pure Pt surface, as the zeta potential of Pt nano
particles is negatively charged over the entire pH range [57–59]. The 
IEP of EC PAN-EDA and EC PAN-NaOH are 5.8 and 3.2 compared to 7.8 
and 3.7 for NEC PAN-EDA and PAN-NaOH membrane, respectively. The 
effect of Pt NPs forming porous film was negligible because both the Pt 
NPs and virgin PAN membrane own negative surface charge. 

3.2. NOM intrinsic and e-sorption characteristics of virgin and modified 
PAN UF membranes 

To investigate the intrinsic sorption characteristics of the three 
membrane materials (virgin PAN and modified PAN), breakthrough of 
NOM, detected using the absorbance at 254 nm (UV254) on NEC mem
branes without imposing external APs was studied and the results are 
presented in Fig. 5A. Each experiment was performed until the 
adsorption equilibrium was reached (C/C0 = 1). Fig. 5A shows NOM, as 

reflected by relative UV254 absorbance, was not removed by NEC virgin 
PAN membrane in dead-end filtration. The same is true for NEC PAN- 
NaOH as this exhibit minor intrinsic adsorption only (fully saturated 
after 5 min). The PAN-NaOH membrane has amide group as functional 
group in its matrix. In a former study, comparable findings were 
observed during SRNOM adsorption on a commercial polyamide mem
brane material [32]. However, the NEC PAN-EDA membrane showed 
clearly higher intrinsic NOM adsorption behavior (no external potential 
applied) at the early stage of dead-end filtration (Fig. 5A). However, 
within the first hour of filtration the NOM adsorption capacity of PAN- 
EDA membrane was almost saturated and complete breakthrough (C/ 
C₀ = 1) of UV254 was observed in 2 h. The intrinsic adsorption behavior 
of PAN-EDA towards NOM might be explained by presence of primary 
amine functional group [60–62]. EDA functionalized adsorbents have 
been investigated for adsorption of negatively charged dyes and heavy 
metals (hexavalent chromium, CrVI). The mechanisms involved in the 
adsorption process were found to be the electrostatic interactions be
tween oppositely charged target pollutant and adsorptive media as well 
as chemisorption through ionic interactions [56,61]. The limited 
intrinsic NOM adsorption performance of the PAN-EDA membrane 
might be explained by weak electrostatic attraction force, which results 
from the small difference between the membrane IEP (pH = 7.3) and the 
feed solution (pH = 7). As a consequence, the number of positively 
charged sites on the adsorptive media might be rather low [61]. Hence, 
this material does not favor the sorption of negatively charged organics 
such as HSs at neutral pH. 

The e-sorption characteristics of the three ECMs were investigated in 
Fig. 5B. When external AP of 2.5 V was imposed, the EC virgin PAN 
membrane did not exhibit NOM e-sorption. However, NOM adsorption 
on EC PAN-NaOH and PAN-EDA membranes was increased significantly 
compared to NEC PAN-NaOH and PAN-EDA membranes, indicating e- 
sorption process is responsible for NOM removal. The NOM e-sorption 
could be mainly attributed to induced electrostatic interactions between 
negatively charged organic molecules and externally anodically charged 
ECMs. The presence of amines and its derivatives (e.g., amidine and 
amide groups) as well as the carboxyl group in the membrane matrix 
results in better NOM e-sorption properties of the EC modified PAN 
membranes compared to pristine material. The e-sorption properties of 
the modified PAN materials might be explained by the polarizability of 
the functional groups available in the modified membrane matrix. The 
carboxyl group as well as the amine and its derivatives (e.g., amidine 
and amide groups) are known for their high polarizability [63]. This 
applies that the charge of the functional groups is easily shifted when 
exposed to an electric field [64] and that charge separation is very likely. 
This charge separation could support NOM e-sorption through the 
development of electrostatic interactions between charged NOM mole
cules and the ECM. In comparison, the nitrile group is not easily 
polarized [63] and therefore is not suitable for the development of 
ECMs. The increase in NOM sorption, as indicated by UV254 removal 
rates, was large for the EC PAN-EDA membrane. The better NOM per
formance of EC PAN-EDA could be explained by the combined contri
butions of intrinsic adsorption and e-sorption property. 

The specific DOC surface loadings have been calculated for all 
experimental setups in Fig. 6. The PAN-NaOH reached 17 mg⋅m− 2, 
which was increased to 197 mg⋅m− 2 by implementing an AP of 2.5 V at 
ECM surface, indicating an electrostatically enhanced DOC e-sorption of 
180 mg⋅m− 2. For the PAN-EDA membrane, the enhanced DOC e-sorp
tion loading was 267 mg⋅m− 2. Higher DOC loads are removed by e- 
sorption on EC PAN-EDA compared to the EC PAN-NaOH membrane. 
The lower DOC e-sorption loadings of EC PAN-NaOH membrane 
compared to EC PAN-EDA might be explained by significantly lower 
(more negative) zeta potential (~ − 15 mV at pH 7) compared to EC 
PAN-EDA (~ 5 mV at pH 7), which hinders NOM e-sorption when 
positive external potential is applied to the membrane working 
electrode. 

To illustrate the impact of varying external AP and permeate flux on 
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NOM e-sorption, further electrical field-assisted UF experiments were 
carried out using the EC PAN-EDA membrane. 

3.2.1. Impact of external anodic potential and permeate fluxes 
The external applied potential might play a decisive role in driving 

the charged ions onto the surface of the ECM. In membrane e-sorption 
technology, the applied voltage influences the electrostatic interactions 
and pollutant removal efficiency [33,65,66]. For that reason, NOM 
removal via e-sorption at three APs on the EC PAN-EDA membrane was 
investigated. The breakthrough curves of UV254 and DOC are shown in 
Fig. 7. The increase in applied voltage exerts high electrostatic force on 
organic molecules [67] and thereby increases the ion concentration near 
the ECM surface [36], which could stimulates the ion transport [68] and 
thus increases the NOM e-sorption capacity, which is reflected by UV254 
(Fig. 7A). Similar trend can be seen for DOC removal rates (Fig. 7B). 
Compared to UV254, lower removal rates for DOC were calculated at 
similar APs. For instance, the UV254 removal was 75 %, whereas DOC 
removal was 52 % at 2.5 V AP (Fig. 7B). Analogous pattern for removal 
of UV254 and DOC was obtained for intrinsic sorption on NEC PAN-EDA 
membrane. Larger removal of UV254 than DOC indicated that e-sorption 
using EC PAN-EDA membranes and intrinsic sorption using NEC PAN- 
EDA membranes mainly targeted aromatic moieties contained in the 
organic molecules. This aromatic NOM fraction in natural waters is 
usually larger in MW compared to non-aromatic DOC compounds. 
Higher removal rates for aromatic NOM fractions have been realized for 
coagulation, dense membrane filtration, for certain activated carbons 
and ion exchange resins [69–71]. 

Complete removal of aqueous DOC via e-sorption even at the highest 
AP of 2.5 V and early stages of sorption was not possible because of the 
presence of non-responding NOM fractions (e.g., uncharged NOM spe
cies). According to the literature, 10–40 % of the NOM cannot be 
eliminated by ion exchange mechanisms and the presence of uncharged 
NOM species (e.g., LWM neutrals) is the primary cause of incomplete 
removal by ion exchange [2,72,73]. 

The increasing DOC e-sorption loadings show an agreement with 
increasing APs (Fig. 8A). At the lowest AP of 1.5 V, the DOC e-sorption 
loading was 356 mg⋅m− 2 and at highest AP of 2.5 V, the DOC e-sorption 
loading was 525 mg⋅m− 2. These results have shown that external AP can 
influence not only the NOM e-sorption rate, expressed by UV254 and 
DOC removal in Fig. 7 but also DOC e-sorption loadings (Fig. 8A). 

In Fig. 8(B), the effect of permeate flux that reflects the hydraulic 
retention time (HRTm) within the membranes' material has been 
demonstrated. HRTm was calculated based on membrane thickness (tm) 
and permeate velocity (v): 

HRTm =
tm

v
(2) 

When AP of 2.5 V was applied, surprisingly a reduced permeate flux 
had very limited effect on increased DOC e-sorption loadings (Fig. 8B). 
When the permeate flux was reduced from 100 to 50 L⋅m− 2⋅h− 1, the 
increase in the DOC e-sorption loading was just 5 %. By further reducing 
the flux from 100 to 25 L⋅m− 2⋅h− 1, the increase in the DOC e-sorption 
loading was merely 8 %. The results suggest that increasing the HRTm 
from 3.6 to 14 s does not lead to favored DOC removal performance. 
These results further reflect no change in attribution of electrostatic 
interactions at a specific external potential at various contact times. 
Identical trend has been reported during NOM adsorption in GAC filter 
when the contact time was doubled [74]. 

3.2.2. Impact of organics molecular weight on NOM e-sorption efficiency 
In Fig. 9, size exclusion chromatograms obtained with OC and UV 

detection are compared for feed and permeate samples obtained from 
intrinsic sorption and e-sorption on NEC and EC PAN-EDA membranes 
during the first hour of electro-assisted filtration, respectively. The size 
exclusion chromatogram of the feed that was obtained with OC 
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detection exhibits a peak for HSs (38 min elution time) followed by 
building blocks (42 elution time) [74]. In some literatures, the term 
building blocks have been used to indicate HSs-like material of lower 
MW [53]. LMW acids (48 min elution time) are composed of all aliphatic 
organics acids that co-elute due to an ion chromatographic effect. LMW 
humics that elute simultaneously. The LMW neutrals (> 49 min elution 
time) are neutral or amphiphilic molecules that interact with the SEC 
column and consequently have a longer elution time [74]. 

When size exclusion chromatogram obtained with OC detection and 
with UV detection was compared, UV detection deviates in two aspects: 
(1) the relative signal removal for HSs compared to other peak is higher, 
and (2) the relative signal removal for building blocks compared to 
others is lower. In addition, the peak maxima for biopolymers was ab
sent with both OC and UV detection. 

HSs and building blocks were removed through intrinsic adsorption 
of the material (Fig. 9). With increasing APs, the removal of these NOM 
fractions increases. Moreover, as the MW of the eluting DOC fractions 

decreased with the elution time of LC-OCD-UV system [53]. Fig. 9 ex
hibits that the specific NOM removal rate of compounds with higher MW 
is higher than for low MW organics. The removal of LMW organics (acids 
and neutrals) was negligible at 0 V and three APs including the highest 
AP of 2.5 V. This observation is identical for both chromatograms, either 
with OC or UV detection. 

When higher external cell potentials are applied to the ECMs, elec
trochemical redox reactions may take place either by oxidation, e. g. 
through the presence of hydroxyl radical (OH•)/reactive oxygen species 
and/or by electrochemical reduction. The later may be induced by 
surface adsorbed atomic hydrogen (H*) that can interact with present 
organics [33,34,36]. However, in Fig. 9, neither new peaks nor larger 
peaks than peak maxima of the feed sample occurred in the SEC-OCD 
chromatogram, indicating those electrochemical based redox reactions 
are not relevant in performed experiments. 

The ChromCALC software program allows the calculation of the 
identified DOC fractions present in all samples and thus, distinguish 

Fig. 8. DOC e-sorption loadings for EC PAN-EDA (A) under varying APs at permeate flux = 100 L⋅m− 2⋅h− 1, and (B) under varying permeate fluxes at 2.5 V AP. 
SRNOM = 12 mg⋅L− 1, DOC ≈ 5 mg⋅L− 1, pH 7 and NaCl = 1 mmol⋅L− 1. 
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between fractions removed by intrinsic NOM sorption as well as by NOM 
e-sorption (Fig. 10). SRNOM feed contains 5.5mg/L DOC (LC-OCD 
bypass measurement) that consists of about 90 % hydrophilic organics. 
These organics comprised of 79.9 % HSs, 11.9 % building blocks, 4.8 % 
LMW acids and 3.4 % LMW neutrals. 

The intrinsic DOC adsorption results in 23 % removal of hydrophilic 
HSs and 1 % of building blocks. However, DOC e-sorption at 2.5 V AP 
was able to eliminate 49 % of hydrophilic HSs, 6 % removal of building 
blocks and even 2 % removal of LWM acids. These results show that 
NOM e-sorption by ECMs allows a significant reduction of the HSs 
concentration, which have been found as precursors for formation of 
disinfection by-products during chlorination [75,76]. The ECMs energy 
consumption at AP of 2.5 V (and current density = 2 A⋅m− 2) was 
calculated to only 20 Wh⋅m− 3. 

3.2.3. Impact of porous Pt nanolayer on intrinsic adsorption capacity of EC 
membranes 

In this work, a porous Pt nanolayer was sputtered on both sides of the 
UF membranes to establish EC membranes. Thus, the impact of porous 
Pt nanolayer on intrinsic adsorption capacity of EC membranes was also 
investigated. Since the NEC PAN-EDA membrane demonstrated intrinsic 
adsorption for NOM (Fig. 5A). The intrinsic adsorption of NOM on NEC 
and EC PAN-EDA membranes is shown in Fig. 11. 

The EC PAN-EDA membranes exhibits almost identical intrinsic 
adsorption properties for UV254 active compounds compared to the NEC 
PAN-EDA membrane. The calculated intrinsic adsorption loading of 
DOC on the EC PAN-EDA membrane was 238 ± 17 mg⋅m− 2, whereas the 
DOC intrinsic adsorption loading of the NEC PAN-EDA membrane was 
258 ± 10 mg⋅m− 2 (Fig. 6). Accordingly, the intrinsic DOC adsorption 
loading of the NEC PAN-EDA membrane was hardly decreased by the 
coating with Pt NPs. These results reflect that the majority of the 
adsorption sites are accessible by the NOM molecules in dead-end UF 
system even after coating with a porous nanolayer of Pt NPs (Fig. 11B) 
and that the active functional groups on the membrane surface and in 
the pores are relevant influencing variables. We further conclude that 
the EC coating by Pt NPs has a negligible impact on intrinsic DOC 
adsorption capacity of the membrane compared with NEC-PAN 

materials. This might be due to the fact that the NPs of coating material 
form a. 

nanolayer at the membrane surface (Fig. 3B and C) and have a slight 
impact on membrane properties such as water permeability, contact 
angle, and zeta potential. 

3.3. Characterizing NOM e-desorption on EC modified PAN UF 
membranes 

The NOM e-sorption removal from Suwannee River on EC PAN- 
NaOH and PAN-EDA membranes was investigated in dead-end config
uration (Fig. 5B). In a large-scale process, the UF filtration will be 
frequently backwashed to restore permeability (hydrodynamically 
reversible fouling). During short backwash periods for filter cake 
removal, it might be feasible to desorb attached NOM via electrostatic 
repulsion mechanism in an electro-driven membrane process in parallel. 
Accordingly, in-situ regeneration experiments by NOM e-desorption 
were executed by reversing the membranes polarity (active site from 
anodic to cathodic) with the aim to evaluate the potential for sustainable 
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regeneration of the material. SRNOM solution used as feed water for 
NOM e-sorption experiments was adopted for NOM/UV254 e-desorption 
experiments. UV254 absorbance for EC PAN-EDA and PAN-NaOH ECMs 
at 2.5 V CP are shown in Fig. 12A. The sharp increase in UV254 absor
bance, suggests a high release (NOM desorption) of negatively charged 
organics like HSs from the ECM material by electrostatic repulsion. 
During the 

e-desorption cycle, an electrophoretic force might also occur because 
the membrane working electrode and adsorbed organics exhibit similar 
electrical polarity. During NOM e-sorption, it is plausible that a limited 
amount of NOM fractions smaller than the membrane pore size adsorb to 
the inner pore surface eventually leading to internal fouling. During e- 
desorption cycle, the negatively charged NOM fractions are also ex
pected to desorb from inner pore surface due to electrophoretic force 
and significant repulsive forces between the membrane surface and the 
charged organic molecules produced by electrostatic interactions, as 
evidenced by release of large loads of these fractions (Fig. 7 SI). 

Fig. 12A further reveals that the NOM e-desorption maxima from EC 
PAN-EDA was higher (C/C₀ = ≈3.9) compared to the EC PAN-NaOH 
maxima (C/C₀ = ≈3.2). For both ECMs, the UV254 e-desorption peak 
appeared between 3 and 5 min (20–35 mL desorbate volume). After the 
NOM peak, e-desorption is tailing out for both ECMs. This behavior 
might be explained by decreasing concentration difference between 
solid-phase organics on and in the ECM surface and liquid-phase organic 
substances, which decelerates the transport of organic molecules from 
the ECM surface. An important result is that nearly three-fourth of the 

materials regeneration occurred within first 10 min (70 mL). An ECM 
demonstrating rapid NOM desorption characteristic would be favorable 
for large scale application. The e-desorption cycle was completed (when 
C/C₀ = 1) earlier on EC PAN-NaOH than EC PAN-EDA mostly likely due 
to lower DOC accumulation during e-sorption (Fig. 12A). 

The NOM e-desorption efficiencies of the both EC modified PAN 
membranes were calculated (Fig. 12B) using the following Eq. (3): 

E − desorption efficiency =
DOC desorbed load at CP
Total DOC adsorbed load

x 100 (3) 

The DOC adsorbed load takes into account the NOM intrinsic sorp
tion at 0 V and/or e-sorption at AP. The e-desorption efficiency (also 
referred to as regeneration) of the EC PAN-EDA at 2.5 V CP was 63 %, 
whereas EC PAN-NAOH membrane was more efficiently regenerated 
(92 %). In the case of the EC PAN-NAOH membrane, the majority of the 
NOM (about 91 %) was removed by means of e-sorption and 9 % NOM 
was removed by intrinsic sorption (Figs. 5 and 6). During e-desorption 
cycle, all of the organic substances adsorbed by e-sorption might have 
electrically desorbed from the ECM surface, which leads to very high 
NOM e-desorption efficiency of the EC PAN-NaOH. In the case of the EC 
PAN-EDA membrane, the contribution of external NOM e-sorption was 
about 50 % (Figs. 5 and 6). It might be possible that the NOM adsorption 
by means of intrinsic sorption was irreversible for e-desorption and 
contributed to incomplete regeneration of the EC PAN-EDA membrane. 
To explain incomplete regeneration, the reversibility of NOM e-sorption 
on EC PAN-EDA membranes have been further investigated in Section 
3.4. 

3.4. Further investigations on reversibility of EC PAN-EDA membrane 

We carried out further intrinsic and e-sorption tests to investigate the 
lower DOC e-desorption efficiency of EC PAN-EDA at optimum cathodic 
potential (CP) of 2.5 V. To study the reversibility of the NOM intrinsic 
sorption, an EC PAN-EDA membrane was applied for intrinsic sorption 
(at 0 V). Following the completion of intrinsic sorption cycle (C/C0 = 1), 
an attempt was made to e-desorb the organics adsorbed through 
intrinsic sorption by employing a CP of 2.5 V (Fig. 13). 

The calculated DOC e-desorption efficiency of EC PAN-EDA at 2.5 V 
CP following intrinsic sorption was merely 23 %. In literature, full 
regeneration of CrVI loaded EDA functionalized chitosan by pH shift to 
13 was not realized due to involvement of non-electrostatic forces (e.g., 
ionic interactions) [56,61]. In the current work, it was likely that 
adsorption of organic molecules by electrostatic forces was reversible. In 
contrast, adsorption of organic molecules by ionic interactions was 
irreversible. These results further specify that low e-desorption effi
ciency of EC PAN-EDA membrane material than EC PAN-NaOH might be 
due to marginal reversibility of intrinsic sorption by external electrical 
field at neutral pH conditions. 

Following the e-desorption of intrinsically adsorbed NOM, e-sorption 
of NOM at 2.5 V AP was performed. Finally, an e-desorption cycle at 2.5 
V CP was performed (Fig. 13). A higher UV254 removal rate was recorded 
during NOM e-sorption at 2.5 V AP compared to intrinsic sorption at 0 V. 
Likewise, UV254 e-desorption maxima following e-sorption was more 
pronounced than the e-desorption maxima following intrinsic sorption. 
The corresponding DOC e-sorption loading was 327 mg⋅m− 2, which was 
higher than the solely DOC e-sorption loading (525–258 = 267 mg⋅m− 2, 
Fig. 6). These results specified that nearly three-fourth (77 %) of 
intrinsic sorption might have not involved in NOM removal and only 
one-fourth (23 %) of intrinsic sorption might have demonstrated NOM 
removal during e-sorption cycle at 2.5 V AP. As a result, the DOC 
sorption loading at 2.5 V AP was reduced from 525 mg⋅m− 2 to 327 
mg⋅m− 2. During e-sorption, NOM removal was mainly due to involve
ment of electrostatic interactions induced by external electrical field. 
Hence, the DOC e-desorption efficiency of the EC PAN-EDA membrane 
material following e-sorption at 2.5 V AP was 95 %. 

Four consecutive filtration cycles (FCs) of intrinsic sorption at 0 V 
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followed by e-sorption at 2.5 V AP and e-desorption at 2.5 V CP were 
carried out (Fig. 14A). Each FC consisted of 120 min intrinsic sorption at 
0 V, 120 min e-sorption at 2.5 V AP and 30 min e-desorption at 2.5 V CP. 
At the end of each FC, the electrical polarity was turned off to investigate 
the NOM intrinsic sorption of the PAN-EDA membrane material in cyclic 

operation. For comparison of normalized UV254 absorbance during 
intrinsic, e-sorption and e-desorption, all 4 FCs were plotted in parallel 
on same graph with same time series. Regarding NOM intrinsic sorption, 
UV254 removal decreased significantly after the first FC. This change in 
UV254 removal rate can be explained by irreversibility of intrinsic 
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adsorption arising from non-electrostatic interactions (e.g., ionic in
teractions) in the presence of an electrical field. Regarding the e-sorption 
at 2.5 V AP, the UV254 absorbance curves of EC PAN-EDA membrane 
during these four FCs appeared to be the same (Fig. 14A). 

The corresponding DOC intrinsic, e-sorption, and e-desorption 
loadings, as well as DOC 

e-desorption efficiency, were calculated (Fig. 14B). The results reveal 
a major reduction in DOC intrinsic sorption loadings of the EC PAN-EDA 
membrane from FC 2 to FC 4. In FC 4, only 50 mg⋅m− 2 of DOC was 
adsorbed. The DOC e-sorption loadings of the EC PAN-EDA for fours FCs 
were nearly the same (Fig. 14B). In the FC 1 to FC 4, DOC e-sorption 
loadings of the EC PAN-EDA membrane was decreased from 274 to 260 
mg⋅m− 2. The corresponding DOC e-desorption efficiency was increased 
from 64 % to 94 %. The increase in DOC e-desorption efficiency was 
resulting from decreasing DOC intrinsic adsorption loading, especially 
in FC 1, and almost constant DOC e-sorption loadings from FC 1 to FC 4. 
Moreover, the DOC e-desorption loadings are slightly higher than e- 
sorption loadings by 35–55 mg⋅m− 2. This might be explained by addi
tional DOC e-desorption of former intrinsically adsorbed organic mole
cules. Compared to EC PAN-EDA membranes, EC PAN-NaOH 
membranes do not exhibit intrinsic adsorption towards NOM (Fig. 5A). 
As a consequence, the DOC e-sorption and e-desorption loadings are 
almost the same (Fig. 9B SI). 

The regenerated EC PAN-EDA membrane was further reused for five 
more consecutive e-sorption (at 2.5 V AP) and e-desorption (at 2.5 V CP) 
cycles (FC 5 to FC 9) to investigate its application for longer periods of 
electrical-field membrane filtration and the results are illustrated in 
Fig. 15. The NOM removal via intrinsic adsorption property of PAN-EDA 
membrane was not focused because NOM removal by intrinsic adsorp
tion was practically insignificant after first 4 FCs. 

In the five more consecutive e-FCs, e-sorption cycle was continued 
for 60 min (420 mL permeate) and e-desorption cycle was executed for 
20 min. UV254 absorbance for these five e-sorption and e-desorption 
cycles (FC 5 to FC 9) was almost identical. The EC PAN-EDA membrane 
was able to achieve maximum UV254 removal of nearly 75 % at the start 
of e-sorption cycle and a minimum UV254 removal of 28 % at the end of 
e-sorption cycle. The e-desorption cycle was completed in 20 min and 
UV254 maxima occurred within the first 4 min. The calculated e- 
desorption efficiency was larger than 95 % in these five FCs. Similar 
results regarding UV254 removal was recorded using EC PAN-NaOH 
membrane in FC 1 – FC 4 (Fig. 9B SI). The intrinsic adsorption of the 
EC PAN-NaOH membrane was not targeted under cyclic operation 

because of negligible NOM removal. 
These results revealed that the presence of functional groups like 

amide, amine, amidine and carboxyl group in the membrane materix is 
indispensable not only for effective NOM e-sorption but also for e- 
desorption of charged substances on ECMs. In addition, these results 
showed that the e-sorption characteristic of the both ECMs (based on 
PAN-EDA and PAN-NaOH) can be successfully regenerated via electro
static interactions of NOM with externally cathodically charged ECM 
and repeatedly used in removal of NOM without noticeable losses in 
their DOC e-sorption loadings unlike GAC adsorption [77,78]. Further, 
additional chemicals are not demanded for successfully regeneration of 
ECM unlike ion exchange resins where highly concentrated chloride 
brine is generated by regeneration process. Consequently, the imple
mentation of ion exchange is limited by the burden of brine management 
and disposal [2,79]. SEC-OCD results have shown that the mechanism of 
NOM e-sorption and e-desorption on ECMs is based on electrostatic in
teractions and electrochemical redox reaction can be excluded. The e- 
sorption mechanism was found to be efficient for removal of high MW 
NOM and thus, NOM e-sorption would be also effective in control of 
DBPs precursor in raw waters comprising a large percentage of high MW 
NOM. In contrast, GAC adsorption is considered effective in raw waters 
containing a larger percentage of low MW NOM [74]. 

To estimate the DBPs formation potential by residual NOM, several 
studies have shown good relationship of UV absorbance at a specific 
wavelength (e.g., UV254, UV272, UV280) with TMHs, HAAs and other 
DBPs [7,57]. In this work, the potential of THMs formation at UV280 
absorbance was estimated using a linear relationship derived by Li et al., 
[7]. The THM potential yield of the feed water was 819 μg⋅L− 1, which 
was reduced to 304 μg⋅L− 1 after e-sorption at 2.5 V AP, indicating a 
decrease of 63 % in the THMs yield in the treated water. 

Further, the ECMs demonstrated an excellent electrical and me
chanical stability under anodic and cathodic charging conditions for 25 
h. Negligible increase in electrical resistance of the ECMs was observed 
after using them for multiple FCs. After executing consecutive nine FCs 
on EC PAN-EDA membrane, Pt coating on the membrane was quite 
stable. The visual appearance of the EC PAN-EDA membrane was pre
sented in Fig. 8 SI. 

3.5. Impact of anodic and cathodic potential on NOM fouling of EC UF 
membrane 

TMP was monitored at constant permeate flux of 100 L⋅m− 2⋅h− 1 to 
investigate NOM fouling of EC UF membrane under anodic and cathodic 
charging of the membranes active side. Fig. 16 illustrates variations of 
the TMP in NOM intrinsic sorption, e-sorption at 2.5 V AP and NOM e- 
desorption at 2.5 V CP on the EC PAN-EDA membrane in FC 1 - FC 4. 

For intrinsic sorption, NOM fouling on ECM occurred as indicated by 
increase in TMP by 0.02–0.03 bar over filtration time of 120 min. The 
highest increase of 0.03 bar was recorded in the FC 1. When the anodic 
charging was applied for NOM e-sorption, measured TMP decreased by 
0.03 bar (Fig. 16). This might be explained by electro-osmosis phe
nomenon, which occurs when the membrane matrix/pores and NOM 
fractions carry opposite charges. To prove the effect of electro-osmosis 
phenomenon on TMP at constant flux of 100 L⋅m− 2⋅h− 1, TMP was 
monitored for filtration of NOM free feed water (consisted of DI water 
with 1 mmol⋅L− 1 NaCl at pH 7). By switching on anodic charging of 2.5 
V to EC PAN-EDA membrane, TMP decreased by 0.02 bar (Fig. 11 SI). 
The contribution of electro-osmotic flow to the permeate flux was 
calculated to be 10.4 L⋅m− 2⋅h− 1 ⋅V− 1. Regarding ECM fouling during 
NOM e-sorption, TMP was constant for initial 60 min of e-sorption. At 
the end of 120 min e-sorption, TMP increased from 0.10 bar to 
maximum of 0.12 bar. In general, TMP increased by 0.02 bar, indicating 
a comparable magnitude of NOM fouling on ECM by intrinsic sorption at 
0 V, and e-sorption at 2.5 V AP. 

When the electrical polarity was changed from anodic to cathodic, a 
sudden increase in TMP was recorded and reduced to lower increase 
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within 2–3 min of NOM e-desorption from the ECM. This might be 
explained by the initial transport of released macromolecules through 
the membrane pores and matrix at CP, which will result in additional 
hydraulic pressure to maintain a constant permeate flux. After 2–3 min 
of NOM e-desorption cycle, TMP was decreased from 0.19 bar to 0.17 
bar until the end of e-desorption cycle. At the end of e-desorption cycle, 
TMP was still larger than TMP before intrinsic and e-sorption cycles. 
Almost similar pattern of TMP was observed for all five FCs (FC 1 - FC 4). 
This might be explained by reverse direction of electro-osmotic flow 
because the ECM surface/pores and NOM macromolecules exhibited 
same charge. Analogous pattern of TMP was recorded during filtration 
of NOM free feed water through ECM under 2.5 V CP (Fig. 11 SI) and 
calculated contribution of electro-osmotic flow to permeate flux was 
− 10.4 L⋅m− 2⋅h− 1 ⋅V− 1. The electro-osmotic phenomenon have been re
ported earlier during NOM e-sorption at 2.5 V AP and e-desorption 2.5 V 
CP on Au sputtered polyamide UF membranes [32] and here contribu
tion of electro-osmotic to permeate flux was 8 L⋅m− 2⋅h− 1 ⋅V− 1. These 
results indicate that NOM can be efficiency removed by e-sorption on 
ECM and NOM fouling on ECM was negligible through this series of e- 
sorption cycles. 

4. Conclusions 

To understand the role of the functional groups on/in membrane 
materials in ECMs for NOM 

e-sorption/e-desorption mechanisms, three membrane materials, 
namely, PAN, as well as PAN-NaOH, and PAN-EDA modified materials 
were investigated. To convert the virgin and modified PAN membranes 
into ECMs, an ultrathin layer of Pt was coated using magnetron sput
tering on both sides of the membrane. The active side of the ECM served 
as working electrode and the membranes support site was the counter 
electrode. First, all three membrane materials were tested for their 
intrinsic NOM adsorption properties at neutral pH and SRNOM as a 
model NOM solution. 

They main findings of this work are: 

▪ At a given feed water pH, the functional groups in the mem
branes affects the intrinsic NOM adsorption properties of the 
material. PAN-EDA membrane material demonstrated NOM 
intrinsic adsorption capacity due to presence of amine as pri
mary amine, whereas nitrile group, carboxyl and amide groups 

of PAN and PAN-NaOH membrane materials, respectively, did 
not show intrinsic adsorption towards NOM. 

▪ The membrane material may exhibit NOM e-sorption charac
teristic, as well as e-desorption characteristic, if suitable func
tional groups originated from derivatives of amine along with 
carboxyl group are available in the matrix of membrane 
material.  

▪ The DOC removal performance increases with increasing APs. 
At cell potential (2.5 V AP) lower than oxygen evaluation 
threshold of Pt, the calculated DOC e-sorption loadings of the 
EC PAN-EDA and PAN-NaOH membranes were 525 and 197 
mg⋅m− 2. The higher performance of EC PAN-EDA membrane 
might be due to intrinsic adsorption property as well as due to 
positive intrinsic surface charge at neutral pH.  

▪ The contact time of the NOM with membrane matrix had 
limited impact on the DOC e-sorption loadings at a specific 
external potential in electrical field-assisted membrane 
filtration.  

▪ UV active organics substance such as HSs were the preferred 
organics for e-sorption on ECMs without leading to severe 
membrane fouling, while the absorbability of the remaining 
NOM fractions decreased with decreasing MW (i.e., building 
blocks > LMW acids > LWM neutrals). Hence, e-sorption pro
cess can be an efficient approach for treatment of raw waters 
containing large proportion of HSs. Up to 25 % of NOM could 
not be removed by e-sorption due to presence of uncharged 
NOM fractions in the feed water. 

▪ When the applied AP was below the threshold of oxygen evo
lution limit, electrochemical redox reactions were absent and 
NOM removal was due to formation of electrostatic interactions 
between negatively charged organic substances and externally 
anodically charged ECM. 

▪ NOM e-sorption on EC modified PAN membranes is predomi
nantly reversible. The ECMs can be applied for a series of 
sorption cycles not only for removal of NOM without losing e- 
sorption capacity but also to concentrate charged dissolved 
organic substances.  

▪ Due to the counter electrode configuration, the application of 
anodic charging to the ECM results in a meaningful increase in 
permeate flux by electro-osmotic phenomenon. The energy 
demand for electrical field-assisted UF filtration is quite low 
with approx. 20 Wh⋅m− 3.  

▪ In future research, ultrahigh-resolution mass spectrometry (FT- 
ICR-MS) might be applied to determine the compositions of 
organic molecules in the raw and treated water samples with 
the highest accuracy. 
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