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Abstract 

Climate change, water stress, and rapid population growth have increased the need 

to manage water resources through innovative sustainable technologies. Decentralized 

systems such as membrane treatment trains have become increasingly important to provide 

high volumes of potable water to millions of people. Pressure-driven membrane systems 

have dominated separation processes due to their low cost, small footprint, ease of 

operation, and high permeate quality. Conventionally, pressure-driven membranes are 

classified into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 

osmosis (RO). MF and UF membranes operate under low pressure (< 7 bar, <~100 psi). 

They can separate a variety of large particles such as bacteria, natural organic matter, 

suspended solids, and colloids. In contrast, NF and RO membranes are more energy-intense 

due to operating at high pressures (7 – 80 bar, ~100 – 1200 psi) and can remove small 

molecules such as ions, pharmaceuticals, and heavy metals. Fouling is a primary challenge 

with membranes that compromises the membrane performance, increases energy 

consumption, and reduces the membrane lifetime. Many strategies are used to address 

fouling, such as pre-treatment (pH adjustment, screening, coagulation), membrane 

modification (chemical and morphological properties), and membrane cleaning (physical, 

chemical). However, such strategies increase operational expenditures, produce waste 

products that can impact the environment, and negatively impact membrane lifetimes. 

Recently, electrically conductive membranes (ECMs) have been introduced to 

address the challenges with traditional membranes. They contain conductive surfaces that 

offer self-cleaning and antifouling properties across the surface in response to electrical 
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potential externally applied to them. ECMs are advantageous as compared to traditional 

membranes because (a) they are more effective in treating foulants as they target foulants 

at the membrane/solvent interface, (b) they are more economical and environmentally 

friendly as they reduce the need for chemical consumption, and (c) they can be responsive 

to fouling conditions as their antifouling mechanisms can be easily manipulated by 

changing the applied current type (positive, negative, direct current, alternating current) to 

match the foulant. 

ECMs have been formed from all categories of membranes (MF, UF, NF, MD, FO, 

and RO) with a range of applications. Despite the remarkable progress in demonstrating 

their excellent antifouling performance, there are many hurdles to overcome before they 

can be commercialized. Two of these are (a) a fundamental understanding of their 

underlying mechanisms, (b) surface materials that can withstand extreme chemical and 

electrical conditions. In this work, we have comprehensively discussed antifouling 

mechanisms with respect to surface polarization and elaborated on the impact of 

electrically-induced mechanisms on four major fouling categories. i.e., biofouling, organic 

fouling, mineral scaling, and oil wetting. In addition, we characterized surface properties 

of a common electrically conductive composite membrane composed of carbon nanotubes 

(CNTs) and polyvinyl alcohol (PVA). We then investigated the impact of cross-linkers in 

CNT/PVA network on transmembrane flux, electrical conductivity, hydrophilicity, and 

surface roughness. In addition, we proposed standard, practical, and straightforward 

methodologies to detect and quantify the electrochemical, physical, and mechanical 

stability of ECMs, using chronoamperometry and cyclic voltammetry, an evaluation of 
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polymer leaching from membranes, and micro mechanical scratch testing, respectively. Our 

methods can readily be extended to all membrane-based separation processes and different 

membrane materials (carbonaceous materials, ceramics, metal-based, and polymers). 

To demonstrate the antifouling properties of ECMs, we challenged ECMs with 

mixed-bacterial cultures in a flow-through system. Although ECMs showed high rejection, 

comparable flux, and excellent self-cleaning performance under application of electrical 

potential, understanding the relationship between applied electrical currents and antifouling 

mechanisms demands a well-controlled investigation. To this end, we quantified the impact 

of electrochemically-induced acidic conditions, alkaline conditions, and H2O2 

concentration on model bacteria, Escherichia Coli. We first quantified the electrochemical 

potential of CNT-based ECMs in generating stressors such as protons, hydroxyl ions, and 

H2O2, under a range of applied electrical currents (± 0-150 mA). Next, these individual 

stressors with identical magnitude were imposed on E. Coli cells and biofilms in batch and 

flow-through systems, respectively. This thesis guides researchers to understand the 

underlying antifouling mechanisms associated with ECMs, how to match the mechanisms 

to the application of ECMs, and offers benchmarks for making practical ECMs. 
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1.1.Water stress 

Water stress has become a global concern as millions of people lack access to 

potable water more particularly over the last decade. While water covers 97% of our “blue 

earth”, only 2.5% of water resources is considered as fresh water. Fresh water is mostly 

stored as glaciers in the poles (70%), while less than 30% is accessible to us as fresh surface 

water and groundwater [1]. In addition to limited available water resources, unequal 

distribution of freshwater resources across the globe has signified the water stress. Water 

scarcity has primarily occurred in countries with high population density or intense 

irrigated agriculture (India, China) as well as countries with low natural resources 

regardless of their population or agricultural activities (Arabian Desert, Sahara, Gobi, and 

Central Australia deserts) [2]. In addition, the availability of fresh water has been seriously 

threatened by rapid population growth, climate change, and environmental contamination 

[3]. Rapid Population growth, constant improvements in living standards, and expansion of 

irrigated agriculture have dramatically enhanced the demand for fresh water, leading to 

depletion of ground water resources. Global warming has led to drastic changes in the 

weather, such as drought, while environmental contamination has compromised our 

ecosystem by lowering fresh water quality. 

A study conducted in 2016 has shown that 66% of the global population (4 billion) 

live under severe water scarcity [2]. The severity of water scarcity has raised concerns at 

local and global levels. Local authorities have sought to manage water resources to better 

allocate fresh water to populated areas and communities of need [4], while on a global level, 

the United Nations has acknowledged the importance of equitable access to clean and safe 

water as a human right [5]. Recognition of water scarcity as a high-level global concern 

and inadequacy of the current infrastructures to purify water necessitates fostering newer 

strategies for innovative water resource management and development of advanced 

sustainable technologies. Water resource management has recently aimed to expand water 
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supply beyond the traditional hydrological cycle, unlocking the full potential of lesser-used 

unlimited water supplies such as seawater and wastewater. Desalination is considered a 

viable unban water source, particularly in areas affected by climate change, limited 

freshwater resources, or frequent flooding. In addition, desalination has found applications 

for agriculture, food processing units, power plants, and oil refineries.  

The reuse of wastewater is another viable strategy, playing a pivotal role in 

expanding urban water supplies. Wastewater is an unlimited water source with predicted 

effluent quality and quantity, turning it into an exciting option for water reuse applications 

[6]. Recycling wastewater is challenging due to presence of recalcitrant contaminants, the 

possibility of waterborne bacterial and viral diseases, cost of transportation via pipes, strict 

regulations, and low public acceptance. Recently, decentralized systems such as 

membranes have been adopted in many wastewater treatment plants across Europe and 

North America to enhance the quality of effluent and comply with strict regulations [5]. 

The main advantage of decentralized facilities is their flexibility, low energy consumption, 

and lower cost of technology replacement. Membranes have shown promise among 

decentralized technologies due to their high reliability, small size, and high permeate 

quality. Membranes are well-compatible with the existing infrastructure in treatment plants. 

In fact, membranes have shown great promise to replace conventional upstream treatment 

operations such as flocculation, settling, and granular media filtration. In addition, 

membranes have been presented as rapid solutions to wastewater treatment challenges in 

developing countries owing to their ease of transportation and installation, flexibility, and 

wide range of selectivity. 

Fouling is the major problem plaguing membranes’ performance regardless of their 

application. However, advantages with their quality, flexibility and versatility have made 

them popular and reliable options for water treatment, wastewater treatment, and water 

reuse applications, while advances in their energy-efficiency and antifouling properties 

have been constantly sought by researchers across academia and industry. 

1.2.Membrane technology 
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1.2.1. Membrane classification and application 

Since the development of the first commercial membrane in 1963 by Loeb-

Sourirajan [7] (although the first recorded membrane dates back to 1867 [8]), membrane 

technology has proved to be a rapidly growing technology and has found an important role 

in several applications [9–12]. Pressure-driven membranes are classified with respect to 

their pore size and separation mechanisms. Commercially available membranes include 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). 

In pressure-driven membranes, the solvents and solutes are forced to permeate through the 

membrane while other particles and solutes are separated with respect to membrane 

structure. For example, MF membranes separate a wide range of particles with respect to 

their pore size, while RO membranes are nonporous, and their selectivity results from the 

solution-diffusion mechanism. There is no sharp cut-off between selectivity of pressure-

driven membranes; however, a breakdown of membranes and their properties is presented 

in Figure 1.1. 

 

Figure 1.1. Membrane-based separation processes, pore sizes, molecular weight cut-off 

(MWCO) and examples of sizes of particles. Reprinted from [13], Copyright 2009, with 

permission from Elsevier. 

Microfiltration membranes 
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The pore size of microfiltration (MF) membranes ranges from 0.1 to 10 µm. 

Molecular weight cut-off (MWCO) is an alternative method to classify membranes. 

MWCO of a membrane represents the lowest molecular weight (MW, often reported as 

Daltons (Da)) with the rejection efficiency equal to or higher than 90%. MF membranes 

can remove particles with MW larger than 1000 kDa, such as suspended solid, proteins, 

oil-water emulsions, bacteria, and viruses [14]. The application of MF membranes can be 

found in pharmaceutical industry (separation and purification of enzymes and antibiotics), 

electronic industry (ultra-pure water for semiconductors), cell harvesting and membrane 

bioreactors, analytical processes, and automobile industry [15,16]. In addition, MF 

membranes have received significant attention in water treatment and wastewater treatment 

to replace the clarification stage, where sand filtration had been traditionally used. MF 

membrane can be used in combination with downstream membrane processes (UF, NF, 

RO) to minimize fouling caused by large particles [17]. 

Ultrafiltration membranes 

Ultrafiltration membranes are the closest class to MF membranes with a narrower 

pore size (0.01-0.1 µm) [15,16]. UF membranes can retain macromolecules, colloids, algae, 

bacteria, viruses, and turbidity. MF and UF membrane are both considered as low-pressure 

operating membranes as compared to NF and RO membrane where rejection is mainly 

controlled by their pore size and shape of the foulant. Application of UF membranes has 

been progressed to the pharmaceutical industry, food and dairy industry, textile industry, 

metallurgy, and paper industry [15,16]. In addition, UF membranes have become popular 

systems to replace traditional separation units such as coagulation, clarification, 

sedimentation, and sand filtration processes [18]. 

Reverse osmosis membranes 

Reverse osmosis (RO) membranes are nonporous and allow for water passage while 

selectively removing monovalent ions and small charged organic compounds. RO 

membranes can reject NaCl with rejection efficiencies higher than 95% [19]. RO processes 

have been used for seawater desalination, brackish water desalination inland, and water 
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reuse applications [20,21]. The common RO membranes are made of polyamide (PA) and 

cellulose acetate (CA), with PA holding over 90% of the market share [19]. The major 

downfalls with RO membranes is susceptibility to chlorine and their low boron rejection 

efficiency [19]. 

Nanofiltration membranes 

Nanofiltration (NF) membranes have small pore size (1-10 nm) [22]. NF 

membranes are mainly fabricated via interfacial polymerization (IP) like RO membranes 

but have significant differences with RO membrane, including being (a) more permeable, 

(b) less selective, and (c) less energy-intense. The main applications of NF membrane 

include water softening, removal of small organic particles and micro-pollutant, and 

removal of small-sized dyes in the textile industry [18,22]. 

1.2.2. Membrane materials 

The selection of membrane materials depends on many parameters including their 

physicochemical properties (hydrophilicity, charge, roughness), cost, chemical and 

mechanical stability, ease of fabrication, scalability, and versatility to different operations. 

For example, many studies have shown that hydrophilic surfaces alleviate fouling intensity 

[23,24], as most particles in water are hydrophobic including organic substances, bacteria, 

and oil contaminants. Therefore, increases in surface hydrophilicity enhance the surface 

energy and decrease the affinity between hydrophobic contaminants and surface [23,24]. 

In addition, the chemical, physical, and thermal stability is another important factor in 

membrane fabrication due to the repetitive exposure of membranes to harsh chemical and 

thermal cleaning procedures depending on their application. 

Membrane materials are classified into two main groups: inorganic and polymeric 

[25]. Inorganic materials mostly consist of ceramics, inorganic metals, glass, and zeolite 

[26]. Inorganic membranes have recently received growing attention due to their excellent 

thermal and chemical stability and long lifetime [26]. However, their high capital cost, low 

flexibility, and being less functionable have restricted their application in water and 

wastewater treatment processes [25]. Polymers dominate commercial membranes. 
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Commonly used polymers include polysulfone (PS), polyether sulfone (PES), 

polyvinylidene fluoride (PVDF), cellulose acetate (CA), cellulose nitrate (CN), 

polyvinylpyrrolidone (PVP), polyacrylonitrile (PAN), polytetrafluoroethylene (PTFE), 

polypropylene (PP), and polyethylene (PE). It should be noted that great scientific effort 

has been continuously carried out to develop membranes with advanced surface chemistries 

and antifouling properties. The details of advanced membranes are out of the scope of this 

section and can be found elsewhere [21,27,28]. The application of polymeric membranes 

is discussed further below. 

MF membranes – MF membranes are typically fabricated by phase inversion, 

sintering, track-etching, or stretching [6,12]. The most common polymers in MF 

applications are PVDF, PTFE, PP, PS, PE, polycarbonate, polyester, polyether imide, and 

nylon 6. Water treatment and wastewater treatment applications demand membrane 

material with high hydrophilicity and chemical stability. Although cellulosic membranes 

are hydrophilic, their susceptibility to acid and alkaline hydrolysis, high temperature, and 

biodegradation has challenged their wide application. The most widely used MF 

membranes are PTFE, PVDF, and PE due to their excellent chemical stability [15]. These 

polymers are often blended with hydrophilic polymers to reduce the surface hydrophobicity 

[14].   

UF membranes – UF membranes are commonly manufactured using phase 

inversion method [6,7,12]. The most common UF polymer is PS; however, other polymers 

have been also used, such as PVDF, cellulose, PES, PAN, and polyvinylpyrrolidone (PVP). 

Cellulosic polymers have demonstrated good antifouling properties and high flux with 

comparable rejection properties. Although, their application is restricted due to their low 

chemical stability [14]. 

RO/NF membranes – Asymmetric CA and PA membranes and thin film composites 

(TFC) have been used for RO processes over the past three decades. TFC PA membranes 

dominate the NF/RO market with the CA standing as a distant second. TFC PA has high 

intrinsic permeability due to extremely thin film (100 nm) and withstands a broader pH 
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range than CA [22]. The selectivity of TFC PA membrane is with respect to the free-volume 

hole (referred to as network holes) in PA structure which is reported in the range of 0.20 to 

0.29 nm (Figure 1.2) [29]. PA membranes are negatively charged and slightly hydrophilic 

with the contact angle reported in the range of 50° to 60°. Less attention to CA membranes 

is likely due to their low stability under oxidizing agents such as chlorine and higher fouling 

intensity due to their rough surface [22]. 

 

Figure 1.2. Layers of typical thin film composite (TFC) flat sheet RO membrane. The 

chemical structure of the polyamide active layer (skin layer) creates selectivity. Reprinted 

from [29], Copyright 2015, with permission from Elsevier. 

1.2.3. Membrane geometry and module configurations 

The most common membrane modules for water and wastewater treatment include 

hollow fibers, spiral wound, tubular, monolith, and plates [22] which are further discussed 

below. 

Hollow fibers – Hollow fiber (HF) membranes are the most common configuration 

for MF/UF applications, while they have also been used in RO operations. The outer 

diameter, inner diameter (lumen), and the length of hollow fibers are usually 0.5-1.5 mm, 

0.3-0.8 mm, and 1-2.5 m, respectively. HF membranes can be operated in two modes: 

inside-out or outside-in. In the former, influent is passed inside fibers, and permeate is 

collected from outside, while in outside-in mode the direction of flow is reversed. The 

advantages of hollow fibers include their high packing density with several thousands of 

fibers packed in a module and ease of cleaning. 
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Spiral wounds – Spiral wound (SP) modules are widely used for NF/RO 

membranes. SP modules cannot be back-washed, so they have been less used in MF/UF 

applications, although some UF applications have been reported for SPs in dairy 

processing. 

Tubular – The design of tubular membrane is similar to HF modules but with a 

larger diameter (10-30 mm). The flow direction is inside-out, and they have been used in 

food and beverage industries and wastewater treatment. The primary advantage of tubular 

membranes is being able to process influents with high levels of suspended solids. Tubular 

modules are less prone to fouling as they operate in turbulent conditions (Re > 3000). 

Monolith – Monolith module is typically used for ceramic membranes either in the 

configuration of a single tube or multi-channel honeycomb filter (up to 10 channels/cm2). 

The filters are often manufactured via ZrO2 or alumina with pore sizes ranging from 4 nm 

to 50 nm. Monolith modules have high stability due to their inorganic structure but are 

expensive and suffer from low effective surface area. 

Plate and frame – Flat sheet (FS) membranes typically consisted of two membranes 

bound together with a spacer in between. The thickness of spacers is between 2 mm to 4 

mm [92,146]. In conventional FS module configurations, a number of FS membranes (80 

to 150) stack together in a module, and the flow is from outside to inside where the permeate 

is collected from the center. The complexity of cleaning procedures and high leakage 

possibility have limited the application of FS membranes to small wastewater treatment 

units with high turbidity. 

1.3.Membrane fouling and conventional control strategies 

Membranes are subjected to fouling as their biggest problem, which is also known 

as their “Achilles hill”. Consistent separation of compounds at the membrane/solvent 

interface can lead to clogging of membrane pores or forming a layer on the membrane 

surface that blocks the easy passage of solvent [30]. Fouling is detrimental to membrane 

performance; it negatively impacts the permeate flux, enhances energy consumption, 
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increases operational downtime, and reduces the membrane lifetime [31,32]. Depends on 

the foulant type, fouling can be classified into biofouling, organic fouling, inorganic 

scaling, and colloidal fouling [33]. Different fouling types on RO membranes is presented 

in Figure 1.3. In practice, membrane fouling usually originates from a combination of 

foulant types, and membrane autopsy is used to identify the type and distribution of foulants 

[34,35]. 

 

Figure 1.3. SEM of four fouling types on membrane surfaces: (a) Biofouling, (b) Organic 

fouling, (c) Inorganic scaling, and (d) Colloidal fouling. Reprinted from [36], Copyright 

2017, with permission from Elsevier. 

In a more general classification, fouling is categorized into internal fouling (pore 

blockage) and external fouling (surface fouling) [37,38]. If foulants are comparable or 

smaller with the membrane pores, they may permeate through the surface and adsorb on 
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pore wall, leading to pore blockage. Internal fouling often leads to irreversible fouling. 

Irreversible fouling cannot be removed by physical cleaning and is removable only by 

chemical cleaning. If foulants are much larger than pores, they form a layer on the 

membrane surface (often referred to as the cake layer). Surface fouling is often reversible 

with a few exceptions (such as biofouling) and can be removed using either physical or 

chemical cleaning [37,39]. The schematic of internal and external fouling is presented in 

Figure 1.4. It is worth noting that fouling behaviour is different in low-pressure membrane 

operations (i.e., MF/UF) than in high-pressure processes (i.e., NF/RO). In MF/UF 

membranes, the chance of internal fouling and pore blockages is higher, while in NF/RO 

processes surface fouling dominates due to the relatively tight and nonporous structure of 

NF/RO membranes [40,41]. 

 

Figure 1.4. Membrane fouling process in MBRs: (a) pore blocking and (b) cake layer. 

Reprinted from [36], Copyright 2017, with permission from Elsevier. 

Fouling is a complex process and intermolecular interactions among solvent, 

foulant, and membrane are strongly influenced by the physicochemical properties of 

membrane such as charge, hydrophilicity, roughness, and affinity. Many studies have 

sought to understand and advance antifouling strategies over the past three decades. The 

interplay between parameters co-influencing fouling mechanisms is further describes 

below. In addition, factors impacting bacterial attachment is illustrated in Figure 1.5.  

• Physicochemical properties of the foulant including particles’ shape and size 

distribution, charge, and hydrophobicity 

• Feed characteristics such as pH and viscosity. 

• Membrane and module properties including pore size and shape, surface 

characteristics (hydrophobicity, surface morphology, polarity, and porosity), 

and module geometry. 
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• Operating conditions including crossflow velocity, flow rate, and aeration rate 

(submerged membrane modules). 

 

Figure 1.5. Factors affecting bacteria attachment to membrane surface. Reprinted from 

[36], Copyright 2017, with permission from Elsevier. 

An overview of fouling categories and common cleaning procedures is provided as 

follows. 

1.3.1. Biofouling 

Biofouling is defined as the adhesion and proliferation of microorganisms on 

membrane surfaces [42]. Biofouling is the most complex process among fouling types and 

consists of two main components: bacteria and extracellular polymeric substances (EPS). 

Microorganisms excrete EPS during the metabolism cycle [43]. EPS are mainly composed 

of proteins, polysaccharides, lipoproteins, glycoproteins, nucleic acids, or lipids [37,44,45]. 

A schematic of EPS is shown in Figure 1.6. 
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Figure 1.6. Schematic of (a) EPS structure and (b) cell structure. Reprinted from [46], 

Copyright 2014, with permission from Elsevier. 

The development of biofilm includes three phases: bacteria attachment, 

reproduction, and detachment [47], as illustrated in Figure 1.7. Bacteria attachment is the 

most critical stage in biofouling, and a number of other factors can affect this process 

including microbial properties (hydrophobicity, surface charge, and surface structure) 

[48,49], membrane surface characteristics (surface hydrophobicity, surface charge, 

chemical compositions, roughness, surface morphology) [50,51], as well as operational 

conditions (permeate flux, crossflow velocity, temperature, pressure, pH, salt 

concentration, presence of certain molecules) [52]. In the reproduction stage, attached 

bacteria use nutrients in the media to proliferate and excrete EPS [43]. The excretion of 

EPS results in a more robust and resistant biofilm [53,54]. In addition, EPS can protect the 

biomass from shear forces and biocides [55]. Finally in the detachment stage, 

microorganisms leave the biomass due to lack of nutrients and migrate to new sites to grow 

a biofilm [56]. 

It is suggested to control the biofilm at the early stages of formation as mature 

biofilms are harder to remove. It is worthy to note that presence of other foulant types can 

impact the biofouling rate. Weinrich et al. [57] studied the relationship between membrane 

fouling rate and organic carbon content (bacteria nutrient) and found a strong correlation 

between membrane biofouling and influents’ nutrient level. 
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Figure 1.7. Sequence of events leading to the formation of a Biofilm. Reprinted from [45], 

Copyright 2011, with permission from Elsevier. 

Biofouling can be developed on all membrane categories (MF, UF, NF, RO). The 

most common anti-biofouling strategy is the use of chemicals and biocides [47,58–60]. 

However, chemical cleaning forces operational downtime, demands high chemical 

consumption, and can be detrimental to membrane surface. For example, chlorine as an 

anti-biofouling agent is oxidative for polyamide RO membranes [59]. Many studies have 

been devoted to control and mitigate biofouling [61–63]. 

1.3.2. Organic fouling 

Organic fouling is due to the accumulation of organic matters such as humic 

substances, polysaccharides, proteins, lipids, amino acids, and organic acids on the host 

membrane material [64,65]. Since organic compounds cover a wide range of substances, 

many studies that have investigated organic fouling used model foulants to represent 

organic fouling. The most common model foulants are bovine serum albumin (BSA), 

alginate, and humic acid. In organic fouling, co-interactions between water, foulant, and 

surface play a significant role in the intensity of fouling. The MW of organic compounds 

is another crucial factor [66]. Organic fouling is typically controlled by physical cleaning, 

chemical cleaning, or a combination [67]. 

1.3.3. Scaling 

Mineral scaling is referred to the deposition of inorganic compounds on membranes 

or inside membrane pores [68,69]. Inorganic ion concentration substantially increases at 

the surface hydrodynamic boundary layer during filtration processes and forms a 
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supersaturated layer, known as the concentration polarization (CP) layer. When ions exceed 

the equilibrium solubility product in the boundary layer, they become prone to nucleation, 

deposition, and crystal growth, collectively called scaling process [70,71]. Scaling can be 

homogenous or inhomogeneous. Homogeneous nucleation occurs in the solvent bulk, while 

inhomogeneous nucleation occurs at the surface, following a much faster crystal growth. 

Common scalants include calcium sulfate, calcium carbonate, calcium phosphate, and 

barium sulfate, with calcium sulfate and calcium carbonate being the most common (Figure 

1.8). 

 

Figure 1.8. Common studies on inorganic fouling for RO membranes between 2007 to 

2017. Reprinted from [36], Copyright 2017, with permission from Elsevier. 

1.3.4. Colloidal fouling 

Colloids are fine suspended particles ranging from a few nanometers to a few 

micrometers [71,72]. Colloidal fouling is caused by the deposition of colloids on membrane 

surfaces [69]. Two major colloidal foulants are inorganic compounds and organic 

macromolecules. In many published articles, colloidal fouling is integrated into inorganic 

scaling or/and organic fouling and discussed as a whole. The common inorganic foulants 

in marine environments include aluminum silicate, silica, iron oxides/hydroxides, while 

organic compounds in the water mainly consist of polysaccharides and proteins [73]. 

Similar to other fouling types, colloidal fouling could be heavily influenced by operating 

conditions, foulant characteristics (colloids size, charge, shape), and interactions with other 

foulants [74–78]. 

1.4.Application of electrically conductive membranes to mitigate fouling 
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Electrically conductive membranes (ECMs) can control and mitigate fouling by 

using electrical potential externally applied to their surfaces. ECMs, owing to their 

conductive surface, can distribute the charge across the surface that in turn induce 

antifouling and self-cleaning mechanisms at the membrane/solvent interface [79–83]. 

Electrical currents are either positive (referred to as anodic) or negative (referred to as 

cathodic) and can be applied in direct or alternative modes. ECMs can change the 

physicochemical properties of the surface (charge, hydrophilicity) with respect to the 

current type externally applied to them. In addition to antifouling properties, ECMs can 

also be deployed in water purification and disinfection applications owing to their advanced 

reduction-oxidation properties. Their enhanced removal efficiency is due to their unique 

electrochemical flow-through filtration configuration, confining degradation pathways to 

membrane’s electroactive pores [84–87]. ECMs have effectively removed various 

contaminants such as pharmaceuticals [88], heavy metals [89], organic compounds [90], 

and pathogenic microorganisms [91,92]. 

 Application of electrical field in membrane-based separation processes is often 

referred to as electrofiltration [93]. In electrofiltration processes, two electrodes are placed 

in the filtration cell, where ECM operates as the working electrode, and a conductive 

electrode acts as the counter electrode [72,94]. The application of ECMs have been 

extended to different membrane categories (MF, UF, NF, and RO) and they became 

available at different membrane configuration (flat sheets [79–83], hollow fibers [95–97]). 

The primary challenges associated with the commercialization of ECMs include stability 

of ECMs [98], additional energy consumption [99], and practical module configuration 

[100]. High electrical current can be destructive to conductive surfaces and induce electro-

corrosion. Moreover, advanced antifouling properties of the membranes come at the cost 

of additional energy consumption. Finally, the commercially available membrane modules 

are not compatible with ECMs and cannot readily host counter electrodes.  

ECMs have been made of different materials such as conductive polymers (e.g., 

polyaniline, polypyrrole) [101], carbonaceous materials (CNT, graphite, graphene, CNFs) 

[102–107], or inorganic materials (i.e. Ti4O7, lead, zirconate, titanate) [108,109]. The 
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application of conductive polymers is restricted due to their lower-range conductivity and 

susceptibility to harsh conditions of water treatment (exposure to chemicals). Although 

inorganic metals and ceramics have recently received significant attention, their application 

is limited due to their high cost and low processability. Carbonaceous materials are the 

most common class of ECMs due to their flexibility, processibility, and low cost. Carbon-

based membranes are synthesized using various techniques such as vacuum filtration [105], 

interfacial polymerization [110], phase inversion [111], and electrospinning [112,113]. 

Most ECMs are fabricated as composites which consist of a conductive layer deposited on 

porous support [103,106,107,114]. 

Since the introduction of ECMs, great research effort has been carried out to 

demonstrate the application of ECMs, their advanced flux, and antifouling properties in 

water and wastewater treatment operations [80,115]. In addition to separation applications, 

ECMs have been used in several other applications such as electronic devices, fuel cells, 

sensors, catalysts, and biomimetic devices [116–120]. 

1.5.CNT-based electrically conductive membranes 

Membranes made of carbon nanotubes (CNTs) were among the first generation of 

ECMs, and thus far have stimulated the most interest in electrically-assisted filtration 

processes [103,114,121]. CNTs have a 3D tube-like structure with aspect ratios greater than 

1000 [122]. CNTs are available as single cylinders (refereed as single-walled CNT 

(SWCNT), or two or more coaxial cylinders (referred to as double-walled CNT (DWCNT) 

and multi-walled CNT (MWCNT)). CNTs possess high specific surface area, exceptional 

mechanical strength, and excellent electrical conductivity [123]. For example, SWCNTs 

have high electrical conductivity in the order of 104 S/cm at room temperature [124]. CNTs 

have been used in a wide range of applications [60,125]. Their 3D structure and high 

specific surface area allow them to form porous structures with facilitated mass transfer 

and convective flux [126]. In addition, on account of their high specific surface area (50-

1000 m2/gr) [127] and ease of functionality, they have been considered as adsorbents for 

organic compounds [47,128] or heavy metals [129]. 
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The major obstacle associated with CNTs is their susceptibility to anodic oxidation. 

CNTs are unstable under high anodic currents due to degradation of the CNT structure 

[130–132]. CNT corrosion decreases the CNT conductivity (by damaging the surface sp2 

conjugation) critical for electrochemical applications [133]. The anodic stability of 

SWCNT, and MWCNT was reported as 1.0 V (vs. Ag/AgCl) and 1.7 V (vs. Ag/AgCl), 

respectively [98]. The commonly applied potentials to ECMs to promote electrochemical 

reactions are often beyond their anodic stability [98,134]. Therefore, research development 

for more stable material is critical to facilitate the broad application of ECMs. 

1.6.Motivations, objective, and thesis structure 

Electrically conductive membranes have received growing attention due to their 

advanced antifouling performance, electro-catalytic properties, and ease of operation. Since 

the introduction of ECMs, many studies have consistently attempted to advance ECMs. 

The significant body of studies was focused on the application of ECMs, innovating stable 

material, exploring their surface chemistry, and expanding their configuration. The 

application of ECMs has been mainly demonstrated for water treatment and wastewater 

treatment. Although most of the studies have been carried in the lab scale, they have 

demonstrated excellent antifouling properties of ECMs against biological substances, 

organic compounds, mineral ions, and colloids. Developing stable surfaces that can 

withstand long-term exposure to harsh chemical and electrical stress has been another 

research-intense scope of the ECM field. For example, application of conductive ceramic 

membranes [108,109], or methods such as doping the carbonaceous material with other 

elements to enhance their electrochemical stability [98] have been suggested. In addition, 

many studies have focused on improving the surface chemistry of ECMs. The majority of 

research work was directed to (a) Fabrication of more conductive membranes to enhance 

the rate of electron transfer and lower the energy consumption [101], (b) Increasing the 

porosity of conductive layer to make the membrane less hydraulic resistant. For example, 

some studies have suggested using metal spacers between graphene sheets to enhance 

permeability [135–137], and (c) Incorporation of functionalities and polymers in ECMs for 

applications beyond antifouling purposes such as electro-catalytic processes. For example, 
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it has been shown that decorating CNT with nano zerovalent iron successfully enhanced 

the reductive potential of ECMs for the removal of azo dyes under application of cathodic 

current [138]. The majority of these reports were for flat sheet membranes, however, a few 

reports have indicated the practicality of ECMs in hollow fiber modules. 

Despite promising results disclosed by ECMs, their underlying mechanisms have 

never been comprehensively discussed. Antifouling mechanisms occur in response to the 

current pattern externally applied to the surface, including current type (positive, negative), 

configuration (direct, alternating), magnitude, and frequency. Therefore, taking full 

advantage of responsive surfaces demands a deep understanding of antifouling mechanisms 

with respect to surface polarization. In addition, since the application of ECMs in separation 

processes is still considered a relatively new field, the connection between the current 

pattern and application is of great importance for optimizing electrofiltration processes. In 

ECM applications, electrical current has often been applied without deep consideration of 

foulant’s physicochemical properties. Foulants in water and wastewater treatment 

processes (biological, organic, ions, colloids) cover a wide range of properties and it is 

anticipated that they react differently to identical current patterns. Therefore, establishing 

a robust connection between ECM applications and the governing antifouling mechanisms 

is needed to guide researchers to more optimized ECM applications. Moreover, although 

the instability of conductive surfaces is well-recognized, there is still a lack of standard 

methodologies to detect and quantify such instabilities. Quantification of instabilities 

gauges the advances in this regard, helps setting benchmarks for surface stability, and 

discloses the actual properties of ECMs during operation. 

The present work follows several goals as follows: understand and discuss 

antifouling mechanisms associated with ECM, systematically review the connection of 

mechanisms with ECM applications, explore the surface chemistry of ECMs for tunable 

properties using crosslinking chemistry, setting innovative methodologies to quantify 

physical, electrochemical, and mechanical stability of ECMs, and investigate the impact of 

different electrically-induced antifouling mechanisms on a model biofoulant. This thesis 
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consists of seven chapters including the current one. The scopes and goals of chapter 2 to 

7 are presented as follows: 

Chapter 2 summarizes how different electrode polarizations such as positive 

current, negative current, direct current (DC), or alternating current (AC) can induce 

various antifouling mechanisms in electrically-assisted separation processes. In addition, 

we analyzed the mechanistic behaviour of each mechanism across membrane applications 

by providing examples. Understanding the mechanisms, it is crucial to establish a 

connection between the current patterns commonly applied to ECMs and the ECM’s 

applications in separation processes, which is presented in Chapter 3. In so doing, we 

critically reviewed antifouling applications of ECMs for four major fouling categories (i.e., 

biological, organic, oil wetting, and mineral scaling) with the focus on the relevant 

antifouling mechanisms and their interactions with the foulants discussed at the end of each 

subsection. 

In chapter 4, we explored the surface chemistry of CNT-based ECMs. We 

fabricated a nanocomposite consisted of an electrically conductive layer on top and a PES 

membrane as support.  We showed that integration of cross-linkers with different lengths 

in the network could change the compactness of the thin layer and impact the pure water 

flux and electrical conductivity of the membrane. We analyzed the impact of cross-linker 

lengths, mass of CNTs, and crosslinking degree on the thin film’s electrical conductivity, 

pore size, surface hydrophilicity, and the resultant ECM permeate flux.  

While the wide range of characterization tests carried out in Chapter 4 provides us 

with physicochemical properties of ECMs, it is important to understand such properties 

during the operation. Therefore, we investigated the stability of ECM from different aspects 

which is presented in Chapter 5. In more detail, we studied the 1) electrochemical, 2) 

physical, and 3) mechanical stability of microfiltration (MF) and ultrafiltration (UF) 

CNT/PVA-based ECMs, as commonly used membranes in the literature. We investigated 

1) the anodic oxidation of the surface to quantify the electrochemical stability using 

chronoamperometry and cyclic voltammetry, 2) the physical stability of membranes 
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stabilized with common crosslinking agents under various operating conditions such as 

transmembrane pressure (TMP), temperature, and foulant concentration, and 3) the 

mechanical stability of ECMs with micro scratch testing. In addition, we showed the 

antifouling potential of fabricated ECMs towards a realistic mixed bacterial culture in an 

aqueous feed under application of electrical potential. As our aim in this work was to 

provide standard, innovative, and straightforward methodologies for researchers in the 

field, we disclosed the details on the design, operation, and proper data analysis of our 

proposed standardized methods, i.e., 1) electrochemical oxidation, 2) pressurized leaching, 

and 3) surface scratch testing in Chapter 5. The outcome of Chapter 5 can provide insight 

for making more practical ECMs. 

The antibiofouling experiment carried out in Chapter 5 demonstrated the excellent 

anti-biofouling performance of ECMs, however, the impact of antifouling mechanisms 

involved was only hypothesized. Therefore, Chapter 6 is devoted to identifying the primary 

mechanisms responsible for advanced performance of ECMs against biofilms. To this end, 

we quantified the CNT-based ECM’s (CNT-ECM) electrochemical anti-biofouling 

mechanisms (generation of protons, hydroxyl ions, and H2O2) at their surface, under wide 

range of applied electrical currents (± 0-150 mA). We grew E. Coli on the surface of ECMs 

and then investigated how each of these products electrochemically-generated from the 

ECM surface impacted E. Coli’s viability in batch systems and when the membranes were 

operated in flow-through mode. This study provides guidance on matching antifouling 

mechanisms to the application of ECMs and on identifying the current pattern to maximize 

the efficiency of these mechanisms. 
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2.1.Abstract 

The past decade has witnessed extensive research in developing and applying 

electrically conductive membranes (ECMs) to water and wastewater treatment. These 

membranes combine separations with electrochemical reactions and demonstrate anti-

fouling and self-cleaning properties, in-situ degradation of contaminants, surface-meditate 

reactions, and sensing capabilities among other abilities. Most studies have focused on their 

promising anti-fouling properties, but discovering their full potential demands a deep 

understanding of underlying antifouling mechanisms. Activation of electrically-promoted 

antifouling mechanisms depends on the applied current pattern, which includes current type 

(anodic, cathodic), configuration (direct, alternating), magnitude (amplitude), and 

frequency. We summarized how different electrode polarizations can generate various 

antifouling mechanisms in membrane-based processes. We then analyzed the mechanistic 

behaviour of each mechanism across membrane applications. Finally, the future outlook of 

ECMs is reviewed to highlight challenges that need to be overcome and opportunities for 

researchers and industry alike. 
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2.2.Introduction 

Membrane-based separations are the technology of choice for producing high 

quality potable water and will be increasingly important for providing millions of people 

with access to potable water across the globe. Pressure-driven membranes have dominated 

these separations due to their low cost, ease and versatility of operation, small footprint, 

energy efficiency, and high permeate quality [1]. Commercial pressure-driven membranes 

are categorized by their selectivity into four major groups: microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). MF and UF membranes 

are commonly used to separate large pollutants such as bacteria, suspended solids, oil 

particles, and organic matter, while NF and RO membranes can separate smaller sized 

dissolved organic matter and ions, such as ions and heavy metals. Despite the widespread 

use of membranes, improvements have been steadily sought for higher membrane 

longevity, better energy efficiency, higher selectivity towards recalcitrant contaminants, 

and higher resistance against fouling, the so-called “Achilles heel” of membrane-based 

processes.  

Fouling arises from the accumulation of contaminants at the separation interface 

and can be categorized into biofouling (e.g., bacteria, viruses), organic fouling (e.g., 

organic matter, hydrocarbons, oil particles), mineral scaling (e.g., salts), and colloidal 

fouling (e.g., silica, clay) [2,3]. Many strategies have been proposed to address fouling 

issues including feed pre-treatment (feed screening, using antiscalants, pH adjustment), 

physical cleaning (backflushing, cross-flushing), chemical cleaning (using detergents, 

acids/bases), and mechanical cleaning [4–8]. Although such strategies have evolved over 

the years, they are considered energy- and time-intensive due to operational downtime, 

environmentally detrimental due to the release of hazardous chemical waste, and 

uneconomical as they compromise membrane integrity, reduce membrane lifetime, and 

consume substantial quantities of chemicals. Thus, it is essential to develop membranes 

with advanced antifouling properties. In addition, it is desired to develop membranes with 

targeted selectivity to enhance their overall separation performance. Selective membranes 
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target contaminants with regard to their physicochemical properties such as hydrodynamic 

size, charge, hydrophobicity, and solubility. 

Electrically conductive membranes (ECM) were invented to eliminate the 

challenges involved with traditional cleaning techniques by incorporating self-cleaning 

mechanisms to membranes [9–13]. ECMs contain a conductive surface that facilitates a 

current or electrical charge accumulation, in turn enabling many antifouling mechanisms 

at the membrane surface/water interface including a strong electrostatic repulsion between 

the membrane surface and like-charged contaminants, electrochemical reactions driven by 

electrical current, and enhanced electrophoretic mobility of particles at the surface. ECMs’ 

active anti-fouling mechanisms are particularly beneficial because they a) are more 

effective than conventional treatment, b) reduce chemical usage, and c) can be specific to 

the foulants of concern. Specifically, electrically-induced antifouling mechanisms target 

foulants where they deposit, i.e. locally at the membrane/foulant interface, which makes 

ECMs more effective than traditional antifouling methods. The chemical-free in-situ 

generation of anti-foulants reduces the reliance on antifoulants and biocides, which reduces 

hazards associated with chemical handling and storage, chemical transportation and storage 

costs, the negative impact that chemicals have to membrane integrity, and the volume of 

chemical waste produced. Finally, a responsive, in-situ anti-fouling method can be tailored 

to a foulant type by applying the correct current configuration that most effectively removes 

or degrades that foulant.  

Since the introduction of ECMs in the separation-based technologies, their 

application has been extended to different membrane categories including MF, UF, NF, 

and RO. For instance, incorporating ECMs in anaerobic MBRs has been suggested as a 

viable option for antifouling purposes as MBRs are highly susceptible to fouling and air-

scouring is not possible in anaerobic conditions [14]. ECMs have been fabricated from a 

wide range of materials including carbon-based material (e.g. carbon nanotubes (CNTs), 

graphene, graphite, carbon nanofibers (CNFs)) [15–20], electrically conductive polymers 

(e.g. polyaniline) [21], and inorganic materials (e.g. ceramics, metals) [22,23]. Hybrid 

membranes are the most common type of ECMs. These are primarily composed of non-
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conductive membranes (PES, PVDF, ceramic), which support a conductive coating layer. 

In addition to ECMs’ antifouling properties, they can be coupled to electrochemical 

impedance spectroscopy (EIS) to detect and monitor fouling at the early stages of filtration 

[24]. Their self-cleaning abilities coupled to their foulant detection potential has found 

applications in sensors [25,26]. In addition, ECMs have shown promise for applications in 

other technologies including fuel cells, catalysts, and biomedical applications.  

Over the past five years, many review papers have been devoted to ECMs [9–11,27–

32]. A summary of the relevant work is presented in Figure 2.1.. Papers have offered a 

comprehensive review on ECMs, their material type, and their antifouling application; 

however, the underlying mechanisms have never been comprehensively discussed. The 

present review aims to explain the governing antifouling mechanisms to provide an 

understanding of published anti-fouling results and guide researchers to more effective 

materials and voltage application. Herein we provide a comprehensive and systematic 

discussion on electrically-induced antifouling mechanisms. Finally, this review discusses 

the outlook and limitations of ECMs and projects the opportunities that exist for academics, 

innovators, and industry within design, testing, operation, and optimization of ECMs for 

broad industrial adoption. 
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Figure 2.1. ECM review papers from 2015 to 2021 [9–11,27–33]. 

2.3.Antifouling mechanisms 

Cathodic and anodic currents have been widely used in electrically conductive 

membranes (ECMs) for antifouling purposes. The conductive surfaces of these membranes 

are exposed to currents in the form of direct current (DC, electrical charge is applied in a 

single polarity) or alternating currents (AC, electrical charge is reversed polarity 

intermittently). DC can be applied with constant or changing current magnitudes, and AC 

can be applied with periodic or irregular intervals with changing amplitude as shown in 

Figure 2.2. 
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Figure 2.2. Examples of different electric current configurations applied to ECMs, (a), (c), 

and (e): Direct current. (b), (d), and (f): Alternating current. (e) and (f) are sometimes 

referred to as block current. 

Cathodic and anodic currents activate different antifouling mechanisms at the 

interface of the ECM and the solute depending on the current range. Electrically-assisted 

antifouling mechanisms are exclusive to the current type as well as to the current 

configuration. The range of potentials commonly applied to ECMs to activate a specific 

type of antifouling mechanism is provided in Figure 2.3. ECM anti-fouling effectiveness is 

maximized when the antifouling mechanism is matched to the foulant type.  

Investigations of ECM antifouling have thus far focused on the impact of electrical 

potential on specific types of fouling, i.e., biofouling, scaling, organic fouling, or colloidal 

fouling, however a fundamental understanding of the antifouling mechanisms and their 

interactions with the foulants of interest is not often considered. Energy-efficient and 

optimized ECM applications necessitate a deep understanding of underlying mechanisms 

and their impact on foulants. Therefore, it is important to identify the current type and the 

corresponding current range at which ECMs induce specific antifouling mechanisms. To 

this end, electrically-induced antifouling mechanisms are explained in detail in this review. 
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Figure 2.3. The range of electrical potentials commonly applied to ECMs, and the resulting 

electrical and electrochemical phenomena that could be used to prevent fouling. *: 

activation at low voltages requires high frequencies. §: depends on the foulant type (the 

range is for organic contaminates). †: depends on the gas evolution potential of the 

electrode (ranges are for carbon-based membranes). ‡: requires the presence of Cl and S in 

the solution. 

2.4.Cathodic current 

Cathodic current has been widely used on electrically conductive membranes 

(ECMs) either directly or in combination with anodic current in separation processes. 

Despite the critical role of cathodic current in antifouling performance of ECMs, few 

manuscripts have studied the antifouling mechanisms associated with cathodic current. In 

addition, there have been no systematic studies on the optimum current range to achieve 

the greatest antifouling performance. An understanding of the various mechanisms 

associated with different cathodic currents can guide future studies on the optimal applied 

current for membrane-based separation technology. 

https://en.wikipedia.org/wiki/Section_sign
https://en.wikipedia.org/wiki/Double_dagger_(typography)
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2.4.1. Electrostatic repulsion 

Cathodic current provides a negative charge across the surface that induces a 

repulsive force to negatively charged particles. Many aqueous particles and molecules 

relevant to water treatment have negative surface charges, including bacteria, viruses, 

anionic organic particles, and anions. For instance, the majority of particles in the decanted 

effluent of sequencing batch reactors (SBRs) are negatively charged [34].  

At the interface of the membrane surface, particles are influenced by the 

electrostatic force (FES), van der Walls forces (FvdW), cross-flow lift (FL), as well as 

permeation drag (FD). The net force (𝐹𝑇) applied on the particle is determined as follows: 

FT = FD + FL + FES + FvdW                                                                                                  Eq. (1) 

The electrically-generated repulsive force dominates at short-ranges within a few 

nanometers (<10 nm) [35–37]. The Derjaguin, Landau, Verwey, and Overbeek (DLVO) 

model incorporates the Poisson-Boltzmann (PB) equation to determine the electrostatic 

forces from regular surfaces and can be used to describe how charged surfaces influence 

foulants [36].  

The DLVO model indicates that the magnitude and direction of net force from 

charged surfaces (e.g., ECMs) on particles varies with respect to the distance from the 

surface. At very short distances (<0.1 nm), the attractive Van der Walls force is dominant 

while at longer distances (>3 nm), the permeate drag force and the electrostatic force 

dominate particle-membrane surface interactions [38]. The drag force impacts the settling 

of particles towards membranes, and significantly impacts large particles (e.g. 0.22 nN and 

0.40 nN for particles of size 1.16 µm and 2 µm, respectively) while it is negligible for small 

particles such as ions [36].  Thamaraiselvan et al. calculated interfacial forces for adhering 

bacteria in a flow cell at 3-6 nm away from a polarized surface under 2 V cathodic potential 

[36]. At such distances, they found that the net repulsive force from Van der Walls 

( ~10−3 nN ) and cross-flow lift ( 2.12 × 10−5 nN ) was negligible compared to the 

electrostatic (0.85-1 nN) and permeation drag force (0.09 nN). At shorter distances (< 3 
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nm), the attractive Van der Walls forces were found to cause the attachment of negatively 

charged bacteria to the cathode electrode, despite their like polarity. An electric potential 

applied to the surface of an ECM impacts the distances over which electrostatic repulsive 

forces are felt by charged particles in solution. This distance is represented by the boundary 

layer from DLVO theory, which shifts away from the surface at higher potentials. 

The maximum electrostatic repulsive force that can be achieved is not substantially 

enhanced beyond approximately 2 V [35]. The electrostatic force is directly related to ion 

hydrated size, ion valence number, and ions concentration accumulated on the surface [37]. 

Therefore, the maximum electrostatic repulsive force is restricted by the limited number of 

hydrated ions that can accumulate on the surface. It is worth noting that electrostatic force 

is sensitive to the ionic strength of the media. At a high ionic strength, electric fields may 

not have much impact on fouling because the ions in solution form a thin, dense electric 

double layer [37]. 

A few research investigations have discussed the role of electrostatic forces to 

prevent surface scaling [39–41]. Scaling occurs at the interface of surface and liquid where 

high concentrations of ions accumulate and develop concentration polarization. Scale is 

formed when ions and counterions co-exist in the same stochiometric ratio as a possible 

crystal structure and when those ions reach their solubility limit at a surface. When an 

electric current is applied to the surface, an electric double layer (EDL) is formed and like-

charged ions are pushed away from the surface and replaced by unlike-charged ions. The 

migrations of ions can disrupt the stoichiometric ratios leading to an unbalanced 

concentration of either anions or cations on the surface. This imbalance can retard the 

formation of scale, while also disrupting the nucleation and growth rate of crystal structures 

[39–41]. Crystals formed under the influence of electrical fields have been suggested to be 

larger and more porous and thereby less resistant to water flux and more susceptible to 

cleaning procedures [41]. 

While the majority of cathodic-based experiments were carried out to take 

advantage of the repulsive force, their adsorption potential mediated by electrostatic 
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attraction has been also reported. Weidlich et al. [42] reported a significant decrease in the 

Ca concentration in the permeate due to the adsorption of Ca2+ ions on the negatively 

charged membrane cathode (under 0.8 V). 

2.4.2. Hydrogen gas generation 

Cathodic surfaces generate hydrogen gas following Reaction 1 and Reaction 2. 

Generated hydrogen gas forms micro- and nano-bubbles that subsequently induce several 

antifouling mechanisms at the liquid-membrane interface.  

H+ + e− →
1

2
H2                                                                                                                              (1) 

H2O + 2e− → 2OH−+ H2                                                                                                              (2) 

Once bubbles are formed and overcome the membrane surface tension, they leave 

the surface due to buoyancy and surface charge which can be described by their 

electrophoretic mobility [43]. Release of hydrogen bubbles across the surface can mitigate 

fouling in different ways, including by a) electro-steric repulsion, b) changing the feed flow 

behavior, and c) physically impacting the foulants upon bubble bursting.  

Bubbles act as electro-steric barriers at the interface of the membrane, causing both 

steric repulsion from the generated bubble itself and electric repulsion from their surface 

charge, both of which increase the surface energy between the surface and the foulant. 

Bubbles have a surface zeta potential, which is strongly dependent on the pH of the 

solution. In neutral and basic pH, hydrogen microbubbles are negatively charged [44]. For 

example, it was reported that the average surface charge of hydrogen micro-bubbles is -35 

mV at pH 5.8 and decreases with increasing pH until it reaches a plateau at pH 10 with a 

value of -110 mV. While in extremely acidic solutions (pH<4.5), the surface charge of 

bubbles is positive with an average of 20 mV [45]. As discussed later, cathodic and anodic 

surfaces have extremely high local basic and acidic pH values, respectively. As such, the 

zeta potential of the generated bubbles is expected to be negative at the cathode and positive 

at the anode. Therefore, cathodic and anodic surfaces enhance the movement of released 
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bubbles due to the repulsion with like-charged bubbles. The generation of many bubbles 

under the application of an electrical current at the surface can cause changes to the flow 

behaviour at the liquid membrane interface. Movement of bubbles increases the Reynold’s 

number (Re) locally across the surface. The average rising velocity of bubbles with a 

diameter of 50 µm is reported to be 1000 µm/s [45]. Subsequently, the local turbulent flow 

attenuates fouling intensity. Generation of bubbles has been shown effective in fouling 

control by changing the hydrodynamic and mass transfer across flat sheet membranes [46–

48]. 

Bubbles can be formed in different sizes within the micro (0.1-50 µm) and nano 

range (1-100 nm) [47,49] and burst at different rates. Bubble stability depends on the 

bubble size, gas-liquid interface permeability, Laplace pressure, type of fluid, fluid 

impurities, and flow behavior [50]. Unlike macro bubbles, which rise and expand inside 

water and burst at a liquid-gas interface such as the surface of a liquid, micro- and nano-

bubbles shrink gradually due to dissolution of the gas into the water and burst once they 

become sufficiently small (sub-nano). The Young-Laplace equation describes the pressure 

difference and the radius of the bubble as follows: 

P = Pl + 2 σ
r⁄                                                                                                                            Eq. (2) 

where 𝑃 is the internal gas pressure required to maintain the bubble integrity, 𝑃𝑙  is the 

liquid pressure, 𝜎  is the surface tension, and 𝑟  is the bubble radius. Micro- and nano-

bubbles contain high inner pressures that lead to the fast dissolution of gases into water. 

For instance, bubbles with diameters of 1 µm and 0.1 µm have inner pressures of 56.87 and 

436.47 psi on average, respectively.  Micro-bubbles are more stable than nano-bubbles due 

to their lower inner pressure, such that micro bubbles are stable within a few seconds 

(<10s), while nano-bubbles are only stable for a fraction of a second [43,51]. The mass 

transfer coefficient for small gas bubbles has been previously empirically modelled [52]. 

Micro- and nano-bubbles undergo self-bursting in aqueous solutions [53]. The burst 

generates free active radicals such as OH•. Radicals are important for fouling mitigation 

and control as discussed in section 2.4.3. The detailed mechanisms of radical generation 
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are beyond this review and can be found elsewhere [43]. In short, the concentration of ions 

(OH− and H+) at the interface of bubbles rapidly increases as micro- and nano-bubbles 

shrink. It has been suggested that the drastic increase in the density of ions triggers the 

generation of radicals. Takahashi et al. have reported the generation of free radicals from 

bubble bursting [43], although there is no direct evidence that the bubble bursting 

mechanisms mitigates fouling [54]. Further, the energy released from the micro and nano-

bubbles bursting exerts shear forces and shock waves on surrounding particles. Together 

the high shear and free radicals formed likely contribute to bubble-induced antifouling, 

however there have not been any studies that have confirmed the impact of each mechanism 

on foulants. 

2.4.3. Indirect oxidation 

Indirect oxidation is responsible for the degradation of pollutants such as 

biofoulants and organic matter, which can help reduce surface fouling. Indirect oxidation 

occurs in the aqueous media through a series of reactions that are mediated by 

electrochemically generated oxidants. Cathodic surfaces can generate reactive oxygen 

species (ROS) such as hydroxyl radicals (OH•), hydrogen peroxide (H2O2), hydroperoxyl 

radicals (HO2
• ) and superoxides (O2

•−), listed in order from most to least reactive.  [55,56]. 

Surface-generated oxidants can attack foulants at their surface adhesion interface, 

representing a significant advantage over bulk-added oxidants. Biofoulants often produce 

a defensive layer or biofilm in solution, but lack significant protection at their adhesion 

interface. Therefore, biofoulants may be more susceptible to oxidants generated from the 

surface to which they are adhered as compared to oxidants added into the bulk [57,58]. 

Furthermore, biocides and antibiotics added in the bulk are further limited in their efficacy 

by diffusion limitations within the biofilm. As such, local concentrations of biocides might 

be ineffective despite high concentrations added to bulk feed solutions [27]. 

We surmise that the discrepancy in interpreting the impact of indirect oxidation 

within the literature stems from inaccurate measurement of oxidants’ local concentration 
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at the surface of biofilms [38,59–63]. The antifouling mechanisms of specific cathodic-

generated oxidants are discussed below. 

Hydrogen peroxide 

Hydrogen peroxide can limit both biofouling and organic fouling. Hydrogen 

peroxide has been shown to be moderately effective in mitigating biofouling [57,58,64–

66]. Cathodic surfaces generate hydrogen peroxide as follows [58,59,67–72]: 

O2(g) + 2H+ + 2e− → H2O2 (E° = 0.465 − 1.000 V vs. Ag AgCl)                                 ⁄ (3) 

It has been reported that hydrogen peroxide oxidizes polysaccharides and proteins leading 

to reduced soluble microbial products (SMP) and extracellular polymeric substances (EPS) 

across the membrane [73]. Biomolecules can sense ROS and hydrogen peroxide at deficient 

concentrations (<1 µM) [38].  Hydrogen peroxide imposes oxidative stress on biological 

cells, which weakens cell adhesion and can lead to detachment and dispersal [74–76]. 

Hydrogen peroxide can also decrease cell selectivity which can result in cells becoming 

vulnerable to surrounding chemicals and stimuli [77–82]. As such, hydrogen peroxide is 

often applied in combination with other biocides to enhance the biocidal impact. Similarly, 

hydrogen peroxide can also enhance organic oxidative degradation and thereby combat 

organic fouling when it is used in combination with other advanced oxidation processes 

(AOPs) such as UV, Fenton reactions, and ozonation [83–90]. For example, in the presence 

of UV, hydrogen peroxide can reduce natural organic matter (NOM) membrane fouling by 

transforming phenolic groups in aromatic moieties of NOM to quinone groups. These 

quinone groups readily form hydrogen bonds with water molecules, reduce the homo-

interactions of NOM and thereby reduce the adsorption propensity of NOM on membrane 

surfaces [90]. In a Fenton-like reaction, hydrogen peroxide generates powerful hydroxyl 

radical species in the presence of Fe ion, which acts as a catalyst (reactions 4 and 5). These 

reactions have the potential to fully mineralize the NOM in the industrial and municipal 

waste streams [89]. 

H2O2  + Fe3+ → HO2
•  +  H+ +  Fe2+                                                                                       (4) 
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H2O2  + Fe2+ → + OH•  + OH− +  Fe3+                                                                                  (5) 

The major limitation of cathodic-induced peroxide generation is the limited 

availability of oxygen due to the low solubility of gaseous oxygen in water (8 mg/L in 

contact with air at ambient temperature and pressure) as well as the many competing 

oxygen reduction reactions [91]: 

O2(g) + 4H+ + 4e− → 2H2O                                                                                                       (6) 

O2(g) + 2H2O + 4e− → 4OH−                                                                                                   (7) 

O2(g) + 4H2O + 4e− → 2H2O− + 4OH−                                                                                (8) 

H2O2  + 2H+ + 2e− → 2H2O                                                                                                       (9) 

Radicals 

Research findings suggest that cathodic processes are able to form ROS such as 

hydroxyl radicals (OH•) [92], superoxides (O2
•−) [93–95], and hydroperoxyl radicals (HO2

• ) 

[96] as shown in Reaction 10-14. These reactions take place above surface over potential 

(1.27 V for carbonaceous material and 2.2 V for inorganic coatings). During cathode 

generated radical formation, superoxide is the dominant product [92].  

O2  + e− → O2
•−                                                                                                                             (10) 

O2
•−   + AH → HO2

• + A−                                                                                                            (11) 

H2O2  + H2O− → OH•  + O2
•− + H2O                                                                                      (12) 

H2O2  + e− → OH• + OH−                                                                                                         (13) 

O2  + 2H++ 3e− → OH• + OH−                                                                                               (14) 

Such radicals are highly active and can attack and degrade pollutants including organic, 

inorganic, and biological compounds. The inactivation/degradation process follows the 

following stages: (a) generation of active radicals (formation time in the order of 10-10 s), 

(b) diffusion into the media (time in the order of 10-3 s), and (c) inducing the reaction 
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between the radical and the pollutant (high reaction rate in the range of 106 to 109 M-1s-1) 

[97]. Many studies have indicated the promising application of radicals in water and 

wastewater treatment processes to degrade organic compounds and, more particularly 

compounds that are resistant to biological degradation such as pharmaceuticals and 

personal care products [98–104]. Amongst ROS, the hydroxyl radical is the only compound 

that can readily react and degrade aromatic compounds. Hydroxyl radicals react with most 

aromatic and unsaturated compounds through hydrogen abstraction, oxidation, and 

addition [92], and near complete organic mineralization of aromatics is possible [105–107]. 

Many studies have elucidated the role of radicals to disinfect and inactivate bio-compounds 

as biocides [36,108–113]. Radicals react with biological molecules at diffusion-controlled 

rates [109,113]. Radicals make the cell vulnerable to external stress by disrupting or 

damaging the cell wall integrity leading to cell lysis [110,112].  

2.4.4. High local pH 

Electrochemical reactions result in changes in the local pH across the electrodes. 

Water electrolysis generates high concentrations of hydroxyl ions (Reaction 15) when the 

electrode is used as a cathode [41,114]. 

2H2O + 2e− → 2OH−+ H2                                                                                                         (15) 

Hydroxyl ions diffuse into the membrane-liquid interface and alter the pH. The pH profile 

across the surface depends on the potential distribution and solution ionic strength. Large 

local pH change can beneficially control scaling and biofouling, reducing the need for 

additions of pH-adjusting chemicals (NaOH) and reducing storage and handling costs and 

complications. Electrochemical modification of pH induces pH change within a few 

nanometers of the surface. The distance over which pH is changed depends on the current 

density and the pH of the bulk solution [114]. Tang et al. applied a current density of 5 A 

m-2 (3.6 V) to a CNT surface and calculated that a 30 µm diffusive layer with pH 13.5 was 

formed [114]. 
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Scaling occurs at the surface of the membrane where the local concentration of sparingly 

soluble salts exceeds their solubility limit. The most common inorganic scales are calcium 

sulfate dihydrate (gypsum), calcium carbonate (calcite), barium sulfate (barite), and silica 

[115]. Bulk pH adjustment is a known strategy to minimize scaling, thus surface generated 

pH change has strong potential to be effective in scale reduction. Not all scale is pH 

sensitive, however precipitated silica can be redissolved and caused to rediffuse into the 

feed at high pH. The dissolution rate of silica is reported to be directly correlated to 

concentration of hydroxyl ions with a rate of [OH-]0.5 in the pH range of 10-13 [114,116]. 

The mechanism of silicate dissolution at a high pH is well documented [114,117–119]. In 

short, at a high pH (particularly above 12), silica becomes fully deprotonated and negatively 

charged, leading to detachment of Si from the polymeric chain scale (depolymerization) 

and scale resolubilization [116–118].  

In addition, heavy metals such as As, Cu, and Zn are less stable and insoluble at higher pH 

values. pH adjustment has been used to enhance the separation efficiency of toxic semi-

metallic elements in filtration processes [120–124]. Therefore, such practice can be 

promoted by ECMs working as a cathode, increasing the local pH at the surface. 

2.4.5. Electroporation 

A high electric field can induce a potential difference across bacterial cytoplasmic 

membranes which can damage their cell wall [125]. If the potential difference exceeds the 

membrane electroporation threshold, the pores of the cytoplasmic membrane expand 

leading to changes in cell permeability and conductivity [126]. As such, the cell undergoes 

ionic imbalance-induced metabolic stress, and the osmotic imbalance can cause cell lysis 

[127]. The electroporation threshold is assumed to be 1 V across a bacterium [128], and 

high electric fields (20 V) induce irreparable damages to cell membranes [129–131]. 

Electroporation has been demonstrated to inactive bacteria [132,133], protozoa [134], and 

viruses [133,135]. The inactivation efficiency due to electroporation relies on the intensity 

of electric field, frequency and magnitude of the pulses, size of microorganism, incubation 

time, and temperature [136,137]. The effective frequency of electric field pulses for 
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electroporation is in the range of kHz to GHz [138–140]. High frequencies are even able to 

damage microbial DNA. It has been suggested that while low frequencies (50 Hz) might 

not be sufficient to damage the cell membrane directly, low frequencies can alter microbial 

morphotypes which may suppress bacterial population growth [141,142]. 

2.4.6. Electrical field-induced mobility 

Movement of a particle in an electro-flow cell can be described by extended Nernst-

Plank (Eq. 3). 

Ji = −Di

∂Ci

∂x
− Dici

ziF

RT

∂ϕ

∂x
+ civ(x)                                                                                      Eq. (3) 

Where the first, second, and third terms are diffusive, electric field-induced, and convective 

fluxes. Ji  represents the average flux of charged particles i. Di  and ci  are the diffusion 

coefficient and particle concentration, respectively. F and R are the Faraday constant and 

ideal gas constant, respectively. T is the absolute temperature, zi is the valence number of 

charged particles i, v(x) is the velocity of the fluid through media, and 
∂ϕ

∂x
 is the electrical 

field. According to Eq. 3, an externally applied electric field can be used to control the 

mobility of charged particles by counteracting the diffusive and convection fluxes. An 

applied electric field induces an electrophoretic force on the adhering particles which is 

proportional to electrophoretic mobility and electric field strength. The electrophoretic 

velocity of particles can be described by the Smoluchowski’s equation as follows: 

U = (
εξp

4πη
) E∞                                                                                                                          Eq. (4) 

Where ξp is the zeta potential (electrostatic surface potential) of the adhering particles. ε 

and η represent the dielectric constant and viscosity of the fluid and E∞ is the externally 

applied electrical field. The ratio 
U

E∞
 describes the electrophoretic mobility of the particle 

[143]. 
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Electrically-induced forces are either perpendicular to the surface (electrostatic and 

electrophoretic forces) or parallel to the surface (electroosmotic forces). The electrostatic 

force enhances the movement of particles perpendicular to the electrode surface, by 

attracting unlike-charged particles and repeling like-charged particles. Bacteria and other 

natural organic foulants are often negatively charged, thus the electrostatic force can repel 

them from surfaces under cathodic bias. Poortinga et al. reported the magnitude of the 

electrophoretic force for the bacterium, Streptococcus oralis, to be in the order of 10-4 nN 

under 1.9 V (0.8 mA) applied potential [144]. The strength of the electrophoretic force is 

insufficient to overcome the bacterial adhesion force which is reported to be two orders of 

magnitude larger [144]. However, the enhanced particle mobility due to the electric field, 

can weaken the surface binding energy sufficiently such that adhered particles can be 

detached by lateral shear forces induced by convective flow [145].  

In contrast, the electroosmotic force is the motion of charges and the associated 

liquid within the electric double layer along a charged surface in the direction of an applied 

electric field. Poortinga et al. have estimated the electroosmotic force for bacterial cells 

positioned 1 µm away from the surface at a current of 0.8 mA to be on the order of 10-4 nN 

[144]. It has been shown that forces in the range of 10-3-10-5 nN can induce lateral 

movements to bacteria [146].  

2.4.7. Electro-wetting 

Electric fields can change the wettability of carbon-based material (graphene and 

CNT) from hydrophobic to hydrophilic [147,148]. Many studies have shown that 

hydrophilization of membrane surfaces can reduce fouling intensity, thus electro-wetting 

effects could indirectly reduce surface fouling, in particular that associated with 

hydrophobic foulants [149–152]. Under high applied potentials to electrically conductive 

membrane surfaces, solvated ions are attracted to charges along the surface causing water 

droplets to spread and fill hydrophobic pores. This effect decreases the surface energy 

enhancing the surface hydrophilicity [148]. The electrical field-assisted transition from 

super-hydrophobicity to super-hydrophilicity can be explained by classical models, i.e. 
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Cassie-Baxter and Wenzel which are out of the scope of this study [153]. It has been shown 

that the application of electrical potentials (up to 20 V) on MWCNTs could decrease the 

surface contact angle by as much as 70% (from 140° to 40°) [148]. The threshold potential 

for the reduction of contact angle has been reported to be 3 V on CNT surfaces [148]. 

Beyond a certain voltage (20 V), little change in contact angle occurs due to surface 

saturation with water [148]. There is contradictory evidence for the polarity dependence of 

water wettability. Pu et al. [154] have reported the same degree of electro-wetting for 

anodic and cathodic potentials of the same magnitude for CNT and graphene films, while 

Wang et al. [155] have demonstrated significantly different threshold voltages for anodic 

and cathodic polarization (1.7 V vs. 60 V, respectively). 

2.4.8. Direct reduction 

Direct reduction has been suggested for partial degradation of environmentally 

recalcitrant contaminants in wastewater treatment [156–159]. In spite of some promising 

results of direct reduction of wastewater contaminants, less research has been conducted 

on direct reduction as compared to direct oxidation. In general, cathodic current can be 

applied for electrochemical dehalogenation of organochlorinated contaminants such as 

dechlorination of dyes, reduction of amino-derivative compounds such as antibiotic 

sulfonic acid, and reduction of nitroaromatic contaminants such as nitrobenzene 

[91,157,160–162]. The main research challenge is the selection of materials that prevent 

hydrogen evolution as a side reaction. Cathodic reduction is not suggested as an efficient 

antifouling mechanism, but it is an excellent option for removing recalcitrant contaminants 

that are resistant to conventional treatment processes. 

2.4.9. Temperature 

Local temperature rise generated by electrical current has been mostly observed 

during anodic polarization at either direct or alternating current modes, hence it is discussed 

in section 2.6.3. 

2.5.Anodic current 
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Anodic current has been extensively applied in electrically conductive membranes 

to achieve antifouling performance. In the following sections, an in-depth discussion is 

provided for each mechanism associated with anodic current. 

2.5.1. Electrostatic repulsion 

The impact of electrostatic repulsive force on foulants was discussed in section 

2.4.1. Anodic surfaces have demonstrated antifouling potential through electrostatic 

repulsive force with positively charged particles, ions, and metals (e.g., 1-2 V) 

[30,38,163,164] or through electro-kinetic rearrangement of ions, hence, unbalancing the 

stoichiometric concentration suitable for scaling (e.g., 1.5 V) [41]. 

2.5.2. Oxidation 

The electrochemical advanced oxidation process (EAOP) has gained interest in the 

scientific community for the excellent potential in abatement of organic pollutants due to 

this process’s inherent environmental compatibility, energy efficiency, amenability to 

automation, and low cost. Conventionally, configurations applied in reactors suffer from 

limited mass transfer critical for electrolysis. ECMs, however, have been recently 

introduced to EAOPs and have shown promise to transform the field by taking advantage 

of their flow-through configuration. When a contaminant containing medium is filtered 

through a membrane, the diffusion pathway between the contaminant and the electro-active 

surface shortens to the radius of the pore, leading to enhanced electrochemical activity 

including direct electrooxidation as well as indirect removal by mediators. For instance, 

low-pressure ECMs can be used to target a wide range of contaminants such as organic 

compounds, microorganisms, or poorly biodegradable compounds such as 

pharmaceuticals, antibiotics, pesticides, and personal care products [32,91]. Different types 

of anodically-induced oxidation are discussed below.  

Direct oxidation 

Direct anodic oxidation is a process where contaminants become oxidized upon 

adsorption on the anode electrode, without the involvement of any chemical or mediators 
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other than electrons, which have been called the “clean reagent”. Direct oxidation is a well-

established method that has been demonstrated for the removal of organic pollutants and 

microorganisms [11,30,165–167]. For example, Liu et al. reported the rate of electron 

transfer to be 8.5 × 1015 and 1.3 × 1017 e−s−1m−2 at anodic potentials of 0.35 and 1.50 

V, respectively [163]. 

Due to direct contact of contaminants with the surface, often organic compounds 

experience electropolymerization through direct anodic oxidation, which subsequently 

causes surface fouling and poor electrocatalytic activity of the electrode, commonly called 

a “poisoning effect” [166,168–174]. The poisoning effect caused by direct oxidation of 

phenol results in electrode passivation and irreversible fouling, and has been described by 

many studies [175,176]. Electropolymerization reduces the flux and enhances the pressure 

drop across the membrane. Therefore, removal of organic compounds such as phenols 

solely through anodic oxidation has not been adapted as a sustainable approach due to pore 

blockage and irreversible fouling. 

Theoretically, anodic oxidation of organic contaminants is effective at potentials 

above that needed for water electrolysis. High anode overpotentials (above the range of 

water electrolysis (1.2 V)) are suggested to minimize electropolymerization. High 

potentials favor aromatic ring-opening and complete oxidation, however, it may be at the 

cost of electrooxidizing the anode material, which is a particular issue for carbon-based 

electrodes [177]. Doping carbon-based materials with Bi and Sb can enhance the stability 

of electrodes and decrease the extent of electropolymerization by allowing enhanced 

electron transfer for phenol oxidation. 

Direct electron transfer can also control biofouling by inactivating microbial cells. 

Inactivation of bacteria is likely due to the oxidation of intracellular coenzyme A (CoA) to 

dimeric CoA at approximately 0.7 V [108]. CoA exists in the walls of bacteria and takes 

part in the synthesis of pyruvate in the citric acid cycle, hence its oxidation halts cell 

respiration and cell viability [38]. Loss of respiration activity has been observed in Bacillus 

subtilis [178] and E. coli [38], Vibrio alginolyticus [179], and P. aeruginosa [145]. 
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Radicals 

Indirect oxidation is often the preferred method for pollutant degradation, as 

oxidation through radical mediators (e.g.  reactive oxygen species, active chlorine, 

persulphate, and ozone) avoids the destructive impact of direct oxidation on anode 

materials.  

Hydroxyl radicals are extremely active and known as the second most potent oxidant after 

fluorine [157]. Water electrolysis leads to the electrogeneration of either physisorbed 

hydroxyl radicals at the anode (as active OH•) or chemisorbed active oxygen (in the lattice 

of metal oxide anodes ) [157]. Available hydroxyl radicals can readily react with organic 

compounds as well as with the anode, depending on materialist material composition. 

Anode materials are considered “active” or “non-active” based on their reactivity with 

hydroxyl radicals. Active materials (OER<0.3) that strongly react with hydroxyl radicals 

include Pt, RuO2, and IrO2, while non-active materials (OER>0.4) such as boron-doped 

diamond (BDD), PbO2, TiOx, and SnO2  lead to preferential oxidation of organic 

compounds by electrochemically generated radicals [30,91,166,180]. Generated hydroxyl 

radicals desorb from the surface depending on the thermodynamic state of the anode. If the 

free energy of hydroxyl radicals is comparable at the surface and in the aqueous solution, 

it desorbs into the solution. Otherwise, if the free energy of physisorbed radicals is much 

lower than the aqueous solution, they readily react to form oxygen or hydrogen peroxide 

[181]. Hydroxyl radicals are limited to the interface layer (<1 μm)  due to their high 

reactivity and short lifetime [182,183]. Hydroxyl radicals have been used to both degrade 

organic contaminants as well as combat biofouling. Free radical have been hypothesized to 

alter the charge of EPS that in turn weakens the biofilm stability [184]. Interestingly, cell 

signaling role of hydroxyl radicals might take part in increasing the genetic variants of the 

biocell [185], thereby increasing the versatility and adaptability of biofilms, which may be 

counter-productive to combatting long-term biofouling [186]. 

The chemical composition of the feed solution strongly influences the oxidation 

pathways and electrocatalytic mechanisms. In the presence of available chloride ions, 
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active chemical species such as Cl2, hypochlorous acid (HOCl), and hypochlorous anions 

(OCl−), collectively called active chlorine species, can be generated at the anode described 

by a series of reactions as follows: 

2Cl− → Cl2 + 2e−      (E = 1.36 V)                                                                                          (16)  

Cl2 + H2O → HClO + H+ + Cl−                                                                                                (17)  

HClO → ClO− + H+                                                                                                                      (18)  

The in-situ generation of active chlorine has been suggested to degrade organic compounds 

[174,187,188]. The stable state of active chlorine species is pH dependent: Cl2  is the 

predominant state at pH<3, hypochlorous acid (HOCl) becomes the stable form at 5<pH<6, 

and hypochlorous anions (OCl−) are dominant at pH ≥6 [189]. Hypochlorous acid is the 

most potent oxidant among the chlorine species, hence, electrochemical processes derived 

by active chlorine oxidation are most optimally conducted in acidic media. Active chlorine 

production has been widely used to treat wastewaters due to the natural abundance of 

chloride ions [167]. Biological organisms are susceptible to electrochemically-generated 

active compounds such as active chlorine species, which target microbial cell components 

such as DNA, RNA, proteins, and lipids. In addition, electrochemistry coupled  to reverse 

osmosis (RO) has been successfully used to remove COD in RO concentrate by direct 

oxidation and indirect oxidation via chlorine species [190]. However, the possibility of 

producing toxic byproducts such as chlorinated organic compounds has raised concerns for 

expanding the application of this method. For instance, it was reported that the toxicity due 

to chlorine compounds exceeded the regulated limits during oxidation of phenol in the 

presence of NaCl [191]. 

Other examples of strong anodically-promoted oxidants are persulfate [192], 

percarbonate [193], and perphosphate [194] generated by materials such as diamond and 

PbO2-coatings and in the presence of sulfate, carbonate, or phosphate anions, respectively, 

which are described as follows: 

2SO4
2− → S2O8

2− + 2e−                                                                                                            (19) 
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2CO3
2− → C2O6

2− + 2e−                                                                                                           (20) 

2PO4
3− → P2O8

4− + 2e−                                                                                                            (21) 

The impact of anode material, their efficiency, selectivity, as well as the pollutant 

type, its concentration, and operating parameters on electrochemical processes have been 

considered in depth by many review papers in the electrochemical field [30,91,157,165–

167,195–198]. 

Active chlorine species are known bacterial disinfectant and their biocidal activity 

at low concentrations (25-100 mg/L) has been shown on S. epidermidis [199–201] or S. 

aureus [202], and P. aeruginosa [201]. 

2.5.3. Gas generation 

Anodic surfaces are able to generate oxygen and chlorine gas. The antifouling 

mechanisms associated with gas generation include steric repulsive force, enhanced 

convection, and bubble blast force that were discussed in section 2.4.2. Hence, here the side 

effects exclusively induced by each gas are discussed. 

Water electrolysis at the anode leads to the oxygen-evolution reaction (OER, 

Reaction 22).  

2H2O → O2 + 4H+ +  4e−                                                                                                         (22) 

OER competes with other oxidation reactions occurring at the anode/water interface. 

Anodic surfaces have different oxygen evolution potentials (OEP). CNTs for instance, have 

OEP of 1.2 V. Water as a solvent is more accessible to the anode electrode compared to 

contaminants, therefore, OER is the preferred reaction at the anode. OER substantially 

reduces the current efficiency for contaminant oxidation. Therefore, it is desired to 

incorporate materials with higher OEP to improve contaminant oxidation efficiency [177]. 

In addition, the continuous generation of oxygen gas bubbles is a steric barrier and reduces 

the direct contact of contaminates with anode’s electro-active sites. Further, oxygen 

bubbles can block pores and reduce surface electrical conductivity. Hence, OER may 
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suppress the oxidation rate of contaminants. Several studies have attributed an observed 

reduced permeate flux to the pore blockage from electrolysis-generated oxygen bubbles 

[30,177,203,204].  

As discussed in section 2.4.3, oxygen is in high demand at the cathode. Oxygen gas 

generated at the anode can enhance hydrogen peroxide production at the cathode, however 

oxygen solubility remains a limitation. Another side effect of OER is to support the 

metabolic activity of aerobic microorganisms by providing sufficient oxygen [205]. 

2.5.4. Low local pH 

Anodic surfaces generate protons across the conductive surface following reaction 

22. Excess protons shift the local pH at the surface to acidic which can be advantageous for 

controlling scaling or biological fouling. 

Calcium carbonate (calcite) is the most common mineral scale and the main 

precipitant in reverse osmosis filtration [28]. Formation of calcite can be prevented in acidic 

environments [206]. By decreasing pH to below 7, solubility of calcium carbonate shifts to 

a soluble state (carbonate to bicarbonate), leading to mitigation of crystal nucleation and 

scale formation. Further, the addition of acid to the bulk can resolubilize calcium carbonate 

scale. Hydrochloric acid and/or sulphuric acid are commonly used to adjust feed water pH 

in drinking water and wastewater applications. This process is laborious and can corrode 

system piping. It was shown that aggressive acidic adjustment cause corrosion of system 

piping (by dissolution of Fe and Cu), in turn changing the water composition and negatively 

impacting scale formation [207]. Alternatively, electrically conductive membranes can 

electrochemically adjust the local pH without effecting the bulk pH. Further, this pH change 

can be targeted at the source of nucleation on the surface of the membrane. It was 

demonstrated that the application of anodic potential (1.8 V vs. Ag/AgCl) led to the 

successful removal of calcium carbonate and 98% permeate flux recovery. In addition, low 

pH (2.8-3) catalyzes electro-Fenton reactions in the presence of abundant Fe ions in the 

solution [197].  
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Extreme acidic conditions mitigate the growth of pH-sensitive microorganisms 

[82,208]. The role of pH in the inactivation of microorganisms is complex and involves 

developing proton imbalances across the cell wall, proton infiltration into the cell, and 

disruption of DNA, ATP, and various enzyme.  [209,210]. Electric fields can further 

enhance the inactivation of microorganisms [209]. Electrical fields increase the pore size 

of the cell thereby increasing the proton influx [209,211,212]. More fundamental details 

about the relation between pH and inactivation mechanism can be found elsewhere [211–

214]. Gram-positive bacteria such as Listeria monocytogenes, Staphylococcus aureus have 

been shown to be more resistive to low pH [82].  

Electro-induced pH changes happen at the membrane surface and are often not 

detected in the bulk. Further, in undivided flowcells, high local pH of the cathode cancels 

out the low pH of the anode, and Ca ions or CO2 generated from oxidation of carbon-based 

anode materials act as buffers in the solution [215]. As such, little research has 

demonstrated the impact of electrochemically generated extreme local pH produced at the 

surface of ECMs.  

2.5.5. Electric field-induced mobility 

The concept of electrophoretic mobility was discussed in section 2.4.6. In general, 

the movement of microorganisms is shown to be different under cathodic and anodic 

polarization. Under cathodic current, electrophoretic mobility of bacteria has been shown 

to be the dominant factor contributing to detachment of bacteria due to net negative surface 

charge of bacteria, while under anodic polarization the electroosmotic force has been 

predominantly studied. The electroosmotic force does not directly contribute to desorption 

of bacteria, however, desorption probability was observed to increase by 1000 fold 

compared to control experiments [216], which is thought to be due to the oscillating motion 

of bacteria accompanied by shear stress reducing the adhesion force. In different studies, 

the translation motion of a model bacteria, P. aeruginosa PAO1, was demonstrated via a 

quantitative particle tracking approach under anodic polarization and the trajectories of the 

bacterial cell showed a movement of 1.2-1.43 µm for 10 s [145,217] which was 
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approximately 20 times longer than movements on unpolarized surfaces. Under anodic 

current, the mobility of the negatively charged bacteria is governed by the trade-off 

between the lateral electroosmotic force and the attractive electrostatic force. The 

electrostatic attractive force becomes weaker at higher ionic strength (due to denser electric 

double layers) [217,218]. The combination of both forces induces a random movement to 

the bacteria  until the electrostatic attractive force dominates at high ionic strength [217]. It 

should be noted that electric field-induced forces do not equally stimulate all the bacterial 

strains depends on how strongly they are bound to the surface. In addition, the binding 

energy is non-uniformly distributed across the surface, which leads to uneven adhesive 

force between the bacteria and the surface [145]. It justifies incomplete detachment (80%) 

of Staphylococcus epidermidis [218,219] and Pseudomonas aeruginosa (PAO1) [145] 

under the influence of electrical field. 

2.5.6. Electroporation 

Inactivation of microorganisms due to electrical field-assisted electroporation is 

independent of electrode polarization. The inactivation mechanisms were summarized in 

section 2.4.5.  

2.5.7. Electro-wetting 

Electro-wetting phenomenon and its impact on water contact angle were discussed 

in section 2.4.7. 

2.6. AC-variable potential 

In addition to DC (anodic, cathodic), alternating current (AC) has been suggested 

in electrically promoted filtration processes for its improved capabilities in controlling 

fouling. AC periodically changes the direction of the current and provides several 

advantages as compared to DC which are discussed next. 

2.6.1. Combination of mechanisms 
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The combined effects of anodic and cathodic currents can be used for advanced 

antifouling performance by providing a variety of mechanisms in separation-based 

technologies. In the context of biofouling, anodic current has been proposed to inactivate 

bacteria through direct electron transfer while cathodic current has been suggested to cause 

bacterial detachment through electrostatic repulsive force. [144].Direct current has been 

mostly applied to synthetic and model wastewater, therefore, the results might be different 

in treating real wastewater. Real wastewater contains various foulant types with different 

physicochemical properties that makes the treatment much more complicated. Therefore, 

we surmise that application of AC current is more efficient in treating real wastewater. As 

such, a few studies have demonstrated a benefit from using AC to prevent or limit 

biofouling [36,145,220–224]. The frequency and magnitude of AC currents are of 

significant importance due to co-interactions between various foulants in the real 

wastewater. Hence, more research is demanded for tuning the current pattern to 

successfully employ ECMs for the treatment of complex wastewater. 

2.6.2. Ion rearrangement 

Rapid electro-kinetic rearrangement of ions at the surface of a membrane can be 

achieved by tuning the AC frequency which can result in a thinner electric double layer, 

slower nucleation rate, and ultimately reduced scaling. A few experimental studies have 

shown the application of AC in controlling/mitigating scaling [225]. As discussed, 

application of AC currents is considered new and has not been widely implemented in 

desalination processes. Therefore, future studies should be directed to understanding the 

impact of AC on movement of ions and investigating the viability of AC in real wastewater. 

2.6.3. Temperature 

Direct temperature effect 

The application of an alternating current to a resistor produces thermal energy in a 

process known as Joule heating or Ohmic heating, which can  increase the temperature of 

the surface and thereby locally heat the solution.  [226]. It has been demonstrated that 

thermal energy required for membrane distillation can be substantially decreased by 
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electrons flow through conductive surfaces [226]. In the absence of electrolyte or in low 

saline solutions, electrons only travel through conductive surface that leads to a significant 

increase in temperature of conductive surfaces (up to 70 °C). In strong electrolytes, electron 

flow is through the conductive surface as well as the media which leads to surface charging 

and electrochemical reactions, respectively. Under commonly reported potentials suitable 

for joule heating (20 V), harsh electrochemical reactions are expected to occur that 

subsequently lead to electro-degradation of conductive surfaces. Hence, application of 

alternating current at sufficiently high frequencies (0.1-1 kHz) is recommended to avoid 

excessive electro-degradation [226].  

The self-heating ability of conductive surfaces can be used to inactivate biofilms. 

Inactivation of microorganisms through Ohmic heating is directly proportional to strength 

of the electrical field. It has been shown that electric field with a magnitude higher than 20 

V/cm could successfully inactivate microorganisms [227]. Timmermans et al. 

experimentally investigated inactivation of food pathogens such as Escherichia coli, 

Salmonella Panama, Saccharomyces cerevisiae, and Listeria monocytogenes under electric 

field with strength of 20 kV/cm where rises in temperature were suggested to make the 

bacterial cells more susceptible to electric pulses and inactivation [209]. It is important to 

note that Joule heating is reported to be minor under low voltages (<3 V) and in flowcell 

configurations, possibly due to efficient recirculation of flow dissipating the electrically-

generated heat [36]. 

Rayleigh-Bernard convection 

In filtration processes, the concentration of foulants is intensified at the surface 

(concentration polarization (CP)), leading to solidification or settlement of particles. One 

common approach to counteract this effect is to enhance the convection of the flow across 

the surface for a thinner CP layer. Hydrodynamic instabilities at the surface lead to local 

turbulence and subsequently enhanced convective mass transfer across the surface which 

is called Rayleigh-Bernard convection. Thermal gradients caused by electrically-assisted 
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self-heating (e.g., at 1.5 V [224]) promotes Rayleigh-Bernard convection at the interface of 

the membrane and solution which helps to limit surface fouling [228,229].  

2.6.4. Volume changes of biofilm 

Oscillating the polarity of electrodes can cause contraction and expansion of the 

biofilm [230]. Biofilms become more susceptible to electrical fields and biocides as a result 

of bioelectric-induced volume changes [230]. It has been shown that biofilms can be 

expanded (up to 4%) and compacted (up to 74%) under cathodic and anodic polarization, 

respectively [230]. This effect was ascribed to local pH changes induced by electrolysis 

under different polarization and has been seen in strains such as Pseudomonas aeruginosa, 

Pseudomonas fluorescens, and Klebsiella pneumonia [230]. Biofilms were tested at pH 10 

and 3 to resemble the cathodic and anodic polarization, respectively, where the same 

structural impact was observed on biofilms.  

2.6.5. Coupling reduction-oxidation reactions 

Applying alternating currents to ECM surfaces produces both reductive and 

oxidative mechanisms. In Redox processes, complete mineralization of pollutants is not 

easily achieved due to the presence of electrogenerated byproducts. Hence, coupling anodic 

and cathodic reactions using AC, so-called “paired electrolysis”, have been proposed to 

obtain full mineralization of pollutants [91]. In electrolytic processes, anodic oxidation can 

be coupled either to direct reduction [231–235] or electro-generation of hydrogen peroxide 

[61,94,236–239]. An experimental study reported that direct cathodic reduction, anodic 

oxidation, and oxidation-reduction treatment each resulted in 10%, 75%, and 94% COD 

removal for reactive orange 4 [232]. In addition, coupled oxidation-reduction treatment was 

reported to decolorize the solution faster with fewer toxic aromatic byproducts as compared 

to direct reduction [232]. 

2.6.6. Less detrimental to membrane materials 

Applying alternating current reduces the detrimental impact of electrooxidation and 

prolongs the anode’s lifetime, particularly for carbon-based materials [226]. It has been 
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shown that low frequencies (<10 Hz) still lead to the rapid destruction of CNTs but the 

degradation can be drastically reduced at moderate to high frequencies (> 100 Hz) [226]. 

2.6.7. Disadvantages 

One of the major drawbacks with the application of AC is sub-optimal frequency 

usage, due to a lack of fundamental understandings of the anti-fouling mechanisms and the 

amount of time required at each polarity to maximize the anti-fouling effects. The 

frequency in alternating current or pulse duty ratio (ratio of pulsing time over one cycle) in 

pulsed direct current, impacts the antifouling mechanisms, biofilm behavior, and 

membrane performance. Antifouling mechanisms such as electrostatic repulsive force, gas 

generation, and reactive radical generation become less effective at higher frequencies, thus 

careful selection of the current pattern is necessary to maximize outcomes. Antifouling 

mechanisms such as electron transfer, ion diffusion, and electrochemical reactions can co-

occur at the surface with different response times. Current cycles shorter than the targeted 

mechanism response-time will not produce the desire mechanism. For instance, water 

splitting, gas generation, or formation of active chlorine [240,241] readily occur in DC or 

low-frequency AC modes at potentials above 1 V. However, these effects become restricted 

at high frequencies (4-20 kHz for water dissociation, 50 kHz for chlorine formation) even 

at much higher applied potentials [242]. Similarly, oxidation pathways mediated by 

hydrogen peroxide or chlorine may not reach inhibitory concentrations at high frequencies. 

Perez-Roa et al. [223] studied the low-voltage (0.5-5 V) pulsed electric field to mitigate 

Pseudomonas aeruginosa biofilms and observed that voltage magnitude, frequency, and 

duty ratio play a significant role in antifouling. Similarly, Wang et al. [243] reported the 

dependence of biofilm viability to AC frequency and amplitude. 

In addition, it has been shown that antifouling mechanisms such as electrostatic 

force and electroosmotic force under short exchange times (high frequency) cannot cause 

bacterial movement or detachment [145]. The impact of frequency in AC mode on fouling 

control has been discussed by several studies [219,244–247].  

2.7.Challenges and perspectives 
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The excellent antifouling, self-cleaning, and electrically-reactive properties of 

ECMs have made them viable candidates to revolutionize separation-based technology. 

ECMs are environmentally friendly and use the electrical current transferred to the 

electrically-responsive surface to motivate antifouling mechanisms at the membrane/water 

interface. The antifouling mechanisms depend on the current type and configuration; thus, 

they should be chosen carefully to match the foulant type and maximize the efficiency of 

ECMs. In this review, we discussed the underlying mechanisms for cathodic and anodic 

surfaces separately. In a subsequent review (Part II), we elaborated on how different 

polarizations have been used to overcome major types of fouling (i.e., biological, organic, 

oil-based, or scaling). With regard to the detailed discussion provided in Part I and II, it is 

important to highlight a few key points: 

i. Research must have a strong understanding of activation potentials for the 

mechanisms of interest when constructing ECMs from various materials or 

composites. ECMs are made of a wide range of conductive material, including 

carbon-based material (CNT, graphene, CNF) [15,16,19,20,248], electrically 

conductive polymers (polyaniline) [21], and inorganic material (ceramics) 

[22,23] with different electrochemical characteristics such as electrical 

conductivity, oxygen evolution potential (OEP), and hydrogen evolution 

potential (HEP). Therefore, the activation potential range for antifouling 

mechanisms such as gas generation, pH change, and indirect oxidation may 

differ depending on the surface material.  

ii. Researchers should assess the electrochemical stability of their ECMs for the 

range of conditions under which they could be used [249]. For instance, CNT-

based ECMs have been found to be unstable under high anodic currents which 

degrade ECM conductivity and thereby compromise their antifouling 

performance [250–252]. Conductive surfaces need to withstand harsh 

mechanical stimuli (abrasion [253], chemical cleaning [254]) to minimize 

delamination and the extreme release of nanomaterials in the environment. 

Further, changes to ECM surfaces as a result of material instability to operating 
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conditions are likely to reduce their anti-fouling abilities [255], or even generate 

undesired electrochemical effects. Therefore, future research should focus on 

developing materials with high conductivity and excellent mechanical and 

electrochemical stability.  

iii. ECMs can be relied on to enhance the performance of filtration processes, 

however, their efficiency should not be overestimated for complex wastewater 

treatment. Membrane antifouling properties depend on physicochemical 

properties of the membrane such as pore size, surface roughness, and surface 

interfacial energy, as well as operating parameters such as flow rate, hydraulic 

residence time, and mass transfer. Also, the interplay between different fouling 

types may make the treatment process overly complicated. As such, the 

presence of competitive contaminants (ions, NOMs, bacteria) may lead to the 

occurrence of side reactions or generation of by-products, which results in a 

decrease in the electrochemical current efficiency due to competition between 

species/byproducts for available reactive sites.  

iv. Electrochemical methods cannot be entirely relied upon for electrostatic 

repulsion. The adsorption of non-ionic contaminants (organic or biological 

macromolecules) to membranes is mostly governed by convective flow through 

and/or across the membrane. 

v. Research on major foulant categories and single biological strains can be used 

to identify the optimal current pattern and to narrow down the design options in 

practice. 

ECMs have offered fouling-resistant, environmentally friendly, and electrically-

responsive surfaces with great promise to be incorporated into water treatment processes 

(water reuse, desalination, MBR) as well as separations in the chemical, oil and gas, 

biomedical, and electronics industries. However, they face challenges that must be tackled 

before they can be scaled for industrial application. For instance, development of 

techniques to mass-produce thin conductive porous surfaces with low hydraulic pressure 

resistance is still yet to be achieved. In addition, the incorporation of ECMs into standard 
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membrane modules has not been developed. For low-pressure applications (MF, UF), 

ECMs are desired in hollow fiber, flat-sheet, or spiral-wound configurations, while for 

high-pressure applications (NF, RO), flat sheet and spiral-wound may be favored. A 

significant challenge is identifying the electrochemical cell organization for hollow-fiber 

and spiral-wound configurations. 

Excellent antifouling properties of ECMs come with the price of additional material 

and energy cost. A simple materials analysis for a typical CNT-based membrane indicates 

that coating a porous UF polymeric support (PES) with approximately 1 µm functionalized 

multi-walled CNTs layer would cost 2.88 $/m2 in materials cost. Thus, modifying PES 

membranes into an ECM would add 0.4% in total material cost, which is a marginal 

increase for substantial potential benefits. Approximately 0.42 gr of CNT is required for 

the fabrication of a 1 m2 membrane. CNTs are readily available at in kilogram quantities 

on the market which would reduce the overall materials costs. Thus, conductive coating 

materials are not likely to be a bottleneck in production.  However, there has not been any 

techno-economic analysis of ECMs that accounts for increased processing costs associated 

with the changes to polymer extrusion lines, modules and housings, and the OPEX 

associated with increased complexity during manufacture, as well as the increased 

operational costs associated with energy usage, and application OPEX. However, we would 

not anticipate a dramatic cost increase in membrane fabrication if existing standard 

manufacturing methods (spray coating, phase inversion) can be modified to accommodate 

ECM synthesis. 

The additional energy consumption for a typical CNT-based UF ECM is equal to 

0.01-0.0015 kWh/m3. With regard to the average specific energy consumption of 

pressurized MF/UF membrane processes (0.1-0.2 kWh/m3) [256], the additional energy 

consumption by the ECM over total energy demand is anticipated to be 0.75-10 %. ECMs 

offer higher permeate flux, better flux recovery, less downtime for membrane cleaning, low 

or no chemical and biocide usage for membrane/feed treatment, and lower associated 

chemical labor costs. Thus, it is expected that such outstanding advantages make ECMs an 

economically profitable option for membrane processes. 
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3.1.Abstract 

Electrically conductive membranes (ECM) have the promise to eliminate the 

challenges involved with traditional cleaning techniques owing to their electroactive and 

electro-responsive surface. ECMs have found applications across water and wastewater 

treatment sectors, including controlling membrane fouling or water 

disinfection/decontamination. Discovering the full potential of ECMs requires a deep 

understanding of the interplay between current patterns, antifouling mechanisms, and 

foulant’s physicochemical properties. Current pattern includes current type (anodic, 

cathodic), configuration (direct, alternating), magnitude, and frequency. Herein, we aim to 

establish a robust connection between ECM applications and the governing antifouling 

mechanisms to provide an understanding of published anti-fouling results and guide 

researchers to more effective materials and voltage applications. In so doing, this review 

compiles antifouling applications of ECMs for four major fouling categories (i.e., 

biological, organic, oil wetting, and mineral scaling) with the focus on the relevant 

mechanisms. Finally, this review highlights the perspectives and limitations of ECMs and 

presents opportunities and considerations within the design, build, and operation of ECMs 

across academia and industry. 
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3.2.Introduction 

Addressing water shortage and providing millions of people with access to high 

quality water demands technologies that are accessible, energy-efficient, versatile, safe, and 

scalable. Membrane processes are the technology of choice due to their versatility of 

operation, selectivity, energy efficiency, and high permeate quality [1], playing a critical 

role in desalination, wastewater treatment, water treatment and water reuse processes [1]. 

Pressure-driven membranes are categorized into microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), and reverse osmosis (RO), which target foulants with respect to their 

pore size, selectivity, surface physicochemical properties. In separation processes, 

accumulation of particles (natural organic matter, biological compounds, ions) across the 

separation interface leads to formation of fouling that in turn compromises the efficiency 

of the membrane (operating at lower flux and higher energy), reduces the membrane 

lifetime, and raises environmental concerns by forcing chemical cleaning procedures (using 

detergents, biocides, acids/bases). Conventionally, fouling is categorized into biofouling 

(e.g., bacteria, viruses), organic fouling (e.g. organic matter, oil, hydrocarbons), colloidal 

fouling (e.g. silt, clay), and scaling (e.g. salts) [2,3]. Many strategies have been developed 

to control and mitigate fouling, such as pre-treatment, physical cleaning, chemical cleaning, 

and mechanical cleaning. However, these procedures are often considered time- and 

energy-intensive, environmentally-detrimental, and damage the membrane integrity. Thus, 

it is essential to develop membranes with targeted selectivity and advanced antifouling 

properties. 

Many studies have sought to advance membrane surface antifouling properties by 

incorporating chemistries (e.g., modifying hydrophilicity, surface tension), functionalities 

(e.g., antimicrobial particles, charged molecules), or altered morphological structures 

(branch-like structure). Although surface modifications bring added value to membranes 

by enhancing flux and lowering fouling rate, they still get subjected to fouling and surface 

passivation over long-term operation. In addition, presence of foulants with a wide range 

of physicochemical properties next to significant fluctuations in the influent chemistry 
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make it difficult to treat the real wastewater. As such, it is not likely that a membrane 

surface chemistry maintains the advanced efficiency in treating complex solutions. 

Electrically conductive membranes (ECM) were invented to eliminate the 

challenges involved with traditional membranes by offering a self-cleaning electrically-

responsive surface [4–8]. ECMs contain a conductive surface that induces antifouling 

mechanisms in response to the externally-applied electrical potential. Conductive surfaces 

are exposed to currents in the formats of direct current (DC, electrical charge flows only in 

one direction) or alternating currents (AC, electrical current reverses direction). Cathodic 

and anodic currents promote different antifouling mechanisms at the interface of the ECM 

and the solute depending on the current range. Electrically-assisted antifouling mechanisms 

are exclusive to the current type as well as to the current configuration (Please see Part I). 

On account of their responsive surface, a conductive coating can retain different 

electrochemical properties, posing different mechanisms to match foulants with different 

properties. For example, tuning surface polarization controls the chemical and 

hydrodynamic properties at the surface during a filtration process including the surface 

charge (type, density), reductive and oxidative state, local pH (acidic, alkaline), or gas 

bubble formation. In addition to electro-responsive properties of ECMs, they are (a) more 

effective than conventional membranes by treating the foulants locally at the separation 

interface and (b) more environmentally friendly. The chemical-free generation of anti-

foulants reduces the reliance on chemicals and biocides, which reduces hazards associated 

with chemical handling, storage, and waste, reduces chemical and storage costs, and 

reduces the negative impact of chemicals on membrane integrity. 

Since the introduction of ECMs in the separation-based technologies, their 

application has been extended to different membrane categories (MF, UF, NF, and RO) 

and module configurations (flat sheet, hollow fibers). Hybrid membranes are the most 

common type of ECMs. These are primarily composed of non-conductive membranes 

(PES, PVDF, ceramic), which support an electrically active coating layer. ECM coatings 

have been fabricated from a wide range of materials including carbonaceous material (e.g., 

carbon nanotubes (CNTs), graphene, graphite, carbon nanofibers (CNFs)) [9–14], 
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inorganic materials (e.g., ceramics, metals) [15,16], and electrically conductive polymers 

(e.g., polyaniline, polypyrrole) [17]. Our meta-analysis indicates that carbonaceous 

material, inorganic material, conductive polymers consist 61%, 30%, and 9% of the ECMs. 

Carbonaceous ECMs have low surface overpotential (< 1.2 V) and are widely used due to 

their low cost, ease of fabrication, processibility, and high conductivity. Their low surface 

overpotential for oxygen evolution reactions (OER) has made them applicable to induce 

mechanisms such as electrostatic repulsion, gas generation, indirect oxidation, and direct 

oxidation (for contaminants with low oxidation potential). Application of inorganic 

coatings is restricted due to their high-cost, low flexibility, and low processibility. 

However, high surface over potential (> 2.2 V), high conductivity, and chemical stability 

have made them viable candidates for direct oxidation in long-term anodic applications. 

Conductive polymers have been also used in a few studies as ECMs, however, their low-

conductivity and flux have limited their broad application in filtration processes. ECMs’ 

self-cleaning properties, oxidation potential, and detection properties coupled to 

electrochemical impedance spectroscopy, have made them viable for applications beyond 

water treatment including in sensors [18–20], fuel cells, catalysts, and biomedical 

applications. 

Over the last five years, many review papers have offered a comprehensive review 

on ECMs, their material type, and their antifouling application [4–6,21–27]; however, the 

underlying mechanisms have never been comprehensively discussed. Effective and energy-

efficient ECM applications necessitate a deep understanding of underlying mechanisms and 

their impact on foulants. The comprehensive and systematic discussion on electrically-

induced antifouling and removal mechanisms was presented in Part I of this review paper. 

The present review aims to establish a robust connection between ECM applications and 

the governing antifouling mechanisms to provide an understanding of published anti-

fouling results and guide researchers to more optimized ECM applications. In so doing, this 

review compiles antifouling applications of ECMs for four major fouling categories (i.e., 

biological, organic, oil wetting, and mineral scaling) with the focus on the relevant 

antifouling mechanisms and their interactions with the foulants explained at the end of each 
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subsection. Finally, this review discusses the outlook and limitations of ECMs and projects 

the opportunities that exist for academics, innovators, and industry within design, testing, 

operation, and optimization of ECMs for broad industrial adoption. 

3.3.Antifouling applications 

This section reviews the experimental works using electrically conductive 

membranes (ECMs) to combat fouling. Depending on the membrane application, ECMs 

can be used to prevent or limit fouling, such as biofouling, organic fouling, mineral scaling, 

and oil wetting. A decade of research has shown how anodic and cathodic polarization were 

able to mitigate fouling in contrast to unpolarised surfaces. However, to date, optimal 

current parameters (current type and magnitude) have not been identified for each foulant 

type. In addition, the underlying mechanisms governing the antifouling performance have 

been mostly overlooked in favour of showcasing the promising antifouling results. 

Therefore, this section provides in-depth discussion of the main current types (anodic, 

catholic) used for each type of foulant in comparison to their corresponding outcome 

(maintaining flux, enhancing flux recovery, and/or reducing fouling). In addition, the main 

mechanisms identified as responsible for the improved performance are explained. 

3.3.1. Biofouling 

Membrane biofouling refers to the deposition, colonization, growth, and 

metabolism of biological cells or flocs, algae, and fungi on the surface of membranes. 

Biofouling is regarded as the most serious type of fouling due to the complexity of 

formation and the severity of the impact on the membrane performance as well as 

membrane lifetime. A mature biofilm is able to produce extracellular polymeric secretions 

(EPS) consisting of polysaccharides, proteins, carbohydrates, and other biomacromolecules 

which makes the biofilm stable and difficult to disrupt. Therefore, it is preferred to mitigate 

and control biofilms at the early stages of formation to prevent irreversible fouling [28]. 

Table 3.1 summarizes works on ECMs used in biofouling control as well as their 

hypothesized antifouling mechanisms. The many ways in which ECMs have been used to 

control biofouling are systematically discussed as follows: 
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Table 3.1. Summary of research on biofouling control and biofouling inactivation on 

conductive membranes by applying different current types and magnitudes. 

Antifouling 
mechanisms 

Materials Foulants Charge of 
Foulants 

Concentration Current Pattern 
and Reaction 
Time 

Results Refer
ence 

Anodic potential 

Redox (Direct 
oxidation) 

Gold electrodes Pseudomonas 
fluorescens 

Negative 108 cells/mL  0.5-0.7 V for 2 h Anodic current caused cell 
lysis. 

[29] 

Redox (Direct 
oxidation/indirect 
oxidation) 

Papyex graphite (PA), 
carbon aerogel (CA) 

Pseudomonas 
aeruginosa 

 0.1 (OD600) 0.9 V for 12 or 
36 h 

Higher potential resulted in 
better biofilm control. 
 

[30] 

Redox (Direct 
oxidation) 

Ti as conductive feed 
spacer RO 

Pseudomonas 
aeruginosa 

-20 mV 107 CFU/mL 1 V for 30 min 
after 24 h 
biofouling 

Flux recovery was 91%. 
No significant destructive 
impact on RO membrane. 

[31] 

H2O2 CNT/PVA UF Escherichia coli Micro 
particles 

-0.74 mV 
6.63 mV 

5x105 cells/mL  0/0.5/1/1.5 V 
for 30 min 

Percent of dead bacteria was 
67 ± 3.6% post-electrolysis. 

[32] 

Redox (Direct 
oxidation) 

Indium tin oxide (ITO)-
coated glass 

Pseudomonas 
aeruginosa 

-20 mV 1x108 -1.5x108 
CFU/mL 

15µA/cm2 (0.5-
2.4 V) for 40 min 

Anodic current resulted in cell 
lysis. 

[33] 

Direct oxidation 
(antimicrobial 
surface) 

Laser Induced 
Graphene (LIG)/GO 

BSA 
Mixed Bacteria 

Negative 1000 ppm BSA in 
phosphate buffered 
saline (PBS) 

1.5 - 3.0 V for 48 
h 

99.9 % bacteria removal. 
BSA rejection of 55 % after 2 
h. 
17 % flux loss. 

[34] 

Electrostatic 
attraction  
(direct oxidation)  

MWCNT/ 
PTFE MF 

Virus bacteriophage 
(MS2) 
Alginate 
NOM 

Negative Viral particles with 
the host E. Coli (106-
107 PFU/mL) 
1 ppm alginate 
5 ppm NOM 

2-3 V for 30 min Full virus removal under 
application of 2 or 3 V; Good 
performance for ionic 
strength 1-100 mM NaCl and 
pH 3-9; 

[35] 

Redox (Direct 
oxidation/indirect 
oxidation) 

MWCNT/ 
PTFE MF 

Escherichia coli Negative 2.5x105 CFU/mL  2V or 3 V during 
filtration. 
2V or 3 V for 30 
s post-filtration 

Complete removal of 
bacteria; Inactivated >75% of 
the sieved bacteria 

[36] 

Redox (Direct 
oxidation/indirect 
oxidation) 

MWCNT/ 
PTFE MF 

Virus (MS2) - 107 CFU/mL MS2 
584 ppm NaCl 

2V or 3 V during 
filtration. 
2V or 3 V for 30 
s post-filtration. 

Multi-log removal of viruses 
in filtration. 
Inactivated >99.6% of the 
adsorbed viruses. 
 

[36] 

Direct oxidation 
(antimicrobial 
surface) 

LIG/PVA BSA 
Mixed Bacteria 

Negative 1000 ppm BSA in 
PBS, 106 CFU/mL 
mixed bacteria from 
wastewater 

2-3 V for 2-9 h Up to 63 % BSA rejection. 
Complete disinfection at 2.5 V 
compared to 39 % with no 
voltage. 

[37] 

Indirect Oxidation 
(Hydrogen peroxide, 
active chlorine) 

IrO2/Ti Mixed bacterial culture 
from textile 
wastewater 

- - 4.6-6.9 A/m2 

(5.6-10.8 V) for 
40 h 

4 bacterial log removal [38] 

Redox (Direct 
oxidation) 

CNT/polyurethane/Ag Escherichia coli  107 CFU/mL 0-20 V for 2 h 99.9999% removal of bacteria 
due to electroporation. 
Log-removal was 4 and 6 at 5 
V and 10 V, respectively. 

[39] 

Redox (Direct 
oxidation) 

CNT/polyurethane/Ag Salmonella enterica 
Typhimirium 

 107 CFU/mL 0-20 V for 2 h 99.9999% removal of bacteria 
due to electroporation. 
Log-removal was 2 and 6 at 5 
V and 10 V, respectively. 

[39] 

Redox (Direct 
oxidation) 

CNT/polyurethane/Ag Enterococcus faecalis  107 CFU/mL 0-20 V for 2 h 99.9999% removal of bacteria 
due to electroporation. 
Log-removal was 1 and 6 at 5 
V and 10 V, respectively. 

[39] 

Redox (Direct 
oxidation) 

CNT/polyurethane/Ag Bacillus subtilis  107 CFU/mL 0-20 V for 2 h 99.9999% removal of bacteria 
due to electroporation. 
Log-removal was 4 and 6 at 5 
V and 10 V, respectively. 

[39] 

Redox (Direct 
oxidation) 

CNT/polyurethane/Ag Bacteriophage MS2  107 CFU/mL 0-20 V for 2 h 99% removal of one model 
virus due to electroporation. 
Log-removal was 1. 1.5, and 2 
at 5 V,10 V, and 15 V, 
respectively. 

[39] 

Cathodic potential 

Hydrogen gas 
(electrostatic force) 

Gold electrodes Pseudomonas 
fluorescens 

Negative 108 cells/mL 0.5-0.7 V for 2 h Cathodic current resulted in 
cell detachment. 

[29] 
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Hydrogen peroxide Papyex graphite (PA), 
carbon aerogel (CA) 
 

Pseudomonas 
aeruginosa 

 0.1 (OD600) 0.9 V for 12 or 
36 h 

Hydrogen peroxide 
concentration of ≈2.4μM (at 
±0.9 V) caused biofouling 
inhibition. 
 

[30] 

Electrostatic 
repulsion 

Ti as conductive feed 
spacer RO 

Pseudomonas 
aeruginosa 

-20 mV 107 CFU/mL 1 V for 30 min 
after 24 hr 
biofouling 

Flux recovery was 89%. [31] 

Electrostatic 
repulsion 

Graphene oxide/Ppy 
MF 

Yeast suspension -12.9 mV 5000 ppm (MLSS) 1 V in three 
cycles (1.5 h 
each) 

1 V/cm increased the flux as 
high as 20%. 

[40] 

Hydrogen peroxide CNT/PVA UF Escherichia coli Micro 
particles 

-0.74 mV 
6.63 mV 

5x105 cells/mL 0/0.5/1/1.5 V 
for 30 min 

Percent of dead bacteria was 
32 ± 2.1. 

[32] 

Electrostatic 
repulsion 

Indium tin oxide (ITO)-
coated glass 

Pseudomonas 
aeruginosa 

-20 mV 1x108 -1.5x108 
CFU/mL 

15µA/cm2 (0.5-
2.4 V) for 40 min 

Cathodic current resulted in 
cell detachment. 

[33] 

Hydrogen peroxide 
(antimicrobial 
surface) 

LIG/PES Pseudomonas 
aeruginosa 

-23.3 mV 106 CFU/mL 1.5 - 2.5 / 20 V 
for 2-9 h 

6 log reduction in bacteria at 
2.5 V.  20 V achieved total 
disinfection. 
Enhanced H2O2 production. 

[41] 

Hydrogen gas CNS/PVDF NF Yeast suspension Negative 100 ppm 2 V at 60 min 
intervals with 2-
3 min 
electrolysis 

60% reduction in Flux w/o 
electrolysis after 4.6 hr. 
25% reduction in flux with E-
cleaning. 

[42] 

Electrostatic 
repulsion (hydrogen 
gas) 

CNT/PVDF Yeast suspension Negative 50 ppm 2 V, 3 min every 
30/40/60 min 

80% reduction in flux was 
improved to 60% over 200 
min with electrolysis (every 
30 min). 

[43] 

Hydrogen gas 
(electrostatic force) 

Ni/PES hollow fiber Yeast suspension  1000 ppm 100 mA/cm2 (2 
V) for 3 s every 
15 min 
 

TMP recovery up to 60% and 
a TMP saving of 28%. 

[44] 

Hydrogen gas PVA-networked 
cellulose-CNT 

Yeast 
Humic acid 
 

 500 ppm 5 V for 20 min 
~3.75 mA/cm2 

Membrane was recovered 
from foulant after 
electrolysis. 

[45] 

Alternating potential 

Electrostatic 
repulsion/Direct 
oxidation 

CNT polyamide NF Pseudomonas 
aeruginosa 

Negative 108 CFU/mL  1.5 V square 
wave, 16.7 mHz 
for 150 h 

Complete flux recovery with 1 
min of cross-flow flushing. 

[46] 

Electrostatic 
repulsion/Direct 
oxidation 

Ti as conductive feed 
spacer RO 

Pseudomonas 
aeruginosa 

-20 mV 107 CFU/mL 1 V for 30 min, 
16.7 mHz after 
24 h biofouling 

Flux recovery was 80%. [31] 

Electrostatic 
repulsion/Direct 
oxidation 

Indium tin oxide (ITO)-
coated glass 

Pseudomonas 
aeruginosa 

-20 mV 1x108 -1.5x108 
CFU/mL 

15µA/cm2 (0.5-
2.4 V) for 40 
min, 1.67-1000 
mHz 

70% less adhered bacteria 
under AC 

[33] 

Electrostatic 
repulsion 

Indium tin oxide (ITO)-
coated glass 

Pseudomonas 
aeruginosa 

-20 mV 108 CFU/mL 15 μA/cm2 
(2.7 V), 16.7 
mHz for 90 min 

58% inactivation under AC. [47] 

Electrostatic 
repulsion/Direct 
oxidation 

CNT Pseudomonas putida Negative 104 CFU/mL 0.3-6.0 V, 10-
10,000 Hz for 
72 h 

Under 1.5 V, 1 kHz caused 
41.4% and 92.0% bacterial 
attachment inhibition and 
inactivation. 

[48] 

Redox (Direct 
oxidation) 

Titanium coated glass Pseudomonas 
aeruginosa 

Negative 108 CFU/mL 0.5-5 V, 200-
10000 Hz for 13 
h 

A pulse configuration of 1% 
duty ratio, 5 V, and 200 Hz 
frequency reduced the 
biofilm by 50%. 

[49] 

Electrostatic 
repulsion/Direct 
oxidation 

CNT/polyurethane/Ag Escherichia coli  107 CFU/mL 10 V, 0-108 Hz 
for 2 h 

Low frequencies (<100 Hz) 
resulted in 2 log-removal 
higher disinfection. 

[39] 

Electrostatic 
repulsion/electroph
oretic mobility 

polyaniline-Ag-
polysulfone 

Staphylococcus aureus Negative 103 CFU/mL 60 μA (5 MV/
m), 60 Hz for 24 
h 

AC resulted in full bacterial 
inactivation. 

[50] 

 

Anodic potential 
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Many studies have used anodic potentials in direct current (DC) operation to 

mitigate and control biofouling. Anodic current has been hypothesized to be effective in 

inactivating biological organisms due to its biocidal and biostatic properties. Anodic 

potentials can destruct membrane surfaces, particularly carbonaceous materials, due to 

anodic oxidation. Therefore, low potentials (~ <2 V) are preferred to reduce the harmful 

effect of anodic oxidation and maintain the membrane surface conductivity. The primary 

anti-biofouling mechanisms associated with low anodic potentials include direct 

inactivation, enhanced electrophoretic mobility, and electrostatic repulsive force. 

At potentials below the overpotential values, direct electron transfer dominates the 

inactivation of microorganisms. In an experimental work, low anodic direct potentials (< 1 

V) were used to control the formation of Pseudomonas aeruginosa biofilm on carbon 

aerogel and Papyex graphite electrodes [30]. Briefly, bacteria generate reactive oxygen 

species as a defensive mechanism to regulate their metabolic activity in response to 

environmental stressors. Under intense or abrupt changes in temperature, dissolved oxygen, 

or electrical field, cells produce excessive ROS, which eventually leads to cell inactivation. 

They recorded the highest cellular ROS activity under extreme potentials (0.9 V) critical 

for inhibition of bacterial growth. They hypothesized that free radicals contributed to cell 

inactivation by hampering the cell's regular metabolic activity and respiration however no 

direct evidence was provided.  

Hong et al. [33] carried out a study to investigate the impact of anodic current on 

indium tin oxide (ITO) biofouling with Pseudomonas aeruginosa. Over 60 min 

biofiltration, above 80% of bacterial particles adhered on ITO under either anodic current 

(15 
μA

cm2 ≈ 0.5 − 2.4 V) or no current. They suggested that the pre-adsorbed bacterial strains 

act as adhesion sites for accelerated bacterial attachment and colonization over the filtration 

period. Bacterial viability study was performed with live/dead staining microscopy which 

revealed that anodic current could cause cell lysis under the range of current applied. It 

should be noted that the electrode in their study did not function as a membrane thereby, 

limiting the extension of these results to separation-based processes in which convective 
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flow through the membrane acts in opposition to the electrostatic and electrophoretic 

forces. 

The deposition of large bacterial particles is governed by convective flow. 

However, many studies have claimed that the inactivation of microorganisms next to their 

enhanced translational mobility across the surface leads to a higher permeate recovery rate. 

Baek et al. [31] showcased the application of electroconductive feed spacers to control 

Pseudomonas aeruginosa biofouling in a RO module under anodic current. Their results 

indicated that 30 min application of anodic potential (1 V) after 24 h biofiltration could 

recover the permeate flux to 80%. In contrast, in the control experiment, the flux was 

dropped to 47%. They proposed that translational motion governed the advanced bacterial 

detachment rate under anodic polarization. They also claimed that indirect oxidation due to 

chlorine generation was unable to govern biofouling control due to low potentials applied 

in their study (<1.5 V). 

Ronen et al. [32] used a UF CNT/PVA ECM and applied anodic potential (0.5-1.5 

V) to study their impact on a model bacteria (E. Coli). They found the potentials of 1 V and 

below 1 V insufficient for bacterial inactivation (less than 10%) while external potential of 

1.5 V resulted in 67 ± 3.6% inactivation. Also, a significant particle detachment (86 ± 

0.21%) was observed under application of external electrical charge. They hypothesized 

that direct oxidation caused significant cellular detachment under anodic potentials. 

Bacterial cell integrity was examined with SEM images where the shape of remained 

bacteria on the surface was found irregular due to cellular inactivation under anodic stress. 

In addition, no visible bubbles during electrolysis were observed in their study.  

Electrostatic repulsive force is not a dominant mechanism for deposition of large 

bacterial particles; however, it has been claimed that the application of anodic potential 

during filtration of negatively charged bacteria results in a loose biofilm across the 

membrane which is easier to disrupt. Gall et al. [29] used a quartz crystal microbalance 

with dissipation (QCM-D) to investigate the adhesion behavior of biomass under very low 

potentials (less than 1 V). In their setup, shifts in frequency and dissipation were used to 
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study the adhesion of negatively charged Pseudomonas fluorescens strain to the gold 

electrode as well as the biomass rigidity. Their findings counter-intuitively indicated that 

an anodic surface (positive polarity) resulted in formation of a loose biofilm. They 

theorized under anodic current (positive polarization), electrostatic repulsive force between 

electrode’s negative EDL and negatively charged bacteria keeps the bacterial cells away 

from the surface, allowing them to have a larger hydrodynamic ratio and form a soft 

biofilm. 

Indirect oxidation can contribute to inactivation of microorganisms at higher 

potentials (~ >2 V). Electrochemical reactions become activated once the electrical 

potential exceeds the overpotential of surface material leading to generation of oxygen gas, 

ROS, and chlorine in the presence of Cl-. Rahaman et al. [35] used a MWCNT electrode 

with an applied anodic potential (2-3 V) for removal of MS2 viral particles where almost 

complete removal was achieved over 30 min. The high removal rate was ascribed to 

electrophoresis as well as direct oxidation across the MWCNT membrane. As MS2 

particles are negatively charged, applied anodic current promoted the migration of viral 

particles into the vicinity of CNT active sites, where they were inactivated through 

oxidation. At potentials above 2 V, indirect inactivation through anodically-generated 

oxidants such as hydroxyl radicals and free chlorine was suggested [35]. They claimed that 

pH and ionic strength of the solution had a minor impact on viral removal under 

electrochemical treatment. Complete viral removal was attained at a wide range of pH (3-

9) except pH 9 where the electrostatic repulsive force kept a portion of negatively charged 

viral capsids away from short-range anodic oxidation [35]. Full viral inactivation was 

achieved through direct oxidation over the entire range of ionic strength investigated (1-

100 mM NaCl), suggesting that the thickness of the electric double layer (EDL) and its 

effect on adsorption had no impact on viral inactivation. 

In a similar study [36], full removal of virus particles (MS2) and 75% removal of 

bacteria (E. Coli) were achieved with the application of 2-3 V anodic potential. The 

potential was applied on MWCNT/PTFE membrane only for 30 s after biofiltration. Direct 

oxidation was claimed as the primary inactivation mechanism as E. Coli experienced 
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morphological changes during the electrochemical treatment supported by SEM images 

[36]. The contribution of the indirect oxidation was reported insignificant even at high 

potentials (3 V). 

Recently, laser-induced graphene (LIG) filters have been developed by the Arnusch 

group [34,37,41]. They have formed LIG on the active surfaces of polymer membranes 

(polysulfone (PSU), poly(ether sulfone) (PES), polyphenylsulfone (PPSU)) to fabricate 

electrically conductive low fouling membranes. They showed that PVA-LIG membranes 

achieved near complete bacterial elimination while maintaining high membrane 

performance [37]. Direct electron transfer, natural biocidal effect of LIG network, and 

generation of toxic species such as H2O2 were noted as the primary cause of antimicrobial 

performance. In another study, LIG was cross-linked with GO to fabricate hybrid 

membranes with advanced separation performance (over 95% bacteria removal) [34].  

Mameda et al. [38] employed electrochemical filtration to treat secondary effluent 

of textile wastewater. In laboratory and pilot-scale systems, they applied anodic current 

(4.6-6.9 A/m2≈5.6-10.8 V) to an IrO2/Ti electrode which resulted in more than 4-log 

bacterial removal over 40 h. They evaluated the impact of indirect oxidation by separately 

dosing the secondary wastewater effluent with radicals/oxidants generated by the electrode 

including hydroxyl radicals, superoxide, ozone, chlorine/dichloride radicals, and hydrogen 

peroxide. It was revealed that reactive chlorine and hydrogen peroxide played a more 

significant part in bacterial decontamination. Finally, they compared the electrical-assisted 

antifouling with air sparging (1 L/min) and membrane relaxation (1 min every 20 min) 

where the impact of air sparging and membrane relaxation combined were found 

subinhibitory without electrochemical assistance. 

High anodic potentials (~ >10 V) induce a different set of antifouling mechanisms 

such as electroporation and electrowetting. [51–55]. It has been reported that electrical 

pulses with an intensity of 55 kV/cm cause up to 2.56 log-cycle reductions in E. Coli over 

8 pulses [56]. Another study reported over 98% inactivation of E. coli only after a few 

seconds of treatment under potentials of ± 20 V [55].  Liu et al. [39] employed a nano-
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sponge filtration system made of polyurethane sponge coated with CNTs and silver 

nanowires to disinfect bacteria and viruses. At voltages above 10 V, complete disinfection 

(99.9999%) was achieved for different bacterial strains such as Escherichia coli, Bacillus 

subtilis, Enterococcus faecalis, and Salmonella enterica Typhimirium, as well as efficient 

removal (99%) for the model virus MS2. They reported electroporation as the primary 

mechanism for the advanced removal rate under the investigated potential range. They 

observed that Gram-positive bacteria (Enterococcus faecalis) required a greater electric 

field as their peptidoglycan layer could relax the physical stress caused by electroporation. 

The damaged bacteria with electroporation pores were evidenced by SEM images (Figure 

3.1a-c). 

 

Figure 3.1. SEM images supporting electroporation of E. Coli after filtration under (a) No 

current, (b) 20 V, (c) 20 V, higher magnification. Adapted with permission from [39]. 

Copyright 2013 American Chemical Society. 

The direct inactivation, enhanced electrophoretic mobility, and electrostatic 

repulsive force were often reported as the primary reasons for the membranes’ advanced 

antifouling performance under anodic polarization. However, as discussed in Part I, there 

are other mechanisms induced by anodic polarization that can be accounted for advanced 

properties of anodic surfaces. For instance, it has been shown that anodic surfaces can 

promote extreme acidic conditions (pH < 5) that in turn inactivates microorganisms. In 

addition, generation of oxygen gas enhances the steric repulsion across the membrane 

surface, assisting with antifouling performance. We suspect that the lack of established 
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methodologies to detect and quantify electrically induced extreme pH and gas generation 

has led to little exploration of such mechanisms. 

Cathodic potential 

Many studies have used cathodic potential to control and prevent formation of 

biofilms. Cathodic potential has been suggested to be effective through electrostatic 

repulsion, hydrogen gas evolution, and hydrogen peroxide generation. 

Biological compounds are typically negatively charged; therefore, electrostatic 

repulsive force can control and reduce the formation of biofilm across the surface. At low 

potentials (<1 V), electrostatic repulsion is the dominant mechanism as compared to gas 

generation or hydrogen peroxide evolution. Baek et al. [31] showed the application of 

electroconductive feed spacers to control Pseudomonas aeruginosa biofouling on a RO 

membrane under cathodic potential (1 V). Their results indicated that 30 min application 

of cathodic after 24 h biofiltration could recover the permeate flux to 89% as compared to 

47% for the control experiment. In another study, low negative direct potentials (< 1 V) 

were applied on carbon aerogel and Papyex graphite electrodes to control the formation of 

Pseudomonas aeruginosa biofilm [30]. In both studies, they suggested that electrostatic 

repulsive force governed the advanced bacterial detachment rate and decreased biovolume 

on electrodes under cathodic polarization. 

In a similar research study [40], a polypyrrole (PPy)/graphene oxide (GO) 

membrane was fouled with yeast suspension over 4 h. 1 V cathodic potential was applied 

and a 20% increase in flux was observed. No conclusive explanations were provided for 

the improved flux properties, however, based on our meta-analysis, we hypothesize that 

electrostatic repulsion could account for the observations. 

The application of CNT-based hollow fiber membranes was demonstrated in an 

MBR plant composed of planktonic microorganisms, bacteria, and extracellular polymeric 

substances (EPS) [57]. They applied a cathodic potential (1.2 V) and obtained a slower 

TMP build-up, a better TMP recovery as well as over 95% COD removal using cathodic 
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potential (1.2 V) over 100 days of operation. They claimed that electrostatic repulsion 

reduced the EPS adhesion, in turn mitigating gel formation and pore blockage across the 

membrane. 

As discussed in Part I, ECMs generate hydrogen peroxide as an antifouling 

mechanism under cathodic polarization. Using electrical surfaces to generate hydrogen 

peroxide is advantageous because it offers a) safe and economical process due to in-situ 

generation of hydrogen peroxide as compared to external dosing of the solution by reducing 

the cost of transportation, storage, and handling, b) an efficient inactivation because 

generation of hydrogen peroxide across the surface directly exposes the contaminant to 

concentrated hydrogen peroxide as compared to dosing the bulk solution.  Istanbullu et al. 

[58] quantified the H2O2 generation of metallic surfaces (316L stainless steel) using 

microelectrodes under a cathodic current (0.6 V). They identified the active potential zone 

for generation of H2O2. The onset of H2O2 generation was found to be 0.4 V, and 0.8 V was 

reported as the end of active zone where further increase in the potential would cause 

reduction of available oxygen and accumulated H2O2 at the surface. They then fed the 

polarized and non-polarized surfaces with identical Pseudomonas aeruginosa biofilm over 

40 h. Similar initial attachment (1.9 + 0.5%) was observed for both polarized and non-

polarized surfaces, while after 40 h exposure, 99 + 0.6% cell coverage was found for non-

polarized surfaces as compared to <4% cell coverage for polarized surfaces. They attributed 

the improved antifouling performance to H2O2 generation as well as the lack of sufficient 

oxygen near the electrode. The results were further supported by SEM images where they 

suggested electrically-generated H2O2 attacked thiol groups of enzymes on the cell wall 

leading to bacterial deformation. Dosing the bulk with 50 μM H2O2 under no current 

applied resulted in the same reduced bacterial coverage. It is worth noting that they were 

not able to measure any H2O2 in the bulk solution, which they explained due to a) the 

direction of convective flow and b) degradation of H2O2 by catalase enzymes in bacteria. 

In a study, the impact of cathodic potentials (0.5-1.5 V) on E. Coli was studied using 

UF CNT/PVA ECM [32]. They found that external potential of 1.5 V resulted in 32 ± 2.1% 

inactivation under cathodic polarization. They noticed that bacterial deposition was 
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independent of surface potential or microbial viability and mainly controlled by the drag 

force regarding the size of particles (1.16 ± 0.31 μm). In contrast, significant particle 

detachment (86 ± 0.21%) was observed under cathodic polarization. They hypothesized 

that hydrogen peroxide generation caused significant cellular detachment under cathodic 

potentials. SEM images verified the damage to cell integrity where the shape of bacteria 

was found irregular after exposure to cathodic current. To confirm the indirect oxidation 

by hydrogen peroxide, they exposed bacterial particles to identical dosages generated 

electrochemically and observed the same inactivation percentage (decrease of 61 ± 1.51% 

and 58 ± 8% for electrochemistry and hydrogen peroxide, respectively). They suspected 

electrostatic repulsion force played an insignificant role as E. Coli particles were reported 

nearly neutral (−0.74 ± 4.42 mV). In the meantime, no visible bubbles during electrolysis 

were observed in their study. 

Hong et al. [33] studied the impact of cathodic current (15 μA/cm2 ≈ 0.5 − 2.4 V) 

on indium tin oxide (ITO) biofouling with Pseudomonas aeruginosa. Over 60 min 

biofiltration, cathodic current resulted in 20% adhered bacteria, while above 80% of 

bacterial particles adhered on ITO at control experiment (no current). They considered the 

electrostatic repulsive force to be the dominant mechanism for less adhered bacteria under 

cathodic current. Live/dead staining microscopy revealed no significant cell lysis under 

cathodic current suggesting the deficient biocidal impact of hydrogen peroxide on bacterial 

strains. 

Based on our analysis, different studies have been carried out in support or opposed 

to the impact of hydrogen peroxide on bacterial inactivation. Many studies have defined a 

concentration or a potential at which hydrogen peroxide imposes biocidal impacts. For 

instance, it is shown that 20 µM is the concentration at which hydrogen peroxide begins to 

impact the biovolume and cell viability [60], or It is claimed that cathodic surfaces produce 

subinhibitory concentration at applied potential of 2.0 V or below [33]. However, such 

statements cannot be generalized due to lack to standard methodologies for evaluating the 

biocidal impact of hydrogen peroxide in filtration processes. We have identified a few 

points to explain the discrepancy in interpreting the impact of hydrogen peroxide on 
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biological compounds, (a) In electrochemically-assisted operations, accurate measurement 

of hydrogen peroxide concentration at the surface is critical for accurate evaluation of the 

hydrogen peroxide biocidal impact, however, hydrogen peroxide concentration is often 

reported at the bulk which might be significantly lower than the local concentration [32,59–

65], (b) the concentrations of biocides in bulk cannot represent the real concentrations on 

the surface due to diffusion limitations in the biofilm [21]. For instance, it has been shown 

that externally dosing the biofilm with a 96 µM hydrogen peroxide resulted in 75% 

reduction of biomass while the local concentration at the surface might be lower [66], and 

(c) operating conditions (flow pattern, temperature, pressure), film condition (maturity and 

thickness), and bacterial type affect the biocidal concentration of hydrogen peroxide. For 

instance, some biofilms are resistant to low concentrations of hydrogen peroxide due to 

presence of catalase enzymes in their strain that disproportionate and neutralize hydrogen 

peroxide [67,68]. Also depends on the material type, competitor side reactions occurring at 

the surface including oxygen reduction reactions (ORR) limit the generation of hydrogen 

peroxide by decreasing the current efficiency (Part I, Reaction 4-10) [69,70]. 

Once the electrical potential exceeds the overpotential of the membrane material, 

occurrence of electrochemical reactions including water electrolysis promotes generation 

of gas bubbles which contributes to antifouling performance of the membrane. Lalia et al. 

[42] challenged a CNT/PVDF membrane with a yeast suspension for 4 h. They observed 

that with intervals of cathodic electrolysis (2V) for 2-3 min per hour, the permeate flux 

regained 35% of the original flux (Figure 3.2.a). They attributed the improved flux to 

hydrogen gas generation as it was theoretically activated at potentials above 0.5 V. Our 

meta-analysis indicate that the electrostatic repulsive force also contributed to the 

performance of the ECMs regarding the negative charge of yeast particles, however, foulant 

characterization data was not provided in the study [42].  
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Figure 3.2. Normalized flux versus time during filtration of yeast, (Left): 2-3 min 

electrolysis (2 V cathodic potential, 2-3 min) every hour on CNT/PVDF membrane, black 

and green lines represent no electrolysis, and with electrolysis, respectively. Reprinted from 

[42], Copyright 2015, with permission from Elsevier. (Right): 30 s electrolysis (2 V 

cathodic potential) after biofiltration intervals of 30 min (green), 40 min (purple), and 60 

min (blue) on MWCNT/PVDF membrane coated with Silver lines. Red line represents the 

control experiment (absence of electrical potential). Reprinted from [43], Copyright 2014, 

with permission from Elsevier. 

Hashaikeh et al. [43] assessed the electrochemical cleaning performance of a 

CNT/PVA membrane with yeast and CaCO3 suspension over 200 min. The membrane was 

cleaned by 3 min electrolysis with a 2 V cathodic potential at different time intervals (30, 

40, or 60 min). Without electrochemical cleaning, the permeate flux dropped to 15% of the 

original flux. In contrast, with a cathodic potential applied every 30 min, the permeate flux 

regained 20% of its original flux after each cycle on average (Figure 3.2.b). The formation 

of hydrogen micro-bubbles at the cathode was assumed to explain the self-cleaning 

efficiency of ECMs.  

More recently, a Ni metalized hollow fiber membrane was employed to challenge 

the formation of yeast biofilm under application of cathodic current (100 mA cm2 ≈ 2 V⁄ ) 

[44]. In their experiment, the membrane was fouled with yeast suspension over 15 min 

consecutive cycles with 3 s of electrochemical cleaning in between. Enhanced 

transmembrane pressure (TMP) recovery up to 60% was achieved by electrolysis compared 

to no electrochemical cleaning, and hydrogen gas evolution was assumed as the primary 

self-cleaning mechanism in their research. 
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In another study, using cathodic potential of 2.5 V across conductive PES-LIG 

membranes resulted in 6-log reduction of Pseudomonas aeruginosa [41]. The results 

indicated high H2O2 generation up to 2.8 mg/L under the cathodic potentials applied (1.5-

2.5 V). They attributed the anti-biofouling performance of LIG surface to a combination of 

physical (wettability and surface charge), chemical (H2O2 generation), and biological 

(antimicrobial 3D texture) properties of LIG surfaces. 

Ahmed et al. [45] synthesized a conductive RO membrane composed of PVA, 

networked cellulose, and CNTs and observed improved antifouling performance under the 

application of 5 V cathodic potential for 20 min. Electrolysis and hydrogen gas generation 

were suggested as governing antifouling mechanisms. Although it has not been suggested 

in their study, it is likely that electrostatic repulsive force between negatively charged yeast 

particles and the cathodic polarized electrode further contributed to antifouling 

performance. 

Based on our metanalysis, other mechanisms such as high local pH (> 9) can be 

accounted for advanced anti-biofouling performance of cathodic surfaces next to 

electrostatic repulsion, hydrogen gas evolution, and hydrogen peroxide generation. It is 

worthy to note that often a combination of antifouling mechanisms lead to advanced 

membrane properties with a mechanism being more dominant at a certain potential range. 

Based on our meta-analysis, electrostatic repulsion is more dominant at low potentials (< 2 

V), while high rates of gas generation are more potent at higher potentials (> 2 V). 

Alternating potential 

Many ECM studies targeting biofouling have used alternating current (AC) instead 

of direct current (DC), which takes advantage of both anodic and cathodic polarization 

antifouling mechanisms. In addition to the magnitude of the applied potential, the 

frequency of the applied current in AC mode also impacts the antifouling mechanisms, 

biofilm behavior, and membrane performance. Antifouling mechanisms involve interfacial 

phenomena such as electron transfer, ion diffusion, and electrochemical reactions. These 

phenomena co-occur at the surface with different response times. Therefore, frequencies 
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higher than the mechanism response time prevents the occurrence of the mechanism. For 

instance, potentials above 1 V can cause water splitting, gas generation, or formation of 

active chlorine [71,72]. These mechanisms readily occur in DC or low-frequency AC 

modes, while they become restricted in the KHz range (4-20 kHz) for water dissociation 

(gas generation, pH modification, ROS generation), and above 50 Hz for chlorine formation 

[73]. Some researchers have explored the impact of tunning parameters (frequency, duty 

ratio) to identify the optimal application of AC. 

In so doing, many studies have induced low frequency AC (mHz-Hz) to a) allow for the 

electrochemically reactions to occur at the surface (water electrolysis, chlorine formation), 

and b) take advantage of a combination of mechanisms promoted by anodic and cathodic 

polarizations. In a study, AC current (1.5 V square wave, 16.7 mHz) was applied to control 

the irreversible biofouling of Pseudomonas aeruginosa on NF membranes [46]. ECMs 

under AC current experienced a 45% reduction in the flux over 150 h, while an 80% flux 

reduction was observed in the control experiment (ECM with no current applied) (Figure 

3.3). In addition, 1 min cross-flow chemical-free flushing resulted in 92% to 100% flux 

recovery while the same flushing procedure on control ECMs led to no recovery. The 

authors hypothesized that pH instabilities and the changes in osmotic pressure at the biofilm 

resulting from varying EDL thickness were the primary reasons for findings under AC 

current. 

 

Figure 3.3. Normalized flux versus time during Pseudomonas aeruginosa filtration with 

and without application of electrical current on electrically conductive membranes (ECMs). 

Green, orange, and blue lines represent using electrochemical cleaning on ECMs, using 
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electrochemical cleaning on non-conductive membranes, and absence of electrical field on 

ECMs, respectively. Red circles represent flush treatments. Reprinted with permission 

from [46]. Copyright 2013 American Chemical Society. 

Baek et al. [31] indicated that 30 min application of alternating potential (1 V, 16.7 

mHz) after 24 h Pseudomonas aeruginosa filtration in a RO module could recover the 

permeate flux to 91%. In contrast, in the control experiment, the flux was dropped to 47% 

(Figure 3.4). They proposed that electrostatic repulsive force and translational motion 

governed the advanced bacterial detachment rate under cathodic and anodic polarization, 

respectively. 

 

Figure 3.4. Permeate flux recovery by 30 min electrolysis using positive potential (1 V), 

negative potential (1 V), or alternating potential (1 V, 16.7 mHz) after 24-hour biofiltration 

of Pseudomonas aeruginosa using Ti as conductive feed spacer in a RO process. Reprinted 

with permission from [31]. Copyright 2014 American Chemical Society. 

In one of the early studies in the field, Shim et al. [47] presented an indium tin oxide 

(ITO) film at which they applied cathodic and anodic DC mode (7.5-15.0 μA/cm2 ≈ 2.0 −

2.7 V), as well as AC mode (15 μA/cm2 ≈ 2.7 V, 16.7 mHz) to study the formation of 

Pseudomonas aeruginosa biofilm. They obtained 81%, 73%, and 19% bacterial 

detachment in response to cathodic, alternating, and anodic current over 90 min. They also 

noticed that cell detachment increased with increasing current intensity under cathodic 

current while no correlation was observed under anodic current. In the context of cell 

inactivation, surprisingly, only AC caused significant inactivation (58%) as compared to 

4% cell inactivation for positive and negative currents. The impact of oxidants such as 

hydrogen peroxide and hydroxyl radical on the biofilm was studied separately and found 
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insufficient for bacterial inactivation. The low inactivation ratio under anodic current was 

not explained in their study. However, high detachment ratio under cathodic DC and AC 

was attributed to electrostatic repulsive force. 

Hong et al. [33] investigated the impact of AC current on indium tin oxide (ITO) 

biofouling with Pseudomonas aeruginosa. AC current (15 μA/cm2 ≈ 0.5 − 2.4 V, 16.7 

mHz) resulted in 10% adhered bacteria, while above 80% of bacterial particles adhered on 

ITO under no current. They considered the electrostatic and electrophoretic repulsive force 

to be the dominant mechanisms for less adhered bacteria. The adhesion rate under AC was 

examined at different exchange time intervals (1.67-1000 mHz), and it turned out that 

intervals of 16.7 mHz or smaller are necessary to promote antifouling mechanisms such as 

electrostatic and electroosmotic forces (Figure 3.5). Bacterial viability study was performed 

with live/dead staining microscopy which revealed that anodic current could cause cell lysis 

under the range of current applied while no significant cell lysis was observed under 

cathodic current (Figure 3.5). 

 

Figure 3.5. (Left): bacterial attachment versus block current exchange time intervals of 1 s, 

1 min, 5 min, and 10 min (equivalent frequencies of 1 Hz, 16.7 mHz, 3.30 mHz, and 1.67 

mHz) during 40 min of Pseudomonas aeruginosa filtration. In the control experiment, no 

current was applied. (Right): Dead/live staining images after 40 min of biofiltration (a) No 

current, (b) cathodic current (15 μA/cm2 ≈ 0.5 − 2.4 V) (c) anodic current (15 μA/cm2 ≈
0.5 − 2.4 V ), (d) alternating block current (15 μA/cm2 ≈ 0.5 − 2.4 V , 1 min interval 

(equivalent frequency of 16.7 mHz). Damaged cells were detected by red color in 

propidium iodide (PI)/SYTO 9 TM assay kit and were assumed dead. Intact cells were 

detected by green color and assumed live. Reproduced with permission from [33]. 
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Zhou et al. [50] applied cathodic DC (60 μA ≈ 25 MV/m) and AC (60 μA ≈

5 MV/m , 60 Hz) modes to investigate colonization of Staphylococcus aureus on 

polyaniline-silver nanoparticles-polysulfone membrane over 24 h biofiltration. In their 

study, they studied the effect of cathodic and alternating current, demonstrating that AC 

was more effective (6 log removal) than cathodic current (4 log removal) in preventing 

bacterial colonization. They hypothesized that cathodic current kept the bacteria away from 

the membrane through electrostatic repulsive force. In AC mode, they suggested AC-

induced particle vibration in the gel layer and periodic ion oscillation produced an unstable 

zone for bacterial attachment. 

From our meta-analysis, it seems that low-frequency AC currents are preferred over 

DC and high-frequency AC for anti-biofouling applications. AC current provides the ECM 

with a combination of anodic- and cathodic-induced mechanisms as compared to DC. In 

addition, low frequencies allow for indirect oxidation, pH change, and gas generation as 

compared to high frequencies. Low frequencies also allow the microorganisms to react to 

the electrostatic and electroosmosis forces. A few studies have applied a wide range of 

frequencies (Hz-MHz) to compare the anti-biofouling performance of AC on ECMs. 

Thamaraiselvan and his colleagues investigated the effect of the direct and 

alternating current on Pseudomonas putida biofilm inhibition [48]. Cathodic and anodic 

potentials (0.6-3.0 V) and alternating potential (0.3-6.0 V, 10-10,000 Hz) were applied on 

a self-supporting CNT membrane over 72 h. They realized that AC could outperform both 

anodic and cathodic currents in terms of bacterial detachment and inactivation. The 

bacterial detachment and inactivation rate had an inverse relationship with the current 

frequency with the highest rates observed at 10-100 Hz. Increasing the magnitude of the 

electrical field in AC mode from 1.0 V to 6.0 V led to significant bacterial inactivation, i.e., 

6% to 82%. Although the DC mode followed the same trend in higher potentials applied, 

the detachment and inactivation rates were lower as compared to AC mode. The superior 

performance of AC mode was due to the synergy between electrostatic repulsion and 

electrical oxidation. For instance, AC mode under 1.5 V, 1 kHz caused more than 98.5% 

and 95% bacterial attachment inhibition and inactivation, respectively. They suggested 
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electroporation and direct oxidation as the primary mechanisms responsible for 

inactivation. They ruled out a major contribution of indirect oxidation (hydroxyl radical, 

active chlorine) as AC disfavored hydroxyl radical and active chlorine generation in kHz 

range and >50 Hz frequencies, respectively. They calculated the interface forces including 

electrostatic force, cross-flow lift force, permeation drag force, and van der Waals force. 

They reported that under negative potential (0.5-3.0 V), net repulsive forces (0.85-1 nN) 

dominate the net attractive force (~10-3 nN).  

Perez-Roa et al. investigated the impact of frequency (200 Hz, 10,000 Hz), 

magnitude (0.5 V, 5.0 V), and duty ratio, defined as the fraction of one period in which the 

potential is applied (1%, 50%), of the voltage on the development and inhibition of 

Pseudomonas aeruginosa biofilms on interdigitated electrodes [49]. Their results revealed 

that a combination of 5.0 V, 200 Hz, and 1% duty ratio led to the least biofilm coverage 

over the period of filtration (13 h). They claimed that 0.5 V was not able to induce 

electrolysis or radical generation as water dissociation occurs at 1.229 V and chlorine gas 

generation happens at potentials above 1.358 V. In addition, water dissociation readily 

occurs under DC and low-frequency AC. In their study, bubble formation was only 

observed at 200 Hz as proof of electrolysis. It has been demonstrated that higher AC 

frequencies between 4,000 and 20,000 Hz reduce the chance of water dissociation and 

electrolysis. They also suggested that local instabilities such as pH variation under AC 

disrupt the cell adhesion process. Under 1% duty ratio, no correlation was observed 

between cell viability and surface coverage, while the 50% duty ratio caused cell lysis for 

adsorbed bacteria. 

Liu et al. [39] employed a nano-sponge filtration system made of polyurethane 

sponge coated with CNTs and silver nanowires to disinfect bacteria and viruses. Their setup 

applied external AC in a range of 0-20 V. Antifouling mechanisms showed different 

response times with respect to the external potential. Electrochemical reactions for instance, 

became less likely to happen at high frequencies. Under the application of 10 V, the 

removal efficiency of E. Coli was investigated by varying the frequency from 10 mHz to 

100 MHz. The maximum removal efficiency was observed at 10 mHz to 100 Hz 
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(99.9999%), while the removal rate was maintained at 99.99% in the range of 100 Hz to 

100 MHz, ruling out a major contribution of electrochemical reactions (Figure 3.6). They 

cultivated the already electroporated bacteria in agar plates and noticed that damaged 

Enterococcus faecalis under had the ability to partially repair the wall pores and reproduce 

under a nutrient-rich environment suggesting reversible electroporation. They also 

suggested that silver nanoparticles contribute to removal efficiency of bacteria due to their 

inherent biocidal activity and enhanced chemical uptake potential of electroporated 

bacteria. 

 

Figure 3.6. Removal efficiency of E. Coli under 10 V versus different frequencies. Adapted 

with permission from [39]. Copyright 2013 American Chemical Society. 

As discussed, our analysis has shown that low frequencies are preferred in 

biofouling applications, however, other important factors should be considered in 

optimizing the frequency in AC mode for other applications. For instance, we expect that 

the response time to electrostatic and electroosmosis forces is much shorter for lower-sized 

particles such as ions as compared to larger-sized bacteria, therefore, higher range of 

frequencies can be used for antiscaling applications. In addition, it has been shown that AC 

current can minimize the destructive impact of anodic current on electrode material, more 

particularly on carbonaceous material. Therefore, the membrane life should also be 

considered when designing the current pattern for ECM applications. 

3.3.2. Organic fouling 
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Organic matter that causes fouling is the sticky foulants that deposit on membrane 

surfaces during pressurized filtration. The degree of organic fouling on the ECMs may be 

impacted by membrane surface energy, the feed solution characteristics, and operating 

conditions. In this section, the discussion focuses on the fouling prevention and control 

performance of ECMs by applying various current patterns. A summary of research on 

ECMs focused on organic matter fouling is presented in Table 3.2. 

Table 3.2. Summary of published ECM studies targeting organic matter. 

Antifouling 
Mechanisms 

Materials Foulants Charge of 
Foulants 

Conc
entra
tion 
(ppm
) 

Current or Voltage 
Patterns & 
Application Time 

Results Refere
nce 

Anodic potential 

Direct oxidation 
 

Bismuth-
doped tin 
oxide-coated 
CNT 
 

Oxalate 
Formaldehyde 
Formate 
MeOH 
EtOH 

/ 100 
11 
20 
5 
7 

1-60 mA (0.1-6.3 V) 
for 20 min 

TOC removals were 2-8 times greater, current efficiencies were 
1.5-3.5 times greater, and energy consumption 4-5 times less 
than the uncoated CNT. 

[74] 

Direct oxidation CNTs/Cerami
c 

Humic Acid / 10 1 V 
60 min 

Flux was 1.1 times higher. 
The TOC removal efficiency was 71%. 

[75] 

Direct oxidation 
(antimicrobial 
activity) 

CNT/PTFE 
 

Tetracycline (TC) 
 

/ 89  0-3 V 
 

TC oxidative flux increased with increasing total cell potential 
to a maximum at 2.5 V.  

[76] 

Direct oxidation CNT/Al2O3 Phenol / 5 0.5-1.5 V 
30 min 

Phenol removal was <20% (0 V), 38% (0.5 V), 100% (1-1.5 V).  [77] 

Direct oxidation CNT/Al2O3 Humic Acid / 10 0.5-1.5 V 
60 min 

1.6-fold enhancement in flux and 3-fold improvement in HA 
removal at 1.5 V. 

[77] 

Direct oxidation Ti5O9/Ti4O7 
 

Paracetamol (PCT) / 15 – 
347 

4 - 6.5 V (6 – 30 
mA/cm2) 
90 min 

6.7 g m-2 h-1 TOC removal rate and 47% mineralization with a 
single passage. 

[78] 

Direct oxidation 
/indirect oxidation 

Ti5O9/Ti4O7 
 

Oxalic acid (OA) / 94.5 – 
4536 

4 - 6.5 V (6 – 30 
mA/cm2) 
120 min 

47 g m-2 h-1 TOC removal rate and 72% mineralization with a 
single passage. 

[78] 

Direct oxidation 
/indirect oxidation 

CNT/PTFE Ibuprofen / 20 0-3 V Near complete removal of ibuprofen was achieved at 2-3 V. [79] 

Direct oxidation 
/indirect oxidation 

Sb-doped 
SnO2-coated 
coal-based 
carbon 

Tetracycline (TC) / 50 3 V 
6 h 

The TC removal rate of Sb-SnO2/CM was 96.5% after 6 h. [80] 

Direct oxidation 
/indirect oxidation 

CNT/PTFE Methyl orange 
(MO)  

/ 98 0-1.4 V (vs SCE)  
 

Direct oxidation was the predominant mechanism. 
Indirect oxidation contributed at >1.0 V. 

[81] 

Direct oxidation 
/indirect oxidation 

MWCNT -
PTFE 
Boron-doped 
MWCNT-
PTFE 

Bisphenol A (BPA) / 1 0-3 V 
 

Complete removal at 2 and 3 V. 
Increasing residence time (2 to 14.9 s) increased the removal 
by 7.4-fold. 
Bisphenol A has no fouling effects. 

[82] 

Indirect oxidation TiO2-coated 
carbon 
 

Tetracycline (TC) / 50 0.5 – 2.5 mA/cm2 
10 h (residence time 
of 0.22-8.8 min) 

TC removal (100%) and COD removal (75%) at 0.5 mA/cm2. 
COD removal rate was 91% at 2 mA/cm2. 

[83] 

Indirect oxidation CNT/PTFE Phenol / 94 0.2-3.5 V 
6 h 

≥2.1V prevented phenol polymerization. [84] 

Indirect oxidation CNF/forward 
osmosis PES 

Phenol / 470 0-3 V 
24 h 

>92% phenol removal at 2.5 V. [85] 

Indirect oxidation Undoped 
B-doped 
N-doped 
CNT/PTFE 

Phenol / 19 or 
94 

0.5-3 V 
270 min 

Similar phenol removal with all CNT networks at 1.6 V. 
B-CNT more resistant toward anodic passivation.  

[86] 
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Indirect oxidation CNT-EO-PTFE 
CNT-HNO3-
PTFE 
Fresh-CNT-
PTFE 

Phenol 
Oxalate 

/ 94 
128 

1.6 V  
3 h  

Phenol and oxalate mineralization were 4-fold and 2-fold 
greater for CNT–EO, and unmodified CNT as compared to CNT–
HNO3, respectively. 
 

[87] 

Electrophoretic 
mobility 

Al2O3 
modified 
with Magnéli 
Ti4O7 inner 
layer 

Humic acid (HA)  -44.4 mV 200 30-40 V (10 mA) for 
60 min 

Flux maintenance was 97% and 66% under 30 V and 0 V, 
respectively. 
HA removal was increased from 2% to 96% under 0 V and 30 V, 
respectively.  

[88] 

Electrophoretic 
mobility 

Al2O3 
modified 
with Magnéli 
Ti4O7 inner 
layer 

Bovine serum 
albumin (BSA) 

 -17.9 mV 200 30-40 V (10 mA) for 
60 min 

Flux maintenance was increased from 41% (0 V) to 87% (30 V). 
HA removal was increased from 2% (0 V) to 96% (30 V). 

[88] 

Cathodic potential 

Electrostatic 
repulsion 

DBSA doped 
polyaniline 
(PANI)  

BSA - 1000 0 ~ 1 V Increasing the potential from 0 V to 1 V lead to enhanced 
fouling mitigation with 40% reduction in flux after 30 mL 
filtration. 

[89] 

Electrostatic 
repulsion  

CNTs/Cerami
c 

Humic Acid / 10 1 V 
60 min 

Flux was 1.4 times higher. 
The TOC removal efficiency was 62%. 

[75] 

Electrostatic 
repulsion 

CNT-
PVDF/PES UF  

Fulvic acid 
Sodium alginate  
Polyacrylic acid  
PEG 

-7.1 meq g/C 
-13.9 meq g/C 
-7.50 meq g/C  
Neutral 

10 2 V  
1-9 hr  

High rejection for PAA (97%) and SRFA (73%) and low rejection 
for PEG (18%). 

[90] 

Electrostatic 
repulsion 

CNT/PVA 
 
 

 

Decanted reactor 
effluent 
 
 

/ / 0, 3, 5 V 
5 h 
1.5 V anode during 
backflush 

The pressure was increased from 1.5 psi to 3.1 psi (0 V), 2.4 psi 
(3 V), and 2.2 psi (5 V). 
Anodic current during the backflushing contributes to fouling 
formation. 

[91] 

Electrostatic 
repulsion 

CNT/PVA NF 
 

Post-UF effluent / / 0, 5 V 
5 h 
+1.5 V anode during 
backflush 

Applied potential has no obvious impact on NF fouling. [91] 

Electrostatic 
repulsion 

PVA-CNT/PS 
(polysulfone) 

Alginic acid  -68.1 mV for AA 5000 
 

3V or 5 V 
100 min 

The pressure was decreased by 33% (3V) and 51% (5 V).  [92] 

Electrostatic 
repulsion (hydrogen 
gas) 

CNT/PVDF Sodium alginate 
BSA 
Humic acid  

/ 15 
4 
8 

0-2 V 
Filtration/cleaning:1 
h/5 min  

Lower increase in TMP with electrolysis. 
Pulsed 0 V/2 V led to the best antifouling performance.  

[93] 

Hydrogen gas Pyrolytic 
graphite 

Bovine serum 
albumin (BSA) 

/ 10-20 1.5 V  
20 to 50 s 
 

20 s electrolysis decreased protein coverage by 26-34%. 
BSA removal was 82-100% after 50 s electrolysis. 

[94] 

Hydrogen gas SWCNT 
embedded 
epoxy 

Bovine serum 
albumin (BSA) 

/ 2000 2 V  
10 min 
 

Defouling efficiency was 85% (first cycle) and 60% (second 
cycle) at 2 V. 

[95] 

Hydrogen gas PVA-NC 
(networked 
cellulose)-
CNS 

Humic acid / 500 5 V (~3.75 mA/cm2) 
20 min 

Fouled membrane was recovered via electrolytic self-cleaning. [45] 

 Indirect oxidation Ceramic with 
build-in Ti 
mesh 

Sodium alginate / 50 1, 2, 3 V  
2 min 

Lowest membrane fouling at 3 V. [64] 

Alternating potential 

Electrostatic 
repulsion (direct 
oxidation) 

CNTs/Cerami
c 

Humic Acid / 10 ± 1 V with pulse 
width of 60 s 
60 min 

Flux was 1.5 times higher. 
The TOC removal efficiency was 76%. 

[75] 

Electrostatic 
repulsion (hydrogen 
gas) 

CNT/PVDF Sodium alginate 
BSA 
Humic acid  

/ 15 
4 
8 

Pulsed 0 V/1-2 V 
with 5 s interval 
Filtration/cleaning:1 
h/5 min 

Lower increase in TMP with electrolysis. [93] 

 

Anodic potential 

The integration of membrane filtration with the electrochemical oxidation process 

creates a hybrid technology known as electrochemical filtration, which has shown great 
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potential to treat organic contaminants in effluents. The electrochemical filtration 

membrane serves as both a separation membrane and an active anode that can effectively 

degrade contaminants by electrochemical oxidation. Most of the ECM research that used 

anodic potentials targeted oxidation of organic molecules rather than fouling prevention. 

Fouling degradation is a possible pathway to serve organic fouling mitigation in ECMs. A 

full discussion of electrochemical oxidation of organics is outside the scope of this review. 

Instead, this section will review only those papers that investigated fouling recovery by the 

application of anodic potentials, which may have also contributed to organic molecule 

oxidation.  

Direct electron transfer or reactive oxygen species-mediated indirect degradation 

are the main mechanisms used for removal of organic compounds under anodic 

polarization. At potential below surface over potential, direct oxidation by electrons is the 

dominant mechanism, while above surface over potential, electrochemical reactions 

become the primary contributor to organic removal. Higher anodic potential typically leads 

to higher removal rate (due to faster electron transfer and contribution of electrochemical 

reactions), however, it is at the cost of surface material deterioration that in turn reduces 

the current efficacy and organic removal over long filtration periods. Furthermore, a few 

studies have pointed out that gas generation, promoted by electrochemical reactions, 

hinders the permeate flux and challenges easy contacts of organic compounds with the 

surface. Many studies have quantified the removal efficiency of organics under anodic 

potentials and discussed the primary mechanisms. 

Quan et al. [77] achieved 38.2% removal at a potential of +0.5 V, and complete 

removal at a potential of either + 1.0 V or +1.5 V using the CNTs/Al2O3 membrane for 

phenol remediation. Because of the overpotential of +0.6 V for phenol oxidation on the 

CNTs/Al2O3 membrane, electrooxidation and adsorption were responsible for high removal 

efficiency at +1.0 V or +1.5 V. They revealed that phenol was converted to benzoquinone 

at +1.0 V and the complete mineralization of phenol to CO2 was achieved at + 1.5 V. 

Additionally, 87.7% of humic acid (HA) removal efficiency and a 92.6% increase in 

permeate flux for the CNTs/Al2O3 membrane were attained at an anodic potential of +1.5 
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V. The removal of HA was mainly dominated by electrochemical oxidation due to the 

overpotential of +0.5 V for HA oxidation on the CNTs/Al2O3 membrane.  

Vecitis et al. [74] fabricated a bismuth-doped tin oxide (BTO)-coated CNT anode 

for oxalate oxidation. Compared to an uncoated CNT anode with an oxygen evolution 

potential (OEP) of +1.27 V and the corrosion potential of +1.4 V, BTO-CNT anode 

possesses a higher OEP of +1.71 V and anodic stability up to a potential of +2.2 V. Due to 

increased conductivity, OEP and electrochemical stability for the BTO-CNT anode, they 

achieved 98% oxalate oxidation with a residence time of 1.2 s under application of +3 V. 

The advanced investigation of electro-oxidative removal of ethanol, methanol, 

formaldehyde, and formate was further carried out on BTO-CNT anode and it demonstrated 

to have TOC removals 2 to 8 times greater, mineralization current efficiencies 1.5 to 3.5 

times greater, and energy consumption 4 to 5 times less than the uncoated CNT anode. 

In another study, Vecitis et al. [76] investigated the efficacy of CNT filters for 

Tetracycline (TC) oxidation as a function of total cell potentials and cathode materials in 

an electrochemical filtration system. The feed solution passed through either a perforated 

Ti cathode or a CNT network cathode, followed by a PTEF membrane to separate the 

electrodes, and finally a CNT network anode (Figure 3.7a). Figure 3.7b showed that the TC 

oxidative flux increased with increasing total cell potential up to 2.5 V, regardless of 

cathode materials. As the cell potential was positive than 2.5 V, oxygen generation led to 

the blockage of CNT pores and even CNT filter oxidation, deteriorating the performance 

of the electroactive CNT filter. Additionally, the oxidation flux for a CNT cathode was 2.3 

times higher than that for a Ti cathode at an anodic potential of 1.0 V. They attributed the 

improved performance to electrocatalysis of CNT (water reduction), facilitating the fraction 

of the total cell potential towards the TC oxidation, and larger surface area of CNT with 

lower charge transfer resistance in the cathode, in turn increasing the anode potential and 

the extent of electrooxidation.  
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Figure 3.7. (a) Schematic of apparatus for electrochemical filtration of 0.2 mM tetracycline 

(TC) using a CNT filter as the anode; (b) TC oxidative flux as a function of total cell 

potential and cathode potential. Reproduced from. Reprinted with permission from [76]. 

Copyright 2015 American Chemical Society. 

Trellu et al. [78] used anodic oxidation to mineralize paracetamol (PCT) and oxalic 

acid (OA) using sub-stoichiometric titanium oxide (TiOx) reactive electrochemical 

membranes (REM). PCT mineralization was caused by OH• mediated oxidation in the top 

layer of the REM. Deeper into the membrane (at a depth of 23 nm), potential dramatically 

dropped in a cylindrical pore and reached a value below the overpotential to produce OH•, 

where direct electron transfer dominates. The electropolymerization of PCT and the 

presence of organic compounds refractory to direct electron transfer led to the accumulation 

of insoluble polymers (membrane fouling) and pore blockage. To decrease the membrane 

passivation, PCT was first exposed to ring cleavage mediated by OH• to form short-chain 

carboxylic acids highly reactive to electron transfer (Figure 3.8). Then, carboxylic acid 

experienced full mineralization under direct electron transfer. Similarly, the mechanism for 

OA (short-chain carboxylic acid) mineralization is direct electron transfer. 
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Figure 3.8. Scheme of electrooxidation mechanisms of organic contaminants in the reactive 

electrochemical membrane (sub-stoichiometric titanium oxide) as a function of the depth 

of the membrane. Reprinted from [78], Copyright 2018, with permission from Elsevier. 

Ibuprofen and tetracycline (TC) are the typical antibiotics in wastewater treatment 

plant effluents that have adverse effects on natural water bodies and the potential to increase 

pathogen resistance. Anodic oxidation has been extensively studied for removal and 

inactivation of antibiotics using an electrochemical filter. Rahaman et al. [79] achieved 

efficient removal of ibuprofen using carboxylated CNT modified membranes (MWNTs-

COOH) through physical adsorption by surface interaction between carboxyl groups of 

prepared membranes and ibuprofen, as well as electrooxidation by production of 

electroactive species. In a dead-end electrochemical cell, at an applied DC potential of +2 

V (corresponding to an anodic potential of +0.9 V), 82.4% removal of ibuprofen was 

achieved. With the direct oxidation potential for ibuprofen (1.13 V vs. Ag/AgCl), it is 

impossible to initiate the direct electron transfer on the MWNTs-COOH anode at +2 V of 

applied potential. Instead, the formation of superoxide anion contributed to an indirect 

degradation reaction of ibuprofen. When the applied potential was risen to 3 V 

(corresponding to an anodic potential of +1.72 V), near 100% removal of the target 
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molecule was achieved under the same conditions. The higher reaction kinetic for ibuprofen 

oxidation at 3 V was attributed to synergistic effects of direct oxidation and indirect 

oxidation, i.e. the increased formation of reactive species (superoxide and hypochlorous 

acid). 

Zhu et al. [80] prepared a novel membrane anode by coating nano antimony-doped 

tin dioxide (Sb-SnO2) on a porous coal-based carbon membrane (CM).  Compared to the 

oxygen evolution potential (OEP) of 1.31 V (vs. Ag/AgCl) for CM, a higher oxygen 

evolution potential (OEP) of 1.58 V (vs. Ag/AgCl) for Sb-SnO2/CM reduced the 

competition between oxygen generation and the target molecule (TC) oxidation. Thus, Sb-

SnO2/CM exhibited excellent electrocatalytic activity and improved tetracycline (TC) 

degradation efficiency. They achieved 96.5% and 72.8% of TC removal rate for Sb-

SnO2/CM and CM, respectively, over 6 h operation at an anodic potential of 3 V. Complete 

degradation of TC to carbon dioxide was caused by synergistic effects of direct electron 

transfer and production of OH• radicals, as illustrated in Figure 3.9. 

 

Figure 3.9. Organic removal using ECMs. Schematic of electrochemical membrane 

filtration showing the effects of direct and indirect oxidation of tetracyline at an electrically 

conductive membrane used as an anode. Reprinted from [80], Copyright 2017, with 

permission from Elsevier. 

The mechanism for MO oxidation using a CNT filter anode was illustrated by 

Vecitis et al. [81]. The initial oxidation of MO at an anodic potential up to 1.0 V (vs. SCE) 

is due to direct electron transfer, Reaction 1. Once the anode potential increases to >1.0 V, 

oxygen produced from water electrolysis, Reaction 2, immediately reacts with carbon 



Ph.D. Thesis – Mohamad Amin Halali                     McMaster University – Chemical Engineering 

 
 

115 
 

radicals to form ROS (i.e., peroxy radicals) that indirectly oxidizes MO. In this case, both 

indirect and direct oxidation accounts for MO removal. Another indirect pathway may 

occur when Cl- is oxidized to Cl2 at an anode potential >1.2 V. 

MO− +  nh+ − CNT →  MOOX(−nh+) + CNT                                                                        (1) 

H2O →  4H+ + O2 +  4e−                                                                                                           (2) 

Bisphenol A (BPA) is used for manufacturing chemical products including 

adhesives, plastic, powder paints, paper coating, and epoxy resin. Human exposure to such 

a harmful chemical is likely to cause hazardous health effects. Rahaman and his colleagues 

[82] explored the removal efficacy of bisphenol A using boron-doped CNT (BMWNTs) 

filters and provided insight into the possible degradation pathways. The anode potentials 

corresponding to applied anodic potential of 2 V and 3 V were measured to be 0.79 V and 

1.57 V (vs. Ag/AgCl), respectively for BMWNTs. The fast degradation rate of BPA was 

achieved at applied potentials due to low BPA oxidation potential (0.5 V- 0.9 V) on 

electrochemical BMWNTs filters. The primary mechanism for BPA degradation is direct 

oxidation through electron transfer at moderately applied potentials (< 2 V) as compared to 

the dominant participation of superoxide anions (O2
●) at a higher anodic potential of 3 V. 

BPA is initially oxidized through an attack by superoxides on the aromatic rings and 

isopropyledene bridge cleavage, generating one-ring hydroxylated phenolic derivatives. 

The complete mineralization of BPA is achieved by the further degradation of the phenolic 

intermediates to non-toxic aliphatic products due to aromatic ring cleavage. The absence 

of polymeric passivation effect of BPA on BMWNTs was observed, suggesting the 

unstable of polymeric intermediates and the fast reaction kinetics during the electro-

filtration process. Additionally, residence time is a dominant parameter to improve the 

participation of direct electron transfer due to its slower kinetics than indirect oxidation 

pathway. As a result, increasing residence time (from 2 to 14.9 s) by 7.4-fold led to ~100% 

degradation of BPA and significant removal of its aliphatic by-products at an anodic 

potential of 3 V.  
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Zhu et al. [83] prepared a novel nano-TiO2/carbon electrocatalytic membrane for 

TC removal. TiO2 could be excited to generate reactive intermediates such as OH•, O2
•- 

and HO2•, which can decompose the organics located on the membrane and exhibit high 

stability for TC degradation. 100% removal of TC and 75% removal of COD were achieved 

in the permeate stream with the anodic current density of 0.5 mA/cm2. As current density 

rose to 2 mA/cm2, the maximum COD removal rate (91%) was reached, where abundant 

superoxides were beneficial for complete TC mineralization. However, the decline in COD 

removal rate at a current density of 2.5 mA/cm2 resulted from water hydrolysis that 

hindered an easy contact of organics with the electrocatalytic membrane. 

A simple aromatic pollutant, phenol, is commonly present in effluent released from 

chemical and biological water treatment plants. Vecitis et al. [84] revealed the CNT anode 

was susceptible to oxidative polymerization and electrode passivation for phenol removal 

in the electrochemical flow-through filtration. To avoid phenol polymerization and 

maintain electrode lifetimes, the application of an anode potential ≥2.1V for complete 

phenol mineralization was required.  

Xie et al. [85] achieved >92% removal of phenolic compounds on the CNF-

embedded FO membrane at an anodic potential of 2.5 V. The higher voltage led to a greater 

removal efficiency. However, the removal of phenol slightly decreased beyond 3 V due to 

water electrolysis. The generation of gas bubbles blocked the electroactive sites on the 

CNT-FO membrane, leading to adverse effects on phenol oxidation and membrane water 

flux. 

Vecitis et al. [86] investigated the impacts of CNT doping on the electrochemical 

oxidative performance to remediate phenol. Boron-doped (B-CNT), and nitrogen-doped 

(N-CNT) carbon nanotube networks were reported to possess higher conductivity and thus 

improve the electrochemical activity of CNT anodes compared to the undoped CNT. All 

three doping CNT networks removed a similar amount of phenol at an anodic potential of 

1.6 V. However, B-CNT anode was more desirable as it showed the most resistance to 

electrode passivation and electrolyte participation. The absence of passivation for B-CNT 
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could be attributed to its relatively higher work function (corresponds to the Fermi level 

redox potential) leading to a greater extent of phenol oxidation. 

Gao et al. [87] produced CNT filters with specific surface oxy-functional groups to 

investigate how the CNT groups affected the inner electrooxidation kinetics for phenol and 

oxalate mineralization.  As compared to unmodified CNT anode (fresh-CNT), the oxidative 

performance of CNT synthesized via anodic oxidation (CNT-EO, enriched -COH) was 

increased by 2-fold and the CNT synthesized via nitric acid (CNT-HNO3, enriched -

COOH) was decreased by 2-fold for phenol mineralization over 180 min of continued 

single-pass filtration at an anodic potential of +1.6 V (vs. Ag/AgCl). A similar trend was 

observed for oxalate mineralization. CNT-EO contains more -COH and thus electroactive 

sites since -COH can produce twice as many defect sites as -COOH under a similar O/C 

ratio. CNT-EO is more hydrophilic than CNT-HNO3 as -COH tends to form H-bond with 

H2O rather than -COOH. More defect sites and hydrophilic nature of CNT-EO account for 

more surface H2O, indicating greater potential to generate more hydroxyl radicals for 

indirect oxidation. This hypothesis was consistent with lower charge transfer resistance and 

greater extent of oxidation for CNT-EO. 

Electrophoretic mobility has been suggested as a mechanism promoted by anodic 

potential for advanced antifouling performance in organic separation processes. High 

anodic potentials (30-40 V) were applied on a tubular ceramic (Al2O3) membrane coated 

with a modified Magnéli (Ti4O7) for 60 min to separate humic acid (HA) and bovine serum 

albumin (BSA) [88]. High potentials resulted in small currents (less than 10 mA) due to 

low ionic strength of the feed led to low energy consumption by the ECM. Application of 

30 V and 40 V, ECM maintained over 90% of the initial values, while the flux for uncoated 

membranes was reported lower after 60 min, 62.7% for HA, and 41.6% for BSA. They 

suggested that enhanced electrophoretic mobility for negatively charged HA 

( −3.5 (μmS−1)(Vcm−1)−1) , and BSA ( −1.4 (μmS−1)(Vcm−1)−1)  led to a lower 

membrane fouling and higher flux maintenance. 

Cathodic potential 
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Natural organic matter (NOM) is commonly found in water bodies, consisting of 

complex macromolecular degradation products of plant and animal residuals. Many studies 

have reported that significant migration of NOM fouling on ECMs can be inhibited by 

applying cathodic potentials. The main antifouling mechanisms associated with cathodic 

potential are electrostatic repulsion and gas generation. Electrostatic repulsion between 

negatively charged NOM and negative surface is more dominant at low potentials. As 

discussed in Part I, electrostatic repulsive force is effective in short range and is restricted 

by the ionic strength. At potentials higher than hydrogen evolution potential (HEP), 

electrochemically generated gas bubbles enhance the antifouling performance through 

steric repulsion at the water/membrane interface. 

Xu et al. [89] reported the preparation of DBSA doped polyaniline (PANI) 

membranes for improved membrane antifouling in the presence of negative potentials. 

After 30 mL filtration of BSA solution, the permeate flux was dropped by 40% under 

cathodic potential (1 V), while the permeate flux drop was 76% under no potential applied. 

The lower potential of BSA adsorption on the PANI membrane under cathodic polarization 

was attributed to increased electrostatic forces to repel the foulants from the membrane 

surface. 

Vecitis et al. [90] studied the use of a carbon nanotube-polyvinylidene fluoride 

(CNT-PVDF) porous cathode on top of a UF membrane to reduce NOM fouling via the 

application of -2 V. They suggested an optimal electrode-membrane configuration for the 

electro-filtration system where the feed stream flowed through the porous anode, the CNT-

PVDF cathode, and finally the UF membrane in sequence, as shown in Figure 3.10. Further, 

the presence of the spacers between electrodes not only prevented short circuit but also 

produced the near-surface turbulence for fouling reduction. The extent of NOM fouling in 

the optimal configuration was evaluated under different conditions of anode material, ionic 

strength and cathode potential. The predominant mechanism for NOM mitigation was the 

potential-induced negative surface charges to repel the negatively charged NOM fouling, 

consistent with the theories that the application of cathodic current increased the DLVO 
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energy barrier and reduced collision efficiency between organic colloids and the cathode 

surface.  

 

Figure 3.10. Representative schemes of an electro-filtration system. The antifouling effect 

is produced by an applied external electrical field which produces a negative surface 

charges to repel NOM. Reprinted from [90], Copyright 2014, with permission from 

Elsevier. 

As discussed, the impact hydrogen bubble evolution as an antifouling mechanism becomes 

significant when cathodic potential exceeds surface over potential. Mid-to-high potentials 

are more commonly applied in cathodic polarization due to little destructive impact of 

cathodic polarization on membrane surfaces as compared to anodic potentials [96]. Wu and 

Craig et al. [94] studied the ability of electrochemically generated nanobubbles to limit  

BSA fouling, and to clean BSA-fouled  conductive pyrolytic graphite surfaces. To limit 

BSA fouling, a cathodic potential of 1.5 V applied for 20 s before exposure to BSA was 

found to decrease protein coverage by up to 34%, which was explained by nanobubbles 

acting as a physical barrier against adsorption. To clean fouled surfaces, a cathodic potential 

of 1.5 V was applied for 50 s to pyrolytic graphite fouled with pre-adsorbed BSA. Under 

these conditions, 100% to 82% of the BSA was removed. It was hypothesized that 

nanobubbles forming on the conductive substrate could actively remove protein at the 

liquid-vapor interface by a low-shear water stream, although a small portion of protein at 

the solid-liquid interface remained. Similarly, defouling of BSA on SWCNT embedded 

epoxy membrane was explored by Hinds et al. [95]. Bubble generation at a cathodic 

potential of 2 V resulted in 85% removal efficiency for the first defouling cycle and 60% 

for the second defouling cycle. 
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Liang and Huang et al. [93] challenged a dual-layer CNT-PVDF membrane with a 

synthetic wastewater solution containing sodium alginate (SA), HA, BSA as well as 

inorganic compounds. As shown in Figure 3.11, compared to the pristine PVDF membrane, 

the lower surface energy of the CNT layer with poor affinity towards foulants could 

maintain constant flux at a lower TMP. The application of -2 V DC and 0 V/-2 V DC on 

the CNT/PVDF membrane generated large amounts of gas bubbles which reduced the 

adsorption of foulants further lower the required TMP to maintain flux, as compared to 0 

V condition. Further, they attributed the most effective antifouling performance achieved 

at 0 V/-2 V DC to the intermittent charging mode. The negatively charged foulants were 

repelled from the membrane cathode, whereas cations in bulk moved toward the membrane. 

Neutralization by cations was expected to dissipate the strength of applied electric fields. 

Thus, a temporary pause in applied potential allowed the release of cations, recovering the 

receded repulsive force and contributing to an increase in ionic strength.  
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Figure 3.11. TMP as a function of time for pristine PVDF and CNT/PVDF membranes in 

filtration of with a synthetic wastewater: (A) No electrical field; (B) 2V DC; (C) 0 V/2 V 

DC pulsed with 5 s intervals. Reprinted from [93], Copyright 2015, with permission from 

Elsevier. 

Nidal et al. [45] fabricated electrolytic self-cleaning membranes by incorporating 

carbon nanostructures (CNS) into networked cellulose composites for mitigating humic 

acid (HA). The addition of CNS both enhanced the water flux by disrupting the 

compression of polymer chains and provided the ability for self-cleaning through applied 

potentials.  Modified membranes showed a 93% increase in flux compared to control 
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(PVA-NC membranes) and fouled membrane was recovered via the evolution of hydrogen 

with a cathodic potential of -5 V (equivalent to 3.75 mA/cm2) for 20 min. 

The use of electrical UF/NF in series to treat anaerobic reactor effluent containing 

benzyl alcohol and its degradation products was investigated in Jassby lab [91]. UF and NF 

membrane modules in series were utilized for remediation of the SBR effluent. The 

application of -3 V and -5 V on the CNT-UF membrane over 5 h electrofiltration led to 

decrease of required pressure by 22.6% and 29.0%, respectively, compared to membranes 

without an applied potential. We hypothesize that generation of hydrogen bubbles as well 

as electrostatic repulsion led to the lower increase rate in TMP during filtration. During 

backflushing of the membranes, fouling formation was enhanced at an anodic potential of 

+1.5 V, attributed to the attraction between positively charged CNT membrane and 

negatively charged HA, as well as the irreversible fouling caused by electro-

polymerization. Interestingly, fouling was not inhibited on CNT-NF membrane at either a 

cathodic potential of -5 V or an anodic potential of +1.5 V likely due to abundant neutral 

particles in the NF feed produced from the UF module. 

Jassby et al. [92] investigated the prevention of high concentration (5 g/L) of alginic 

acid (AA) on PVA-CNT-COOH modified membranes by applying negative potentials for 

electro-filtration. The application of -3 V and -5 V on the PVA-CNT-COOH membranes 

repelled the negatively charged humic acid, resulting in 33% and 51% reduction in pressure 

under the constant flux of 20 LMH, respectively, compared to 0 V condition. From our 

metanalysis, the improved performance of ECMs can be attributed to generation of 

hydrogen gas bubbles at the potential range applied (3-5 V). 

Recently, the application of hybrid systems for enhanced antifouling performance 

has received attention, where electrochemical interactions at the anode and cathode are 

combined to maximize the efficiency of the system. In a study, Fu et al. [64] developed an 

electrochemical ceramic membrane reactor (ECMR) by using the Ti-mesh embedded 

ceramic membrane as a cathode and Ti/SnO2-Sb-Ce as anodes for mitigating membrane 

fouling during sodium alginate filtration. They evaluated the antifouling performance by 
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monitoring the TMP over filtration period (120 h). Their results revealed that application 

of 3 V led to lowest increase rate in TMP as compared to application of 1 V, 2 V, and 

control experiment (no electrical filed), likely due to activation of electrochemical reactions 

at 3 V. They suggested the generation of oxidants including ROS (HO•, O2
•-, H2O2), and 

active chlorine under cell potential of 3 V.  High rates of electrochemical reactions at 3 V 

were confirmed with the average current of ECMR under application of 3 V (4.32 mA) as 

compared to 1 V (0.037 mA), and 2 V (0.73 mA). 

Alternating potential 

Quan et al. [75] explored the mitigation of humic acid (HA) fouling on a ceramic 

hollow fiber membrane coated with interconnected carbon nanotubes under different 

polarizations, including anodic, cathodic and alternating polarization. As shown in Figure 

3.12, they found that under the conditions of anodic polarization at +1 V, cathodic 

polarization at -1 V, and alternating polarization at ± 1 V with a frequency of 16.7 mHz 

(pulse width value of 60 s), the permeate flux of CNTs/ceramic membrane was 1.1, 1.4, 

and 1.5 times as high as that without electropolarization (1060 LMH/bar) after 60 min 

operation. The TOC removal efficiencies of electropolarized membrane were 71%, 62%, 

and 76% under anodic, cathodic, and alternating polarization, respectively. At an anodic 

potential of +1.0 V, HA was oxidized on the CNT/ceramic membrane; however, the small 

portion of HA that remained adsorbed caused flux decline. At a cathodic potential of -1.0 

V, electrostatic repulsion between the negatively charged membrane and negatively 

charged HA contributed to significant decrease in HA fouling. The least flux loss and the 

most TOC removal efficiency on the CNT/ceramic membrane were achieved by alternating 

polarization. Under cathodic polarization, adhesion of HA on the membrane surface was 

greatly reduced, and while some HA remained adsorbed onto the surface of the membrane, 

it could be immediately degraded by electrooxidation when the applied potential switched 

from negative to positive. Further, HA migration caused by either electroosmosis or 

electrophoresis could reduce the adhesion forces between HA molecules and the anodically 

polarized membrane.  
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Figure 3.12. (a) Normalized flux of CNTs/ceramic membrane during NOM filtration under 

different polarizations, (b) TOC removal efficiency on electropolarized CNTs/ceramic 

membranes. Conditions: [HA]in= 10 ppm, [pulse time] = 60 s, and [pressure] = 0.1 bar, 

cathodic, anodic, and alternating potentials applied were +1 V, -1 V, ± 1 V with a frequency 

of 16.7 mHz, respectively. Reprinted from [75], Copyright 2016, with permission from 

Elsevier. 

3.3.3. Oil wetting 

Many industries deal with oily wastewater that requires purification before these 

waters can be returned safely to the environment. In some cases, the application of ECMs 

has been proposed to assist with improving flux and separation properties of typical 

membranes. With a few exceptions, appropriate polarity was chosen with respect to the 

charge of oil particles. Electrophoretic mobility, electrostatic interactions, gas generation, 

and oxidation (direct, indirect) are the likely mechanisms that can account for the 

antifouling behavior of ECMs used for oil-water separations. Some of these mechanisms 

have been overlooked in the literature and are discussed below. Table 3.3 summarizes the 

published articles focused on oil separation using ECMs. 

Table 3.3. Summary of ECM studies targeting oil separation.  

Antifouling 
Mechanisms 

Materials Foulants Charge of 
Foulants 

Concentra
tion (ppm)   

Current or Voltage 
Patterns & 
Reaction Time 

Results Refere
nce 

Anodic potential 

Electrophoretic 
mobility 

Al2O3 modified 
with Magnéli 
Ti4O7 inner layer 

Peanut oil +41.4 mV 200 30-40 V (10 mA) for 
60 min 

Flux was maintained at 91% and 42% of the initial 
flux under 30 V and 0 V, respectively. 
ECM also increased the separation efficiency from 
95% to 99%. 

[88] 

Electrophoretic 
mobility (gas 
bubbling, redox) 

PANI-reduced 
graphene oxide 
(rGO) 

Real oil sands 
produced water 

Negative 300 (TOC) 
470 (Na+) 
6 (Mg2+) 

2-3 V for 100 min Total fouling ratio was decreased by 25% under 2 
V. Severe pore blockage under 3 V. 
 

[97] 

Cathodic potential 
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Electrophoretic 
mobility 

Carbon fibre-
carbon composite 

Vegetable oil-
based emulsion 

-67±5 mV 150-1000 0-30 V for 5 h Electrical field enhanced the flux (by 100%) and 
separation efficiency (by 13%). 

[98] 

Electrostatic forces 
(gas bubbling, 
redox) 

PANI-reduced 
graphene oxide 
(rGO) 

Real oil sands 
produced water 

Negative 300 (TOC) 
470 (Na+) 
6 (Mg2+) 

 2-9 V for 100 min Enhanced the flux by 31.9%. [97] 

Electrostatic forces GO/MWCNT/PVD
F 

Palm oil mill 
effluent filtration 

Negative / 221 V/cm for 300 
min of direct or 
pulsed potential (6 
min on/54 min off) 

Cathodic current maintained the flux by up to 
90%. 
Intermittent mode resulted in the same flux 
performance (2% higher). 

[99] 

 

Anodic potential 

Electrophoretic mobility has been mentioned as the primary mechanism promoted 

by anodic potential for advanced performance of ECMs in oil separation applications. A 

tubular ceramic (Al2O3) membrane coated with a modified Magnéli (Ti4O7) was used to 

separate positively charged (41.4 ± 3 mV) peanut oil [88]. Positive potentials (30-40 V) 

were applied on the ECM during a 60 min separation of oily wastewater. It is worthy to 

note that a very low-conductive electrolyte was used as feed as high ionic strength 

suppresses the electrophoretic mobility of particles via electrostatic shielding. With no 

current applied, the permeate flux dropped by more than 50%, while application of 30 V 

and 40 V maintained 83.2% and 91.8% of the initial flux, respectively (Figure 3.13). The 

range of electrical potential applied was close to the theoretical critical value (35.2 V). High 

potentials (30-40 V) resulted in small currents (less than 10 mA) due to low ionic strength 

of the feed which demonstrated low energy consumption by the ECM. They suggested that 

electrophoretic mobility between the anodic membrane and the stainless-steel cathodic 

electrode drags the oil particles away from the membrane surface enabling higher permeate 

flux and consequently a higher purity permeate. 

It should be noted that anodic potential can cause mineralization and 

electropolymerization of organic particles. Drastic electropolymerization can lead to 

blockage the membrane pores which is known as ““poisoning effect”. Karkooti et al. [97] 

employed a graphene-based ECM for the treatment of wastewater from oil sands, where 

they observed immediate stoppage of the permeate flow under application of anodic 

potential (3 V) due to pore blockage likely as a result of drastic electropolymerization. 

Cathodic potential 
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There are three primary mechanisms for oil separation associated with cathodic 

potentials: electrophoretic mobility, electrostatic force, and gas generation. The individual 

mechanisms are discussed below in more detail. 

In one of the earliest studies in this area, application of cathodic potential (0-30 V) 

was shown to effectively separate oily wastewater [98]. In this work, permeate flux was 

increased by nearly 5-fold with the application of a cathodic current. The authors suggested 

that the enhancement in permeate flux was a result of electrical field-induced 

electrophoretic mobility of oil particles. Without an applied electric field, the membrane 

underwent irreversible fouling while with an electrical field, the cake layer was mitigated. 

To drive the critical electrical potential, they coupled the electrophoretic mobility term to 

Stoke’s law as follows: 

Ecritical =
J

ue
                                                                                                                               Eq. (1) 

where, Ecritical represents critical field strength (Vcm-1), J and ue denote the corresponding 

pure water flux (LMH) and electrophoretic mobility of the particle (m. s−1 V. cm−1⁄ ), 

respectively. The applied electrical field was proposed to be close to critical electrical 

potential to avoid excessive energy consumption. 

Continuous and intermittent cathodic currents have been used to treat palm oil mill 

effluent [99]. They carried out a response surface methodology to optimize the performance 

of the membrane during continuous and intermittent modes separately. In continuous mode, 

carbon concentration (3.96-11.04 wt%) and electrical field strength (18.93-231.07 V/cm) 

and in intermittent mode, filtration interval (23.79-66.21 min) and electrical treatment 

application time (1.38-5.62 min) were investigated. Under continuous mode, the highest 

normalized flux was observed for 5 wt% carbon concentration, and electrical field strength 

of 221 V/cm with 23 % drop in the permeate flux. Under intermittent mode, filtration 

intervals of 30 min with 5 min electrolysis (using electrical field strength of 221 V/cm) 

resulted in the highest permeate flux with 21% drop in the permeate flux. While in the 

control experiment (no electrical field), the permeate flux was 2.79-287 times lower as 
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compared to optimized continuous or intermittent modes. They justified the improved flux 

to the enhancement of electrostatic repulsion between foulants and the membrane surface. 

However, intermitted current resulted in a slightly better flux as compared to continuous 

mode. They theorized that prolonged application of cathodic current forces intense 

accumulation of positively charged cations on the surface that shields the electrical field. 

An intermittent electric field allows for the desorption of cations from the cathode and 

thereby a recovery of the electrical field. They suggested that higher carbon content (up to 

5 wt%) increases the surface conductivity, a better distribution of electrical charge across 

the surface and eventually greater electrostatic repulsive force. Further increase in carbon 

content causes nanomaterial agglomeration and increases in surface roughness that favors 

fouling propensity. 

In a more recent study, Karkooti et al. [97] employed cathodic potentials (2-9 V) 

for the improved treatment of wastewater from oil sands using a graphene-based ECM. 

Cathodic potential resulted in 82.75%, 72.20%, and 67.18% flux decline under 3, 6, and 9 

V potentials while under no electrical current the permeate flux decline was 89.19% (Figure 

3.13). Cathodic current also significantly enhanced the TOC removal up to 85.52% as 

compared to the reported 33.29% under no current (Figure 3.13). The authors suggested 

electrostatic forces, electrophoretic mobility, gas bubbling, and electrochemical reactions 

to justify the observations. The cathodic potential range applied in this study exceeds the 

surface overpotential. Therefore, it is likely that electrostatic repulsion, and electrophoretic 

mobility were responsible for higher permeate flux, while indirect oxidation of oil particles 

promoted by electrochemical reactions could account for low TOC values reported in the 

permeate.  
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Figure 3.13. On the left: Specific permeate flux versus time for treatment of 200 mg/L 

emulsified oily water with CTAB as surfactant [88]. Orange, purple, blue, and green 

represent uncoated membrane, Al2O3/ Ti4O7 ECM under no potential, Al2O3/ Ti4O7 ECM 

under anodic 30 V, and Al2O3/ Ti4O7 ECM under anodic 40 V, respectively. On the right: 

(a) flux decline over time for filtration of produced water from oil sands using graphene-

based ECM. Red, brown, blue, and green represent no potential, 3 V cathodic potential, 6 

V cathodic potential, and 9 V cathodic potential, respectively (b) optical images of feed 

and permeate solutions collected under different applied potentials, and (c) TOC removal 

performance of ECMs. Reprinted from [97], Copyright 2020, with permission from 

Elsevier. 

3.3.4. Scaling and ion separation 

Scale removal from ECMs was carried out in some cases by applying anodic 

potential to ECMs and in another situation by cathodic potential. As previously mentioned 

in Part I, the choice of applying anodic or cathodic potential depends on the type of scale 

required to be removed from the membrane surface. Scale formation can be inhibited 

electrostatic repulsion, direct redox reactions, bubble formation, and pH-change induced 

dissolution. Scale formation inhibition can occur by electrostatic interaction, in which 

either cathodic (negative) potential can be applied to the ECM to repel anions from the 

ECM surface, or anodic potential can be applied to repel cations. Scale can also be removed 

and scale formation can be limited through redox reactions. Cathodic potential can be 
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applied to cause direct reduction of scalants, while anodic potential can be applied to cause 

direct oxidation of scalants. Scale formation can also be limited through gas bubbles 

generation at either the anode or cathode: cathodic potential is usually applied to produce 

micro hydrogen bubbles at the ECM by water electrolysis, oxygen bubbles at the anode 

could also impede scale formation. Finally, some types of scales are pH-sensitive (they 

dissolve at high or low pH), which enables scale removal by raising or lowering the local 

pH at the ECM through the application of a cathodic or anodic potential, respectively. Table 

3.4 presents research articles focused on scale removal and ion rejection using ECMs. 

Table 3.4. Summary of published studies regarding scale removal and ion rejection on 

conductive membranes. 

Antifouling 
Mechanisms 

Materials Foulants Charge of 
Foulants 

Concentration (ppm)  Current Patterns & 
Reaction Time 

Results Refer
ence 

Anodic potential 

Low pH 
 

CNT/ 
polyamide 

Na2SO4 
MgSO4 
CaCl2 

Positive 1420 
1685 
1776 

2.5 V for 30 min (5 min on/5 min 
off) 

Dissolved CaCO3 lead to 98% recovery [100] 

Electrostatic 
repulsion 

CNT/ 
polyamide 

Na2CO3 
KCl 
CaCl2 
MgCl2 

Positive 996 
797 
800 
447 

1.5 V for 140 min Repelled Ca2+ ions lead to 30% enhancement in 
flux maintenance. 

[100] 

Electrostatic 
repulsion 

CNT/Al2O3 Silica 
particles 

+7.6 mV 
 

100 
 

0.5, 1, 1.5 V for 30 min Increased silica rejection from 87.2% (0 V) to 
99% (1.5 V). 

[77] 

Electrostatic 
attraction 

CNT/Al2O3 Latex 
particles 

-8.4 mV 500 0.5, 1, 1.5 V for 30 min Increased latex log removal from 2.24 (0 V) to 
6.59 (1.5 V). 

[77] 

Electrostatic 
repulsion 

Polypyrrole/
PVDF 

CaCl2 Positive 
(Ca2+) 

555 0.8 V for 20 min Desorption leads to higher Ca2+ (1%) in the 
filtrate. 

[101] 

Oxidation MWCNT NaI 
NaCl 

Negative 
(I-) 

1500  
584 

1, 2, 3 V for 90 min 1-2% oxidation of I- was achieved under 2-3 V. [102] 

Cathodic potential 

High pH Polypropylen
e coated 
with 
CNT/PVA 

Silicate 
scale 

Neutral 1906 (NaSiO3·5H2O) 20 mA (3.6 V) for 50 min Electrochemical cleaning nearly restored the 
permeate flux to its initial value for three 
consecutive cycles. 

[103] 

Electrostatic 
attraction 

Polypyrrole/
PVDF 

CaCl2 Positive 
(Ca2+) 

555 0.8 V for 20 min Adsorption leads to lower Ca2+ (1%) in the 
filtrate. 

[101] 

Electrostatic 
repulsion 

Polypyrrole 
coated 
terylene 

NH4Cl KH2PO4 

CaCl2  

FeSO4 
Sucrose  

Neutral 100  
30  
2  
10  
500 

0, 0.2, 0.4 V/cm in three 
consecutive cycles of 90 min 
each 

Flux decline was 5% (0.2 V/cm) as compared to 
25% (0 V). 

[104] 

Electrostatic 
repulsion 

Polypyrrole NH4Cl KH2PO4 

CaCl2  

FeSO4 
Sucrose  

Neutral 100  
30  
2  
10  
500 

0.2 V/cm in three consecutive 
cycles of 4 h each 

Electric field enhanced the flux by two times. [105] 

Reduction CNT/ 
PVA/polysulf
one 

Hexavalent 
chromium 
(Cr(VI)) 

Negative 
(CrO4-) 

1 3, 5, 7 V for 6 h Highest removal rate (95%) was achieved at 7 V. [106] 

Reduction Pd-Cu and 
Pd-In coated 
TiO2  

NaNO3 Negative 
(NO3

-) 
85 3.6 V (cathode-anode flow 

mode) for 2 h 
2.5 V (anode-cathode flow 
mode) for 2 h 

Nitrate reduction in the anode-cathode flow 
mode was higher (43-65 %) than the cathode-
anode flow mode (20 %). 

[107] 

Reduction Ni/polypropy
lene 

NH4Cl Positive 
(NH4

+) 
4000 0.8 V in three consecutive cycles 

of 96 h each 
40% increase in NH3-N recovery rate. [108] 
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Hydrogen 
gas 

MWCNT/PVD
F 

CaCO3 

NaCl 
Positive 
(Ca2+) 

100 
10000 

2V periodically for 3 min after 
cycles of 30-60 min 

Electric field enhanced the permeate flux by 
40%. 

[43] 

Alternating potential 

Self-heating CNT NaCl Neural 104-105 20 V AC (0.3-10000 Hz) for 100 
min 

Single pass recovery of ~100% [109] 

        

 

Anodic potential 

There are three main mechanisms for ion removal associated with anodic potentials: 

dissolution under low pH, electrostatic repulsion/attraction, and direct oxidation. The 

individual mechanisms are discussed below for different scalants and ions. 

Duan et al. [100] studied the effect of electric current on the prevention of CaCO3 

scaling on polyamide RO membranes coated with carbon nanotubes (CNTs). CaCO3 

solution of saturation index of 4.38 was filtered through the RO membranes at crossflow 

velocity of 4.5 cm/s. After 460 min, the permeate flux decreased to 82% of the initial flux. 

However, the intermittent application of 2.5 V anodic potential on the membrane 

surface/counter electrode for 30 min (5 min on/5 min off) recovered the flux to 98% of its 

initial value. This flux enhancement resulted from the dissolution of the deposited CaCO3 

on the membrane surface. CaCO3 crystals are very sensitive to pH and dissolve rapidly at 

low pH, thus the produced protons from water oxidation at this applied potential (2.5 V) 

dissolved the CaCO3 crystals at the RO membranes, see Part I. From our meta-analysis, we 

suspect that electrostatic repulsion between positively charged Ca and surface as well as 

oxygen gas evolution further contributed to improved performance of CNT-ECMs. In the 

same study [100], they also examined the effect of electric current on CaSO4 (gypsum) 

scale prevention on the CNTs coated RO membranes. CaSO4 solution of saturation index 

of 1.01 was filtered through the RO membranes at the same crossflow velocity (4.5 cm/s). 

The application of 1.5 V while filtering the CaSO4 solution delayed the CaSO4 scale on the 

RO membrane, slightly enhancing the permeate flux. Moreover, when an inline microfilter 

was used on the retentate line to remove CaSO4 particles formed during the experiment (to 

prevent secondary deposition on the RO membrane), the application of anodic potential 

(1.5 V) on the membrane caused 30% enhancement in the flux decline after 140 min. While 

it is well known that CaSO4 is pH insensitive, two reasons are believed to cause the 
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enhancement in the permeate flux. Firstly, the application of anodic electric potential 

changed the morphology of the deposited CaSO4 from tightly packed needle morphology 

to larger, less packed structure which enhanced the permeate flux. Secondly, the application 

of positive potential on the membrane surface pushed the positive Ca ions away from the 

membrane which created nucleation free zone away from the membrane which also caused 

enhancement in permeate flux, see Part I. However, we suspect that the contribution of 

oxygen gas generation at the reported potential (1.5 V) cannot be ruled out. 

Fan et al. [77] studied the effect of electrochemistry on enhancing the performance 

of CNTs/Al2O3 membrane while filtering solution containing silica spheres (140 nm) 

having a comparable size to the membrane pore size (142 nm). In the absence of electrical 

field, 87% of silica particles were retained on the membrane surface in a cross-flow 

filtration setup. While, applying positive potential of 0.5 V, 1 V, and 1.5 V on the 

CNTs/Al2O3 membrane increased silica rejection to 90%, 94%, and 99%, respectively, as 

shown in Figure 3.14a. Interestingly, the permeate flux also increased with applying 

electrical potential (1.5 times when applying 1.5 V), as shown in Figure 3.14b. It was 

hypothesized that silica spheres with positive charge (+7.6 mv zeta potential) in the feed 

solution (neutral pH) were repelled from the membrane under applying positive potential 

by electrostatic interactions and then removed by the crossflow. In the same study, the 

separation of latex particles that have smaller size (57.7 nm) than the membrane pore size 

(142 nm) was also investigated. In the absence of electrical field, only 15% of the latex 

particles were removed from the solution. On applying positive 0.5 V anodic potential, the 

latex removal efficiency was doubled, and it further increased with applying 1V, and it 

reached 4 times the initial value when applying 1.5 V, as shown in Figure 3.14c.  
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Figure 3.14. Effect of applied anodic potential on silica and latex filtration using  

CNT/Al2O3 ECM: (a) silica removal efficiency, (b) normalized permeate flux for the 

filtration of silica solutions, and (c) latex removal efficiency. Black, red, green, and blue 

bars represent no potential, 0.5 V, 1 V, and 1.5 V, respectively. Reprinted with permission 

from [77]. Copyright 2015 American Chemical Society. 

Vecitis et al. [102] studied iodine (I-) oxidation during the electrochemical filtration 

of aqueous iodide and chloride solutions on a multi-wall carbon nanotubes (MWCNTs) 

microfilter in a dead-end filtration system. The MWCNT membrane was used as an anode 

in an electrochemical filtration device, and stainless-steel electrode was used as a cathode. 

A solution containing 10 mM NaCl and 10 mM NaI was filtered at a flow rate of 1.5 

mL/min. When no potential was applied, I- ions showed 0% oxidation. However, increasing 

the applied potential to 1 V resulted in a gradual increase of I- oxidation until it reached a 

plateau of 0.3% after 1 h, as shown in Figure 3.15. I- oxidation occurs by two reactions; a 

two-electrons oxidation reaction (yielding iodine) occurring at 0.55 V standard potential 

(Reaction 3), and one-electron oxidation reaction (yielding I atom) occurring at 1.5 V 

(Reaction 4).  At 1 V applied potential, only the two-electron transfer reactions occur, 

which explains the long reaction times (1 h) taken to reach the maximum I- oxidation (0.3%) 

as two I- ions are required to be close to each other at the MWCNT filter for the oxidation 

to occur. On the other hand, applying 2 V or 3 V resulted in (1) a steady state I- oxidation 

and (2) a higher value of I- oxidation (1-2%) because both the one-electron and two-

electrons oxidation reactions (Reaction 3 and Reaction 4) are occurring at such applied 

potentials (2V or 3V), see Figure 3.15. 

2 I−  +  2 h+  →  I2  ( E0  =  0.55 V)                                                                                          (3)                                              
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I−  + h+  →  I  ( E0  =  1.5 V)                                                                                                      (4) 

 

Figure 3.15. Iodine oxidation as a function of time at different anodic potentials in filtration 

of aqueous iodide and chloride solutions on MWCNT-ECMs. Application of 2 V and 3 V 

anodic potential resulted in significant iodine oxidation (green and blue lines, respectively), 

whereas application of 1 V and no potential cause no significant oxidation (red and black 

lines, respectively). Adapted with permission from [102]. Copyright 2011 American 

Chemical Society. 

Cathodic potential 

There are four main mechanisms for ion removal associated with cathodic 

potentials: dissolution under high pH, electrostatic repulsion/attraction, direct reduction, 

and H2 bubble formation. While some of these effects occur simultaneously, the individual 

mechanisms are discussed sequentially.  

Tang et al. [103] studied electrochemical cleaning of silicate scale on membrane 

distillation (MD) membranes. In their study, polypropylene membrane coated with 

CNT/PVA was used in membrane distillation process treating synthetic silicate brine 

solution in a crossflow cell. The distillation process was carried out without applying 

electric current until the permeate flux was decreased to 40% of its initial value. Afterward, 

the brine solution was replaced by deionized water and 20 mA (3.6 V) DC current was 

applied between the membrane cathode and titanium anode for 50 min. The electrochemical 

cleaning nearly restored the permeate flux to its initial value for three consecutive cycles, 

as shown in Figure 3.16. The increase in flux with electrochemical cleaning was attributed 

to hydroxide ions generation via water electrolysis which raised the pH near the membrane 
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dissolving silicate scale on the membrane. We suspect that the generation of hydrogen 

bubbles as well as the electrostatic repulsion between surface and deprotonated -Si-O- 

species further assisted with advanced electrochemical cleaning performance. Interestingly, 

the flux declined rapidly after electrochemical cleaning, see Figure 3.16. This was 

suggested to be caused by scale crystals remaining on the membrane after the 

electrochemical cleaning, which acted as nucleation sites for the new silicate monomers 

decreasing the scale crystallization induction time. 

 

Figure 3.16. Effect of electrochemical cleaning (three consecutive cycles of 20 mA (3.6 V) 

cathodic DC for 50 min) on the permeate flux when filtering synthetic silicate solution 

CNTs/PVA coated polypropylene membrane. Using electrical field, permeate flux was 

rapidly recovered (red and black line), while in the absence of electrical potential, 

membrane was continuously fouled (blue and purple lines). Reprinted with permission 

from [103]. Copyright 2017 American Chemical Society. 

Weidlich et al. [101] studied the electrochemical rejection of calcium on PVDF 

microfiltration membranes coated with electrically conductive polypyrole with polystyrene 

sulfonate (PSS). The electrochemical rejection behavior of the membranes to 0.005 M 

CaCl2 solution was illustrated at flow rates of 2-3 mL/min. Applying 0.8 V cathodic 

potential caused a significant decrease in the Ca concentration in the permeate due to the 

adsorption of Ca2+ ions on the negatively charged membrane cathode. On the other hand, 

applying 0.8 V anodic potential failed to separate Ca ions due to significant convective 

flow through large pores [101]. 
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In more complex media including primarily Ca and Fe foulants, Liu et al. [105] 

studied fouling reduction in a membrane bioreactor (MBR) when applying electrical field 

on terylene cloth membrane coated with electrically conductive polypyrrole. The MBR 

influent was a synthetic wastewater solution of NH4Cl (100 ppm), KH2PO4 (30 ppm), CaCl2 

(2 ppm), FeSO4 (10 ppm), and sucrose (500 ppm). The polypyrrole coated membrane was 

utilized as cathode in an electrochemical cell, and two stainless meshes placed 5 cm away 

from either sides of the membrane were used as anodes. Applying 1 V (0.2 V/cm potential 

drop) showed a significant enhancement in permeate flux where the permeate flux was 

approximately two times higher than the flux in the absence of electrical field after 4 h 

filtration in a consecutive three cycles, as shown in Figure 3.17a. This enhancement in flux 

was attributed to the electrophoresis of the negatively charged foulants away from the 

membrane, which decreased the scale deposited on the membrane. Along the same line, 

Liu et al. [104] in another study, used the same system to investigate fouling prevention on 

the polypyrrole coated terylene membrane when subjected to the same feed solution but at 

higher applied potential (2 V (0.4 V/cm potential drop)). Figure 3.17b showed that during 

the first two cycles, applying 2 V showed the most significant enhancement in the flux in 

comparison with applying 1 V as the higher potential provides a greater repulsive force 

between the membrane and foulant anions. In addition, we suspect that application of 2 V 

promotes generation of gas bubbles which assist with antifouling performance. However, 

electrostatic repulsive force seems to be the dominant mechanism due to insignificant 

increase in flux from 1 V to 2 V. In the third cycle, the permeate flux under 1 V applied 

potential was higher than 2 V applied potential. They suggested that the higher potential 

disturbed the formation of the dynamic cake layer beneficial for protecting large pores from 

blockage. 
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Figure 3.17. Effect of cathodic applied potentials on the permeate flux by filtering synthetic 

wastewater solution on polypyrrole coated ECM working in an MBR. (a) under application 

of 1 V (0.2 V/cm potential drop, red line) and no potential (black line). Reprinted from 

[105], Copyright 2012, with permission from Elsevier. (b) under application of 1 V (0.2 

V/cm, red line), 2 V (0.4 V/cm, blue line), and no potential (black line). Reprinted from 

[104], Copyright 2013, with permission from Elsevier. 

Hashaikeh et al. [43] studied the periodic electrochemical cleaning of multiwalled 

carbon nanotubes (MWCNT)-coated PVDF MF membranes during the filtration of 

aqueous CaCO3 suspension in a cross-flow filtration cell at operating pressure of 1 bar. An 

electric field was applied on the MWCNT-coated membrane for 3 min after each filtration 

cycle where the membrane was used as the cathode in an electrochemical cell, stainless-

steel electrode was used as the anode, and an electrical potential of 2 V was applied. Figure 

3.18 shows that applying a periodic electric field between the filtration cycles significantly 

enhanced the permeate flux in comparison with the absence of electrical field. Figure 3.18 

also shows that decreasing the filtration cycle duration (from 60 min to 40 min to 30 min) 

between the electrolysis process enhanced the overall flux significantly at the end of a total 

2.5 h filtration duration. The enhancement in permeate flux with applying cathodic current 

on the membrane was hypothesized to be due to the production of hydrogen microbubbles 

via water electrolysis at the membrane which removed the CaCO3 scale through shear 

effect.  
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Figure 3.18. Effect of applying periodic electric current on the normalized permeate flux 

when filtering CaCO3 solution through MWCNTs coated PVDF membrane. Periodic 

electric field (cathodic 2 V) was applied between filtration cycles of 60 min (blue line), 40 

min (purple line), 30 min (green line), while control experiment (no electrochemical 

cleaning) is presented by red line. Reprinted from [43], Copyright 2014, with permission 

from Elsevier. 

Although electrostatic repulsion and hydrogen gas generation seem to be the 

dominant mechanisms for antiscaling applications, reduction of ions can lead to rapid 

precipitation and advanced separation of ions. Reduction of ions promoted by 

electrochemical reactions occurs at high ionic concentrations and potentials higher than the 

surface overpotentials. A few studies have investigated the impact of reductive reaction in 

filtration processes. Duan et al. [106] studied the electrochemical removal of hexavalent 

chromium (Cr(VI)) using polysulfone UF membranes coated with CNT/polyvinyl alcohol 

(PVA) composite in a crossflow filtration cell. They demonstrated that the application of 

cathodic potential on the CNT/PVA coated UF membrane can efficiently remove Cr(VI) 

from the permeate stream. In a low ionic strength solution (1 ppm Cr(VI) in DI water, pH= 

6.5), the coated UF membrane showed 44% rejection of the Cr(VI) in the solution without 

applying electric field due to the electrostatic repulsion between the negatively charged 

carboxylic groups attached to CNTs and the CrO4
- species formed at neutral pH. However, 

upon applying 3V, 5V, and 7V between the UF membrane cathode and a titanium anode, 

the rejection of Cr(VI) by the UF membrane increased to 64.4%, 83.4%, and 86.5%, 

respectively. The enhanced rejection upon application of cathodic potential is explained by 

the enhanced electrostatic repulsion between the negatively charged membrane and CrO4
- 
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species in the solution (see Part I). Cr(VI) was not found to be electrochemically reduced 

due to the very low electric conductivity of the low ionic strength solution [106]. 

When performing experiments in a high ionic strength solution, the ions shielded 

the electrostatic repulsion between the negative carboxylic groups on the CNT-coated 

membrane and the CrO4
- species in the solution, where increasing the concentration of 

background electrolyte (Na2SO4) from 0 mM to 100 mM, decreased the Cr(VI) rejection 

from 44% to nearly 0% in the absence of applied electric fields. Using 5 V between the 

membrane and counter electrode at high ionic strength showed no enhancement in the 

Cr(VI) rejection by UF membrane (0% rejection). However, increasing the applied 

potential to 7V increased the rejection to 53%. It   is  worth mentioning that there was a huge 

voltage drop between the membrane cathode and the titanium anode during these 

experiments due to corrosion of the titanium anode by the oxidizing current. Therefore, the 

relative potentials on the UF membrane cathode when applying 5 V and 7 V between the 

anode and cathode are equal to -0.27 V and -0.37 V vs. Ag/AgCl, respectively. The 

reduction potential of Cr(VI) is equal to -0.37 V, thus at 7 V the Cr(VI) can be reduced to 

Cr(III) forming solid precipitate on the membrane which enhanced Cr(VI) rejection (see 

Part I). To further enhance the Cr(VI) rejection on the CNT/PVA UF membrane at 7V 

applied potential, the thickness of CNTs on the membrane was increased from 2 µm to 6 

µm which increased the Cr(VI) rejection on the UF membrane from 53 % to 94% due to 

the increase in contact time between Cr(VI) ions and the membrane cathode [106]. 

Gayen et al. [107] studied the electrocatalytic reduction of nitrate on 

substoichiometric TinO2n-1 electrochemically reactive membranes (REM) doped with Pd-

Cu or Pd-In catalysts. Electrochemical reduction experiments were done in a flow-through 

reactor with two flow modes, (1) anode-cathode flow mode (solution flowed from boron-

doped diamond (BDD) anode to REM cathode) and (2) cathode-anode flow mode (solution 

flowed from REM cathode to the BDD anode). 1 mM NaNO3 solution was filtered through 

the MF membranes at 600 LMH permeate flux while applying negative potential on the 

membrane surface to reduce the nitrate. REM membranes doped with Pd-Cu showed a 

better selectivity than that doped with Pd-In or the bare REM membranes. Interestingly, the 
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nitrate reduction in the anode-cathode flow mode was observed at lower potentials (-0.2 V) 

than that of the cathode-anode flow mode (-1.2 V). Moreover, the nitrate conversion was 

higher in case of the anode-cathode flow mode than the cathode-anode flow mode. These 

results were attributed to (1) the significant hydrogen production that occurred in the 

cathode-anode flow mode which competed with the nitrate reduction reaction, and (2) the 

lower local pH in case of the anode-cathode flow mode which could lower mineral scaling 

on the cathode pH [107].  

Hou. et al. [108] developed a hydrophobic polypropylene membrane coated with 

hydrophilic thin nickel layer to enable ammonia recovery from wastewater in a microbial 

electrolysis cell (MEC). A negative potential (0.8 V) applied on the super hydrophilic 

nickel layer supported by the gas permeable hydrophobic PP membrane drove water 

reduction to produce hydrogen gas and OH-. The accumulation of OH- induces 

transformation from ammonium ions to ammonia where ammonia gas was separated 

quickly by the PP membrane. The consumption of OH- and the spontaneous separation of 

NH3 reduced the overpotential, resulting in a high recovery rate and low energy 

consumption. Further, cathodic potential reduced the degree of fouling due to electrostatic 

repulsion. The process is shown in Figure 3.19. 
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Figure 3.19. Schematic illustration of ammonia recovery from nitrogen-rich wastewater 

using electrically conductive membrane cathode. ECMs produced high local concentrations 

of OH- under application of negative potential (0.8 V), that promotes transformation of 

ammonium to ammonia gas. Reprinted with permission from [108]. Copyright 2018 

American Chemical Society. 

Alternating potential 

Recently, application ECMs has been suggested for membrane distillation 

processes due to their self-heating (Joule heating) properties under application of current, 

discussed in Part I. Briefly, application of high potentials (> 10 V) leads to conversion of 

electron’s kinetic energy to thermal energy across the ECM surface, in turn resulting in 

high recovery rate in distillation processes. In highly saline solutions, anodic potentials 

higher than 1.2 V are destructive to membranes surfaces, therefore, alternating current was 

suggested because: (a) prevent surface degradation in high-saline solutions, and (b) 

minimize scaling through enhanced electrophoretic mobility. Dudchenko et al. [109] 

applied AC potential (20 V, 1-10000 Hz) to CNT-based ECMs for recovering high-saline 

brine. They have demonstrated that frequencies higher than 100 Hz did not cause CNT 

degradation.  In their study, application of 10 kHz increased the surface temperature by up 

to 30 °C, in turn achieving high single-pass recovery of up to 100%. 

3.4.Challenges and perspectives 

ECMs have offered self-cleaning properties on account of their electrically-

responsive surface. The antifouling properties of ECMs depend on the current pattern 

externally-applied to their surfaces. In part I, we identified and discussed the antifouling 

mechanisms with respect to surface polarization. Understanding the interplay between 

current pattern, antifouling mechanism, and foulant characteristics is critical for energy-

efficient and optimized ECM applications. In this review, we offered a systematic 

discussion on the impact of electrically-induced antifouling mechanisms on major fouling 

categories, i.e., biological, organic, oil wetting, or scaling with respect to surface 

polarization (positive direct current, negative direct current, alternating current). Despite 
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the promising results of ECMs, practical application of ECMs necessitates highlighting a 

few points: 

i. Despite the intense devotion of studies and articles into ECMs, utmost care 

should be paid before extending the application of electrochemical process to 

full-scale wastewater. Many studies examined synthetic and model wastewater 

under well-controlled laboratory conditions, where intermediate pathways, 

competing foulants, and surface passivation in real wastewater filtration process 

can be easily overlooked [70,110]. In addition, bridging the gas between 

experimental studies and practical applications is heavily influenced by design 

and development of filtration modules to accommodate ECMs in an effective 

and economical way.  

ii. Co-occurrence of biofouling and organic fouling is complex and warrants more 

research. Adsorption of organic foulants promotes biofilm formation by 

providing a conditioned nutrient-enriched surface for bacterial adhesion and 

growth [22]. In addition, biofilm formation relies on the surface of the electrode, 

heterogeneity, and metabolic pathways of bacteria [111,112]. Therefore, 

developing optimal antifouling strategies using electrified membranes for real 

wastewater has not been realized and requires continued research for broad 

categories of fouling conditions due to the complexity of simultaneously 

occurring surface interactions. 

iii. The application of ECMs for oil removal has often been conducted under low 

saline concentrations and high potentials. It is worthy to note that application of 

high potentials under higher ionic concentrations dramatically enhances the 

electrochemical reactions detrimental to membrane surfaces. Therefore, 

development of more electrochemically stable surfaces is critical for anti-oil-

wetting applications. 

iv. ECMs offer advanced antifouling performance at the cost of additional energy 

consumption. Economically, the application of ECMs can be most promising 

for desalination, distillation, and water-reuse processes where the energy-
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related operating cost is significantly high [113]. In addition, ECMs lower the 

reliance on harsh chemical and mechanical cleaning, extending the membrane 

lifetime. However, the current module design for NF and RO membranes is not 

compatible with ECMs. ECMs need a counter electrode to complete the 

electrochemical cycle, which is hard to accommodate in the current spiral 

wound modules. It is expected that innovation of ECM-accommodating RO 

modules revolutionizes the energy-intense desalination processes. 
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4.1.Abstract 

Microfiltration (MF) and Ultrafiltration (UF) electrically conductive membranes 

(ECMs) were fabricated by coating MF and UF polyethersulfone (PES) membranes, 

respectively, with a thin conductive film of cross-linked functionalized single and double-

walled carbon nanotubes. The thin film was composed of a reacted network of carbon 

nanotubes, polyvinyl alcohol, and dicarboxylic cross-linkers. We analyzed the impact of 

cross-linker lengths, mass of CNTs, and cross-linking degree on the thin conductive film’s 

electrical conductivity, pore size, porosity, surface hydrophilicity, and the resultant ECM 

transmembrane flux. It was found that conductive thin films containing longer cross-linkers 

increased transmembrane flux in MF and UF membranes by up to 187% and 254%, 

respectively, over control non-crosslinked membranes. Control MF and UF CNT 

membranes had average permeabilities of 1008 and 97 LMH/bar. Cross-linked membranes 

achieved an average permeability of 2901 and 344 LMH/bar, respectively. The bulk 

electrical conductivity was shown to be affected by both the presence of cross-linkers as 

well as the thickness of the thin film. Longer cross-linkers in MF and UF ECMs enhanced 

electrical conductivity by up to 61% and 440% as compared to control non-crosslinked MF 

and UF ECMs, respectively. Morphology of the membrane, wetting properties, surface 

roughness, and presence of covalent bonds were investigated using SEM, pendant-drop 

contact angle test, and AFM, respectively. 
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4.2. Introduction 

Global population growth coupled to limited fresh water resources necessitate 

technologies to produce potable drinking water. Membranes have been shown to efficiently 

produce potable water from a wide variety of sources [2–8]. Membranes are also low cost, 

have a smaller footprint, and are flexible with respect to operating conditions [9,10]. Four 

categories of membranes are defined based on their pore size including microfiltration 

(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Conventionally, 

separation across MF and UF membranes is based on size exclusion. It is well established 

that most particles in natural waters and wastewaters are electrically charged, including 

viruses, bacteria, and ions [11,12]. As such, a combination of size exclusion and electrical 

field generated repulsion may enhance membrane separations. Furthermore, 

electrochemically generated surface redox reactions have been shown to prevent the 

adsorption of common foulants to surfaces [13–17]. Electrically conductive membranes 

(ECMs) have been developed to enable enhanced membrane separation and antifouling 

properties. Their performance for water purification purposes has been investigated 

recently, showing improved membrane performance under high-fouling conditions [15,18–

21]. The mechanisms by which ECMs prevent biofouling is investigated in [19,22,23]. The 

surfaces of most ECMs are thin composite coatings containing a conductive material such 

as carbon nanotubes (CNTs) [24,25], graphene [26,27], or graphite [28]. The first 

generation of ECMs consisted of CNTs deposited on a conventional membrane [24]. The 

underlying polymeric support governed rejection while the coating layer provided electrical 

conductivity. Surface properties and antifouling features of ECMs have been well studied 

in the literature.  

Vecitis et al. [29] highlighted the anti-bacterial and anti-viral effect of anodic 

MWCNTs. They observed a 75% and 99.6% inactivation rate for viruses (MS2) and 

bacteria (E.Coli) after 30 s post-filtration under application of 2 and 3 V. In 2013, de 

Lannoy et al. [22] conducted research that revealed the superior antifouling performance 

of ECMs over conventional polymeric membranes. In their study, the ECMs consisted of 

CNTs embedded in a polyamide layer. The result revealed that a 45% decline in water flux 
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due to biofouling took 80 hr for an ECM while for a typical membrane it was about 22 hr. 

The flux recovery after back-flushing was also drastically increased for ECMs (92% and 

above). Recently, Duan et al. [30] carried out research on how a UF ECM composed of 

CNT-PVA was effective in eliminating hexavalent chromium from drinking water. They 

found that electrical repulsion, electrochemical reduction, and precipitation could 

contribute to the removal of toxic Cr(VI). They further evaluated the impact of operational 

(contact time, flux, and electric potential) and environmental (pH and salinity) conditions 

on the removal rate. Dudchenko et al. [14] presented a similar network (MWCNT-PVA) 

coated on polysulfone (PSf) as a viable candidate to reduce fouling of alginic acid (AA) 

under different potentials in an electro-filtration cell. The reduction in trans-membrane 

pressure decreased by 33% and 51% when a potential of 3 and 5 V was used, respectively, 

as compared to control experiments without an applied voltage. An interesting application 

of ECMs was brought forward by Duan et al. [31] where they coupled anaerobic sequencing 

batch reactors (aSBRs) to UF and NF ECMs. They illustrated that ECMs can be employed 

to reduce the degree of fouling and maintaining the high flux of the system. In their setup, 

degraded benzyl alcohol from the aSBR was rejected up to 90% through UF and NF ECM 

membranes. Duan et al. [32] successfully fabricated polyaniline-CNT UF ECMs with 

enhanced electrical conductivity, hydrophilicity, and stability under anodic conditions. The 

water flux recovery of the ECM was reported to be almost 100% under an applied potential 

of 3 V. In addition, a 95% degradation of methylene blue was observed through a single 

pass of anodically charged ECM. Hong et al. [23] investigated the effect of electric current 

on inactivation and detachment of bacteria. They claimed that cathodic current restricts the 

attachment of bacteria, while the anodic current has more contribution to the cell lysis rather 

than bacterial detachment. Hashaikeh et al. [33] presented the self-cleaning property of the 

ECMs through the evolution of non-destructive micro bubbles. They showed that 

electrolysis cleaning intervals of 30, 40, and 60 min during a 2 hr filtration process could 

successfully increase the flux by 63, 40, and 30 % for calcium carbonate and 15, 14, and 9 

% for yeast suspension. 
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While much work has been devoted to the anti-fouling properties of these first 

generation ECMs, little attention has been paid to improving the material and membrane 

characteristics of ECMs. Generally, there is an inverse relationship between permeability 

and selectivity of a membrane, represented by permselectivity. ECMs have demonstrated 

potential in maintaining permselectivity through their unique antifouling properties. 

Fouling is one of the major challenges in membrane operation, reducing both flux and 

selectivity, but the pristine membrane characteristic must also be addressed for practical 

application. The promising results of ECMs have led to the current effort to enhance their 

flux, selectivity, and electrical conductivity, and improving their pore size distribution. 

Addressing the membrane characteristics is critical for eventual adoption of these 

membranes by industry. Currently, thin films in ECMs are randomly formed from CNTs 

with no order or uniform pore size.  

CNTs are not dispersible in water due to their homo-aggregation and 

hydrophobicity. CNT aggregation in aqueous solutions can be prevented by functionalizing 

some of the carbon ring structures and/or by mixing CNT-slurries with compatible 

surfactants. Unbundled and well-dispersed CNTs are nevertheless curled. While they will 

uniformly coat a surface (e.g. using the pressure deposition technique), these coatings lack 

both order and orientation. Their high length to width aspect ratio hinders alignment. The 

resultant film is a random configuration of long curled CNTs. A thin film membrane 

composed of such a random structure has high pore polydispersity. Addressing this 

shortcoming of ECMs is critical for successful implementation of ECMs in industry. 

Hence, we investigated ECM material properties to increase the transmembrane flux, 

narrow the pore size distribution, and increase the electrical conductivity as compared to 

that reported in the literature. 

In this paper, MF and UF ECMs have been fabricated by coating a membrane with 

a CNT- PVA-cross-linker network (Figure 4.1 (a)). We synthesized membranes with both 

multi-walled carbon nanotubes (MWCNT) and single walled/double walled carbon 

nanotubes (SW/DWCNT) solutions. We observed the stability over time of CNT 

suspensions made from MWCNTs and SW/DWCNTs. For SW/DWCNT suspensions, 
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there was no sign of sedimentation/aggregation after more than 2 months. The improved 

stability of SW/DWCNT formed membranes with substantially improved properties. As 

such, this paper only considers membranes formed from SW/DWCNTs. Control over pore 

size was achieved by introducing cross-linkers with different lengths. The cross-linkers 

used in this study were dicarboxylic acids with 4 and 8 carbons in their chains (succinic 

acid and suberic acid, respectively).  PVA is a linear polymer and contains many hydroxyl 

groups along its backbone. These hydroxyl groups were cross-linked to carboxyl 

functionalized CNTs through an esterification reaction. Esterification reactions offer strong 

covalent bonds, crucial to the strength of the network. The cross-linked polymer-CNT 

network was cured into the polymeric support, providing stability to the dense CNT thin 

film. Dicarboxylic cross-linkers can further be cross-linked with PVA through a 

dehydrogenation reaction between hydroxyl-carboxyl groups [34,35]. It was hypothesized 

that integration of cross-linkers in the network can affect the compactness of the 

configuration as the cross-linkers act as spacers between CNTs. A similar network using 

only a single type of cross-linker (succinic acid) has previously been tested for UF 

membranes [24]. de Lannoy et al. [24] fabricated UF ECMs and investigated the effect of 

CNT concentration with respect to PVA in electrical conductivity, pure water flux, and 

PEO rejection, and water contact angle. PVA endows higher stability and hydrophilicity to 

the membrane, but at the sacrifice of lower electrical conductivity. In this study, they 

optimized the CNT-PVA trade-off and the optimal ratio of PVA to CNT was reported to 

be 10% (wt% CNT wrt PVA). In another study, Dlamini et al. [36] deposited a cross-linked 

PVA film on a PSf membrane and investigated the effect of crosslinking type and cross-

linking degree in flux and rejection. The PVA was cross-linked with either aliphatic 

tricarboxylic acids or aromatic dicarboxylic acids. It was demonstrated that the crystallinity 

and pure water flux were correlated for cross-linked membranes. 

Here, we demonstrated that integration of cross-linkers with different lengths in the 

network changes the compactness of the structure and directly affects pure water flux and 

electrical conductivity. In addition, complementary characterization tests were carried out 
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to investigate the morphology, thickness, presence of covalent bonds, and wetting 

properties of the membrane. 

 

Figure 4.1. (a) the CNT network contains cross-linkers which help control the porosity of 

the network. (b) dicarboxylic acids of different lengths are used as cross-linkers. 

4.3.Materials and methods 

4.3.1. Materials 
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Carboxyl functionalized single walled and double walled carbon nanotubes 

(SW/DWCNT-COOH, outer diameter:1-4 nm, length: 5-30 µm, purity: >90w/%, 

functional content: 2.73 w/%) was purchased from Cheaptubes (USA). Sodium dodecyl 

sulfate (SDS) (MW: 288.38) and hydrochloric acid (38% w/w) were purchased from 

Anachemia (USA and Canada, respectively). Poly(vinyl alcohol) (PVA, MW:31000-

50000, 98-99% hydrolyzed) was purchased from Aldrich chemistry (USA). Succinic acid 

(MW:118.9), and suberic acid (MW:174.20) were purchased from Alfa Aesar (India). UF 

and MF Polyethersulfone membranes (PES, diameter: 47 mm, pore size: 0.03 µm and 0.8 

µm, respectively) were purchased from Sterlitech (USA). DI water used in the experiment 

is from an Arium system (resistivity: 0.047 µS/cm). 

4.3.2. Membrane fabrication 

A 0.75 mg/mL suspension of SW/DWCNT in DI water was prepared by stirring the 

suspension for 10 min (RPM 600, ambient temperature), then ultra-sonicated for 1 hr with 

a microtip (1/4” diameter) with a variable power but a constant intensity (40% of total 

intensity delivered) in intervals of 2s on and 2s off. A constant intensity was achieved by 

controlling the vibrational amplitude for the sonicator probe tip. This was set to 80 µm. By 

applying a constant amplitude in different experiments, the same intensity was delivered to 

CNT suspensions regardless of the sample volume, viscosity, or temperature. The samples 

were placed in an ice bath to avoid an excessive heat generation due to sonication. 

Simultaneously, 1.125 mg/mL solution of SDS in DI water was prepared in a separate 

beaker after stirring the solution for 30 min (RPM 600, ambient temperature). The CNT 

and SDS suspensions were mixed, stirred (15 min), and ultra-sonicated (2hr at the same 

amplitude and time intervals as above). The ratio of CNT to surfactant (SDS) was 1:1.5. A 

500 mg/mL PVA solution was made after stirring the solution in a closed jar for 24 hr 

(RPM 800, 120°C). The PVA and CNT suspensions were mixed and ultra-sonicated for 2 

hr (same amplitude and time intervals) (the ratio of CNT to PVA was always kept at 1:10). 

The cross-linker solutions were made separately in 50 ml of DI and added to the CNT-PVA 

suspension. The concentration of the cross-linker was adjusted in such a way that the cross-

linking degree was either 10% or 20% [24]. After all components were well mixed, 
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hydrochloric acid was added to the suspension to catalyze the cross-linking reaction. 38% 

HCl was added to the suspension until a concentration of 2M is obtained. The solution was 

allowed to react for 24 hr. It should be noted that a well-dispersed solution is critical to 

forming a uniform coating of CNTs on the membrane. Representative solutions were left 

in a beaker for two months and no change in stability was observed, indicating highly stable 

suspensions.   

Pristine membranes (PES) were kept in water for 48 hrs before use to ensure they 

were fully wetted. The nanocomposite thin film was made using the well-documented 

pressure filtration deposition method [24]. A wet membrane was placed in a glass flask and 

the final CNT suspension with a known mass of CNTs was filtered through the membrane 

(the ratio of CNT to PVA/cross-linkers is fixed in all solutions). Very low mass loadings 

do not provide desired electrical conductivity. High mass loadings are difficult to filter onto 

the membranes, produce non-uniform coatings, and reduce the membrane permeability 

significantly. Membranes were fabricated using a wide range of CNT mass loading (0.1-5 

mg) and 1 and 3 mg CNTs were found to provide optimal conditions and were chosen for 

all subsequent experiments. Following CNT deposition, DI water was filtered through the 

membrane for 5 min at a vacuum pressure of 100 mbar to rinse any polymeric or acidic 

residuals from the surface. During the filtration process, clear bubbles were observed in the 

permeate solution. The bubbles are likely due to leaching of unbonded PVA chains and 

SDS. PVA is a long linear polymeric chain which is highly soluble in water. The radius of 

gyration, (the root mean square distance of the segments of the polymer from its center of 

mass), of the PVA used in these membranes is approximately 6 to 8 nm in water at 25 °C 

[37,38]. Therefore, unbonded PVA chains can pass through the pores of MF membranes 

(0.8 µm) as well as through those of the UF membranes (0.03 µm). Leaching of CNTs was 

found negligible during the filtration process (more information about leaching of 

CNT/PVA/SDS is presented in SI). 

The rinsed thin film membrane was removed from the flask and cured in an oven 

for 1 hr at 100 °C. The membrane was cooled at room temperature, washed with DI water, 

and stored in DI water over night before use, characterization and further analysis. The 
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picture of a pristine PES and a CNT-PES thin film is illustrated in Figure 4.2(a). It should 

be noted that all membranes were made in triplicate to validate the reproducibility of the 

results. In this paper, “control” membranes are those composed of PES, CNT, and PVA, 

while “succinic acid” and “suberic acid” membranes are composed of PES, CNT, PVA, 

and the respective cross-linkers (succinic or suberic acid). The cross-linking degree was 

20% unless otherwise mentioned. 

4.3.3. Surface analysis 

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were 

used to observe the thickness and morphology of the membranes. Membranes were 

completely dried prior to imaging. For the cross-sectional images, liquid nitrogen was used 

to crack the membranes without defecting the morphological structure. Hydrophilicity of 

the surface was calculated using a high speed contact angle instrument (OCA 35) and the 

angle was measured after dispensing 5 µL of DI water. This instrument is able to record a 

video of a water droplet from the time the droplet is dispensed through to the time that it 

spreads across the surface. The video was analyzed after each test and contact angles were 

measured once droplets achieved steady state (Figure 4.S4). There were three drops 

dispensed on each membrane and contact angle was reported as an average value. The 

conductivity of the membranes was measured using a four-point probe conductivity meter 

(Figure 4.2(b)). This instrument is able to measure the surface resistance of the thin layer 

by considering the resistance among different pairs of needles and the thickness of the thin 

film (Figure 4.S3). Membranes were completely dried using an oven (60 °C) and then 

cooled at room temperature for 1 hour prior to conductivity measurements. Surface 

potential is measured through two pairs of needles, which are attached to adjustable arms. 

During measurement, the needle contacts were placed in a square position with an equal 

distance from each other (Figure 4.2(b)). It was expected that for a uniform surface the 

resistivity between different pairs is within the same order of magnitude. Therefore, prior 

to determining surface conductivity, all the resistivity values between the pairs were closely 

monitored. Before use, we confirmed that the needles of the conductivity meter were made 

to touch only the CNT thin film of the membrane where the conductive properties are of 
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interest. Detailed information and formulae to calculate the conductivity of the nanolayer 

are provided in the SI. 

 

Figure 4.2. (a) Pristine PES membrane (on the left) and electrically conductive membrane 

(on the right), (b) Four-point conductivity probe. 

4.3.4.  Pure water flux  

The pure water permeance of the membranes was obtained by measurement of pure 

water flux in a dead-end stirred flow cell (Sterlitech stainless steel). The MF and UF 

membranes were compressed under high pressure 100 psi (6.9 bar) prior to the flux test for 

60 min and 90 min, respectively. High pressure compression enables the porous polymer 

structure to achieve its steady-state structure and minimizes morphological changes during 

the flux test. For the flux test, pure water was filtered through the membrane and the volume 

of the permeate water was recorded every 10 seconds for one minute at a given pressure. 

The flux test was performed under pressures of 10, 20, 30, 40, 50, and 60 psi (0.69, 1.38, 

2.07, 2.76, 3.45, and 4.14 bar). Each pure water flux test was conducted twice at each 

pressure and the average value was reported. 

4.3.5. Selectivity test 

We studied the separation properties of our CNT-modified UF membranes by 

conducting molecular weight cut off (MWCO) experiments. Solutions of 250 ppm 
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polyethylene oxide (PEO) containing different molecular weights were used as feed 

solutions. Feed was filtered onto the membranes under 10 psi (0.69 bar) and the permeate 

was collected and analyzed using a total organic content (TOC) analyzer to measure the 

rejection.  

4.4.Results and discussion 

4.4.1. Selectivity 

During separation experiments using PEO solutions, we observed that in addition 

to PEO passing through the membrane, a portion of unbound polyvinyl alcohol (PVA) 

leached through the membrane as well. The permeate thus contained PVA as well as PEO, 

which confounded our MWCO measurements (more details can be found in SI). Due to 

this complication, we analyzed the rejection of nanocomposites formed on support 

membranes composed of CNTs without PVA. We synthesized nanocomposites containing 

1 mg and 3 mg of CNT treated under the same conditions used to create the thin film 

composites that contained PVA. The CNT thin film composite membranes were exposed 

to the same fabrication conditions, i.e. exposure to strong acid and high heat, to study 

whether these conditions impacted their rejection. The pristine PES membranes were used 

untreated. We compared the rejection of these membranes and the results are shown in 

Figure 4.3. 1 mg and 3 mg CNT nanocomposites (without PVA) as well as support PES 

membranes rejected 0.6 MDa PEO to greater than 90%. The rejection of 0.3 MDa was also 

greater than 90% for 1 mg and 3 mg CNT nanocomposites while it dropped to 31% for PES 

support membrane. The greater rejection observed in CNT nanocomposites (either 1 mg or 

3 mg) suggests formation of a denser network in the thin layer which leads to tighter surface 

pores. In addition, adsorption of PEO on CNTs likely leads to lower rejection as well [39]. 
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Figure 4.3. Rejection properties of pristine PES as well as 1 mg and 3 mg CNT UF 

membranes using 250 ppm PEO filtration test. 

4.4.2. Chemical structure 

In the catalyzed cross-linked CNT network, covalent bonds are formed between the 

CNTs, the PVA, and the cross-linkers. These covalent bonds chemically stabilize the CNT 

network. Ester bonds are formed between the carboxyl groups on either the cross-linkers 

or the CNTs and the hydroxyl groups on the PVA. 

4.4.3. Thin film morphology 

The conductive thin film thickness of the membranes impacts the bulk conductivity 

and the transmembrane permeability. Thin film thickness is measured from cross-sectional 

SEM. Bulk conductivity is inversely proportional to thin film thickness. In addition, water 

permeance of the membrane is inversely proportional to both the thickness of the polymer 

membrane active layer and that of the thin film [40–42]. A thicker conductive thin film 

may act as a pressure barrier in the filtration process leading to lower permeabilities. As 

such, a thinner surface layer is more desirable. Cross-sectional SEM images of MF and UF 

membranes are presented in Figure 4.4 and Figure 4.5, respectively. We hypothesized that 
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cross-linking would have an impact on thin film thickness as compared to CNT films 

formed without cross-linked PVA. Greater cross-linking was assumed to cause greater 

increases in thin film thickness, thus SEM measurements were only performed on 

membranes with 20% cross-linking degree. The thickness of the conductive thin film is an 

average value of three separate measurements along the film. For each measurement, Image 

J was used to quantify film thickness. The images compare the effect of CNT concentration 

(1 mg and 3 mg) and the effect of cross-linkers (control, succinic acid, and suberic acid) on 

the film thickness. Using a higher mass of CNTs increases the thickness of MF membranes 

by 296% (0.41 to 1.62 µm) and UF membranes by 47% (1.17 to 1.72 µm) on average. 

However, the presence of cross-linking molecules does not have a significant impact on 

thin film thickness. It should be noted that SEM images are presented to provide a 

comparison among different membranes and are not meant to be used for quantitative 

analysis due to the high variability associated with the thickness of the thin film. The 

pressure deposition technique used for the fabrication of membranes in this study inherently 

results in membranes with non-uniform thin film thicknesses.  

A relatively low thickness (29.8% on average) was observed for MF membranes as 

compared to UF membranes. This is likely due to two factors. A greater resultant pressure 

is applied to CNT suspensions during the fabrication of MF membranes as compared to UF 

membranes. The vacuum pump used to pressure coat the membranes generates a vacuum 

pressure of 100 mbar. The difference between the atmospheric pressure (1 bar) and the 

vacuum drives the filtration process. Both membranes have the same nominal thickness, 

however, the smaller pores of UF membranes act as a greater pressure barrier as compared 

to MF membranes resulting in a lower pressure applied to CNT suspension. Further, it is 

hypothesized that a higher proportion of unbonded PVA and SDS chains passes through 

the large pores of the MF membranes during the fabrication process as mentioned above. 

Although the leaching of PVA and SDS is both possible, the leaching of PVA has a greater 

impact, since SDS is used in much lower concentration (1:1.5 wt% wrt to CNT) as 

compared to PVA (10:1 wt% wrt CNT). Furthermore, the molecular size of SDS is much 

smaller (1.5 nm) than that of PVA (6 – 8 nm) and has a minor effect on the membrane 
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thickness. Therefore, it is hypothesized that less PVA in the CNT thin film, as a result of 

transmembrane leaching, leads to a thinner film upon curing. 

 

Figure 4.4. SEM images of MF membranes with CNT thin film made with 1 mg (left 

column) and 3 mg (right column). Top row (A), (B): control CNT thin films, Middle row 

(C), (D): succinic acid cross-linked CNT thin films (20% CL), Bottom row (E), (D): suberic 

acid cross-linked CNT thin films (20% CL). 
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Figure 4.5. SEM images of UF membranes with CNT thin film made with 1 mg (left 

column) and 3 mg (right column). Top row (A), (B): control CNT thin films, Middle row 

(C), (D): succinic acid cross-linked CNT thin films (20% CL), Bottom row (E), (D): suberic 

acid cross-linked CNT thin films (20% CL). 

4.4.4. Pure water permeance 
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Pure water flux tests were conducted to measure the effect of different cross-linkers 

on pure water permeance of the membrane. The results for MF and UF membranes are 

presented in Figure 4.6 (a), and (b), respectively. The pure water permeance of pristine MF 

and UF membranes is 15057 ± 4206 LMH/bar and 3045 ± 628  LMH/bar, respectively.  

Thin film CNT coatings greatly reduce the pure water permeance as compared to pristine 

MF and UF membranes.  

Figure 4.6 indicates that for both types of membranes, the water permeance is 

increased by using a longer cross-linker in the network. In MF membranes, an average 

increase of 41% and 187% for succinic acid and suberic acid was observed with respect to 

the control membranes while for UF membrane, this increase was 84% and 254%, 

respectively. It is hypothesized that by reacting longer cross-linkers with the CNT-PVA 

network, the thin film becomes more porous which leads to lower membrane resistance 

towards the passage of water. Longer cross-linkers create more space between the random 

structure of the CNTs and PVA chains. 

In addition to the impact of different length of cross-linkers, pure water flux tests 

were carried out for different degrees of cross-linking (10% and 20%) i.e. for different 

concentrations of cross-linkers in the CNT-PVA network. As can be seen in Figure 4.6, a 

higher degree of cross-linking leads to a higher flux for membrane thin films containing 

the same concentration of CNTs. This trend is valid for both the MF and UF membranes 

coated with the CNT thin film. This observation supports the above hypothesis that greater 

spacing between CNTs leads to higher water permeance. A higher degree of cross-linking 

is achieved by a higher concentration of cross-linkers in the network. It is hypothesized that 

the increased flux of membranes with a higher degree of cross-linking is a result of greater 

porosity throughout the CNT-PVA network. The presence of more cross-linkers expands 

the distance between PVA chains limiting PVA entanglement. Cross-linked PVA 

molecules, which are covalently bound to functionalized CNTs, increase the distance 

between CNTs and prevent CNT aggregation. This trend is generally observed across the 

series of 72 membranes synthesized, however, membrane thin films containing the shortest 

cross-linker, succinic acid, with the lowest cross-linking degree (10%), have fluxes that are 
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statistically similar to control membranes. This suggests that while cross-linkers form a 

more porous structure, their effect on pure water flux is more evident either for longer cross 

linkers (suberic acid) or a higher cross-linking degree (20%). 

 

 



Ph.D. Thesis – Mohamad Amin Halali                     McMaster University – Chemical Engineering 

 
 

168 
 

Figure 4.6. Pure water permeance of (a) MF and (b) UF membranes having different cross-

linkers. 

4.4.5. Conductivity 

ECMs are designed to conduct charge across the surface or to hold electric potential 

on their surface. The interconnected CNT network enables the flow of charge. A minimum 

concentration of CNTs is needed to surpass the percolation threshold, but other factors 

impact electrical conductivity including the configuration and compactness of the CNT 

network, as well as the thickness of the thin-film. The electrical resistance of the surfaces 

was measured by using a four-point probe instrument linked with the Hall software. 

Detailed information about the instrument and conductivity measurement are provided in 

the SI.   

Surface conductance shows the rate of charge transfer across the surface. Surface 

conductance is an important value for ECMs and can be used for studies related to 

inactivation of bacteria, oxidation of natural organic matter, charging of inorganic catalysts 

on the surface (iron, platinum, titanium), and indications of electrical potential difference 

in sensor applications. Figure 4.7 shows that there is no statistical difference between 

surface conductance of the MF and UF membranes for the same CNT mass and cross-linker 

type. Such an agreement is due to the same density of CNT in the conductive thin layer 

(same surface area and mass of CNT were used for each membrane). 

Figure 4.7 shows that greater concentration of CNTs leads to greater surface 

conductance. By increasing the concentration of CNTs, a denser film is obtained with less 

free space. It is hypothesized that with more CNTs deposited on the membranes, they fill 

the gaps in the open spaces thereby increasing the compactness of the conductive network. 

This increased compactness lead to a higher conductance. Figure 4.7 reveals that longer 

cross-linking chains cause a greater surface conductance of the nanocomposite. Cross-

linkers keep the CNTs well dispersed and non-aggregated and enable greater dispersibility 

of the CNTs within the nanocomposite, leading to a greater electrical percolation and a 

higher conductance [34,43–45]. 
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The bulk conductivity of the CNT-network was calculated using the surface 

resistance obtained from the four-point probe conductivity measurements and the thickness 

of the thin film obtained from SEM images (Table 4.1). Bulk conductivity is a useful tool 

to examine the strength of the electric field which can be generated via ECMs under a given 

electrical current. Electric field generated by ECMs has previously been demonstrated to 

decrease fouling, which is hypothesized to occur either through electrostatic repulsion of 

charged particles in the feed or by increasing diffusive mobility of charged particles above 

the surface. Bulk conductivity depends on dispersability as well as density of the CNT 

network in the thin layer. Bulk conductivity depends on the thin layer thickness and surface 

resistance. The thin layer thickness and its associated uncertainty impact the bulk 

conductivity, and the error associated with the SEM measurements is propagated to that of 

the bulk conductivity.  

The bulk conductivity results are shown in Figure 4.8. It can be seen that the bulk 

conductivity is related to the mass of the CNTs, the length of the cross-linkers, and the 

thickness of the conductive layer. In previous sections, we showed that MF membranes 

have a lower thickness than UF membranes. The same mass of CNT (per membrane surface 

area) was used for MF and UF membranes. A thinner conductive film therefore implies 

that the network is denser with less free space. In addition, the CNT networks is less 

covered by non-conductive polymers due to the higher leaching of PVA in MF membranes. 

In ECMs, the polymer endows stability to the network and prevents CNT aggregation. 

However, polymers reduce the conductivity of the network by wrapping, and thereby 

insulating, the conductive CNTs. It was expected that MF membranes would possess a 

higher bulk conductivity due to the thinner conductive film (higher density) and a more 

exposed CNT network (due to leaching of PVA). Figure 4.8 supports this hypothesis, 

indicating that MF membranes have higher bulk conductivity than UF membranes. The 

results are consistent for all membranes with the exception of succinic and suberic in a 3mg 

CNT network. This is most likely due to the high error and uncertainty associated with 

SEM images for measuring the thickness as was explained in section 4.4.3. 

Table 4.1. Thickness of the membranes obtained from SEM images. 
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Membrane CNT mass loading 

(mg) 

Cross-linking 

density (%) 

Cross-linker 

type 

Thickness 

(µm) 

MF 1 - - 0.43 

20 succinic acid 0.44 

suberic acid 0.36 

3 - - 1.91 

20 succinic acid 1.42 

suberic acid 1.54 

UF 1 - - 2.17 

20 succinic acid 0.66 

suberic acid 0.69 

3 - - 3.35 

20 succinic acid 0.94 

suberic acid 0.88 
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Figure 4.7. Effect of CNT mass, cross-linkers, and degree of functionalization on the 

surface conductance of the (a) MF and (b) UF thin film. 
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Figure 4.8. Effect of CNT mass, cross-linkers, and degree of functionalization on the bulk 

conductivity of the (a) MF and (b) UF thin film. 

4.4.6. Surface hydrophilicity 

Introducing a new chemistry to the surface of the membrane may alter other 

membrane properties including hydrophilicity and surface roughness. The presence of 

cross-linkers has been shown to have some impact on surface contact angle [46–49]. The 

wetting behaviour of the membrane is evaluated using an optical high-speed contact angle 

instrument. The contact angles were measured when droplets achieved steady state, i.e. as 

soon as the droplet came to rest on the surface without any further spreading. Further details 

are provided in the materials and methods. The results of the contact angle test for MF and 

UF membranes are presented in Figure 4.9 (a) and (b), respectively. The effect of CNT 

concentration, cross-linking length, and cross-linking degree on surface hydrophilicity was 

investigated. It is shown that CNT membranes have lower hydrophilicity as compared to 

PES membranes due to the presence of the hydrophobic CNTs in the network. With few 

exceptions, a general trend is observed revealing a higher contact angle for a higher mass 

of CNTs. However, cross-linking degree and cross-linker length were uncorrelated to the 

surface contact angle, indicating that PVA, not cross-linkers were responsible for the 
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hydrophilicity of the surfaces. The increase in water permeance observed for membranes 

which have longer cross-linkers in the network can be attributed to the spacing and 

arrangement of the CNT network. The results reveal that regardless of the type of cross-

linkers or degree of cross-linking, these CNT-PVA electrically conductive membranes 

have sufficient hydrophilicity for water filtration purposes. Hydrophilic surfaces are 

generally desired for water treatment applications. It is generally accepted that membrane 

surfaces with contact angles of 80° or less are considered hydrophilic. The hydrophilicity 

of the membranes is generally below 70° and 80° for UF and MF membranes, respectively. 

The hydrophilicity of the ECMs is due to both presence of hydroxyl groups (of PVA) and 

carboxyl groups of CNTs. The comparatively higher contact angle for MF membranes over 

UF membranes can be attributed to the higher degree of leaching of unbonded PVA chains 

during the membrane fabrication process, as discussed in the materials and methods 

section. CNT thin film membranes on a UF PES support have less PVA leaching during 

membrane fabrication. As such, more PVA is retained within the CNT network leading to 

a lower contact angle. 
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Figure 4.9. Contact angle test for (a) MF and (b) UF membranes with different CNT mass, 

cross-linkers, and degree of functionalization. 

4.4.7. Surface roughness 

The presence of cross-linkers within the CNT network may have an impact on 

membrane surface roughness. The impact of CNT concentration and cross-linkers on the 
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surface morphology was investigated using AFM. Suberic acid cross-linked membranes 

were compared to control CNT membranes to investigate the impact of cross-linkers on 

surface roughness. Longer cross-linkers were demonstrated to create looser CNT networks. 

We hypothesized that looser networks would be more irregular than denser networks. As 

such, we only evaluated the impact of suberic acid (the longer cross-linker) on surface 

roughness, in order to minimize the number of AFM experiments required. Figure 4.10 and 

Figure 4.11 show the results for MF and UF membranes, respectively. It is observed that 

all the membranes have a ridge-and-valley structure. This morphology is caused by the 

surface aggregation of CNTs during the deposition process [50–52]. The surface roughness 

did not significantly change with an increase in CNT concentration nor with the use of 

longer cross-linkers. More 2D images are given in the supplementary information. 

 

Figure 4.10. AFM images for MF membranes (A) Control 1mg, (B) Control 3mg, (C) 

Suberic acid 1mg, (D) Suberic acid 3 mg. 
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Figure 4.11. AFM images for UF membranes (A) Control 1mg, (B) Control 3mg, (C) 

Suberic acid 1mg, (D) Suberic acid 3 mg. 

4.5.Conclusions 

Advanced MF and UF electrically conductive membranes with a better control over 

pore structure were fabricated in this work. The ECMs consisted of an electrically 

conductive nanonetwork on top and a PES membrane as a support. Carboxyl functionalized 

SW/DW CNTs, PVA, and two cross-linkers with different lengths were used in the 

nanolayer. Strong covalent bonds between the carboxyl groups of cross-linkers or CNTs 

and the hydroxyl groups of PVA had the major contribution for the stability of the network. 

The effect of mass of CNT, cross-linking type, and cross-linking degree were investigated 

on membrane properties which include pure water flux, electrical conductivity, surface 

hydrophilicity, morphology, and surface roughness. The results revealed that integration of 

cross-linker with a higher length causes a higher pure water flux. It was attributed to the 

more open structure of networks with the presence of longer cross-linkers. The surface 

conductance of the nanolayer was shown to be greater either for surfaces with higher degree 
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of cross-liking or having longer cross-linkers. It was hypothesized that it is due to greater 

electrical percolation of the network as a result of a better CNT dispersibility. The MF 

membranes had relatively higher contact angle and lower thickness as compared to UF 

membranes which were likely due to the higher degree of leaching of unbonded PVA 

chains through the large pores of MF membranes during the fabrication process. Surface 

roughness images obtained from AFM showed no significant change for different networks 

(control, succinic acid, and suberic acid). It should be noted that this work mainly focused 

on the chemistry of the surface using cross-linkers. Selectivity as well as the antifouling 

properties of MF and UF ECMs will be investigated in future work. 
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4.8.Supporting Information 

S1. Scanning Electron Microscopy (SEM) images 

 

Figure 4.S1. Top view SEM images of A) MF 3 mg CNT, succinic acid, B) MF 3mg CNT, 

suberic. 

S2. Investigating the leaching of CNT/PVA/SDS through MF and UF membranes 

during filtration process 

We quantified the loss of CNT in UF and MF membranes using total organic carbon 

analyzer (TOC). We synthesized membranes from CNT suspensions contain 1 mg and 3mg 

CNTs without the presence of PVA and measured the leaching of CNTs through these 

membranes. The results reveal that CNT leaching through MF and UF membranes is almost 

negligible. The data is shown below: 
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Table 4.S1. Leaching results of CNT during membrane fabrication 

Membrane CNT mass loading 

(mg) 

Mass of CNT leached 

(mg) 

CNT leaching 

(%) 

MF 1 1.9e-3 0.19 

3 8.1e-3 0.27 

UF 1 1.4e-3 0.14 

3 3.0e-3 0.10 

 

The leaching of PVA/SDS molecules during the membrane fabrication process 

using vacuum filtration was further analyzed in UF membranes having 3 mg CNT. CNT 

leaching was considered negligible in this test. The results reveal that a high portion of 

PVA/SDS molecules leach through pores of UF membranes during the vacuum filtration 

process. 

Table 4.S2. Leaching results of PVA/SDS during membrane fabrication 

Membrane CNT mass 

loading (mg) 

Mass of PVA/SDS 

in the feed (mg) 

PVA/SDS 

leached (mg) 

PVA/SDS 

leaching (%) 

UF 3 34.5 18.96 54% 

 

S3. MWCO experiment using 2 MDa PEO 

During separation experiments using 250 ppm PEO solutions, it was observed that 

in addition to PEO passing through the membrane, a portion of unbound polyvinyl alcohol 

(PVA) leached through the membrane as well. The permeate thus contained PVA as well 

as PEO, which confounded our MWCO measurements. Due to the leaching of PVA, we 

conducted a preliminary study of the leaching of PVA to attempt to deconvolute PVA 

leaching from PEO rejection and quantify the selectivity of CNT-modified membranes. In 

this preliminary study, we determined that leaching of PVA may be due to many factors 
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including chemical stability of the dense layer, thickness of the dense layer, operating 

pressure, composition of the feed, and concentration of the foulant. To identify the cause 

of the PVA leaching, rejection tests were conducted on different membranes, either with or 

without PVA, under different conditions (Figure 4.S2). The results revealed that the 

fabrication conditions (strong acids and high heat) did not impact the support membrane’s 

rejection of PEO. Further, it was demonstrated that pressurized water during pure water 

flux experiments did not cause leaching of PVA from the CNT thin films. When the feed 

solution contained 2 MDa PEO, a large amount of carbon was measured in the permeate 

by TOC analysis. Since the support membranes reject greater than 95% of 2MDa PEO, it 

was hypothesized that leached PVA was the source of the significant carbon content in the 

permeate during 2 MDa PEO rejection experiments. 

 

Figure 4.S2. TOC results of water and 250 ppm 2MDa PEO filtration. 

S4. Electrical conductivity software 

The conductivity of the membranes was measured using a four-point probe 

conductivity meter (Figure S2). This instrument is able to measure the bulk resistivity of 

the thin layer by considering the resistance among different pairs of needles and the 

thickness of the thin film. It is important to emphasize that the thickness of the membranes 
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was used to obtain the bulk conductivity, however, the error associated with SEM 

measurement was not quantified as this was not statistically relevant. Each error bar in 

figure 7 is attributed to measurements from three membranes with an identical network. 

Sample calculation 

For control MF 3 mg, from the sheet resistance measurements and SEM images we 

have: 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 = 26612 𝑚𝑖𝑐𝑟𝑜𝑆𝑖𝑒𝑚𝑒𝑛𝑠 𝑝𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 1.91 𝜇𝑚 

Given the sheet resistivity formula, we can calculate electrical conductivity by 

inversing the equation as follows: 

𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝛺. 𝑚) = 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (
𝛺

𝑠𝑞
) × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑚) 

→ 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑆

𝑚
) =

𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒(𝑆 𝑝𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒)

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑚)
 

→ 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 13933 𝑆/𝑚 
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Figure 4.S3. (Top) Four-point conductivity probe, (bottom) Result sheet of Hall software. 

S5. Contact angle 
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Figure 4.S4. Sequence of contact angle images from dispense time to steady state (Control 

1mg CNT). 

 

S6. Surface roughness 

 

(a) 
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(b) 

 

(c) 

 

(d) 



Ph.D. Thesis – Mohamad Amin Halali                     McMaster University – Chemical Engineering 

 
 

189 
 

Figure 4.S5. AFM images for MF membranes where 2D images are on the left column and 

height mode is on the right column. (A) Control 1mg, (B) Control 3mg, (C) Suberic acid 

1mg, (D) Suberic acid 3 mg. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4.S6. AFM images for UF membranes where 2D images are on the left column and 

height mode is on the right column. (A) Control 1mg, (B) Control 3mg, (C) Suberic acid 

1mg, (D) Suberic acid 3 mg. 
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Investigating the Stability of Electrically Conductive Membranes 
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5.1.Abstract 

Stability of electrically conductive membranes (ECM) is critical for expanding their 

application in separation-based technologies. In this work, ECMs were synthesized by 

coating polyethersulfone membranes with carbon nanotubes (CNT) crosslinked to 

polyvinyl alcohol (PVA) using two types of crosslinkers (succinic acid or glutaraldehyde). 

ECMs demonstrated a 21% reduction in flux over 4 hours under cathodic potential (2 V) in 

comparison to a 69% reduction in flux for control experiments when filtering a realistic 

bacterial suspension. Subsequently, the electrochemical, physical, and mechanical stability 

of the ECMs were explored using chronoamperometry and cyclic voltammetry, an 

evaluation of polymer leaching from membranes, and micro mechanical scratch testing, 

respectively. ECMs were shown to be unstable under anodic potentials (2-4 V) with the 

glutaraldehyde crosslinking demonstrating the highest electrochemical stability. PVA was 

shown to be a physically unstable crosslinking agent for CNTs under concentration 

polarization conditions. Instability was moderated by extending CP layers through thicker 

and less dense nanolayers. ECMs showed higher mechanical stability and resistance to 

surface damage, in particular when coated with glutaraldehyde. We quantified the 

relationship between ECM surface instability and their physical and electrochemical 

properties. In so doing, we provide guidance for making practical and scalable electrically 

conductive membranes. 

Keywords: Membrane Stability; Fouling; Electrical conductivity; Concentration 

polarization; Electro-oxidation 
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5.2.Introduction 

Fouling is one of the primary challenges limiting membranes’ optimal performance. 

Fouling detrimentally impacts membrane performance causing a reduction in flux, an 

increase in the required transmembrane pressure, which lead to an increase in energy 

consumption, and a reduction in membrane longevity [2,3]. Membrane fouling mitigation 

is the focus of extensive research involving operating conditions, redox processes, and 

materials and interfaces [4–8].  

Recently, electrically conductive membranes (ECMs) have demonstrated 

exceptional antifouling abilities [9–13]. Their antifouling mechanisms occur at the surface 

of the membrane, rather than in the feed solution as in the case of chemical antifoulants, 

thereby providing more direct and often more effective fouling mitigation. ECMs are 

membranes that contain an electrically conductive material surface, to which an externally 

applied electrical potential (positive or negative) is applied. The application of an electric 

potential to an ECM promotes various antifouling mechanisms at the membrane/water 

interface. These include electrostatic repulsion, electrochemically generated bubble 

scouring, direct redox surface reactions, or indirect radical-mediated reactions. The 

application of ECMs has gained increasing attention in research for mitigating fouling in 

water and wastewater treatment due to its in-situ application, low environmental impact, 

and presumed cost-effectiveness. 

ECMs can be categorized as either organic (conductive polymer or graphitic 

material coatings) [14], inorganic (ceramic- or metallic-based coatings, e.g. RuO2, TiO2) 

[15,16], or hybrid (metal coatings embedded in or coated on polymeric material, e.g. ITO-

PES) [17]. Ceramic-based ECMs offer better mechanical and chemical stability which 

allows for aggressive cleaning compared to polymeric membranes, however, challenging 

synthesis and high costs limit their future industrial adoption [15,16,18]. Organic ECMs 

are the most common form in the literature likely due to their mechanical flexibility, low 

cost, functionality, and tunable properties. The electrically conductive coating for organic 

ECMs is often a graphitic material such as carbon nanotubes (CNTs) [19,20], graphene 

[21,22], or graphite [23]. CNTs are the most widely used due to their high conductivity and 
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high surface area [14]. CNT-based conductive layers tend to be unstable and can leach into 

the solution or delaminate during manufacture and use [24–26].  Hence, a polymeric 

substance such as polyvinyl alcohol (PVA) is added to the nanolayer to (a) improve the 

adhesion between the CNTs and the supporting membrane [27], (b) increase the surface 

hydrophilicity [28], and (c) enable pore size tuning through controlled crosslinking 

reactions [29]. PVA bonds to CNTs via covalent bonds, electrostatic interactions, and 

Hydrogen-bonding [25,30,31]. Many studies have used CNT/PVA networks to 

demonstrate the application of ECMs [19,27,29,32–36]. 

Long term physical and chemical stability of membranes is critical for expanding 

their application into industrial separation technologies. In the current literature, research 

has focused on ECM antifouling performance, transmembrane flux, and separation 

properties. Little attention has been directed towards the post-fabrication stability and 

surface properties of ECMs. During separation and use, the surface properties of 

membranes can vary considerably from the initial properties as a result of surface 

instabilities [37]. Electrically conductive surfaces can be damaged or passivated by surface 

instabilities arising from pressure (high applied pressure, high concentration polarization), 

mechanical abrasion (contact with foulants under cross-flow velocities and possibly 

turbulent conditions, mechanical cleaning) [38], chemical reactions (chemical cleaning)  

[39], and electrochemical reactions (electro-oxidation) [40]. CNT-based ECMs have been 

found to be unstable under high anodic currents which degrade ECM conductivity and 

thereby compromise their antifouling performance [41–43]. Nanocomposite and 

nanoparticle stability under operating conditions (e.g. high applied pressures, mechanical 

forces, temperature differences, chemical attack) is an active area of investigation that has 

real-world ramifications from membranes to polymeric materials [40,44].  

First, we demonstrated the antifouling abilities of our ECMs towards a realistic 

mixed bacterial culture in an aqueous feed. Subsequently, we investigated the 1) 

electrochemical, 2) physical, and 3) mechanical stability of microfiltration (MF) and 

ultrafiltration (UF) CNT/PVA-based ECMs, due to their widespread use in the literature. 

We investigated 1) the anodic oxidation of ECMs to determine their electrochemical 
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stability, 2) the physical stability of membranes stabilized with common crosslinking 

agents under various operating conditions such as transmembrane pressure, temperature, 

and foulant concentration, and 3) the mechanical stability of ECMs through micro scratch 

testing. 

5.3.Materials and methods 

5.3.1. Materials 

Carboxyl functionalized single-walled/double-walled carbon nanotubes 

(SW/DWCNT-COOH, outer diameter: 1-4 nm, length: 5-30 µm, purity: >90w/%, 

functional content: 2.73 w/%) were purchased from Cheaptubes. Sodium dodecyl sulfate 

(SDS, Molecular weight (MW): 288.38) and hydrochloric acid (38%/) were purchased from 

Anachemia. Ethanol (85.6 %) and phosphate buffered saline (PBS, contains 137 mM 

sodium chloride, 2.7 mM potassium chloride, and 10 mM phosphate buffer) tablets were 

purchased from VWR. Glutaraldehyde (GA) solution (50.2 %, specific density: 1.127) and 

crystal violet were purchased Fisher Chemical. Yeast extract was purchased from Sigma-

Aldrich. The poly(vinyl alcohol) (PVA, MW: 31,000-50,000, 98-99 % hydrolyzed) and 

poly(ethylene oxide) (PEO, 2 MDa) were purchased from Sigma-Aldrich. Succinic acid 

(MW: 118.9) was purchased from Alfa Aesar. Microfiltration (MF) and ultrafiltration (UF) 

Poly(ether sulfone) (PES, diameter: 47 mm, nominal pore size: 0.2 µm and 0.03 µm, 

respectively) membranes were purchased from Sterlitech. Deionized (DI) water was 

obtained from an Arium system (resistivity: 0.047 µS/cm).  

5.3.2. Electrically conductive membrane preparation 

The membrane fabrication method has been documented in our previous work [29]. 

In summary, a 7.5 × 10−4 w/% suspension of SWCNT/DWCNT in DI water was prepared 

by stirring the suspension for 10 min followed by ultra-sonicating (Qsonica, Q500, 500 

Watts, 20 kHz) for 1 h with intervals of 2s on and 2s off. Simultaneously, 1.125 × 10−3 

w/% solution of SDS in DI water was prepared separately after stirring the solution for 30 

min. The CNT and SDS suspensions were mixed, stirred (15 min), and ultra-sonicated (2 
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h). SDS is used as a surfactant to make a well-dispersed CNT suspension. The ratio of CNT 

to surfactant (SDS) was kept at 1:1.5. A 0.5 w/% PVA solution was made after stirring the 

solution for 24 h (800 RPM, 120°C). The PVA and CNT suspensions were mixed and 

sonicated for 2 h (the ratio of CNT to PVA was kept at 1:10 unless otherwise mentioned). 

Succinic acid was added to the suspension as the crosslinker to achieve a crosslinking 

degree of 20%. After the suspension was well mixed, hydrochloric acid was added to a 

concentration of 2 M. The final suspension was allowed to react for 24 h. It should be noted 

that a well-dispersed solution is critical to forming a uniform coating of CNTs on the 

membrane. 

The pristine PES membrane was kept in DI water for 24 h before use to ensure the 

surface was fully wetted. The wet membrane was placed in a filtration setup and the CNT 

suspension was filtered through a membrane to the target deposited mass. Following CNT 

deposition, DI water was filtered through the membrane for 5 min to rinse any polymeric 

or acidic residuals from the surface. The rinsed nanocomposite membrane was removed 

from the flask and cured in an oven for 1 h (100 °C). Following the curing step, membranes 

were cooled at ambient temperature and kept in DI water overnight for characterization and 

further analysis. To obtain a membrane with a thicker nanolayer, the following process was 

repeated up to three times before being cured in an oven: the CNT suspension 

(CNT/PVA/succinic acid) was vacuum filtered through the membrane, air dried, then 

washed with DI. The membrane was recovered and cured in oven at 100 °C for 1 h after. 

Membranes fabricated with GA as the crosslinker followed a modified procedure. 

Following CNT/PVA vacuum deposition, the membranes were cured in an oven for 10 min 

at 100 °C followed by immersion in a 2.12 w/% solution of GA in DI water at 80 °C. The 

GA solution concentration was chosen following commonly reported values in literature, 

which theoretically yields a crosslinking degree of 93% when ECM contains 10 mg PVA 

and a crosslinking degree of 100% when ECM contains 5 mg PVA or less. Hydrochloric 

acid was added to the solution to a concentration of 0.1 M. After 1 h immersion in HCl 

solution, membranes were cured in an oven for 10 min at 100 °C. 
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5.3.3.  Biosolution preparation and characterization 

A multi-bacterial suspension was prepared by using 1 g of yeast extract in 100 ml 

of tap water for 24 h at 40 °C (RPM 100). Such an environment accelerates the growth of 

bacteria found in tap water as desired for the biofouling experiment [45]. The glass was 

covered in parafilm with a small gap for air to provide aerobic condition. The suspension 

was centrifuged three times each for 15 min (RPM 4500). After each interval, the 

supernatant was replaced with PBS solution and the suspension was well dispersed using a 

vortexer. The final suspension was mixed with PBS solution to yield an absorbance of 1 at 

a wavelength of 600 nm as measured by a UV–Vis Auto spectrophotometer (plate reader, 

SPARK 10M, Tecan Austria GmbH Inc.). The surface electrical charge of the particles in 

the suspension was measure by zeta potential analyzer (Zeta Plus, Brookhaven Instruments 

Corporation). Measurements were conducted for ten runs and the average value was 

reported. 

5.3.4.  Biofouling experiment  

The anti-biofouling performance of the ECMs fabricated in this study was 

demonstrated via filtration of a bacteria enriched suspension cultivated from tap water. The 

biosuspension was pumped through the custom-designed cross-flow membrane filtration 

system. The schematic and the picture of the cross-flow cell are presented in Figure 5.1a 

and Figure 5.S1, respectively. More details about the cross-flow system is provided in the 

SI. The permeate was recycled to the feed reservoir to maintain a constant feed 

concentration. The pressure was kept constant at 10 psi (0.69 bar). The flow rate was 11.7 

mL/s which provided a shear rate of 140.4 s-1. The flow across the membrane was laminar 

with a Reynolds number of NRe = 585 (more details are provided in the SI). In our setup, 

the flow-cell was fitted with electrodes to allow for an applied current to be supplied to the 

ECMs. The ECM was operated as a cathode and a graphite counter electrode was provided 

as an anode. Bacterial filtration cross-flow experiments were conducted for 4 h with flux 

and rejection recorded every hour. In experiments that were conducted to evaluate the 

application of electrical current on anti-biofouling performance of ECMs, an electrical 
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potential (2 V) was applied to the surface of the membrane by an external power generator 

operating in direct current (DC) mode. 

 

Figure 5.1. a) Schematic of the custom-designed cross-flow cell to assess ECM anti-

biofouling performance b) Schematic of the batch electrochemical cell to check ECM 

anodic stability. 

5.3.5. Surface analysis 

Thickness of the nanolayer and morphology of ECMs were observed using scanning 

electron microscopy (SEM, JEOL JSM-7000F). SEM as well as crystal violet staining were 

used to assess the fouling intensity of the biofouled membranes. Details were provided in 

the supplementary information. 

Fourier-transform infrared spectroscopy (FTIR, HYPERION 3000) was used to 

identify the chemical bonds at the surface. Hydrophilicity of the surface was calculated 

using a high-speed contact angle instrument (OCA 35). The contact angle was measured 

after dispensing 5 µL of DI water onto the membrane surface. Contact angles were 

measured once droplets achieved steady state. Three droplets were dispensed on each 

membrane and an average contact angle was reported.  

Conductivity of the membranes was measured using a four-point probe conductivity 

meter. This instrument measures the bulk resistivity of the nanolayer given the resistance 
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among different pairs of needles and nanolayer thickness. Membranes were completely 

dried in an oven at 60 °C for 1 h, then cooled at room temperature for 1 h prior to 

conductivity measurements.  

A micro scratch tester (Revetest scratch tester, Anton Paar) was used to measure 

the membrane surface mechanical strength. The membrane surface was scratched with a 

diamond-tipped conical indenter (radius: 100 µm) and a conical angle of 90°. The tip 

applied a normal force of 0.5 N. Scratch length and speed were 1 mm and 5 mm/min, 

respectively. Three scratches were performed on each surface to validate the reproducibility 

of the results. The penetration depth of the indenter over the scratch length was used as an 

indicator of the surface mechanical strength.  

5.3.6. Electrochemical cell 

A three-electrode electrochemical cell coupled to a Pontentiostat (Multi Autolab 

M204, Metrohm) was used to evaluate the anodic oxidation potential of the membranes 

through fixed potential chronoamperometry as well as cyclic voltammetry (CV) methods. 

Figure 5.1b and Figure 5.S2 present the schematic and the picture of the electrochemical 

cell, respectively. The ECM, graphite sheet, and an Ag/AgCl electrode (Metrohm, 

operating range: 0-80 °C) were used as the working electrode (WE, anode), counter 

electrode (CE), and reference electrode (RE), respectively. All electrodes were placed in 

an electrochemical cell containing PBS solution as the electrolyte. For the CV tests, 15 

cycles at a scan rate of 0.1 mVs-1 were applied to each membrane, with a scan range of 0-

3 V relative to the Ag/AgCl electrode. Fixed potential chronoamperometry tests were 

conducted by applying either 2 or 4 V (with respect to the reference electrode) to the 

membrane for 240 and 20 min, respectively. 

5.3.7. Flux and rejection tests 

Membrane permeability was measured with a custom-designed cross-flow cell 

(Figure 5.1a). UF membranes were compressed under pressure of 10 psi (0.69 bar) prior to 

the flux test for 1 h to reach their final morphological state. For the flux test, the 

biosuspension was filtered through the membrane with permeability being reported every 
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hour up to 4 h at 10 psi (0.69 bar). For each reported permeability value, three 

measurements were taken within 15 min (each 5 min) and the average value was reported. 

The rejection of the bacteria was calculated by reading the absorbance value of feed and 

collected permeate (at OD600) every hour up to 4 h using a UV–Vis spectrophotometer. 

Permeability and rejection tests during the biofouling experiment were conducted for two 

identical membranes and the average value was reported. The PEO rejection test was 

conducted in a dead-end stirred flow cell (Sterlitech stainless steel) at 10 psi (0.69 bar) 

(unless otherwise mentioned), 100 RPM, and ambient temperature. The feed solution 

contained 250 ppm PEO in water (unless otherwise mentioned). The permeate was 

collected and analyzed using a total organic carbon analyzer (TOC, SHIMADZU). The 

rejection was calculated using the following Equation. 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100 

Where 𝑅, 𝐶𝑝, and 𝐶𝑓 represent rejection (%), the concentration of particles in the 

permeate, and the concentration of particles in the feed, respectively. 

5.4.Results and discussion 

The primary goal of the research was to evaluate the stability of electrically 

conductive membranes (ECMs). The stability of the surface coatings ensures consistent 

operational performance. We propose a suite of ECM stability measurements 

(electrochemical, physical, and mechanical) that should be applied to all ECMs to 

demonstrate their practical viability. In advance of these stability assessments, we validated 

our ECM anti-biofouling performance to confirm their practical application. 

5.4.1. Anti-biofouling performance of ECMs 

The anti-biofouling performance of the ECMs fabricated in this study was 

demonstrated by filtering a bacteria-enriched suspension cultivated from tap water. Both 

anodic and cathodic currents have been used for anti-biofouling purposes in the literature 

[41,46,47]. Anodic currents have been suggested to inactivate microorganisms through 
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direct and indirect oxidation (radical generation), and inhibit fouling through electrostatic 

repulsion force, oxygen gas generation, and pH changes while cathodic currents are thought 

to mitigate fouling through electrostatic repulsion, hydrogen peroxide generation, and 

hydrogen gas generation. 

We demonstrated the anti-biofouling abilities of our synthesized ECMs using 

cathodic and anodic currents. The rejection and flux values of PES and CNT membranes 

during the bacterial filtration experiments are presented in Figure 5.2a. A sharp decrease in 

flux was observed for PES membranes while ECMs better maintained their flux, indicating 

promising anti-biofouling potential. The normalized 4 h flux was reduced by 21%, 42%, 

46%, and 69% for ECMs with an applied cathodic potential, ECMs with an applied anodic 

potential, control ECMs without applied potential, and control PES membranes without 

applied potential, respectively (Figure 5.2b). All membranes showed excellent separation 

performance by retaining more than 91% of bacteria during the 4 h filtration. 

SEM images were used to investigate the biofilm formation after the bacterial 

filtration experiments. As shown in Figure 5.3, bacteria formed thick, uniform biofilms on 

PES membranes after only 4 h of filtration. In contrast, ECMs with and without applied 

potentials showed significantly fewer bacteria on their surface, demonstrating better 

resistance toward biofilm formation. ECMs without applied potential are composed of CNT 

networks. CNT networks have an irregular porous structure which acts as a steric barrier 

toward deposition of bacteria on the surface. As a result, it is hypothesized that a less dense 

bacterial network is formed on the surface of the ECMs that is easily disrupted by the lateral 

shear force. CNTs also have inherent antibacterial properties that further contribute to ECM 

anti-biofouling performance [48,49]. 

Microbial cells found on ECMs charged with a 2 V applied anodic potentials 

demonstrated structural cellular damage as indicated by their deformed and irregular 

cellular shape (Figure 5.3). Cell lysis was mainly caused by oxidative stress either directly 

through electron transfer or indirectly through the generation of oxidative compounds. Free 
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radical generation induced by water splitting and the subsequent reactions at the anode are 

well documented in the literature and summarized as follows [50–52]: 

2 H2O → O2(g) + 4H+ + 4e− (E° = 1.03V vs. Ag/AgCl)                                Reaction (1) 

OH− +  H+ → OH•  (E° = 2.1 V vs. Ag/AgCl)                                                  Reaction (2) 

In addition, the sulfate and chloride ions present in the buffer solution can further 

contribute to radical generation as follows [50,52,53]: 

SO4
2− + H+ →  SO4

•− (E° = 2.2 V vs. Ag/AgCl)                                               Reaction (3) 

2Cl− + H+  → 2Cl•(E° = 1.97 − 2.37 V vs. Ag/AgCl)                                       Reaction (4) 

ECMs with a 2 V applied cathodic potential had the most anti-biofouling effect. 

Zeta potential of the bio-suspension used in this study was measured to be -16.06 ± 1.24 

mV, hence the applied cathodic current on ECMs cause electrostatic repulsion of the 

negatively charged bacterial suspension. This has been previously demonstrated for pure 

bacterial cultures [54], while here we show the effect for mixed bacterial cultures enriched 

from tap water. Our main explanations for this anti-biofouling performance are as follows: 

- A negatively charged surface limits attachment of negatively charged bacteria 

due to the strong electrostatic repulsive force. 

- A charged irregular structure of CNTs on the surface reduces the CP due to 

electro-steric forces. 

- Cathodic current results in the generation of hydrogen gas at the surface of the 

membrane. The shear force induced by generated bubbles can detach particles 

at the surface. [46].  

H2O + 2e− → H2(g) + 2OH−                                                           Reaction (5) 

- Cathodic current leads to the generation of reactive hydrogen peroxide which 

induced damage to bacterial cells and reduced cell viability [55,56]. However, 

concentrations of electro-generated hydrogen peroxide under the range of 

potentials applied (below or equal to 2 V) may only have a small contribution 
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to membrane self-cleaning performance [57,58]. Cathodic reduction of oxygen 

gas is shown as follows [56]: 

O2(g) + 2H+ + 2e− → H2O2 (E° = 0.465 V vs. Ag/AgCl)             Reaction (6) 

 

Figure 5.2. Membrane flux during a 4 h cross-flow filtration of the bacterial suspension. 

Gray: Control PES membrane with no applied potential, Black: Control CNT membrane (1 

mg CNT) with no applied potential, Red: CNT membrane (1 mg CNT) used as an anode 

with an applied total cell potential of 2 V, Blue: CNT membrane (1 mg CNT) used as a 

cathode with an applied total cell potential of 2 V (a) rejection and actual measured flux, 

and (b) relative flux values. Error bars represent standard deviation for two membranes. 
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Figure 5.3. SEM images of the pristine PES membranes (first row), biofouled PES after 4 

h (second row), biofouled ECM without applied potential after 4 h (third row), biofouled 

ECM after 4 h under an applied anodic potential of 2 V (fourth row), and biofouled ECM 

after 4 h under an applied cathodic potential of 2 V (fifth row). Left column: low 

magnification, middle column: medium magnification, and right column: high 

magnification of the membrane surfaces.  
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Biofouled membranes were further characterized by crystal violet staining to 

observe fouling intensity. Results are shown in Figure 5.S3a which are in good agreement 

with SEM images as they indicate the presence of bacteria after 4 h filtration. The findings 

in this section support previous work indicating that these ECMs have substantial in-situ 

anti-biofouling properties [9,10]. 

5.4.2. ECM stability 

The physical, chemical, and mechanical stability of ECMs is crucial for their 

industrial adoption and implementation. ECM stability has not been systematically studied 

and it is unknown how ECM properties will change during operation. We hypothesized that 

their properties will differ considerably from their initially measured properties during use, 

thereby hindering their purported properties. We suggest that a comprehensive assessment 

of their operational stability is necessary to validate their industrial applicability. For 

example, ECMs may be subject to passivation, which would directly compromise the 

membrane performance (flux and separation properties), hinder their antifouling properties, 

shorten membrane life, and increase the system energy consumption. To analyze their 

passivation, we studied three forms of ECM stability: 1. Electrochemical stability – ECM 

electro-oxidation by the application of anodic current, 2. Physical stability – polymer 

leaching during separation of a model foulant, and 3. Mechanical stability – scratch 

resistance. 

Electrochemical stability 

CNT-based ECMs have the potential to reduce fouling when exposed to anodic, 

cathodic, or alternating currents (applied at either regular or irregular intervals). As 

discussed above, we have demonstrated anti-biofouling behavior at cathodic and anodic 

potentials. Alternating potentials (i.e. the use of both cathodic and anodic potentials) have 

been suggested to be particularly effective, suggesting that both anodic and cathodic 

potentials may be used in practice [58–60]. Many studies have focused on the impact of 

cathodic, anodic, and alternating potentials applied to ECMs on foulants, but have largely 
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ignored ECM electrochemical stability under these applied potentials. Herein we assess the 

stability of ECMs under cathodic and anodic potentials. 

Cathodic stability of ECMs was evaluated using a high cathodic current (150 mA 

vs. Ag/AgCl reference electrode) applied to a membrane composed of CNT/PVA/SA for 

20 min (Figure 5.S4). It was observed that the potential was maintained at (~ -2.8 V) over 

the electrochemical reaction interval indicating a stable cathodic surface. ECMs composed 

of CNTs were expected to be stable under reducing conditions [40].  

Subsequently, the corrosion stability of ECMs was evaluated using anodic 

potentials (Figure 5.4). Anodic electro-oxidation was explored using fixed potential 

chronoamperometry as well as cyclic voltammetry (CV) methods. To the best of the 

authors’ knowledge, the anodic oxidation of CNTs, CNTs and PVA crosslinked with 

succinic acid (CNT/PVA/SA), and CNTs and PVA crosslinked with glutaraldehyde 

(CNT/PVA/GA), has not been systematically studied. 4 V anodic potential was applied to 

ECMs to accelerate surface oxidation and demonstrate how different crosslinking 

chemistries impact ECM stability. 2 V anodic potential was applied to ECMs to represent 

common operating potentials as most studies operated above 1.2 V and near or above 2 V. 

  The current on ECMs decreased over time, as shown in Figure 5.4a, with an 

applied 4 V anodic potential. Over the course of the electrochemical reaction interval, the 

current dropped by 94%, 49%, and 14% for ECMs composed of CNTs alone, 

CNT/PVA/SA, and CNT/PVA/GA, respectively. ECMs crosslinked with GA showed the 

least oxidation-induced loss of conductivity. However, ECMs containing only CNTs and 

GA (without crosslinking) showed the same current drop (94%) as CNTs alone. Figure 5.4a 

presents the normalized current of the working electrode (ECM) over a span of 20 min with 

an applied potential of 4 V. Normalized currents were analyzed because variation in the 

steady-state current of ECMs depends on their initial conductivity, and material 

composition. The real current is presented in Figure 5.S5a. All ECM networks reached a 

steady oxidation state within 400 s, when a 4V anodic potential was applied. 
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CNTs have been found to be unstable under high anodic currents due to the 

degradation of the CNT structures [41–43]. In an electrochemical cell, electrons travel from 

cathode to anode, however, due to higher resistance of the media as compared to the 

electrode, they accumulate at the surface leading to the formation of an electric double layer 

(EDL). Once an EDL is fully developed with sufficient potential, electrons take part in 

electrochemical reactions including anodic electro-oxidation of the CNT nanolayer. The 

mechanism of CNT degradation has been studied elsewhere and is not the main focus of 

this study. Briefly, high surface hole generation due to harsh direct electron-transfer likely 

causes accelerated oxidation of CNTs. CNT corrosion damages the surface sp2 

hybridization thereby decreasing the CNT conductivity critical for electrochemical 

applications. CNT degradation may also be caused by either the generation of free radicals 

(Reaction 1-4) at the CNT surface or by gas bubble-induced shear-forces generated from 

direct electron transfer at the CNT surface [50]. 

Oxidation of CNTs at anodic potentials above 1.2 V was expected due to the 

mechanisms explained above. The most unexpected observation, however, was the electro-

oxidative stability of GA-cross-linked CNT-PVA ECMs (CNT/PVA/GA) in particular, and 

to a lesser extent the SA-cross-linked CNT-PVA (CNT/PVA/SA) ECMs. We hypothesize 

that PVA and GA work as sacrificial polymers that protect the CNTs against anodic 

oxidation. It has been shown that polymers embedded in a CNT-based conductive network 

are oxidized more readily as CNTs are electron receivers under the application of anodic 

current [61]. Therefore, we speculate that CNTs are anodically protected by the crosslinked 

polymeric coatings (PVA crosslinked with GA).  

To support electrochemical current measurements, the surface conductivity of 

membranes was measured before and after ECMs were exposed to a 4V anodic potential 

(vs. Ag/AgCl reference electrode) for 20 min (Figure 5.4b). The decrease in the electrical 

conductivity of the membranes in response to the anodic potential was in good agreement 

with the drop in ECM current observed during the electrochemical test (with the exception 

of CNT/PVA/GA). The permanent drop in membrane electrical conductivity was 88%, 

91%, 60%, and 60% for CNT, CNT/GA, CNT/PVA/SA, and CNT/PVA/GA, which was 
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consistent with 94%, 94%, 49%, and 14% decreases in measured current during the 

electrochemical tests, respectively. The permanent decrease in ECM conductivity explains 

the continuous drop in current throughout the electrochemical oxidation reactions. 

While the optimal ECM electrical potential operating range is not known, ECMs 

are commonly evaluated in the literature in the range of 0.5-2 V. The critical anodic 

potential required for efficient antifouling performance has been frequently reported to be 

above 1 V [55,62,63]. The potential at which CNT oxidation occurs in real applications is 

debated in the literature ranging from 1.2 V up to 2.2 V (with respect to a Ag/AgCl 

reference electrode) [50,64,65]. 

A potential of 2 V was applied to the working electrode for a prolonged time (4 h) 

in order to evaluate the oxidative effect of commonly used potentials in comparison to more 

extreme potentials as evaluated above. The normalized and real current output over time 

are presented in Figure 5.4c and Figure 5.S5b, respectively. Under application of 2 V, 

ECMs were oxidized less severely and through different kinetic pathways than at 4 V. The 

time needed for ECMs to reach their steady-state oxidation was 5 times longer (~2000 s) 

under 2 V applied potential as compared with 4 V (400 s). However, oxidized ECMs had 

nearly identical steady-state currents at both 2 and 4 V (1-4 mA) (Figure 5.S5a and Figure 

5.S5b). ECMs consisting of CNT/PVA/GA or CNT/PVA/SA showed higher anodic 

stability compared to CNT and CNT/GA ECMs consistent with the findings at 4 V applied 

potential. Interestingly, under 2 V applied potential, the current of the CNT/PVA/GA 

network steadily increased after ~1000 s surpassing its original conductivity after the 4 h 

duration. 

At 2 V applied potentials, the lower CNT corrosion was expected because fewer 

side reactions occur that lead to the generation of detrimental free radicals 

( OH•and SO4
•−) . Further, the higher stability of ECMs crosslinked with SA or GA 

supports the hypothesis that PVA and GA can act as sacrificial polymers. We hypothesize 

that GA diffusion into the CNT/PVA network and subsequent crosslinking with PVA 

through acetylation reaction explains the higher conductivity of CNT/PVA/GA illustrated 
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in Figure 5.4c. Anodic surfaces generate high doses of protons which act as a catalyzer for 

acetylation reaction. PVA is well-blended with CNT molecules and has many hydroxyl 

groups branching from its backbone. The crosslinking reaction between hydroxyl groups 

of PVA and aldehyde groups of GA leads to stronger binding of CNTs and a subsequent 

higher conductivity. Figure 5.S6 shows FTIR spectra of each membrane after 2V applied 

potential, which suggests that acetylation reactions occurred between CNTs [66]. It was 

observed that the CNT/PVA/GA network had a higher relative intensity of carbonyl bonds 

as compared to CNT/GA. This relative difference was greater after electro-oxidation 

possibly due to the diffusion of GA into the CNT/PVA network.   

Additional fixed potential chronoamperometry trials are presented in Figure 5.S7. 

The anodic CV results for 15 cycles under total anodic potentials of 0-3 V are presented in 

Figure 5.S8.  Control CNT and CNT/GA membranes had a high current response for the 

first five cycles and became less conductive over time due to passivation. However, the 

CNT/PVA/GA network was more stable across all the cycles, represented by a lesser drop 

in conductivity due to anodic protection of GA and PVA. These findings are in close 

agreement with the fixed potential chronoamperometry results. Finally, there was little 

evidence that mechanical breakdown of CNTs occurred and this had minimal to no effect 

on the change in electrical conductivity (Figure 5.S9). 
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Figure 5.4. Electrochemical batch test for ECMs containing glutaraldehyde (GA), and a 

blend of polyvinyl alcohol (PVA) and either GA or succinic acid (SA). The ECM, graphite 

sheet, and an Ag/AgCl electrode were used as the working electrode (anode), counter 

electrode, and reference electrode, respectively. (a) Fixed potential chronoamperometry 

was applied to the conductive membrane with a total cell potential of 4 V (vs. Ag/AgCl 

reference electrode) for 20 min. (b) Normalized conductivity before and after a constant 

linear potential of 4V (vs. Ag/AgCl electrode) was applied to ECMs. (c) Fixed potential 

chronoamperometry was applied to the conductive membrane with a total cell potential of 

2 V (vs. Ag/AgCl reference electrode) for 240 min.  Error bars represent standard deviation 

for two membranes. All ECMs contained 1 mg CNT. “xPVA” shows the mass ratio of PVA 

to CNT. [PBS]= 137 mM sodium chloride, 2.7 mM potassium chloride, and 10 mM 

phosphate buffer. 

Physical stability 

ECMs are often composed of conductive materials (e.g. CNT), polymeric binders 

(e.g. PVA), and crosslinkers (e.g. GA and SA) coated on a support membrane (e.g. PES 

MF and UF membranes). The physical stability of the polymers within the ECM is 

important for their consistent separation and antifouling performance. Herein we studied 

the physical stability of ECMs composed of CNT/PVA/SA and CNT/PVA/GA with 

varying amounts of PVA.  

SEM images of an ECM synthesized for the current study are presented in Figure 

5.5, showing a typical nanolayer several micrometers thick. Polymers such as PVA are 

added to the conductive nanolayer to enhance surface hydrophilicity and nanolayer 

stability.  
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Figure 5.5. SEM images of UF electrically conductive membrane composed of CNT and 

PVA with a mass ratio of 1:10. Left: low magnification, right: high magnification. 

A simple test was designed to evaluate if the content of the nanolayer is altered by 

filtration. This test involved filtering water and/or PEO suspensions of different 

concentrations through the membrane at various pressures and measuring the total organic 

carbon in the permeate. Figure 5.6 shows the measured permeate carbon content from the 

PEO rejection experiments. It should be noted that pristine UF PES membranes with a 

nominal pore size of 30 nm efficiently rejected 2 MDa PEO (>99.6 %) by size exclusion, 

and little to no organic carbon was measured in the permeate (Figure 5.S10). In Figure 5.6, 

ECMs (formed using these same UF PES membranes as supports) were found to have high 

permeate carbon content (24 - 85 ppm) for a range of PEO concentrations and applied 

pressures. These permeate concentrations are indicative of polymers leaching from the 

nanolayer.  

The results shown in Figure 5.6a demonstrate that an increase in the PEO 

concentration from 50 to 250 ppm increased the leaching of polymers, as measured by 

permeate carbon content, by 41% on average. Furthermore, an increase in the 

transmembrane pressure from 10 psi to 100 psi (0.69 bar to 6.90 bar) for both PEO 

concentrations increased the permeate carbon content 80% on average. In contrast, filtering 

pure water at either 10 or 100 psi (0.69 to 6.90 bar), did not cause any significant permeate 

carbon content. We hypothesize that concentration polarization causes nanolayer 
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instability, based on the measured influence of PEO concentration and the lack of impact 

on leaching observed with pure water pressure. 

Figure 5.6. Carbon content in the collected permeate in the PEO (2 MDa) separation tests 

measured by a TOC analyzer. ECMs contained 1 mg CNT in the nanolayer. “N× PVA” 

shows the mass ratio of PVA to CNT where N is the multiplicative factor for mass. (a) 

Values were measured at PEO concentrations of either 50 or 250 ppm in water and at 

pressures of 10 psi or 100 psi (0.69 bar or 6.90 bar). PVA to CNT mass ratio was kept at 

10:1. (b) CNT: PVA ratio was varied from 1:0.5 to 1:10 and the resultant leaching of PVA 

was measured. Concentration of GA solution was 2.12w% in all cases. GA and SA stand 

for glutaraldehyde and succinic acid used in the network. Error bars represent standard 

deviation for three membranes. Tests were conducted at 10 psi (0.69 bar). 

The main reason for PVA leaching can be explained by the local pressure build-up 

induced by concentration polarization (CP) (Figure 5.S11). During a separation process, 

the foulant (PEO) accumulates on the surface, blocking pores and leading to local pressure 

increases. High local pressures cause leaching of unbonded PVA molecules. In comparison, 

during pure water flux experiments, in the absence of foulants no significant PVA leaching 

occurred at either pressure as there was no pore blockage and thus no local pressure build-

up. 
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PVA interacts with CNTs through hydrogen-bonding and electrostatic interactions 

[25,30,31]. In addition, strong covalent ester bonds are formed upon crosslinking of the 

PVA and CNTs [29]. However, not all PVA chains are covalently bound to CNTs and 

loosely attached PVA molecules are unstable in the nanolayer. It is these unstable PVA 

molecules that are likely leached from the nanolayer.  

ECMs have a separation barrier composed of a porous CNT network synthesized 

on pristine UF PES membranes. To control for the influence of ECM synthesis on rejection 

characteristics of the support UF PES membranes, UF PES membrane rejection 

experiments were conducted, controlling for each of the processing parameters (low pH ~3 

and high temperatures 100 °C). These control experiments, (Figure 5.S10), demonstrate 

that processing parameters had little to no effect on UF PES rejection. Further, it should be 

noted that the CNTs had an average length of 10 – 30 um, and are thus unable to pass 

through the 30 nm pores of the UF membrane. CNTs do not enter the permeate and 

therefore do not contribute to the permeate carbon content.  

ECM stability was assessed for membranes formed with different PVA 

concentrations using an alternative crosslinking agent, glutaraldehyde (GA), and 

approximately the same crosslinking degree at 10 psi (0.69 bar). These results are presented 

in Figure 5.6b. It was observed that nanolayers with more PVA content resulted in a higher 

degree of PVA leaching. While this correlation was clear, the greater PVA content leads to 

greater variability in the amount of PVA that leached. This is attributed to the high number 

of possible interactions between polymers and CNTs within the CNT-PVA-GA network. 

It is known that extending the concentration polarization layer decreases the 

pressure on the membrane surface. We hypothesized that a thicker nanolayer would 

attenuate the local pressure build-up across the surface, based on our evidence that 

concentration polarization leads to nanolayer instability. To support this hypothesis, we 

synthesized CNT layers with increasing CNT mass loadings. Greater CNT mass loadings 

create thicker nanolayers in ECMs with identical chemical compositions as demonstrated 
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in our previous work [29]. Figure 5.7a shows that membranes with thicker CNT networks 

experience less PVA leaching. 

Results in Figure 5.7a suggest that a thicker nanolayer may be able to extend the 

concentration polarization layer. A mechanistic diagram is presented in Figure 5.7b. During 

PEO filtration, PEO particles interact with the CNT structure. The impact of CNTs on 

physically limiting PVA leaching is presented in Figure 5.S12. It was observed that the 

presence of 1 mg CNT in the nanolayer can decrease PVA leaching from UF PES 

membranes by 86% on average. A thick nanolayer (~2 µm) moves the separation interface 

a few micrometers (1-2 µm) away from the surface. In this way, foulant particles become 

entangled within the nanolayer rather than forming a dense concentration polarization layer 

at the membrane surface [67]. The same explanation was used in other studies where 

membranes modified with a CNT layer were found more effective in controlling fouling 

[68–72]. 

These results show that CNT-based membranes synthesized with PVA are unstable 

at the early stages of a separation process under typical operating conditions. Such 

instabilities are likely to lead to changes in surface physicochemical properties such as 

surface conductivity and hydrophilicity. The impact of such leaching on surface properties 

is investigated in section 5.4.3 by measuring the surface properties of ECMs made with 

different mass ratios of PVA.   
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Figure 5.7. (a) The impact of CNT mass in the nanolayer on permeate carbon content. 1 mg 

or 3 mg CNT mass loadings were used in ECMs. PVA to CNT mass ratio was 10:1 in both 

cases. PEO (2 MDa) was used as the model foulant with a concentration of 250 ppm in 

water. Error bars represent standard deviation for three membranes. (b) Mechanistic 

diagram of the correlation between CNT thickness and concentration polarization. I) The 

thin nanolayer induces a more significant CP effect and subsequent local pressure increases, 

which causes PVA leaching. II) An increase in the nanolayer thickness reduces the effect 

of CP on surface pressure, which leads to less PVA leaching.  

Mechanical stability 

Mechanical stability is a concern for membranes modified with nanoparticles such 

as CNTs [68,73]. Membrane surfaces can be mechanically impacted during separation and 

cleaning. For example, long-term exposure of the membrane to lateral flow containing solid 

foulants may damage the surface via abrasion. Periodic backwashing may also cause 

mechanically unstable CNTs to detach from the ECM surface. Mechanical cleaning of 

membranes by adding scouring agents (granulate media particles) into the feed, may 

damage the membrane surface, compromise separation quality, and reduce the operational 

lifetime of the membrane [38,74–76]. It is therefore important to investigate the overall 

membrane mechanical stability of electrically conductive coatings. 



Ph.D. Thesis – Mohamad Amin Halali                     McMaster University – Chemical Engineering 

 
 

217 
 

ECM surface stability was evaluated using micro-scratch testing. The results of 

micro scratch tests on control CNT, CNT/PVA/SA, and CNT/PVA/GA networks are 

shown in Figure 5.8. ECMs showed a higher mechanical strength compared to pristine PES 

membranes. These results are consistent with those reported in the literature [27,31]. 

Scratch tests caused surface ruptures on pristine PES membranes which led to mechanical 

failure (Figure 5.S13 and Figure 5.S14). As presented in Figure 5.8, the most mechanically 

stable surfaces were CNT/PVA/GA, CNT/PVA/SA, and control CNT with an average final 

depth of penetration of 9.6 ± 1.17, 23.8 ± 0.23, and 28.6 ± 0.47 µm, respectively. We 

speculated that GA forms a rigid thin layer on top of the CNT nanolayer upon curing. The 

thin layer enhances the mechanical stability of the membrane and prevents surface rupture 

against applied forces. 

 

Figure 5.8. The Mechanical stability of ECMs containing different polymer binders, 

polyvinyl alcohol (PVA), succinic acid (SA), and glutaraldehyde (GA) measured in the 

micro-scratch tester. Nanolayer consists of (a) CNT, (b) CNT/PVA/SA, and (c) 

CNT/PVA/GA. The tip applied a normal force of 0.5 N with a scratch length of 5 mm and 

a scratch speed of 5 mm/min. All ECMs contained 1 mg CNT in the nanolayer. PVA to 

CNT mass ratio was kept at 10:1. 

5.4.3. Surface hydrophilicity and surface conductivity of ECMs 

Polymers, such as polyvinyl alcohol (PVA) are often added to the conductive 

nanolayers of ECMs to increase their hydrophilicity as well as to increase their mechanical 

stability. Findings in section 5.4.2. Physical stability revealed surface instabilities in such 

networks caused by leaching of PVA. As such, in a real application, changes in the PVA 
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content in the nanolayer can be correlated to changes in surface hydrophilicity, electrical 

conductivity, and stability of the nanolayer. 

Surface hydrophilicity was measured at different PVA loadings, to demonstrate 

how PVA leaching would impact ECM surface properties. Figure 5.9a presents contact 

angles, as a measurement of the surface hydrophilicity, of ECMs made with different PVA 

loadings. All membranes contained 1 mg CNT in the nanolayer, and the PVA mass ratio 

with respect to CNTs varied from 0 to 10. Measured contact angle was observed to decrease 

from 104° to 60° with increasing PVA relative to the mass of CNTs.  Such changes may 

have a significant impact on membrane performance. PVA has many hydroxyl groups 

along its backbone which increase the hydrophilicity of the surface by providing a higher 

surface interfacial energy with water. Hydrophilicity increased further with incorporation 

of GA in the nanolayer. The low contact angle with the presence of GA can be ascribed to 

the hydrophilic aldehyde groups of GA. In real applications, the ECM surface may lose 

PVA due to surface instabilities (leaching, mechanical abrasion, etc.), leading to an increase 

in ECM hydrophobicity over time. Greater ECM stability is important for limiting changes 

to ECM properties.  

Surface electrical conductivity is critical to ensure ECMs can carry an electric 

charge across their surface. The surface electrical conductivity directly impacts their 

antifouling properties, including the electrostatic interactions of the membrane with 

foulants and their ability to generate gas bubbles or radical species at a given applied 

potential. Figure 5.9b presents the membrane surface electrical conductance as a function 

of PVA mass ratio.  Surface conductance decreased with increased PVA content. This was 

due to the electrically resistant nature of PVA which we hypothesize was uniformly 

distributed throughout the CNT network. Interestingly, coating ECMs with GA does not 

significantly impact the electrical conductivity of the nanolayer. We speculate that the GA 

forms a very thin surface layer and has minimal impact on the bulk CNT electrical 

conductance. 
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Figure 5.9. (a) Contact angle, and (b) Surface conductance of ECMs containing different 

polymer binders, polyvinyl alcohol (PVA), glutaraldehyde (GA), succinic acid (SA) and a 

blend of PVA and GA. All ECMs contained 1 mg CNT in the nanolayer.  “xPVA” shows 

the mass ratio of PVA to CNT. The PVA: CNT mass ratio was changed from 0:1 to 10:1. 

Error bars represent the standard deviation of nine measurements (three samples each 

measured three times). 

5.5.Conclusion 

ECMs have shown promising antifouling potential that can be extended to a wide 

range of applications such as separation of bacteria, viruses, colloidal substances, and 

metals. The application of ECMs was investigated by filtration of a bacteria-enriched 

suspension cultivated from tap water. Cathodic ECMs had the highest performance with 

only 21% reduction in flux over 4 hours, demonstrating the antifouling abilities of these 

membranes. Stability of ECMs including their electrochemical, physical, and mechanical 

properties is essential for expanding their applications beyond lab-scale. ECMs were found 

to be cathodically stable, but anodically unstable under application of small voltages (2-4 

V vs. Ag/AgCl reference electrode). The drop in their electrochemical conductance was 
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attributed to CNT oxidation under such potentials. CNT/PVA/GA networks were more 

resistant against anodic oxidation potentials likely because glutaraldehyde acted as a 

sacrificial polymer. ECMs made from CNT/PVA were found to be physically unstable 

during the filtration of PEO. The instabilities were attributed to local pressure build-up 

induced by concentration polarization, which lead to PVA leaching. PVA loss from ECMs 

during filtration lead to undesired changes in surface properties such as surface 

hydrophilicity and electrical conductivity. ECM mechanical stability of different networks 

containing CNTs alone, CNT/PVA/SA, or CNT/PVA/GA was comparable, however, the 

CNT/PVA/GA network was more stable likely due to the presence of a rigid GA layer at 

the surface. ECMs have become a highly researched topic recently due to their fouling 

mitigation potential, however, their surface instabilities necessitate the development of 

more stable membranes suitable for industrial adoption in real world applications. 
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5.7.Supplementary Information 

Materials and Method 

SEM and crystal violet staining 

Biofouled membranes were fixed with GA and thoroughly dried prior to the SEM 

imaging. GA fixation was conducted by staining membranes with 4% v/v GA in DI water. 

Stained membranes were kept in the fridge for 1 h followed by dehydration at three stages 

(3 min each) using 50, 80, 96 % ethanol, respectively. Membranes were air-dried overnight 

before imaging. Biofouled membranes were rinsed with DI water prior to being stained by 

crystal violet (0.05 w/v%) at room temperature for 20 min. After staining, membranes were 

rinsed with DI water, air-dried overnight and stained with acetic acid (30%) for 20 min to 

extract the unabsorbed crystal violet. The exchanged solution on membranes was collected 

and the absorbance value was recorded at 590 nm. Prior to acetic acid wash, surface pictures 

of the membranes were also captured under ambient and ultraviolet (UV) light (365 nm 

wavelength, UV flood curing system, Cure Zone 2, Con-Trol-Cure Inc.). 

Cross-flow system design 

The infeed chamber will be 17 mm square. The counter electrode (graphite) was cut 

and glued to the base of the chamber and a wire attached in the center using conductive 

epoxy. Fittings for the inlet and outlet tubes will be 1/8 npt. The design “sandwiches” the 

membrane with two square O-rings with an OD of 24 mm. Two stainless steel rods are 

placed inside the flow cell to touch the surface of the membrane between two O-rings.  

Three threaded studs with wing nuts will be used to clamp the cell. A square grid pattern 

made of stainless steel at the base of the cell bottom supports the membrane. The Auto-

CAD drawings as well as the flow cell are presented in Figure 5.S1. 
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Figure 5.S1. (a) Auto-CAD drawings of the cross-flow system, (b) Custom-made cross-

flow cell for biofouling experiments. 

Flow regime in the flow-through cell 

Reynolds number (NRe) was calculated using the formulation below: 

𝑁𝑅𝑒 =
𝜌𝜈𝐻

𝜇
=

4𝜌𝑄

𝜋𝜇𝐻
 

where 𝜌  is the density of the feed, 𝜇  is the dynamic viscosity, H is the height of the 

crossflow channel, and Q is the flow rate. 

A sample calculation is provided to determine the Reynolds number in the flow-cell. 

𝑁𝑅𝑒 =
1(

𝑔𝑟
𝑐𝑚3⁄ )×11.7(𝑐𝑚

𝑠⁄ )×0.5(𝑐𝑚)

0.01(𝑐𝑚2
𝑠⁄ )

 = 585 

Shear rate (𝛾) can be calculated using equation below: 

𝛾 =
3𝑄

2𝑊(
𝐻
2)2

 

where is the thickness of the flow channel (2 cm), and the shear rate was calculated to be 

140.4 1/s. 
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Figure 5.S2. Electrochemical Cell. ECM, Ag/AgCl electrode, and graphite were used as 

anode, reference electrode, and cathode, respectively. The electrolyte used was 10 mM 

PBS. 

Anti-biofouling performance of ECMs 

 

Figure 5.S3. Crystal violet-stained membranes after filter bacteria for 4 h. (a) Relative 

bacteria concentrations on the surface of membranes as measured by crystal violet staining 
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Red: control PES membrane with no applied potential, Black: Control CNT membrane (1 

mg CNT mass loading) with no applied potential, Gray: CNT membrane (1 mg CNT) used 

as a cathode with 2V applied potential. Error bars represent the standard deviation for two 

membranes. Images under (b) ambient light, and (c) UV light at a wavelength of 365 nm. 

Electrochemical Stability 

 

Figure 5.S4. Potential of the cathode in response to a 150 mA current (vs. Ag/AgCl 

reference electrode) applied to the electrode composed of CNT/PVA/SA for 3 hr. 
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Figure 5.S5. Electrochemical batch test for ECMs containing glutaraldehyde (GA), and a 

blend of polyvinyl alcohol (PVA) and either GA or succinic acid (SA). The ECM, graphite 

sheet, and an Ag/AgCl electrode were used as the working electrode (anode), counter 

electrode, and reference electrode, respectively. Fixed potential chronoamperometry was 

applied to the conductive membrane (a) with a total cell potential of 4 V (vs. Ag/AgCl 

reference electrode) for 20 min. (b) with a total cell potential of 2 V (vs. Ag/AgCl reference 

electrode) for 240 min. All ECMs contained 1 mg CNT. “xPVA” shows the mass ratio of 

PVA to CNT. [PBS]= 137 mM sodium chloride, 2.7 mM potassium chloride, and 10 mM 

phosphate buffer. 

 

 

Figure 5.S6. Fourier-transform infrared (FTIR) spectroscopy reflecting the presence of 

carbonyl bonds. 
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Figure 5.S7. Fixed potential chronoamperometry for membranes with different chemistries. 

Trials were conducted for each network as follows: (a) Control CNT, (b) CNT/GA, (c) 

CNT /10x PVA /SA (1:10), (d)-(e) CNT/PVA/GA. ECM, graphite sheet, and an Ag/AgCl 

electrode were used as the working electrode (anode), counter electrode, and reference 

electrode, respectively. The total cell potential was 2 V. All ECMs contain 1 mg CNT. 
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Figure 5.S8. Cyclic voltammetry for conductive membranes with different chemistries. 

ECMs contain 1 mg CNT mass loading. The conductive ECM, graphite sheet, and an 

Ag/AgCl electrode were used as the working electrode (anode), counter electrode, and 

reference electrode, respectively. The scan range was 0-3 V at a scan rate of 0.1 mVs-1. 

 

The mechanical breakdown of CNT-CNT networks reduces the network electrical 

conductivity by limiting the electrical percolation [77]. CNT leaching into the solution as 

a result of mechanical breakdown can be quantified by monitoring the carbon content in 

the solution. Therefore, mechanical breakdown of conductive networks was determined by 

measuring the amount of carbon in the electrolyte after the more sever anodic oxidation (4 

V) using total organic carbon (TOC) analysis (Figure 5.S9). Mechanical breakdown of 

ECMs was found to be insignificant and occur equally for all surface chemistries.  
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Figure 5.S9. Measurements of carbon content in the 200 mL electrochemical cell 

electrolyte after a constant linear potential of 4V (vs. Ag/AgCl electrode) was applied to 

ECMs containing different polymer binders, polyvinyl alcohol (PVA), glutaraldehyde 

(GA), and succinic acid (SA) for 20 min. The ECM, graphite sheet, and an Ag/AgCl 

electrode were used as the working electrode (anode), counter electrode, and reference 

electrode, respectively. 

Physical Stability 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

C
ar

b
o

n
 c

o
n

te
n

t 
(p

p
m

)



Ph.D. Thesis – Mohamad Amin Halali                     McMaster University – Chemical Engineering 

 
 

236 
 

 

Figure 5.S10. The carbon content for the collected permeate in the PEO separation tests, 

measured by a TOC analyzer. PEO (2 MDa) was used as the model foulant at a feed 

concentration of 250 ppm in water. ECMs contained 1 mg CNT in the nanolayer. 
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Figure 5.S11. High degree of carbon content found in the permeate during the PEO 

rejection test can be solely ascribed to PVA leaching. 

 

 

 

Figure 5.S12. The impact of CNT incorporation in the nanolayer on TOC results. 1 mg or 

3 mg CNT mass loadings were used in ECMs. PEO (2 MDa) was used as the model foulant 

with a concentration of 250 ppm in water. Error bars represent the standard deviation for 

three membranes. 
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Figure 5.S13. The mechanical stability of membranes with different chemistries measured 

by micro-scratch testing. Two trials for each nanolayer network were conducted as follows: 

(I) CNT, (II) CNT/PVA/SA, (III) CNT/GA, and (IV) Pristine PES. The tip applied a normal 

force of 0.5 N and the scratch length and scratch speed were 1 mm and 5 mm/min, 

respectively. 
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Figure 5.S14. Surface images of membranes after the micro-scratch test. Trials for each 

nanolayer network were conducted as follows: (I) CNT, (II) CNT/PVA/SA, (III) CNT/GA, 

and (IV) Pristine PES. The tip applied a normal force of 0.5 N and the scratch length and 

scratch speed were 5 mm and 5 mm/min, respectively. 
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5.8. Supplementary Information II 

 

Supplementary Information II 

 

Stability assessment of electrically conductive membranes 
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Abstract 

The surface properties of electrically conductive membranes (ECMs) govern their 

advanced abilities. During operation, these properties may differ considerably from their 

initially measured properties. Depending on their operating conditions, ECMs may undergo 

various degrees of passivation. ECM passivation can detrimentally impact their real time 

performance, causing large deviations from expected behaviour based on their initially 

measured properties. Quantifying these changes will enable consistent performance 

comparisons across the active and electrically conductive membrane research field. As 

such, consistent methods must be established to quantify ECM membrane properties. In 

this work, we proposed three standardized methods to assess the electrochemical, chemical, 

and physical stability of such membrane coatings: 1) electrochemical oxidation, 2) surface 

scratch testing, and 3) pressurized leaching. ECMs were synthesized by the most common 

approach – coating support UF and/or MF polyethersulfone (PES) membranes with carbon 

nanotubes (CNT) cross-linked with polyvinyl alcohol (PVA) and two types of cross-linkers 

(either succinic acid (SA) or glutaraldehyde (GA)). We then evaluated these ECMs based 

on the three standardized methods: 1) We evaluated electrochemical stability as a function 

of electro-oxidation induced by applying anodic potentials. 2) We measured the scratch 

resistance to quantify the surface mechanical stability. 3) We measured physical stability 

by quantifying the leaching of PVA during separation of a model foulant (polyethylene 

oxide (PEO)). Our methods can be extended to all types of electrically conductive 

membranes including microfiltration, ultrafiltration, nanofiltration, and reverse osmosis 

ECMs. We propose that these fundamental measurements are critical to assessing the 

viability of ECMs for industrial MF, UF, NF, and RO application. 

Keywords: Electrically conductive membranes, material stability, scratch testing, 

electrochemical oxidation, polyvinyl alcohol, carbon nanotubes 
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Method details 

Membranes are the technology of choice for water and wastewater treatment due to 

their selectivity, smaller footprint, and lower cost. Recently, electrically conductive 

membranes (ECMs) have gained great attention for their potential to improve the 

antifouling performance of membranes [1–5]. The first generation of ECMs are commonly 

made of CNT/PVA networks cross-linked with a cross-linking agent such as dicarboxylic 

acid or dialdehyde. These membranes can carry an externally applied electrical charge 

across their surface. The application of an electric potential to an ECM promotes various 

antifouling mechanisms at the membrane/water interface [1,3,6–8]. ECMs are synthesized 

with specific surface properties such as pore size, surface hydrophilicity, and surface 

conductivity to target different antifouling applications. The in-situ properties of 

membranes during the operation, however, may differ significantly with their initial 

properties. Membranes may be subjected to passivation leading to alterations in their 

surface properties [9]. Membrane passivation would hinder their antifouling performance, 

damage their integrity, and increase the system energy consumption. For instance, the 

surface conductivity of ECMs allows for charge mobility across a surface, which in turn 

promotes antifouling mechanisms at the surface. Hence, the loss in conductivity would 

directly compromise the antifouling performance of such membranes. It is difficult to 

monitor the real time passivation of surfaces, and the in-situ membrane properties are often 

assumed to be unchanged from their initially measured properties. To date, the common 

characterization tests carried out after fabrication of membranes have failed to take into 

account the operational impacts given that significant changes occur at the surface. The 

challenges of real time measurements (either direct or indirect) necessitates proper 

assessment of surface properties before use.  

There are three main types of stability associated with ECMs studied in this work. 

Electrochemical stability, mechanical stability, and physical stability. We propose that 

these three methods should form the basis for all ECM assessments. Their importance and 

method of testing are described here:  
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Electrochemical Stability: ECMs are exposed to anodic, cathodic, alternating, or 

block currents (distinguished from alternating currents as anodic and cathodic currents 

applied sequentially at irregular intervals) depending on the foulant type and their 

application. Anodic current can permanently oxidize CNT-membranes [10–12]. CNT-

corrosion decreases the surface conductivity critical for their antifouling performance. 

Many studies reported the optimum potential required to promote interfacial mechanisms 

such as electrostatic repulsion, biofoulant inactivation, organic oxidation, or hydrogen 

peroxide generation [13–17]. The current density correlated to reported optimized 

potentials, however, is significantly different from the real current density applied to the 

surface over the membrane’s operational window. The real current density is often ignored 

due to lack of real time measurements and often overestimated. In this report, a method is 

proposed to assess the anodic stability of CNT-based membranes using a three-electrode 

electrochemical cell. 

Mechanical Stability: Cross-flow is the most common configuration in membrane-

based systems regardless of the membrane type (MF, UF, NF, or RO) or membranes shape 

(flat sheet, hollow fiber, or spiral-wound). In such systems, membranes are constantly 

exposed to shear forces induced by tangential flow containing solid particles. In addition, 

cleaning procedures such as mechanical cleaning can damage the membrane surface. It is 

expected that surface damage induced by fouling, aging, scaling, or mechanical cleaning 

alter the surface properties of electrically conductive membranes [18–22]. Therefore, it is 

important to assess the mechanical stability of membranes used in separation-based 

systems. Mechanical stability of membranes is less explored as compared to other surface 

properties such as hydrophilicity, surface charge, and surface roughness. We proposed the 

scratch test using a diamond tip to quantify the surface mechanical stability of membranes 

where the impact of surface chemistries is distinguishable. 

Physical Stability: CNT-based membranes are composed of CNTs, organic 

polymers, and binders. The polymers and cross-linkers are added to take advantage of their 

hydrophilicity, stability, and film-forming ability. Polymers (PVA) and cross-linkers are 

attached via covalent bond, electrostatic interactions, and H-bonding [23–25], however, a 
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portion of PVA is loosely bound to the network and leaches under certain operating 

conditions which results in changes in surface properties. A model foulant (PEO) separation 

test was proposed to quantify the network instabilities under different operating conditions. 

It is worthy to note that although the interplay between all types of stability is not 

fully understood, the stability assessment methods discussed in this paper allow us to 

compare membranes with different chemistries from mechanical, electrochemical, and 

physical perspectives. The described methods are focused on MF and UF membranes, 

however, they can easily be extended to NF and RO membranes as well.  

Materials and procedures 

ECMs used in this study are synthesized following the same method published in 

our other work [26]. In short, pristine UF PES membranes were coated with CNT/PVA 

network cross-linked with either succinic acid (SA) or glutaraldehyde (GA). Unless 

otherwise mentioned, all ECMs contain 1 mg CNT and the CNT: PVA ratio was kept at 

1:10 in all the membranes. 

Electrochemical stability 

A three-electrode electrochemical cell (Figure 5.S2) coupled to a pontentiostat 

(Multi Autolab M204, Metrohm) was used to quantify the anodic oxidation state of the 

membranes through fixed potential chronoamperometry as well as cyclic voltammetry 

methods. In order to be able to record currents higher than 10 mA in response to high 

applied potentials, a booster (1A Metrohm) was coupled to the pontentiostat. The CNT-

based membrane, graphite sheet, and an Ag/AgCl electrode (Metrohm, operating range: 0-

80 °C) were used as the working electrode (anode), counter electrode (cathode), and 

reference electrode, respectively. All electrodes were placed in an electrochemical cell 

containing phosphate buffered saline (PBS, purchased from VWR) solution as the 

electrolyte. PBS solution contains 137 mM sodium chloride, 2.7 mM potassium chloride, 

and 10 mM phosphate buffer. The batch was stirred constantly at an rpm of 200. A couple 

of supplementary tests were carried out to gain a better understating of the stability and 

CNT degradation mechanisms involved. The tests are described as follows: 
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Fixed potential chronoamperometry 

Anodic potential can oxidize CNT surfaces leading to current drops in the surface. 

Fixed potential chronoamperometry can provide useful insights on oxidation state of 

membranes over time. As such, it reveals the magnitude and duration of the current that 

can be applied on the surface before it undergoes severe oxidation. In addition, the real 

current densities reported from this test can be used for closer predictions of antifouling 

mechanisms promoted by current density such as electrostatic repulsion force, gas 

generation, and radical generation. Fixed potential chronoamperometry tests were carried 

out by applying either 2 or 4 V (with respect to the Ag/AgCl reference electrode) to the 

membrane for 240 and 20 min, respectively. The efficient potential range for antifouling 

performance of ECMs is reported to be 0-2 V. In addition, there are different oxidizing 

mechanisms responsible for corrosion of CNTs such as mechanical breakdown, oxidation 

of CNT, and radical generation. A number of oxidation mechanisms are activated at 

potentials above 2 V [27–29]. This explains why 2 and 4 V were chosen as our testing 

anodic potentials to explore the oxidation process. The time periods were chosen because 

the currents were shown to reach steady state over the test window. Hence, surfaces are 

expected to have minor oxidation changes over extended periods. Further, anodic current 

is applied often in different current types (direct or alternating current) or with different 

current duty ratios (ratio of pulsing time over one cycle). Therefore, the duration of the test 

represents a longer current window than would occur in normal operating conditions.  

Cyclic voltammetry 

Cyclic voltammetry (CV) is a complementary test to fixed potential 

chronoamperometry. In this test, anodic potentials were applied to ECMs at a certain scan 

rate and for a number of cycles. It is expected that the current drops over each cycle until 

it reaches a final oxidation state. The rate of current drop over each cycle features the anodic 

stability. CV test is an informative test as it exposes the membrane to a wide range of 

potentials that can induce different oxidizing mechanism. For the CV test, 15 cycles at a 
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scan rate of 0.1 mVs-1 were applied to each membrane, with a scan range of 0-3 V relative 

to the Ag/AgCl electrode. 

Four-point conductivity meter 

The conductive nanolayer in ECMs consists of a connected porous CNT network. 

Corrosion of CNTs leads to lower total conductivity of the network. As a result, it is 

expected that the decrease in ECM surface conductivity will lead to a decrease in their 

electrochemical conductivity. Therefore, the surface conductivity of membranes was 

measured before and after anodic oxidation at 4 V (with respect to the Ag/AgCl reference 

electrode) for 20 min. The surface conductivity was measured using a four-point probe 

conductivity meter. Before the test, membranes were fully dried at 60 °C using an oven and 

cooled at ambient temperature. This instrument is equipped with two pairs of sharp needles 

attached to adjustable arms. The needles need to be placed correctly on the conductive 

surface (to only contact the conductive layer). The probe applies a potential to the surface 

and calculates the sheet resistance by considering the resistance between different pairs of 

the needles. Before reporting the sheet resistance, the correct position of the needles should 

be confirmed by monitoring the resistance values between different pairs. The needles are 

in a square configuration. Assuming a uniform distribution of CNTs across the surface, the 

resistance between the pairs of needles is expected to be on the same order magnitude. Any 

significant difference in the resistance between pairs of needles indicates that the needle 

probes have not contacted the surface properly. 

Total organic carbon analyzer 

Mechanical breakdown of CNT structures as a result of passivation is expected to 

increase the organic carbon content in the electrochemical batch. The generation of 

hydrogen/oxygen gas during application of cathodic/anodic currents leads to formation of 

micro-bubbles. Micro-bubbles may get trapped inside the CNT network, and the 

subsequent increase in the size of these bubbles may cause mechanical breakdown of the 

CNT structures. Therefore, the organic carbon content of the batch was measured before 

and after electro-oxidation at 4 V (with respect to the Ag/AgCl reference electrode) for 20 
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min using a total organic carbon analyzer (TOC, SHIMADZU). The data obtained from 

this method can indicate the extent to which electrical currents applied to the CNTs 

contribute to the mechanical breakdown of CNTs, which in turn leads to electrochemical 

instability.  

Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) is used to monitor the oxidation 

state of chemical structures.  As it was mentioned earlier, functionalized CNT, PVA, and 

cross-linkers are bound in an ECM network through covalent bonds, electrostatic 

interactions, and H-bonding. The intensity of C-O, C=O, and O-H bonds associated with 

such components is expected to change over the oxidation period. As a result, FTIR allows 

us to identify the changes in their chemical bonds. 

Micro scratch tester 

Scratch test can be used to assess the mechanical stability of the materials. Scratch 

test can be carried out on three different scales: macro, micro, and nano. In this study, a 

micro scratch tester manufactured by Anton Paar (Revetest scratch tester) was used. The 

specifications of this device are shown in Table 6.1.  Scratch test consists of three steps: 1. 

Pre-scan – The physical state and topography of the surface is monitored before applying 

any force, 2. Scratch – The surface is scratched using predefined settings such as scratch 

path, speed, and type, and 3. Post-scan – to the physical state and topography of the surface 

is monitored after scratching and damaging the surface. It should be noted that pre-scan 

and post-scan should be carried out under the lowest pressure possible to minimize any 

additional damage to the surface beyond that caused by the scratch-test. We defined the 

correct scratch settings based on instructions of the manufacturer for polymeric coatings as 

well as performing different scratch trials prior to the real scratch test.  These settings 

include the scratch type (constant, progressive, or incremental), scratch length, scratch 

speed, applied normal load, indenter type, indenter shape (Spherical, Berkovich, and 

Vickers), indenter radius, and indenter angle. The manufacturer recommends a scratch test 

with a Rockwell diamond indenter to evaluate the resistance of polymeric or ceramic 
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materials. The critical load (loads at which material failure occurs), scratch length, and 

scratch speed must be defined by the user depending on the type of the material. The 

settings used in our study for each of the parameters in Table 6.1 are provided in Table 6.2. 

These settings have been identified as optimal for membrane surfaces in this study. The 

micro scratch tester reports parameters such as depth of penetration, normal force, 

tangential force, acoustic emission, and friction coefficient. Acoustic emission is used to 

monitor the material failures including cracks and voids across the network in non-

destructive testing [30]. Friction coefficient is the ratio of tangential force over normal force 

and is mostly 𝜇 <1. A rupture in surface would lead to friction coefficients 𝜇 >1. Depth of 

penetration of the indenter over the scratch length was used as an indication of the 

mechanical stability. Three scratches should be performed on each surface to validate the 

reproducibility of the results. 

Table 1. Specifications of the micro scratch tester (Anton Paar) 

Parameter Value 

Maximum Normal load  100 N 

Normal load resolution 0.1 mN 

Maximum friction load 100 N 

Friction force resolution 0.1 mN 

Maximum strength length 70 mm 

Scratch speed 0.4-600 mm/min 

Maximum depth 1000 µm 

Depth resolution 0.5 nm 
 

Table 2. Micro scratch settings used 

Settings Value 

Indenter characteristics  

Type Rockwell 

Shape Spherical 

Material Diamond 

Radius 200 µm 

Tip angle 90 ° 

Serial number AJ-259 

Scratch characteristics  

Type Constant 
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Normal load 0.5 N 

Scratch length 1 mm 

Scratch speed 5 mm/min 
 

 

Model foulant separation test 

The coatings in electrically conductive membranes (ECMs) contain nanoparticles 

and polymers. Loosely bound molecules may leach from such coatings leading to surface 

instabilities. Surface passivation induced by leaching of molecules may cause alterations 

in surface properties, therefore, it is important to quantify the chemical stability of ECMs. 

To this end, we recommend to challenge the surface with model foulants in a separation 

process. A filtration process allows for model foulants to accumulates at the surface leading 

to formation of concentration polarization (CP) layer. Pressures locally builds up at the CP 

layer which in turn, can dislodge chemically unstable molecules. Leached molecules should 

be quantified in the permeate side to evaluate the physical stability of the nanolayer. Our 

suggestion is to use the polyethylene oxide (PEO) as the model foulant. PEO is commonly 

used to identify the molecular weight cut off (MWCO) of the membranes. The MWCO of 

a membrane is defined based on the size of PEO particles where membranes shows >90% 

rejection. However, in our pressured stability test PEO is used for a different approach. As 

such, we should choose a PEO particle size that gets effectively rejected from the 

membrane (>99.5%). Therefore, it is expected that PEO particles only accumulate as the 

surface, form a strong CP layer, and challenge the loosely bound molecules. We conducted 

a polyethylene oxide (PEO) separation test to evaluate the physical stability of the 

nanolayer with the experimental conditions provided in Table 6.3. The carbon content in 

the permeate was quantified using a total organic carbon analyzer (TOC, SHIMADZU). 

Pristine polyether sulfone (PES) membranes efficiently reject 2 MDa polyethylene oxide 

(PEO) particles. Under the assumption of a robust stable nanolayer, ECMs are expected to 

have an equal or higher rejection performance as compared to pristine PES membranes due 

to the presence of the extra separation barrier on top of the support membrane (porous CNT 

network). On the other hand, if the nanolayer is assumed unstable, the carbon content in 
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the permeate may be found higher as compared to pristine PES membranes due to leaching 

of loosely bound polymeric components. Pursuing with the second assumption, the degree 

of instability can be correlated to the magnitude of leaching. Leaching from the ECM can 

be quantified by measuring the change in the organic carbon content in the permeate. The 

organic carbon content in the permeate, however, is composed of both PEO that passed 

through the membrane as well as polymer that leached from the ECM. Therefore, a series 

of control separation tests should be performed to deconvolute the sources of carbon 

content in the permeate as follows: 

- Separation test on pristine PES membrane: This test provides an average value 

for permeated PEO particles through PES membranes. 

- Separation test on PES membrane exposed to harsh conditions such as high 

temperature and acidic solutions: ECMs were exposed to these parameters 

during the fabrication process and this test shows if such parameters contribute 

to rejection performance of membranes. 

- Pure water flux on PES membranes and ECMs: This is a negative control test 

to make sure pure water does not cause any physical instability. 

- Separation test on membranes with different conductive networks: Network 

composed of CNT, CNT/PVA, and CNT/PVA/cross-linker should be tested 

under the same experimental conditions. The separation result of each network 

with consideration of other networks would provide the leaching of each 

component individually. 

In our example, the main factor responsible for leaching of loosely bound polymeric 

particles is the local pressure build-up induced by concentration polarization. As the UF 

membrane retains organic particles, the concentration of rejected ions increases at the 

surface of the membrane. As a result of concentration polarization, PEO particles partially 

cover the surface and leave fewer pathways for water. Therefore, the pressure locally 

builds-up in the remaining pore leads to leaching of unstable polymers (PVA). In order to 

quantify the degree of leaching, the physical instability should be tested at different 
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operating pressures, different feed concertation, and at thicknesses of the nanolayer as 

provided in Table 6.3. 

Table 3. Operating conditions of the separation test 

Parameter Value 

Membrane Nominal pore size  30 nm 

Model foulant Polyethylene oxide 

Foulant size 2 MDa 

Feed concentration 50-250 ppm 

Transmembrane pressure 10-100 psi 

CNT mass loading in nanolayer 1-3 mg 

 

Method validation 

Anodic oxidation 

Figure 1 shows the results of cyclic voltammetry applied on an ECM containing 1 

mg CNT, 5 mg PVA, and glutaraldehyde (GA) as the cross-linker. The conductivity of the 

membrane decreases over 15 cycles, as shown in Figure 1. The drop in conductivity is 

greater in the first 5 cycles indicating a fast oxidation rate while it is lesser in the next 10 

cycles indicating steady state oxidation. These results can be correlated to findings in 

Figure 2 where fixed potential chronoamperometry was applied. In Figure 2, the 

conductivity of an ECM with the same chemistry as in Figure 1, follows the same trend in 

oxidative change. Initial fast corrosion leads to a steady state plateau. This method is used 

to quantify the electrochemical stability of variously synthesized ECMs. As such, a 

comparison among different ECMs is provided in Figure 2. Membranes containing 

CNT/10xPVA/GA showed higher final conductivity regardless of their lower initial 

conductivity. Detailed experiments as well as the results of surface conductivity, 

mechanical conductivity, and chemical bonding state of membranes with different 

networks are provided in the original manuscript. ECM conductivity measurements before 

and after surface oxidation (not shown here) revealed that the ECM surface conductivity 

was lower for all ECMs after oxidation, supporting the results from chronoamperometry. 

The mechanical breakdown of CNT structures was quantified using a total organic carbon 
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analyzer and found to be insignificant. FTIR analysis was conducted to monitor the 

presence of chemical bond formation in response to a current applied to the ECMs. The 

presence of C=O bonds increased during electrochemical oxidation. We hypothesize that 

this increase in C=O bond formation is a result of acetylation reactions between the cross-

linker (GA) and PVA. 

 

Figure 1. Cyclic voltammetry. ECM contains 1 mg CNT mass loading. The conductive 

ECM, graphite sheet, and an Ag/AgCl electrode were used as the working electrode 

(anode), counter electrode, and reference electrode, respectively. The scan range was 0-3 

V at a scan rate of 0.1 mVs-1. 
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Figure 2. Fixed potential chronoamperometry for membranes with different chemistries 

containing CNT, PVA, and cross-linkers. Trials were conducted for each network as 

follows. ECM, graphite sheet, and an Ag/AgCl electrode were used as the working 

electrode (anode), counter electrode, and reference electrode, respectively. The total cell 

potential was 4 V. All ECMs contain 1 mg CNT. 

Scratch test 

The results of the micro scratch test on an electrically conductive membrane with 

the correct settings is presented in Figure 3a. As indicated, the depth of penetration 

increased over the scratch length which shows the degree of instability. Membrane rupture 

leads to data that cannot be quantifiably analyzed, thus it is important to identify the critical 

operational settings to avoid this outcome by running different control tests. The settings 

include indenter radius, applied normal force, scratch length, and scratch speed. Thus, 

membranes were purposefully ruptured to demonstrate this outcome, i.e. failed scratch 

tests. An example of a failed test is presented in Figure 3b. More results of failed tests can 

be found in the supplementary information. 
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(a) 

 

(b) 

Figure 3. The mechanical stability of an ECM measured in the micro-scratch test with 

different input settings. The settings are as follows: (A) The tip of radius 200 µm applied a 

normal force of 0.5 N and the scratch length and scratch speed were 1 mm and 5 mm/min, 

and (B) The tip of radius 100 µm applied a normal force of 15 N and the scratch length and 

scratch speed were 5 mm and 5 mm/min. 

Rejection test 

The results were discussed in detail in the Chapter 5. As explained in the Methods 

section, a series of control tests were conducted to assess the stability of the nanolayer 

followed by deconvolution of leaching sources as follows: 
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- 2 MDa PEO separation test on pristine PES membrane: Negligible carbon 

content in the permeate side  

- 2 MDa PEO separation test on PES membrane exposed to harsh conditions such 

as high temperature and acidic solutions: Negligible carbon content in the 

permeate side  

- Pure water flux on PES membranes and ECMs: Negligible carbon content in 

the permeate side  

- 2 MDa PEO separation test on ECMs containing PVA: High carbon content 

observed in the permeate side 

In short, UF PES membranes fully rejected 2 MDa PEO particles (99.6%). 

However, the permeate carbon content was found higher in ECMs where they had an extra 

barrier (nanolayer) on top of support PES membrane. These findings led us to speculate 

that the nanolayer is physically unstable and the PVA leaches through the membrane during 

PEO separation test. It should be noted that pure water flux did not lead to increase in the 

permeate carbon content. As a result, we hypothesize that local pressure build-up induced 

by concentration polarization is the responsible factor for leaching of PVA. PEO separation 

tests under either a higher PEO concentration (250 ppm compared to 50 ppm) and a higher 

transmembrane pressure (TMP, 100 psi compared to 10 psi) were conducted to confirm our 

hypothesis. It was observed that either a higher feed concentration or a higher TMP leads 

to a higher pressure build-up and a higher leaching degree, correspondingly. To alleviate 

the local pressure build-up, thicker CNT layers (containing three times higher CNT mass 

loading) were synthesized which could potentially extend the concentration polarization 

layer. The results revealed that membranes with thicker nanolayers resulted in less leaching 

(by 50%) due to an extended concentration polarization layer.  
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Supplementary Information 

 

(a) 

 

 

(b) 

Figure S1. The mechanical stability of an ECM measured in the micro-scratch test with 

different input settings. The settings are as follows: (A) The tip of radius 100 µm applied 

a normal force of 0.5 N and the scratch length and scratch speed were 5 mm and 5 

mm/min, and (B) The tip of radius 200 µm applied a normal force of 0.5 N and the 

scratch length and scratch speed were 5 mm and 5 mm/min, respectively. 
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6.1.Abstract 

Electrically conductive membranes (ECMs) can induce antifouling mechanisms at their 

surface under certain applied electrical currents. Identifying these mechanisms is critical to 

enhancing ECMs’ self-cleaning performance. We quantified the impact of 

electrochemically-induced acidic conditions, alkaline conditions, and H2O2 concentration 

on model bacteria, Escherichia Coli. To this end, we first quantified the electrochemical 

potential of CNT-based ECMs to generate stressors such as protons, hydroxyl ions, and 

H2O2, under a range of applied electrical currents (± 0 – 150 mA, 0 – 2.7 V). Next, these 

chemical stressors with identical magnitude to that generated at ECM surfaces were 

imposed on E. Coli cells and biofilms. In the flow-through electrically conductive 

membrane systems, biofilm viability using LIVE/DEAD staining indicated biofilm 

viability of 39 ± 9.9 %, 38 ± 4.7 %, 45 ± 5.0 %, 34 ± 3.1 %, and 75 ± 4.9 % after 

separate exposure to pH 3.5, anodic potential (2V), pH 11, cathodic potential (2V), and 

H2O2 concentration (188 µM). Electrical current-induced pH change at the membrane 

surface was shown to be more effective in reducing bacterial viability than H2O2 

generation, and more efficient than bulk pH changes. This study identified anti-biofouling 

mechanisms of ECMs and provides guidance for determining the current patterns that 

maximize their antifouling effects. 

Keywords: Electrically conductive membranes; Fouling; Water treatment; Wastewater 

treatment; Electrochemical reactions; Reactive membranes; Responsive membranes 
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6.2.Introduction 

Electrically conductive membranes (ECMs) have demonstrated promising self-

cleaning capabilities to control fouling , the major limitation of traditional separation 

processes [1–3]. An applied charge to ECMs’ surfaces promotes  antifouling mechanisms 

at the membrane-water interface. These antifouling mechanisms include electrostatic 

repulsion of like-charged contaminates [4], electrochemical [5] and electrocatalytic [6] 

reactions, and enhanced electrophoretic mobility of foulant particles [7]. Often applied as 

coatings to conventional polymeric membranes, ECMs: 

(a) controllably target foulants at their point of adhesion at the membrane/water 

interface. This makes them more effective than traditional bulk solution cleaning, 

which often do not penetrate to the membrane surface. This also makes them more 

efficient than bulk cleaning methods which alter the entire bulk feed solution rather 

than the local surface environment.  

(b) use electrons, “clean reagents”, as anti-fouling mediators, making the process 

chemical free and easy to operate. This reduces the handling and storage costs of 

acids, bases, or other biocides and reduces the volume of chemical waste. 

(c) can tailor their antifouling mechanisms by varying the applied electrical properties 

(polarity, magnitude, frequency). Therefore, the antifouling strategy can be tailored 

to match the foulant type. 

Over the past decade, many research article have explored ECM materials and anti-

fouling applications;[1–3,8]; however, the underlying anti-fouling mechanisms have not 

been explored to the same extent.  Understanding the details of how different surface 

polarizations promote antifouling mechanisms will enable efficient application. The 

present study aims to systematically quantify the antibiofouling mechanisms of direct 

current applied to ECMs on model bacteria, Escherichia Coli (E. Coli). The biocidal 

mechanisms include extreme acidic and alkaline conditions, and hydrogen peroxide (H2O2) 

generation. 
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Extreme pH conditions (both high [9] and low [10]) mitigate the growth of pH-

sensitive microorganisms [10,11], and can lead to biochemical modifications of cells' DNA 

and ATP [12], alter enzyme activities, and promote reduction-oxidation reactions inside the 

cell [13]. Electric fields have been shown to increase the inactivation efficiency of extreme 

pH [14]. Electrical fields can increase pore sizes of cell membranes, which increases the 

flux of protons or hydroxyl ions into the cell [14,15]. Fundamental details about the relation 

between pH and inactivation mechanism can be found elsewhere [15,16]. 

Hydrogen peroxide (H2O2) is used in environmental applications as a biocide as 

well as to enhance bioremediation. H2O2 is often used as an oxidizing biocide through the 

production of free oxygen radicals [17,18], which cause oxidative stress on biological 

compounds, targeting their cell physicochemical properties such as cell adhesion, leading 

to cell detachment and apoptosis [17,18]. In the presence of electrical fields, cells are less 

selective and more susceptible to the surrounding stimuli, enhancing the destructive impact 

of hydrogen peroxide [19]. However, H2O2 can also be used to enhance bacterial growth 

by supplying additional oxygen to aqueous systems, for example in the bioremediation of 

aquifers [20]. 

In our study, we quantified the CNT-based ECM’s (CNT-ECM) electrochemical 

anti-biofouling mechanisms (generation of protons, hydroxyl ions, and H2O2) at their 

surface, under a range of applied electrical currents (± 0 – 150 mA (± 0 – 2.69 V)). We 

grew E. Coli on the surface of ECMs, and then compared how E. Coli viability was 

impacted by each of these products, electrochemically-generated from the ECM surface 

compared to added in the bulk at identical conditions. The results of batch and flow-through 

membrane experiments illuminated the impacts of electrochemically generated extreme 

local pH and H2O2 on E. Coli. 

6.3.Materials and methods 

6.3.1. Chemical and solutions 
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Carboxyl functionalized carbon nanotubes (CNT-COOH) were purchased from 

Cheaptubes. Ethanol and phosphate buffered saline (PBS) tablets were procured from 

VWR. Glutaraldehyde (GA) was purchased from Fisher Chemical. Sodium dodecyl sulfate 

(SDS) and hydrochloric acid were supplied by Anachemia. Poly(vinyl alcohol) (PVA) was 

purchased from Sigma Aldrich. Microfiltration Poly(ether sulfone) (PES) were ordered 

from Sterlitech. Deionized (DI) water was produced in the lab from Sartotius system. More 

details are found in Table S1. 

6.3.2.  CNT characterization 

CNTs were characterized using scanning electron microscopy (SEM, JEOL JSM-

7000F), transmission electron microscopy (TEM, Talos 200X), X-ray photoelectron 

spectroscopy (XPS, PHI Quantera II Scanning XPS Microprobe), energy-dispersive X-ray 

spectroscopy (EDS, Oxford Instruments X-Maxn 50 mm2 detector), and thermogravimetric 

analysis (TGA, Mettler Toledo TGA/DSC 3+). Details of experimental conditions are 

provided in the SI and the results of TEM, SEM, XPS, EDS, and TGA are presented in 

Figure 6.S8 (a), Figure 6.S8 (b), Figure 6.S9, Figure 6.S10, and Figure 6.S11, respectively. 

6.3.3.  Membrane fabrication 

The membrane fabrication method has been documented in our previous work 

[21,22]. In summary, a well-dispersed suspension of SWCNT/DWCNT/PVA/SDS in DI 

water was vacuum filtered through an MF PES membrane Following CNT deposition, the 

membranes were immersed in a 2.12 w/% solution of GA in DI water at 80 °C, immersed 

in 0.1 M HCl for 1 h, and  cured in an oven for 10 min at 100 °C.  

6.3.4.  Electrochemical cell 

The schematic and the picture of the electrochemical cell are presented in Figure 

6.1a and Figure 6.S1, respectively. Five electrodes included the CNT-ECM as the working 

electrode (WE), graphite sheet as the counter electrode (CE), Ag/AgCl electrode (Metrohm, 

operating range: 0-80 °C) as the reference electrode (RE), dissolved oxygen (DO) sensor, 

and a benchtop pH meter. CNT-ECM, graphite sheet, and reference electrode were coupled 
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to a Pontentiostat (Multi Autolab M204, Metrohm). All measurements were collected 

simultaneously. Fixed potential chronoamperometry was used to measured 

electrochemically induced pH change, H2O2, and DO at a wide range of currents (± 20 – 

150 mA (± 0 – 2.69 V) with respect to the reference electrode) for 180 min. 
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Figure 6.1. (a) Schematic of the electrochemical batch cell. Electrochemical flow-through 

cell: (b) Schematic, (c) Picture; green, orange, and blue colors represent feed, retentate, and 

permeate lines. 

6.3.5.  Hydrogen peroxide measurement 

Hydrogen peroxide (H2O2) concentration in the batch test was measured using an 

Amplex red Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Probes), with H2O2 as 

low as 50 nM. H2O2 concentration were measured in PBS buffer at different time steps (0, 

1, 5, 10, 20, 30, 40, 50, 60, 80, 100, 120, 150, 180 min). Following probe protocols, equal 

volumes of sample and probe were mixed, excited at 520 ± 10 nm, fluorescence detected 

at 595 ± 35 nm, and quantified in comparison to a calibration curve (Figure 6.S2). 

6.3.6.  pH and zeta potential measurements 

A universal pH indicator (HYDRION) affixed to a syringe was used to measure the 

pH close to the ECM surface. The pH paper was analyzed 1 min and 5 min after electrolysis 

to check for pH value. All readings were done in triplicate. Details of the zeta potential are 

found in the SI. 

6.3.7.  E. Coli suspension, treatment, and characterization 

E. Coli wild-type strain, K12, was harvested in a tryptic soy broth (TSB) media. 

Details of bacterial growth, treatment, and characterization are found in the SI. In sum, 

bacteria were grown in a shaking incubator at 37 °C and 225 RPM for 20 h then diluted to 

7 × 108 CFU/mL. The concentration of E. Coli cells (viable cells) was enumerated every 

hour up to 3 h by total plate count and fluorescence spectroscopy methods. In fluorescence 

spectroscopy, the viability of bacterial cells was measured using LIVE/DEAD® bacLight 

bacterial viability kit. This kit utilizes two nucleic acid strains, SYTO® 9 green-fluorescent, 

and propidium iodide (PI) red-fluorescent. Strained green bacteria represent the viable 

(live) bacteria, while stained red cells represent damaged (dead) bacteria. Samples were 

exited with OD485 ± 20, emission wavelengths were measured at 535 ± 25 nm and 635 ± 35 

nm to label the green (live) and red (dead) cells, respectively, and compared to a calibration 

curve (Figure 6.S4) for quantification. 
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6.3.8.  Biofilm formation and treatment in a flow cell 

In our setup (Figure 6.1 (b) and Figure 6.S5), the feed was dosed with freshly 

harvested E. Coli suspension to reach a final concentration of  7 × 108 CFU/mL. Bio-

suspension was filtered through the membrane for 18 h under a constant pressure of 10 psi 

(0.69 bar). The rejection of the bacteria was calculated by recording the absorbance value 

of feed and collected permeate (at OD600) over the filtration period. A calibration curve was 

generated (Figure 6.S6) and the rejection was calculated using the following equation: 

𝑅𝑒𝑗. = (1 −
𝐶𝑝

𝐶𝑓
⁄ ) × 100 

where 𝐶𝑝 and 𝐶𝑓 represent the concentration of bacteria in the permeate and feed, 

respectively. 

Biofilms were then treated with different antifouling stressors such as low pH (3.5), 

high pH (11), and H2O2 (188 μM) either in-situ or externally for 3 h. We used HCl and 

NaOH to adjust the pH externally. To provide identical in-situ oxidation conditions, open 

circuit potential (OCP), constant potentials of +2 V, and constant potential of -2 V between 

working (CNT-ECM) and counter electrode (graphite sheet) were applied to ECMs for 3 h 

by an external power generator operating in direct current (DC) mode. More details are 

found in the SI. 

6.3.9.  Biofilm characterization 

The morphology of biofilm was observed using scanning electron microscopy 

(SEM, JEOL JSM-7000F). The biofilm was stained with LIVE/DEAD® bacLight bacterial 

viability kit (3 μL SYTO® 9 strain and 3 μL PI strain) and analyzed using confocal laser 

scanning microscopy (CLSM). Live cells, dead cells, and the viability ratio of biofilm were 

quantified using ImageJ software, determining the relative abundance of red and green 

pixels in the digital image. Therefore, the percentage of green pixels and red pixels were 

assumed as the ratio of live cells and dead cells, respectively. More details are found in the 

SI. 
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6.4.Results and discussion 

The electrochemical properties of CNT-based electrically conductive membranes 

(ECMs), such as their ability to generate H2O2, protons, and hydroxyl ions, were quantified 

under application of electrical current. The oxidative properties of the ECMs were then 

used to inactivate mature E. Coli in a batch test.  

In a flow-through system, HCl, NaOH, or H2O2 were added to bulk solutions 

containing fully developed E. Coli biofilms in amounts that produced identical conditions 

of pH or H2O2 levels generated from ECMs, and compared with ECMs operated as cathode 

or anode membranes. In each case, cell viability analyses were supported by confocal laser 

scanning microscopy (CLSM) and scanning electron microscopy (SEM) imaging.  

6.4.1.  Electrochemical characteristics of the CNT-based electrode 

Surface hydrogen peroxide production 

Carbonaceous materials such as CNT and graphite are capable of producing 

hydrogen peroxide (H2O2) in-situ under the application of current. We used cyclic 

voltammetry and fixed current chronoamperometry to identify the current range suitable 

for H2O2 generation from the ECMs. As shown in Figure 6.2 (a), the onset of H2O2 

production was observed at -19 – -25 mA when the current decreased to a plateau state. 

We quantified the concentration of electrochemically-generated H2O2 by applying 

a wide range of electrical currents; -20 mA, -50 mA, -100 mA, and -150 mA, which 

corresponded to 1.66 V, 2.09 V, 2.45 V, and 2.69 V. The steady state H2O2 concentrations 

were calculated at each current, (Figure 6.2 (b)), and the maximum H2O2 concentration of 

31.19 µM was measured at 50 mA, with higher applied currents producing less H2O2. 

Steady state H2O2 production occurred within 30 minutes as supported by our H2O2 

concentration calculations, shown in Figure 6.S12. In contrast, the maximum theoretical 

concentration of H2O2 at 50 mA was calculated to be 188 μM (eq S4). The concentration 

of H2O2 measured at the bulk might be different from the local concentration of H2O2 at 
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the surface as H2O2 is surface-induced, its transport to the bulk is diffusion limited, and 

H2O2 can decompose (eq. S2 and eq. S3) over time.  

The dominant H2O2 production pathway is the 2e− oxygen reduction reaction of 

oxygen at cathodic surfaces and occurs over a wide range of potentials from 65 mV to 1000 

mV in different acidic and alkaline conditions [20,23,24].  

O2(g) + 2H+ + 2e− → H2O2                                                                                                       (1) 

At higher current, 4e− reduction of oxygen occurs, which produces water instead 

of H2O2. At low current (-20 mA (1.66 V)), H2O2 was produced but did not saturate the 

ECM surface and at a higher current (-50 mA (2.09 V)), more H2O2 was produced (Figure 

6.2 (a), Zone I). Dissolved oxygen diffusion to the surface is the rate-limiting step for H2O2 

production in this current range [25]. At higher currents above 50 mA (Figure 6.2 (a), zone 

II), H2O2 generation reduced because (a) the 4e− reduction reaction dominated converting 

oxygen to water and (b) oxygen was depleted at the surface (more details are found in the 

Section S2 of the SI). 
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Figure 6.2. (a) Cyclic voltammetry for CNT-ECM. The conductive ECM, graphite sheet, 

and an Ag/AgCl electrode were used as the working electrode, counter electrode, and 

reference electrode, respectively. The scan range was -3 V to +3 V at a scan rate of 0.1 

mVs-1. Red arrows show applied current direction and the star indicates the onset of 

hydrogen peroxide generation , (b) Steady state H2O2 measured at the bulk of the 

electrochemical cell under different applied negative currents (20 – 150 mA, 1.66 – 2.69 

V) over 180 min, Blue, red, black, and green colors represent 20 mA, 50 mA, 100 mA, and 
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150 mA, respectively, (c) Steady state pH measured at the surface of the CNT-ECM under 

different applied electrical currents (± 20 – 100 mA, 1.66 – 2.45 V), (d) pH measured at 

the bulk of the electrochemical cell under different applied negative currents (20 – 100 mA, 

1.66 – 2.45 V) over 180 min, (e) Dissolved oxygen measured in the bulk of the 

electrochemical cell under different applied negative currents (20 – 150 mA, 1.66 – 2.69 

V) over 180 min, (f) CNT-ECM before and after electrolysis working as a cathode under 

150 mA (2.69 V) for 180 min. ECMs contain 1 mg CNT. Error bars represent the standard 

deviation for three data points. 

Surface pH change 

Electrically conductive surfaces are able to alter the local pH in-situ. We polarized 

the ECMs at a wide range of electrical currents (-100 – 100 mA, -2.45 – 2.21 V) and 

measured the change in surface pH (Figure 6.2 (c)), which ranged from 11.5 to 3.0, 

representing a change of over 4 orders of magnitude in hydroxyl and proton concentrations, 

respectively. Electrochemical water splitting promoted by surface polarization encourages 

reactions primarily responsible for pH changes. Under cathodic polarization, water is 

directly reduced to hydroxyl ions and hydrogen gas (eq 2), while under anodic polarization, 

water is oxidized to protons and oxygen gas (eq 3).  

2H2O + 2e− → 2OH−+ H2                                                                                                           (2) 

2H2O → O2 + 4H+ +  4e−                                                                                                            (3) 

The variations in the system bulk pH were monitored over 3 h under the application 

of different electrical currents and was shown to be stable (Figure 6.2 (d) and Figure 6.S15). 

Evidently local changes were not sufficient to produce bulk pH changes, and anode and 

cathode reactions tend to neutralize in the bulk. 

Other surface properties of CNT-based ECM 

The concentration of DO under application of cathodic currents (-20 mA – -150 

mA, 1.66 – 2.69 V) is shown in Figure 6.2 (e). Findings indicate that at lower currents (-20 

mA (1.66 V) and 50 mA (2.09) V)), the DO concentration in the solution remains stable 

over 3 h of electrolysis, while at higher currents (100 mA (2.45 V) and 150 mA (2.69 V)) 

the concentration of oxygen increases likely due to generation of excess oxygen micro-
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bubbles at the anode. The DO concentration is expected to be substantially lower at the 

ECM surface, where oxygen is quickly consumed in surface redox reactions (eq 1 and eq 

S1) in contrast to the bulk electrolyte [25]. 

The potential of the working electrode was monitored under the application of fixed 

current chronoamperometry over 3 h (Figure 6.S16). Cathodic surfaces demonstrated 

electrochemical stability over 3 h of electrolysis, supported by their observed physical 

stability, as shown in Figure 6.2 (f). 

6.4.2.  E. Coli cell viability in batch 

Harsh physical and chemical environmental conditions challenge the survival of 

many microorganisms [26,27]. As such, strong external stimuli, including acidic and 

alkaline solutions, as well as high concentrations of hydrogen peroxide (H2O2) may 

limit/stop the growth of bacteria [9–11]. We assessed the cell viability of E. Coli as model 

bacteria under exposure to acidic (pH 3, pH 4, and pH 5) and alkaline solutions (pH 10, pH 

11, and pH 12), and H2O2 (0 – 188 μM) at concentrations that matched those generated 

from CNT-ECMs under applied potentials in Section 3.1.  

Cell culturability using plate counting method 

The results of cell culturability in the batch test using the plate counting method are 

presented in Figure 6.3 and Figure 6.S18. The plate counting method reveals if cells are 

culturable under nutrient conditions after exposure to different stressors. Cell culturability 

as a property of a community of bacteria has been validated elsewhere [28]. Findings 

suggest that acidic environments (pH 3 – 5) have a more substantial biocidal impact on E. 

Coli as compared to alkaline conditions (pH 10 – 12). The culturability of E. Coli cells was 

reduced by 56%, 47%, and 36% at pH 3, pH 4, and pH 5 on average, respectively, while 

their culturability decreased by 18%, 26%, and 27% at pH 10, pH 11, and pH 12 on average, 

respectively. Biostatic and biocidal activities of acidic solutions on E. Coli have been 

reported in other research studies [10]. Inactivation of biological cells in acidic conditions 

is caused by proton influx to the cell and protonation of weak organic acids on the cell 
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membrane causing damage to DNA and ATP within the cell [12,14,29,30], and 

modification to enzyme activities [13]. Alkaline solutions have also been reported to cause 

bacterial inactivation [9,11,31]. Exposure of bacteria to extreme alkaline media destroys 

the cell membrane and damages the structural integrity of peptidoglycan layer. 

Accordingly, leakage of cell components, solubilization of proteins, or saponification of 

lipids promote alkaline pH hemostasis [32,33]. The inactivation of bacteria is not correlated 

to the type of cation or anion associated with base or acid [10,31]. 

H2O2 exposure had less of an impact on E. Coli culturability than extreme pH 

exposure as shown in Figure 6.3, demonstrating that H2O2 has little added impact to pH. 

Findings in Figure 6.3 suggest that H2O2 has minimal biocidal impact in acidic conditions, 

while in extreme alkaline conditions of pH 12 there was moderate decrease in culturability; 

concentrations of 33 μM and 188 μM caused 17% and 31% more inactivation as compared 

to control experiment without H2O2. H2O2 causes oxidative stress on microorganisms, 

through radical oxygen species generation, which damages cell components such as DNA, 

proteins, and lipids, in turn leading to mutagenesis and cell death [34]. The self-

decomposition of H2O2 has been reported in the literature [20], however, the decomposition 

rate is expected to be insignificant under the temperature (25 °C) and relatively short 

reaction time (3 h) used in our study [20]. 

The low biocidal impact of H2O2 on E. Coli can be explained by intrinsic regulatory 

responses of biological cells to the externally-induced oxidative stress. Exposure of E. Coli 

to H2O2 triggers the expression of genes that encode DNA repair enzymes, in turn 

protecting cell from oxidative stress [34]. In addition, two critical genes in E. Coli, soxRS 

and oxyR, regulate the expression of H2O2 scavenging proteins [34]. Other defensive 

mechanisms of E. Coli in response to H2O2 have been discussed elsewhere [35–37]. 

Interestingly, low dosages of H2O2 (μM) have been shown more lethal to E. Coli as 

compared to higher dosages (mM), which may be related either to exposure time or to the 

activation of cells' defense mechanism at higher H2O2 concentration gradients [36,37]. 
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Figure 6.3. (Top row) Cell culturability of E. Coli after exposure to different pH values (3, 

5, 10, and 12) and different H2O2concentrations (0, 33.2, and 188 μM) . Error bars 

represent the standard deviation for four data points. (Bottom row) Cell viability of E. Coli 

using LIVE/DEAD staining method after exposure to different pH values (3, 5, 10, and 12) 

and different H2O2 concentrations (0, 33.2 and 188 μM). Error bars represent standard 

deviation for six data points. 

Cell viability using LIVE/DEAD staining method 

Bacterial viability was assessed by the established LIVE/DEAD staining of nucleic 

acids, in which ‘dead’ cells indicated cellular damage sufficient for the penetration of 

propidium iodide (PI), a red-fluorescent dye (670 Da). The viability of E. Coli cells dropped 

by 81%, 58%, and 54% at pH 3, pH 4, and pH 5 on average, respectively, while the viability 

dropped by 25%, 87%, and 98% at pH 10, pH 11, and pH 12 on average, respectively 

(Figure 6.3). A comparison between Section 3.2.1. and Section 3.2.2 indicates that the 

percentage of dead bacteria measured in the plate counting method is smaller than the 

inactivated percentage quantified by the LIVE/DEAD staining method. This suggests that 

bacteria with damaged membranes can repair themselves and continue to grow within the 

nutrient-rich environment of agar plates, as observed in other studies [38]. It is clear that 

H2O2 had only a minor damaging effect on bacterial membranes, while H2O2 showed a 
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slightly higher impact on the culturability of bacteria, likely due to its oxidative impact on 

DNA and ATP. Overall, the impact of H2O2 on bacterial viability and cellular integrity was 

insignificant compared to that of extreme pH. 

6.4.3.  E. Coli cell and biofilm integrity on flow-through membranes 

CNT-ECMs were used as membranes to induce antibiofouling mechanisms (H2O2, 

low pH, high pH) on established E. Coli biofilms. In-situ, antifouling mechanisms were 

either generated electrochemically at the ECM surface, or through modifications of the feed 

solution using identical oxidative conditions as determined above. The main goal was to 

evaluate the impact of electrically-induced low-pH, high-pH, and H2O2 on mature biofilms. 

Therefore, long filtration periods (18 h) on UF membranes with rejection efficiency higher 

than 90% (Figure 6.S19) allowed for formation of mature and thick biofilms (Figure 6.S7). 

Individual bacteria and young biofilms are more susceptible to the impacts of 

electrical currents as compared with mature biofilms. For example,  electric fields can 

electrostatically repel charged bacteria, create suboxic surface conditions that suppress 

biofilm development, and reduce the ability of young  biofilms to express extracellular 

polymeric substances (EPS) [19], which makes them more susceptible to cell lysis and 

cellular inactivation. In this study, mature biofilms were established on membranes prior 

to electrochemical exposure to identify biofilm inactivation mechanisms separate from the 

effects on cells and the early stages of biofilm development.     

Viability of biofilm under no stimuli 

All biofilms were recovered and characterized through CLSM and SEM as 

indicated in Figure 6.4 and Figure 6.5, respectively The viability of the control biofilm (no 

stimuli) is presented in Figure 6.4 (a) and their quantification using ImageJ in Figure 6.4 

(b). As shown, almost the entire biofilm on the membrane was found viable (89 ± 4.4 %) 

after 21 h of filtration. The minor reduction in cellular viability (~10%) can be attributed 

to the prolonged starvation of bacteria in a non-nutrient condition (PBS buffer) [39]. SEM 
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images further support the viability of the biofilm in the control condition as the bacteria 

maintained their regular shape and formed a thick biofilm. 

 Impact of H2O2 on biofilm viability 

Biofilms were exposed to H2O2 at a bulk concentration of 188 μM, equal to the 

maximum theoretical H2O2 concentration that CNT-ECMs could generate under cathodic 

potentials (2 V), (details, Section 3.1). As shown in Figure 6.4, the viability of E. Coli 

biofilms under H2O2 exposure was 75 ± 4.9 %, 14% lower than controls. SEM images 

show a thick and uniform biofilm after exposure to H2O2 (Figure 6.5). The research 

literature contains contradictory reports of both successful H2O2- bacterial inactivation 

[17,40–44] and ineffectiveness [19,23,45–47]. Discrepancies among research studies on 

H2O2 inactivation on membrane biofouling may stem from differences in operating 

conditions (pH, flow rate, operational window (exposure time)), flow configuration 

(crossflow, flow-through), biofilm condition (maturity, thickness), and local measurement 

uncertainties. These parameters effect the local oxygen level, and thus the growth of the 

bacteria in the biofilm. Therefore, bulk H2O2 concentration alone cannot be relied upon to 

demonstrate the biocidal impact of its oxidative stress on biofilms. In general, H2O2 can be 

sensed by the bacteria in extremely low concentrations (<1 μM) regulating their cellular 

pathways. For instance, it has been shown that exposure of E. Coli to low dosages of H2O2 

influences the expression of 39 genes related to cellular respiration, energy metabolisms, 

and adhesion properties [40,48,49]. In our study, the impact of hydrogen peroxide was 

found to be insignificant due to the maturity of the film and short window of exposure (3 

h).  

Impact of high pH on biofilm viability 

The viability of biofilms under harsh alkaline conditions was evaluated by adjusting 

the feed pH to 11 using NaOH. Quantitative analysis on CLSM images indicates biofilm 

viability of 45 ± 5.0 % . Research evidence has demonstrated the susceptibility of 

microorganisms to alkaline conditions [9,11,31]. Although, the bacteria seem to maintain 

their shape under externally-induced alkaline conditions (Figure 6.5). 
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E. Coli biofilms were grown on ECMs during filtration of bacterial solutions and 

subsequently H2O2 and alkaline conditions were electrochemically-generated at the 

membrane surface in-situ under cathodic polarization. Cathodic potential equal to 2 V is 

able to generate a high local pH (11.3) and a maximum theoretical concentration of 188 

μM, as discussed previously. The findings in Figure 6.4 indicate biofilm viability of 34 ±

3.1 % , suggesting biofilm inactivation by synergistic impacts of H2O2 and high pH 

triggered by cathodic polarization. The non-viable ratio under cathodic current was 

statistically higher than that obtained with extreme pH dosed into the bulk feed solution, 

and substantially higher (by ~41%) than the non-viable ratios observed from exposure to 

high H2O2 concentration. The deformation of bacterial morphology under cathodic stress 

is presented by SEM images (Figure 6.5). 

Generation of endogenous reactive oxygen species (ROS) under application of 

electrical current can further contribute to bacterial inactivation in addition to the 

deleterious impacts of high local pH and H2O2 [50]. Generation of excess ROS has been 

reported at potentials above 0.3 V [19].  

Impact of low pH on biofilm viability 

Biofilms were also challenged with low pH conditions (pH 3.5) by externally dosing 

the feed with HCl during membrane filtration of bacterial solutions. The CLSM and 

quantitative analysis revealed biofilm viability of 39 ± 9.9 %. A comparison between E. 

Coli culturability in the batch (44 ± 3.5 % ) and flow-through system (39 ± 9.9 %) 

indicate a similar response of E. Coli to acid treatment in batch and flow-through systems. 

SEM images further demonstrated the oxidation of bacteria under acidic conditions. As 

shown in Figure 6.5, bacterial cells experienced deformation and shape irregularities under 

external harsh acidic conditions. The impacts of low-pH environments on microorganisms 

were explained in Section 3.2. 

Identical low-pH conditions were introduced to the biofilms under anodic 

polarization. As suggested in Section 3.1, potentials equal to 2.09 V (50 mA) can shift the 

local pH down to as low as 3.6. After exposing the biofilm to 2 V anodic potential, 38 ±
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4.7 % of the biofilm was found live (Figure 6.4 (b)), statistically similar to the viable ratio 

that was measured under bulk solution acid treatment. Several methods of bacterial 

inactivation are available to anodic surfaces. The generation of extreme low-pH conditions 

has been discussed above. In addition anodic currents can inactivate microorganisms via 

oxidation through direct electron transfer [51]. The abundance of chloride ions in proximity 

to the anodic surface could generate reactive chlorine species (~22 mM chlorate) [52], well-

known biocides [53]. Therefore, the anodic current was expected to result in more 

inactivation as compared to acid treatment due to synergistic effects of low-pH, direct 

electron transfer, and radical transfer. Despite the strong inactivation, we assume that the 

applied surface current decreased over the course of the filtration experiment due to CNT-

ECM oxidative instability under anodic potentials. This led to lower surface activity over 

time, including a gradually increasing pH above 3.6 and less direct oxidation. The oxidation 

state of similar ECMs under anodic current has been shown in our previous manuscript 

[38]. The in-depth mechanism of bacterial inactivation under anodic current is out of the 

scope of this study but in sum, anodic currents (700 – 740 mA) [19,54] can oxidize 

coenzyme A (CoA), a vital enzyme for bacterial respiration [55] and cell viability [19]. 

SEM images (Figure 6.5) show that anodic current led to deformation and 

irregularity of the bacterial cells. The deformation process begins with small pores 

appearing on the cell wall (red square in Figure 6.5). Electrically-induced pores evolve into 

advanced cellular deformation (Figure 6.S20 (b)). 
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Figure 6.4. (a) Confocal laser scanning microscopy images, and (b) Quantitative cell count 

analysis of Treated E. Coli biofilms under different stimuli including the following 

conditions: control, H2O2 (188 μM), NaOH (pH 11), HCl (pH 3.5), cathodic potential (2 

V), and anodic potential (2 V). Error bars represent the standard deviation for four samples. 

 

Figure 6.5. Scanning electron microscopy images of treated E. Coli biofilm under different 

stimuli including control condition, H2O2 (188 μM), low pH (3.5), high pH (11), anodic 

potential (2 V), and cathodic potential (2 V). Yellow ovals highlight representative bacteria 

at the surface. 

6.5. Outlook 

Conventional antibiofouling methods use bulk chemical dosing to treat biofilms and 

other foulants, while ECMs generate their own oxidizing agents to inactivate bacteria, and 

target foulants at their point of adhesion. Researchers using ECMs for anti-fouling studies 

use a variety of applied current patterns to achieve anti-fouling results, but little research 

has been done to identify the mechanisms involved and thereby the optimally efficient 

current patterns to use. This is critical to reduce energy consumption, optimally target 

specific foulants, and minimize oxidative membrane damage.   
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Here, we investigated individual electrochemically generated products that could 

impact mature biofilms (low pH, high pH, and H2O2) and demonstrated that cathodic and 

anodic potentials applied to ECMs were more effective in treating biofilms and inactivating 

bacteria than adjusting bulk solution pH to pH values measured at ECM surfaces. One of 

the significant hurdles in adopting ECMs in established separation processes is their 

additional material cost, manufacturing complications, module design, and their electrical 

energy consumption. ECMs have been made from carbonaceous nanomaterial [22], metals 

[56], metal oxides [57], and conductive polymers [58]. Carbonaceous nanomaterials 

account for 60% of the total ECMs reported in the literature. Our cost analysis based on the 

CNT-ECMs used in this study indicate that coating a porous UF polymeric support (PES) 

with functionalized multi-walled CNTs to a surface coating thickness of 1 µm would cost 

$2.88/m2, equal to 0.4% in total material cost. Manufacturing methods are currently only 

appropriate for lab-scale development, although recent hollow fiber coating techniques by 

our lab [59] and others [60] indicate some promise for scalable techniques. Module designs 

have been proposed but are still lacking. 

The specific energy consumption (SEC, kWh/m3) can be calculated using the 

following equation: 

𝑆𝐸𝐶 =
𝑈𝐼𝑡

𝑉
 

Where 𝑈 is the electrical potential applied (V), 𝐼 is the current across the membrane 

(A), 𝑡 is the operation time (h), and 𝑉 is the filtration volume (m3). The additional energy 

consumption for a typical UF ECMs is about 0.01-0.0015 kWh/m3 (see Table S3 for more 

details). This additional energy consumption by the ECM is equal to 5%, 2%, 2%, and 0.2% 

of the total energy demand for a pressurized MF/UF system, immersed MBR, standard 

reverse osmosis system (with feed TSS<1000 ppm), and seawater desalination system, 

respectively. 

It should be noted that traditional separation processes require large doses of 

chemicals (~30 L/m3) [61,62], biocides, oxidants, and antiscalants to mitigate fouling, 
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while ECMs minimize the need for such large chemical consumptions by offering 

antifouling performance and self-cleaning surfaces. Hence, it is anticipated that ECMs will 

reduce the costs associated with chemical purchasing, transportation, handling and safety 

[63]. In addition, using electrical current only during intermittent cleaning periods has 

shown promise in permeate recovery, which can drastically reduce the energy consumption. 
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6.8.Supplementary Information 

MATERIALS AND METHODS 

Chemical and Solutions 

Table 6.S1.  Information on materials, their properties, and suppliers. 

Material/Solution Properties Supplier 

Carboxyl functionalized single-

walled/double-walled carbon 

nanotubes (SW/DWCNT-COOH) 

Inner diameter: 1-4 nm 

Length: 5-30 µm 

Purity: >90 w/% 

Functional content: 2.73 w/% 

Cheaptubes 

Ethanol 85.6 % VWR 

Phosphate buffered saline (PBS) 

tablet 

137 mM sodium chloride 

2.7 mM potassium chloride 

10 mM phosphate buffer 

VWR 

Glutaraldehyde (GA) solution 50.2 % 

Specific density: 1.127 

Fisher Chemical 

Sodium dodecyl sulfate (SDS) Molecular weight (MW): 288.38 Anachemia 

Hydrochloric acid  (38%) Anachemia 

The poly(vinyl alcohol) (PVA) MW: 31,000-50,000 

98-99 % hydrolyzed 

Sigma-Aldrich 

Poly(ether sulfone) (PES membrane Microfiltration (MF) Diameter: 47 mm 

Nominal pore size: 0.2 µm 

Sterlitech 
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Deionized (DI) Arium system 

Resistivity: 0.047 µS/cm 

Sartotius 

 

 
Figure 6.S1. Picture of the electrochemical batch cell. 

CNT characterization 

Scanning electron microscopy (SEM, JEOL JSM-7000F) and transmission electron 

microscopy (TEM, Talos 200X) were carried out to demonstrate the morphology and 

thickness of CNT. Elemental analysis on CNTs were performed using X-ray photoelectron 

spectroscopy (XPS, PHI Quantera II Scanning XPS Microprobe) and energy-dispersive X-

ray spectroscopy (EDS, Oxford Instruments X-Maxn 50 mm2 detector). XPS analysis were 

carried out at three different points of the samples considering the random structure of CNT 

powder. At each point, survey spectrum (0.0-1100.0 eV), C1s (284.8-291.3 eV), O1s 

(531.3-535.7 eV) scans were carried out. Data were further analyzed using CasaXPS 

software and ratios of integrated peak areas for each element were used to calculate the 

surficial CNT elemental ratios. For EDS, AZtec EDS/EBSD software was used for post-
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processing as well as simultaneous acquisition of elemental data. In addition, 

thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC 3+) was performed to verify 

the thermal stability of CNT structures. As such, samples were heated from room 

temperature to 1000.0 °C at 0.0 °C/min under air atmosphere with flowrate of 30.0 mL/min. 

Hydrogen peroxide measurement 

To quantify the concentration of electrochemically-generation H2O2 at CNT-based ECM 

(CNT-ECM), we polarized the CNT surface at a wide range of direct cathodic currents (- 

20 mA to -150 mA) and used a highly sensitive assay kit, Amplex Red, able to detect H2O2 

at concentrations as low as 50 nM. Amplex red assay kit is widely used in the literature and 

functions through a reaction between the main reagent (10-acetyl-3,7-

dihydroxyphenoxazine) and H2O2 (with 1:1 stoichiometry) in the presence of horseradish 

peroxidase (HRP) to produce red-fluorescent resorufin, which is detectable by UV-Vis 

spectrometer.[64] The reaction between H2O2 and HRP might not be specific to H2O2 in 

the presence of organic peroxide.[65] However, since no background organic compounds 

were used in our study, the reported values can be solely attributed to the presence of H2O2. 
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Figure 6.S2. Detection of H2O2 using the Amplex® Red Hydrogen Peroxide/Peroxidase 

Assay Kit. The inset shows the sensitivity of the assay at very low levels of H2O2. 

Background fluorescence, determined for a no-H2O2 control reaction, has been subtracted 

from each value. The best linear model fit on data is Y=2059 X with an R2 value of 0.9966, 

where Y is fluorescence and X is hydrogen peroxide concentration (µM). Error bars 

represent the standard deviation for three data points. 

Zeta potential measurements  

The surface electrical charge of the E. Coli particles in PBS buffer with a concentration 

of 7 × 108 CFU/mL was measure by a zeta potential analyzer (Zeta Plus, Brookhaven 

Instruments Corporation) at different pH values (pH 4, pH 7, pH 11). Measurements were 

carried out for two batches and in ten runs for each batch, and the average value was 

reported in Figure 6.S3. The results are consistent with what reported in literature.54  
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Figure 6.S3. The zeta potential of E. Coli suspension at different pH values (4, 7, and 11). 

Error bars represent the standard deviation for three data points. 

E. Coli Suspension, treatment, and characterization 

E. Coli was harvested in a tryptic soy broth (TSB) media. In sum, bacteria were grown 

in a shaking incubator at 37 °C and 225 RPM for 20 h then diluted to 7 × 108 CFU/mL. 

The concentration of E. Coli cells (viable cells) was enumerated every hour up to 3 h by 

total plate count and fluorescence spectroscopy methods. In plate counting, samples (10 

μL) were taken from the batch, serially diluted (5-8 times) and cultured on tryptic soy agar 

(TSA) plates at 27 °C for 18 h. 

Using fluorescence spectroscopy, we followed a recommended procedure by Molecular 

Probes. a LIVE/DEAD bacLight bacterial viability kit was used in which two-color 

fluorescence nucleic acids, SYTO® 9 green-fluorescent and propidium iodide (PI) red-

fluorescent were used to label live and dead cells, respectively. SYTO® 9 labels the intact 

bacteria while PI (a relatively large molecule, ~670 Da) can only penetrate into the cell and 

bind to the cellular DNA if the bacteria is damaged.[66] In short, 100 μL of a solution 

containing SYTO 9 dye (3.34 mM) and Propidium iodide (PI, 20 mM) with the mixing 

ratio of 1:1 was mixed with 100 μL  of bacterial suspension in a 96-well flat-bottom 

microplate. Samples were prepared in triplicate, and suspensions in each well were mixed 
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thoroughly by pipetting up and down several times. The plate was incubated in a dark room 

for 15 min prior to fluorescence spectroscopy. Samples were exited with OD485 ± 20, 

emission wavelengths were measured at 535 ± 25 nm and 635 ± 35 nm to label the green 

(live) and red (dead) cells, respectively, and compared to a calibration curve (Figure 6.S4) 

for quantification. 

 

Figure 6.S4. Relative viability of Escherichia Coli in fluorescence microplate reader. Live 

and Dead suspensions were mixed with ratios of 100:0, 90:10, 50:50, 10:90, and 0:100. 

Green fluorescence was acquired by cell excitation and emission of 485 ± 20 nm and 535 

± 25 nm, respectively. Red fluorescence was acquired by cell excitation and emission 485 

± 20 nm and 635 ± 35 nm, respectively. Green/Red fluorescence ratio was calculated for 

each proportion of live:dead Escherichia Coli suspension. The best linear model fit on data 

is Y=1.32 X + 0.28 with an R2 value of 0.9884, where Y is Green/Red fluorescence ratio 

and X is live percentage of Escherichia Coli suspension. Error bars represent the standard 

deviation for six data points. 

Biofilm Formation and treatment in a flow cell 

Prior to the start of the experiment, the flow-through system (Figure 6.S5) was sanitized 

with 70% ethanol for 30 min and thoroughly rinsed with sterile distilled water for 1 h. 

Membranes were first conditioned for 1 h with PBS buffer solution under identical 

operating conditions (10 psi (0.69 bar), ambient temperature). Following membrane 
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compaction, the feed was dosed with freshly harvested E. Coli suspension (harvested as 

previously described in last section) to reach a final concentration of 7 × 108 CFU/mL. 

Bio-suspension was filtered through the membrane for 18 h to form a uniform and thick 

biofilm (Figure 6.S6). The pressure was kept constant at 10 psi (0.69 bar). The flow rate 

was 11.7 mL/s which provided a shear rate of 140.4 s-1. The flow across the membrane was 

laminar with a Reynolds number of NRe = 585. 

Next, biofilms were treated with different antifouling stressors such as low pH, high pH, 

and H2O2 either in-situ or externally for 3 h. To induce external acidic and alkaline 

conditions, the pH of the feed was adjusted to 3.5 and 11 using HCl and NaOH, 

respectively. External oxidation stress by H2O2 was provided by directly dosing the feed 

with H2O2 to a final concentration of 188 μM. Identical oxidation conditions were provided 

in-situ through the application of electrical potential to the surface of the CNT-ECM. In 

our setup, the flow-cell was fitted with electrodes to allow for an externally applied current 

to be supplied to CNT-ECMs. The CNT-ECM was acted as a working electrode, and a 

graphite counter electrode was provided as a counter electrode. Treated fouled membranes 

were recovered and processed for further analysis. 
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Figure 6.S5. Picture of the low-pressure flow-through system. 1: Reservoir, 2: Pump, 3: 

Flow cell, 4: Air regulator, 5: Pressure sensor, 6: Flow sensor, 7: DC power generator. 

Green, orange, and blue colors represent feed, retentate, and permeate lines. 
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Figure 6.S6. Absorbance values of bacterial enriched suspension at different dilution ratios 

with PBS buffer. Biosuspension had initial concentration of 7 × 108 CFU/mL  and 

mixtures were prepared with biosuspension: PBS ratios of 1:0, 0.8:0.2, 0.6:0.4, 0.4:0.6, 

0.3:0.7, 0.2:0.8, 0.1:0.9, 0.075:0.925, 0.05:0.95, 0.025:0.975, and 0:1. The best linear 

model fit on data is Y=0.1729 X + 0.046 with an R2 value of 0.9928, where Y is absorbance 

at OD600 and X is percentage of bacterial enriched suspension. Error bars represent the 

standard deviation for three data points. 

 

Figure 6.S7. Picture of the biofouled membrane after 18 h filtration of E. Coli suspension 

with a concentration of 1 × 107 CFU/mL. 

Biofilm characterization 

 The morphology of biofilm was observed using scanning electron microscopy (SEM, 

JEOL JSM-7000F). Biofouled membranes were fixed with GA and thoroughly dried prior 

to the SEM imaging. GA fixation was conducted by staining membranes with 4% v/v GA 
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in DI water. Stained membranes were kept in the fridge for 1 h followed by dehydration at 

three stages (3 min each) using 50, 80, 96 % ethanol, respectively. Membranes were air-

dried overnight before imaging. 

The viability of bacterial cells was measured using LIVE/DEAD® bacLight bacterial 

viability kit. This kit utilizes two nucleic acid strains, SYTO® 9 green-fluorescent, and 

propidium iodide (PI) red-fluorescent. The SYTO® 9 strains label all the cells in a 

population, including intact and damaged membranes, while PI strain only tags damaged 

bacteria with destructed membranes so PI can diffuse into and react with cellular DNA.[66] 

As such, penetration of PI into cells reduces the SYTO® 9 fluorescent when both dyes are 

present. Therefore, strained green bacteria represent the viable (live) bacteria, while stained 

red cells represent damaged (dead) bacteria. 

The staining protocol was carried out as follows: 3 μL SYTO® 9 strain and 3 μL PI strain 

were dispersed in DI water using vortex mixing. Then, a few droplets of the mixture were 

used to stain the biofilm. The stained membrane was kept in a dark room at room 

temperature (20 °C) for 30 min, allowing the staining reactions to compete. Next, the 

membranes were rinsed gently with DI water to avoid unreacted residuals on the surface 

and placed on a glass microscope slide, ready for confocal laser scanning microscopy 

(CLSM). CLSM was equipped with krypton–argon laser (488 nm) and two He–Ne lasers 

(543 and 633 nm). Four images were taken randomly on each surface (with an area of 1 

mm2). Live cells, dead cells, and the viability ratio of biofilm were quantified using ImageJ 

software, determining the relative abundance of red and green pixels in the digital image. 

Therefore, the percentage of green pixels and red pixels were assumed as the ratio of live 

cells and dead cells, respectively. 

1. RESULTS AND DISCUSSION 

CNT Characterization 

TEM and SEM images are shown in Figure 6.S8a and Figure 6.S8b, respectively. As 

indicated in Figure 6.S8a, CNTs have outer and inner diameters of 20 nm and 4 nm, 

respectively. 
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Figure 6.S8. (a) Transmission electron microscopy (TEM) of carbon nanotubes, (b) 

Scanning electron microscopy (SEM) of CNT-ECM. 

XPS analysis reveals high percentage of C and O elements, with 94.74% and 5.26% on 

average, respectively (Figure 6.S9). N and S elements were not detected (or their 

concentration could be lower than XPS detection limit, i.e., 0.1%). The elemental 

concentrations were presented in Table S2. The XPS spectra with peak fittings for C1s and 

O1s are shown in Figure 6.S9b. 

EDS results are presented in Figure 6.S10. As indicated, two main elements are C and O 

with recorded weight percent of 94.1% and 4.5%, respectively. Map analysis shows the 

uniform distribution of carbon and oxygen at the surface. 



Ph.D. Thesis – Mohamad Amin Halali                     McMaster University – Chemical Engineering 

 
 

298 
 

 

Figure 6.S9. XPS scans of carboxylated CNTs. (a) Survey spectrum (0.0-1100.0 eV), (b) 

C1s (284.8-291.3 eV) and O1s (531.3-535.7 eV) scans. 

Table 6.S2. The proportions of elements in XPS spectra of CNTs. 

CNT C O 

Point 1 94.60 5.4 

Point 2 95.17 4.82 

Point 3 94.44 5.54 

Average 94.74 5.26 
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Figure 6.S10. EDS analysis on carbon nanotubes. (Top) Map sum spectrum, (bottom) 

Electron image, carbon map, and oxygen map. 

TGA analysis are presented in Figure 6.S11. TGA burn temperature indicated CNT 

instability at the range of 450-700 °C which is consistent with what reported in literature 

[67]. 
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Figure 6.S11. Thermal analysis curve of carboxylated CNTs. 

Surface hydrogen peroxide production  

Carbonaceous materials such as CNT and graphite are capable of producing hydrogen 

peroxide (H2O2) in-situ under the application of current. We quantified the amount of 

hydrogen peroxide generated from carbon nanotube-based ECMs applying - 20 mA to -150 

mA current. The dominant H2O2 production pathway is the 2e− oxygen reduction reaction 

of oxygen at cathodic surfaces (eq 1). There are other side reactions co-occurring at the 

cathode, such as 4e− reduction of oxygen to water (known as 4e− pathway), reduction of 

H2O2 to water, and further reduction of H2O2 to HO2
•  as follows: 

O2(g) + 4H+ + 4e− → 2H2O                                                                                                     (S1) 

H2O2  + 2H+ + 2e− → 2H2O                                                                                                    (S2) 

H2O2  → HO2
• + H+ + e−                                                                                                             (S3) 

We used cyclic voltammetry and fixed current chronoamperometry to identify the current 

range suitable for H2O2 generation from the ECMs (Figure 6.2). The real values for each 

current are presented in Figure 6.S12. As demonstrated, H2O2 concentration reaches a 

steady state within ~30 min from the start of the experiment. The steady state condition can 

be explained by (a) a constant dissolved oxygen concentration is maintained in the 

boundary layer resulted from a balance between ORRs, oxygen diffusion, and system 

convention, (b) H2O2 is simultaneously generated (eq 1), decomposed (eq S2 and eq S3), 
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and diffused to the bulk (due to concentration imbalance) [20,68], and (c) the presence of 

calcium and magnesium ions is suggested to stabilize the H2O2 concentration [69]. 

 

Figure 6.S12. Measured hydrogen peroxide concentration at the bulk of the electrochemical 

cell under different applied currents (20-150 mA) over 180 min. Error bars represent the 

standard deviation for three data points. 

The maximum concentration of hydrogen peroxide with respect to current efficiency 

We calculated the maximum concentration of hydrogen peroxide (HP) that can be 

theoretically generated.[19] The maximum concentration was estimated using eq S4 with 

considering a 100% Faradic current efficiency (𝜂) for HP production during the fixed 

current chronoamperometry. 

𝐶𝐿𝑜𝑐𝑎𝑙 𝐻𝑃 =
𝜂 ∫ 𝐼𝑑𝑡

𝑡
0

𝑛𝐹𝑉100
                                                                                                                       (S4) 

where 𝐶𝐻𝑃 denotes the molar concentration of HP at the surface (M), n is the number of 

electrons mediated in the eq 1, F is the Faraday constant (96500 Cmol-1), V is the solution 

volume (L), 𝑖  and 𝑡  represent the applied current (A), time (s), respectively. Current 

efficiency is the ratio of the current used for HP production over the total current transferred 

through the circuit over electrolysis time. The current efficiency of 100% means if all the 
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applied current was spent on HP generation. With that, the maximum HP that can be 

theoretically generated by the cathode under application of 50 mA is 188 µM. While in 

actual experimental measurements using Amplex® Red assay kit, a maximum HP 

concentration of 31.19 µM was detected. 

Theoretical calculation of the hydrogen peroxide thermodynamically 

The theoretical concentration of hydrogen peroxide at the surface was calculated based 

on stoichiometry in eq 1, and the results are compared with the real measured values in 

Figure 6.S13. As demonstrated, up to 20 min from the start of the experiment, the 

theoretical concentrations follow the experimental values before they start to deviate. 

Hydrogen peroxide concentration directly corresponds to available oxygen at the surface. 

The dissolved oxygen (DO) at the cathode approaches zero immediately after the start of 

electrolysis. Therefore, the limiting parameter in eq 1 is the diffusion of DO into the 

boundary layer rather than the electron transfer at the cathode. Thus, the influx of DO to 

the surface needs to be calculated using Fick's first law (eq S5) to estimate the HP 

concentration in eq 1.  

𝐽 = −𝐷
𝜕𝐶

𝜕𝛿
                                                                                                                                   (S5) 

Where 𝐽 is the diffusion flux (mol.m-2.s), D is the diffusion coefficient of oxygen (m2/s). 

𝐶 denotes the concentration of DO (mol/m3), and 𝛿 represents the length of the boundary 

layer (m). 

D is assumed to be equal to 2 × 10−9 m2/s.  𝐶 was measured with the DO sensor and was 

found to be equal to 2 × 10−4 M, and 𝛿 can be solved by combining eq S6 and eq S7. Eq 

S6 expresses the limiting current under a steady state condition for macroscopic electrodes 

and solved for 𝑘𝑚, while eq S7 solves for 𝛿 by using calculated mass transfer coefficient 

and diffusion coefficient as follows: 

𝐼𝐿 = 𝑘𝑚𝑛𝐹𝐴𝑒𝐶                                                                                                             (S6) 

𝛿 =
𝐷

𝑘𝑚
                                                                                                                                                      (S7)                                                              

where 𝑘𝑚 is the mass transfer coefficient (m.s-1) 𝐼𝐿 is the limiting current (A) estimated in 

Figure 2a, 𝑛 represents the stoichiometric number of electrons transferred in eq 1, 𝐹 is the 
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Faraday's constant (96490 Cmol-1), and 𝐴𝑒  is the effective surface area of the CNT 

electrode (m2). As such, the thickness of the diffusion layer is calculated to be 

approximately 31 µm. Therefore, the theoretical concentrations of HP were estimated by 

following eq 1. As findings suggest in Figure 6.S13, the theoretical concentration is in good 

agreement with the measured concentration up to ~ 20 min. Beyond that, the values start to 

deviate, likely due to: (a) instant consumption of excessive HP by eq S2 and eq S3, (b) 

depletion of oxygen at the surface, and (c) diffusion of generated HP to the bulk. In 

addition, the theoretical values do not account for the convection induced by system stirring 

and bubble generation, the competitive reduction reactions at the cathode, and the anodic 

reactions happening at the anode. For instance, excessive proton generation by eq 3 

indirectly negates eq 1 based on Le Chatelier's principle. 

 

Figure 6.S13. Measured and theoretical molar mass of generated hydrogen peroxide at the 

bulk of the electrochemical cell under applied electrical current equal to 50 mA over time. 

Current efficiency of CNT-ECMs for generation of hydrogen peroxide 

We calculated the current efficiency at each current to determine the best condition for 

H2O2 production with respect to H2O2 concentration and electrical current consumption. 

The current efficiency (𝜂) is the ratio of the electricity consumed by the CNT-ECM to 
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produce H2O2 over the total electricity passed through the circuit during the electrolysis 

period, which can be calculated using eq S8. 

𝜂 =
𝑛𝐹𝐶𝐻𝑃𝑉

∫ 𝐼𝑑𝑡
𝑡

0

× 100                                                                                                                      (S8) 

where n is the number of electrons mediated in the eq 1, F is the Faraday constant (96490 

Cmol-1), V is the solution volume (L), 𝐶𝐻𝑃 denotes the molar concentration of H2O2 (M), 𝐼 

is the applied current (A) and t is time (s). The current efficiencies were found to be 26.2%, 

16.4%, 4.2%, and 2.8% at 20 mA, 50 mA, 100 mA, and 150 mA, respectively. The results 

indicate that 20 mA is the optimum current to generate H2O2 although the highest 

concentration was observed at 50 mA.  

Hydrogen peroxide generation: A comparison between CNT and graphite  

For comparison purposes, the H2O2 generation properties of CNT-based ECM and 

graphite electrode were quantified under 50 mA and identical conditions, with the results 

indicating a steady state H2O2 concentration of 37.3 μM and 21.9 μM for CNT-ECM and 

graphite electrode, respectively (Figure 6.S14). In addition, the current efficiency of 

electrodes was calculated to be 16.4% and 9.7% for CNT and graphite, respectively. Higher 

H2O2 concentration and current efficiency of CNT-ECM can be ascribed to its high specific 

surface area and presence of mesopores, in turn providing greater available surface area for 

oxygen reduction. 
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Figure 6.S14. The measured hydrogen peroxide concentration at the bulk of the 

electrochemical cell at 50 mA over 180 min. Red and black lines represent hydrogen 

peroxide concentration for CNT and graphite electrodes, respectively. 

pH Changes in bulk 

As it is shown, the pH in the buffer zone is nearly stable over time. Stable pH can be 

explained as the low local pH of the anode cancels out the high local pH of the cathode.[70] 

In addition, generation of CO2  due to graphite oxidation allows for a carbonate buffer 

environment. Carbonaceous material can be readily oxidated at the anode following eq 

8.[35] Also, the presence of Ca ions can further buffer the solution.[70] 

C + 2H2O → CO2 + 4H+ +  4e−                                                                                               (S9) 

At 150 mA, high rates of bubble gas generation were observed at the surface of either 

cathode or anode electrodes which may skew the pH readings at this current (Figure 6.S15). 
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Figure 6.S15. pH measured at the bulk of the electrochemical cell under different applied 

current equal to -150 mA over 180 min. 

Surface electrical properties of CNT-based ECM 

The potential of the working electrode was monitored under the application of fixed 

current chronoamperometry over 3 h and the results are shown in Figure 6.S16. Findings 

in Figure 6.S16 allow us to match the potential of the working electrode (CNT-ECM) with 

the corresponding currents applied to them. For instance, the highest H2O2 concentration 

was observed at -50 mA, which corresponds to the potential of 2 V. In addition, electrical 

current can lead to CNT degradation by damaging the CNT surface sp2 hybridization 

thereby decreasing the CNT conductivity.[22] Therefore, higher potential is needed to 

maintain the current at a damaged surface with reduced conductivity. Cathodic surfaces 

demonstrated stable electrochemical stability supported by their stable potential over 3 h of 

electrolysis. CNT-based ECMs are susceptible to anodic oxidation, which results in 

increases in the reading potential over time; however, the cathodic potential was shown to 

have a minor effect on surface stability. The physical stability of the surface is further 

verified by their physical status after electrolysis, as shown in Figure 6.2F. In contrast, 

identical surfaces experienced severe oxidation under anodic current (Figure 6.S17). 
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Figure 6.S16. Measured electrical potential of the working electrode (CNT-ECM) under 

different applied currents (20-150 mA) over 180 min, and (c) CNT-ECM before and after 

electrolysis working as a cathode under 150 mA for 180 min. Blue, red, black, and green 

colors represent 20 mA, 50 mA, 100 mA, and 150 mA, respectively. 

 

Figure 6.S17. CNT membrane before and after electrolysis acting as a working electrode 

(anode) under 150 mA for 180 min. 
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E. Coli cell viability in batch 

 

Figure 6.S18. Top row: Cell culturability of E. Coli after exposure to different pH values 

(4, 11) and different H2O2 concentrations (0, 33.2, and 188 μM). Error bars represent the 

standard deviation for four data points. Bottom row: Cell viability of E. Coli using 

LIVE/DEAD staining method after exposure to different pH values (4, 11) and different 

H2O2 concentrations (0, 33.2 and 188 μM). Error bars represent standard deviation for six 

data points. 

E. Coli rejection in flow-through cell 
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Figure 6.S19. CNT-ECM rejection over 21 h filtration of E. Coli suspension in flow-

through cell. Biosuspension had initial concentration of 1 × 107 CFU/mL. 

E. Coli cell and biofilm integrity on flow-through membranes 
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Figure 6.S20. (a) Scanning electron microscopy images of treated E. Coli biofilm with the 

magnification of x3000. In the top row, biofilms are treated with no stimulus, anodic 

potential (2 V), and low pH (4), respectively, and in the bottom row, the biofilms are treated 

with hydrogen peroxide (188 μM), cathodic potential (2 V), and high pH (11), respectively, 

(b) advanced stage of cellular deformation induced by anodic oxidation. 

Table 6.S3. Information of UF membrane process for calculating specific energy 

consumptions. 

Material/Solution Membrane 

Type 

Membrane 

Area (m2) 

Flux 

(LMH) 

Potential 

(V) 

Current 

(mA) 

Time 

(h) 

CNT-PES UF 0.003 15 1-2 20-100 3 
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7.1.Key findings and contributions 

Membrane processes are the technology of choice in separation and purification 

technology. Many studies have consistently sought to improve the performance and 

sustainability of membranes. To this end, electrically conductive membranes (ECMs) have 

been introduced to tackle the limitations of conventional membrane technologies. ECMs 

can control and mitigate fouling by using electrical potential externally applied to their 

surfaces. ECMs, owing to their conductive surface, can distribute the charge across the 

surface that in turn induce antifouling and self-cleaning mechanisms at the 

membrane/solvent interface. Their unique electrochemical and electrocatalytic properties 

have made them viable options for water and wastewater treatment and stimulated new 

applications in water decontamination and disinfection areas. However, application of 

ECMs is still relatively new, and their optimized disinfecting, antifouling, and self-cleaning 

potential has not been fully explored. Optimized and cost-effective application of ECMs 

necessitates understanding the underlying mechanisms, linking the mechanism to the 

application of membranes, and advancing the chemical properties and stability of 

conductive surfaces. To this end, this study focused on understanding, exploring, and 

improving the application of electrically conductive membranes (ECMs) in water and 

wastewater treatment processes. The key findings and contribution of this work are further 

elaborated as follows: 

In Chapter 2, we comprehensively discussed electrically-induced antifouling and 

disinfecting mechanisms with respect to surface polarization. ECMs have responsive 

surface that offers various electrochemical properties with respect to the current externally 

applied to their surface. The mechanisms are exclusive to the current pattern. Although 

identifying the mechanisms is critical to target foulants and contaminants across electro-

separation interfaces, no work has comprehensively studied them with respect to current 

pattern. We showed how different polarizations (anodic, cathodic) and different current 

types (direct, alternating) can promote various mechanisms. Some of the mechanisms 

contribute to antifouling and self-cleaning performance of ECMs, while some are more 

effective in disinfecting and decontaminating water in electrically-assisted separation 
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processes. Common cathodic mechanisms include electrostatic repulsion with negatively 

charged particles, hydrogen gas generation, and electrically-induced alkaline pH. In 

contrast, dominant mechanisms under anodic polarization include direct oxidation by 

electron transfer, indirect oxidation through ROS, electrostatic repulsion with positively 

charged particles, and electrically-promoted acidic pH. Alternating potentials are 

advantageous as they offer a combination of cathodic and anodic mechanisms and reduce 

the destructive impact of anodic-corrosion, particularly on carbonaceous material. 

However, tuning the current frequency is pivotal in AC applications. Depending on the 

application of ECMs, high frequencies eliminate antifouling mechanisms that usually result 

from direct anodic or cathodic currents such as gas generation, radical generation, or 

extreme pH induction. 

We then demonstrated how such mechanisms have been incorporated in ECM-

based separation and purification technologies over the past few decades. We discussed the 

application of ECMs for four major fouling categories: biofouling, organic fouling, oil 

wetting, and mineral scaling, focusing on surface polarization. In biofouling, anodic current 

has been often suggested to inactivate microorganisms, while cathodic current was 

suggested for advanced repulsion with negatively charged biological compounds. 

Application of ECMs for organic filtration processes have followed two primary goals: (a) 

offering an antifouling surface and (b) removal of emerging organic compounds. The 

antifouling performance of ECMs mainly was relied on electrostatic repulsion with 

commonly negatively charged particles and enhanced bubble generation under cathodic 

current. In contrast, anodic currents were suggested to remove emerging compounds due 

to their excellent oxidation potential. In oil separation processes, the application of anodic 

and cathodic currents at high potentials (> 10 V) was reported due to promoting electro-

wetting mechanism. Last but not least, the current pattern in ion and colloidal separation 

processes was often chosen with respect to ions’ charge. It is important to note that the 

presented patterns describe the central body of articles, while application of other current 

types can be found within each fouling category. 
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 In Chapter 4, we explored the surface properties of ECMs. We synthesized 

common ECMs consisting of a CNT thin layer deposited on a PES support. In the thin 

layer, carboxyl functionalized CNTs were covalently bonded with PVA molecules. PVA 

was added to the structure due to its excellent film-forming properties and inherent 

hydrophilicity. In addition, two linear dicarboxylic acids (succinic acid and suberic acid) 

were used to crosslink the CNT-PVA structure. We thoroughly characterized the 

membranes and investigated the impact of CNT mass loading, crosslinking type, and 

crosslinking degree on transmembrane flux, electrical conductivity, hydrophilicity, and 

surface roughness. Our results indicated that crosslinking length could impact pure water 

flux and electrical conductivity while was uncorrelated to surface hydrophilicity and 

morphology. 

Although characterization tests in our work provided us with physicochemical 

properties of the surface, such properties are valid at lab-scale and before harsh 

electrochemical conditions challenge ECMs. Research evidence has shown that membranes 

are susceptible to passivation, which drastically changes their initial surface properties. For 

example, carbon-based ECMs are subjected to electro-corrosion under anodic current 

leading to drops in their surface conductivity. Therefore, we proposed straightforward and 

practical methodologies to detect and quantify the electrochemical, physical, and 

mechanical stability of ECMs. We used a common UF ECM fabricated from CNT-PVA 

network to demonstrate the practicality of our methods. Our findings revealed that ECMs 

were stable under cathodic polarization but anodically unstable under the application of 

small voltages (2–4 V vs. Ag/AgCl reference electrode). In addition, ECMs made were 

found to be physically unstable when challenged by PEO particles. ECMs showed to be 

more stable in the mechanical test than uncoated PES membranes due to their protective 

thin layer. 

Although we used a model CNT-based UF ECM, our methods can readily be 

extended to other membrane materials (ceramics, conductive polymers) and separation 

categories (MF, NF, RO). The findings in Chapter 5 offer a systematic approach to evaluate 

the stability of ECMs. It is expected that our methods provide guidance to making more 
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stable ECMs and act as a roadmap for industrial applicability. The anti-biofouling 

performance of ECMs was also demonstrated by filtering a suspension enriched from 

mixed-bacterial cultures. Our results indicated excellent antifouling and self-cleaning 

properties of ECMs under application of current. 

In this work, we acknowledged the importance of understanding antifouling 

mechanisms to facilitate the optimized performance of ECMs. Therefore, we pursued this 

goal by investigating the viability of model foulant E. Coli under electrically-induced 

antifouling mechanisms in batch systems and when membranes wer operated in flow-

through configuration. The mechanisms of interest were electrically-generated protons 

(acidic pH), hydroxyl ions (alkaline pH), and H2O2. Control experiments such as filtration 

under open circuit, anodic potential, and cathodic potential were conducted to rule out the 

contribution of other mechanisms such as direct electron transfer, radical generation, and 

bubble gas generation. Our results indicated a significant biofilm’s inactivation rate under 

acidic conditions (pH <5), alkaline conditions (pH >9), and electrical potential (± 2 V). 

This study provides insight on how to match antifouling mechanisms to the foulant type. 

Once primary antifouling mechanisms are identified for an application, the corresponding 

current pattern can be applied to maximize the efficiency of ECMs. 

7.2.Future work and recommendations 

This study recommends advances in a variety of research topics. The most 

important directions that should be perused are described as follows: 

• The major body of articles on ECMs has been carried out in well-controlled 

experimental conditions. While ECMs have shown excellent antifouling 

properties against various fouling types separately, treatment of the real 

wastewater is expected to be more complex. Natural wastewater contains 

various contaminants (ions, NOM, microorganisms) with different 

physicochemical properties that complicate the electrochemical treatment 

processes. Therefore, future research is needed to challenge ECMs with 

natural wastewater to demonstrate their industrial viability. To this end, the 
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application of alternating current (AC) can be considered for treating 

complex wastewater. The combined effects of anodic and cathodic currents 

can be used to advance antifouling performance of ECMs by offering a 

wider variety of mechanisms. However, the frequency in AC mode should 

be carefully tuned to match the response time of antifouling mechanisms. 

Antifouling mechanisms result from electron transfer, ion diffusion, and 

electrochemical reactions with different response times. Therefore, high 

frequencies can eliminate the occurrence of some mechanisms with high 

response time (indirect oxidation, gas generation). 

• It is unlikely that ECMs can target all foulants filtering a real wastewater. 

Therefore, this study recommends identifying and targeting troublesome 

foulants to enhance the separation efficiency. For example, internal fouling 

(pore blockage) was shown to be the primary source of irreversible fouling 

and permanent permeate flux reduction. Therefore, minimizing internal 

fouling should be considered to enhance the long-term viability and 

productivity of membranes. 

• The stability of conductive electrodes is of great importance in 

electrochemical processes which is directly related to membrane 

performance and energy consumption. ECMs should be able to withstand 

harsh electro-corrosive conditions under application under anodic potential. 

In addition, conductive surfaces in composite membranes should be 

resistant against leaching (release of polymeric substances or nanoparticles) 

as well as delamination under extreme physical (mechanical cleaning, 

abrasion) and chemical conditions (extreme acidic or basic pH). In addition, 

when ECMs operate as cathode, the counter electrode should withstand 

anodic passivation. The common materials for counter electrodes are 

graphite, titanium, or steel. Titanium and steel are more resistant than 

graphite, while their higher cost limits their application. This study 
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recommends considering the stability of ECMs before their deployment in 

real applications. 

• Low-pressure membranes are ineffective in rejecting emerging 

contaminants (pharmaceuticals) or some naturally occurring toxic elements 

(arsenic). Rejection of small substances requires deployment of energy-

intense high-pressure separation processes (NF, RO). The combination of 

conventional separation processes with electrocatalytic properties of ECMs 

has presented the promise to effectively remove contaminants using low-

pressure systems. To this end, doping ECMs with metals (such as Fe, Cu, 

Ti, Zn, Ag, or Ni) has been proposed to enhance the electrocatalytic 

performance of ECMs. In addition, these metals can enhance the 

hydrophilicity, electrical conductivity, and antimicrobial properties of the 

surface (Ag, Cu). 

• In electrofiltration applications, ECMs operate as working electrode while 

a counter electrode is placed either in the feed or permeate side. 

Accommodating the counter electrode in currently available membrane 

modules (e.g., spiral wound) has been a complicating factor toward the 

commercialization of ECMs. Therefore, advances in module configuration 

are critical to ease the technology transport from laboratory to the industry. 

Cleaning procedures should be planned with respect to foulant properties and 

operating conditions. In biological solutions, research studies have suggested an early 

application of the electrical potential to maximize ECMs’ efficiency in filtration processes 

when biofilms are more susceptible to oxidative stresses [1]. For example, research 

evidence has indicated that H2O2 can mitigate monolayer cell coverage from growing into 

a mature film [1]. It should be noted that in chapter 6, formation of a thick biofilm was 

allowed for research purposes to negate the impact of electrostatic repulsive force on 

charged bacteria. In addition, some studies have demonstrated the successful application of 

electrical field during cleaning procedures such as back-flush. Application of current during 
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shorter intervals can make the process less energy-intense while protecting the material 

from electro-corrosion.  

Development of membrane material with high conductivity is essential to reduce 

the overall energy consumption. In this line, research has been directed to application of 

ceramic membranes or doped carbonaceous material. Doping carbonaceous material has 

also been suggested to enhance the conductivity and uniform distribution of charge across 

the surface [2]. Development of conductive and stable material facilitates application of 

ECM in sensors. ECMs can be coupled to electrochemical impedance spectroscopy (EIS) 

to detect and monitor fouling at the early stages of filtration [3]. It is anticipated that 

advances in EIS lead to the intelligent and responsive application of ECMs. 

Last but not least, electrically-induced mechanisms originate from the membrane 

surface and impact the foulant at the interface. In contrast, mechanisms induced by 

chemical cleaning (biocides, pH adjustment) take place in the bulk and impact the foulant 

from the feed side. Chapter 6 showed the impact of extreme pHs either promoted from the 

conductive surface (i.e., using electrical potential) or bulk adjustment (i.e., dosing 

chemicals externally) on a thick biofilm. Therefore, it is interesting to validate the direction 

of inactivation by 3D confocal laser scanning microscopy. 
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