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Abstract 

As natural resource scarcity and industrial productivity continue to rise, 

membrane filtration technologies provide a compelling solution for the production of 

clean water. Membranes are versatile, energy-efficient, and highly effective, yet they 

suffer from the indomitable problem of fouling. Abundant research has been conducted 

on this topic, but new methods for understanding and assessing fouling are still emerging 

and are nevertheless needed. The present work endeavors to study membrane fouling 

from yet another perspective using a powerful electrochemical technique known as 

electrochemical impedance spectroscopy (EIS). EIS is a non-destructive electrical 

perturbative method, thus it can be performed during filtration. While some research 

groups have applied EIS for membrane characterization, none have yet incorporated 

conductive polymeric membranes into the electrochemical setup.  

The primary objectives of this study were to (1) synthesize a robust and 

sufficiently conductive polymeric membrane for use as a working electrode; (2) develop 

a non-invasive non-Faradaic EIS method to characterize membrane fouling in real time; 

(3) collect data that allow for the differentiation of separate contributions to total fouling 

from processes happening on the membrane surface and within the interior pore network. 

Membrane fouling was studied using three model foulants, bovine serum albumin (BSA), 

humic acid, and colloidal silica, in a supporting electrolyte of phosphate buffered saline 
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(PBS) and potassium nitrate (KNO3), respectively. To better understand the spatial 

position and magnitude of fouling, EIS spectra were interpreted by fitting equivalent 

circuits informed by the physical structures of the membrane surface and interior.  

Data from the EIS fouling tests showed good agreement between changes in 

impedance, conductance, and capacitance and reduction in permeate flow, which is the 

conventional parameter used to monitor fouling severity. The conductive coating also 

allowed for fouling to be differentiated between the surface and interior layers of the 

membrane. Moreover, experiments with feed solutions containing separate foulants in 

different solution chemistries verified that EIS is sensitive enough to differentiate 

between various membrane fouling effects as well as irreversible fouling phenomena. 

These results suggest that conductive membranes can be used alongside EIS to spatially 

and temporally characterize membrane fouling as it happens in real time without the need 

to remove or damage the membrane for analysis. 
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1. Introduction  

1.1 Motivation 

The most widely utilized filtration system in municipal drinking water treatment 

today operates by flowing water through a column packed with sand and anthracite coal, 

termed dual-media or granular filtration [1].  This method is strikingly similar to the 

water purification techniques developed by the Egyptian peoples of the Fertile Crescent 

in å 2000 B.C.E. Establishing permanent settlements put human and animal waste into 

immediate contact with the water supply, thus introducing the first need for water 

sanitization. The Ancient Egyptians employed sand and charcoal filtration as well as 

boiling with copper pots to produce potable water [2]. While these methods have surely 

proven their worth over the last 4000 years, the rise of civic expansion and industrial 

development has created the demand for new treatment technologies that can offer 

improved selectivity performance and that can process raw waters from varied sources.  

Membrane filtration answers this need and it continues to gain increasing 

adoption in research labs and municipal treatment centers across the world. Membranes 

are capable of producing high-quality filtration products at low cost from a variety of 

source solutions. This has led to their deployment in applications ranging from water 
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treatment to food and pharmaceutical processing to oil and gas production. Versatile and 

energetically efficient, membrane filtration serves as a competitive alternative to 

conventional solution purification techniques.  

Despite these advantages, membrane technologies suffer from the ubiquitous 

problem of fouling [3-7]. Fouling is caused by the accumulation of feed stream debris on 

the surface and within the membrane matrix. Filtration performance can deteriorate 

significantly over the course of an operational period due to fouling and physical damage. 

This integrity loss often causes increased power consumption and limits membrane 

lifespan. Effective diagnosis and monitoring of membrane performance is needed to 

optimize membrane formulation and operation.  

Thus, it is essential to pursue research that combines water filtration membranes 

with new sensing/measuring modalities in order to enhance filtration performance and 

maintain a competitive advantage for membranes in the water treatment industry. 

Simultaneously, it is necessary to advance the field of membrane science by exploring 

novel ways for membranes to interact with their environment. It is proposed that 

conductive membranes paired with electrochemical sensing techniques may offer a 

solution to these petitions. At the lab or industry scale, membrane multi-functionality 

could ultimately be used to analyze and control process conditions, however initial 

investigations into these possibilities must first be conducted. 
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1.2 Scope 

While extensive research has been performed to study membrane fouling, certain 

phenomena remain difficult to probe with the current technologies. Membrane 

performance is primarily assessed through permeate flux. As permeate flux declines over 

time, fouling may shift from reversible to irreversible states. Yet flux-based methods for 

fouling detection often lag behind foulant deposition and membrane deterioration. 

Additionally, this technique offers no information about the physical and chemical 

condition of fouled membranes. For specific information about the location and extent of 

fouling, it is necessary to stop the filtration process, remove the membrane from its 

enclosure, and functionally destroy the membrane to obtain samples for imaging, 

spectroscopic, or other functional analysis. The need for non-invasive in situ integrity 

analysis continues to preoccupy membrane research. 

One premise of the current work is that electrochemical impedance spectroscopy 

(EIS) can be a useful tool for the direct, in situ measurement of membrane fouling. EIS is 

a powerful non-destructive solution-based technique that can provide information about 

various electrochemical processes. This method has been selectively deployed in water 

filtration membrane studies dating to the early 1990ôs [8-12]. Most of this research has 

focused on structural membrane characterization, but in the past decade, researchers have 

begun to use EIS for fouling assessment as well [13-16]. To date, most fouling studies 
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employing EIS have examined non-conductive reverse osmosis membranes in four-

electrode set ups [9, 13, 15-19] and the majority have been conducted with the same 

equipment by members of two associated lab groups. Four-electrode systems give 

information about processes happening between the measuring electrodes but avoid 

electrode surface phenomena. Three-electrode arrangements reveal processes happening 

in the membrane and electrolyte solution as well as the electroactive surface. Thus, there 

is the potential to implement EIS with conductive membranes for the direct examination 

of fouling at the membrane surface and within the pore network. 

Electroactive membranes have been gaining recent attention for their use in 

fouling mitigation [20-26] yet have been rarely applied with EIS. Early work by Gaedt et 

al. [10, 27] paired a four-electrode set up with a gold-coated conductive composite 

membrane and surveyed impedance across the membrane surface to investigate intrinsic 

membrane properties. Alternatively, Jing et al. [28, 29] developed a conductive TiO2-

based ceramic membrane which they used in a three-electrode set up by deploying their 

conductive membrane as the working electrode. To our knowledge, no other studies have 

coupled conductive polymeric membranes with EIS in a sensitive three-electrode setup to 

monitor fouling in real time. 

 In this study, a conductive gold-coated polymeric membrane served as the 

working electrode in a three-electrode non-Faradaic EIS system that was used to 
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investigate protein fouling over time. To achieve this, a polyethersulfone (PES) 

microfiltration membrane was sputter-coated with a thin layer of gold. Sputter-coating is 

a facile and rapid method for metal deposition that was chosen for its compatibility with 

polymeric materials. Gold was selected as the conductive coating due to its inert chemical 

properties, rendering it thermodynamically stable in most electrolyte solutions [30]. Gold 

is also highly conductive and electrochemically inactive across a wide potential range. 

Therefore, applied potential perturbations may be implemented without risk of electrode 

corrosion [31]. Additionally, the position of the conductive gold coating allows for 

membrane surface fouling to be differentiated from interior active layer fouling. With 

four-electrode set ups, EIS data can be qualitatively interpreted to give potential 

information about different membrane and solution layers in the system. Alternatively, 

contributions from surface and interior processes in this three-electrode gold-coated 

membrane system can be verifiably distinguished because those layers are physically and 

analytically separated. 

1.3 Hypotheses and Objectives 

This work establishes a method for the in situ monitoring of membrane fouling by 

integrating a conductive composite membrane into an electrochemical cell for 

electrochemical impedance spectroscopy. To accomplish this objective, the following 

hypotheses are evaluated: 
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Hypothesis 1: A gold sputter-coated polymeric membrane can perform as a 

functional electrode in a three-electrode configuration for EIS; 

Hypothesis 2: The position of the sputtered gold coating allows for the spatial 

separation of fouling phenomena at the membrane-solution interface versus the 

membrane interior; 

Hypothesis 3: EIS paired with a conductive membrane electrode can be used to 

characterize changes in membrane fouling in real time and is sensitive enough to 

differentiate between different foulants and solution chemistries.   

 

 

2. Background 

Membrane filtration technologies have revolutionized drinking and wastewater 

treatment, yet certain disadvantages continue to burden the field. Much of the research of 

the past three decades has focused on the structural characterization of membranes and 

their transport properties. There has however been a recent wave of inquiry oriented 

around the inclusion of nanomaterials and other additives during membrane fabrication. 

In order to further advance the art and science of filtration, it is crucial to continue 
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exploring the possibilities for novel membrane functionalities by pushing the boundaries 

of the current formulations and methodologies. This chapter discusses the background 

and application of membrane separation processes as well as the operating principles 

behind the filtration-compatible technique of electrochemical impedance spectroscopy. 

2.1 Overview of Pressure-Driven Membrane Processes 

Membrane processes have gained increasing use in municipal and industrial 

systems due to their unique ability to produce high-quality filtration products in a variety 

of settings. This has led to their deployment in operations ranging from water treatment 

to food and pharmaceutical processing to oil and gas production. With their adaptability 

and cost-efficiency, membrane filtration serves as a competitive alternative to 

conventional solution purification techniques. Despite these advantages however, 

membranes suffer from the unavoidable problem of fouling. In order to optimize their 

performance and expand the possibilities for membrane technology, it is essential to 

develop novel techniques that address their limitations and amplify their benefits. This 

chapter discusses the operation and application of membrane processes as well as new 

developments in conductive membrane formulations and the adoption of electrochemical 

techniques to maximize their usage. 
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2.1.1 Introduction to Membranes 

A membrane is a semi-permeable barrier that permits the passage of certain 

materials in a solution while rejecting or retaining others. Permeation is driven with the 

application of an external force, which may consist of a pressure, concentration, thermal 

or electrical gradient. Depending on the composition of the membrane, the separation of 

solutes can occur based on the physical size, electrical charge, chemical character, or 

vapor pressure of the rejected species. For particles with diameters larger than å100 nm, 

separation is typically achieved through size exclusion under the influence of a pressure 

gradient [32]. This process relies on porous membranes typically containing finger-like 

macrovoids and is termed microfiltration (MF). Porous membranes are also frequently 

utilized in ultrafiltration (UF), which is characterized by the removal of particles with 

sizes between 0.01-0.1 ɛm and molecular weights from 10-1000 kDa [33]. Nanofiltration 

(NF) and reverse osmosis (RO) are used for the separation of solutes with sizes on the 

order of water molecules, such as aqueous monovalent and divalent salts, which require 

much denser, sponge-like ñnon-porousò membranes along with substantially higher 

applied pressures to achieve separation. 

Membranes can be made from liquids, metals, ceramic and polymeric materials, 

but polymer-based membranes will be the focus of this document. The value of 

polymeric membranes resides in their simple and relatively low-cost fabrication as well 
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as their amenability to modification in order to satisfy the specific needs of different 

separation processes. Properties including pore size and structure, surface charge, 

nanomaterial content, and electrical conductivity can be tailored to change the 

contaminant selectivity and filtration performance of the membrane. Moreover, 

fabrication can be easily expanded to support industry-scale production. As a result, 

polymeric membranes have gained wide use within a variety of commercial enterprises 

ranging from water purification and beer and dairy refinement to pharmaceutical 

preparation and transdermal drug delivery [34].  

Polymeric membranes are predominantly constructed as either spiral-wound flat 

sheets or hollow fibers within cylindrical housing modules. Membrane separation may be 

executed in dead-end mode, which entails a feed flow that is perpendicular to the 

membrane surface, or in cross-flow mode, which utilizes a tangential feed flow moving 

across the membrane surface. In both cases, the water that passes through the membrane 

emerges as the clean ñpermeate.ò Cross-flow filtration profits from high shear stresses 

that can mitigate biofouling and mineral scaling via fluidic abrasion; this modality, 

typically paired with spiral wound membrane modules, predominates in NF and RO 

processes [35].  

One of the most prominent membrane applications is the desalination of seawater 

and brackish groundwater with the use of reverse osmosis. RO is a high pressure-driven, 
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diffusion-controlled process that can remove solutes as small as monovalent salts. It has 

become one of the most competitive desalination techniques due to its low energy 

consumption, a consequence of the absence of the evaporation step that is needed for 

other distillation-based methods. In RO systems, the greatest energy costs come from the 

electric power used to drive the process pumps [36]. Tremendous applied pressuresð

between 40-82 bar for seawaterðare needed to overcome the combination of hydraulic 

resistance from the restricted pore network and osmotic pressure, which grows in 

proportion to the salinity gradient between the feed and permeate streams. However, RO 

can be preceded with MF and UF pretreatment steps to reduce osmotic pressure-related 

energy consumption and to prolong the life of the RO system.  

2.1.1 Membrane Performance and Limitations 

Membrane system performance is characterized with parameters that describe 

product throughput and quality. Throughput is given by volumetric flux (ὐ), which is 

defined as the permeate flow rate (ὗ ) per wetted filtration area (ὃ ), as shown in 

Equation 2.1: 

ὐ
ὗ

ὃ
ςȢρ 
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Flux is also proportional to the pressure gradient across the membrane (), which 

consists of the pressure difference (ɝὖ), also called the transmembrane pressure (TMP), 

that drives the solvent through the pores divided by the distance traveled by the permeate 

(ὰ), which is roughly equal to membrane thickness. Ὧ is a permeability factor. This 

relationship is articulated in Darcyôs Law as:    

ὐ
Ὧɝὖ

ὰ
ςȢς 

Product quality is expressed as rejection (Ὑ), a measure of membrane selectivity. If the 

object of membrane filtration is to achieve a purified water permeate, then R refers to the 

retention of solutes in the membrane and concentrate, or retentate. Rejection reaches a 

maximum value of one when the solute is completely retained and the solvent, water, 

passes through the membrane. Rejection is given by Equation 2.3: 

Ὑ
ὧ ὧ

ὧ
ςȢσ 

where ὧ is the solute concentration in the feed and ὧ is the solute concentration in the 

permeate.  

Unfortunately, membrane technology is troubled with the seemingly intractable 

problem of degradation due to fouling. Membrane fouling results from the deposition and 
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adsorption of solutes in the raw water feed stream. Convective forces transport 

contaminants ranging from microorganisms and organic materials to colloidal substances 

and mineral scalants onto the membrane surface and into the pore network. This activity  

obstructs water flow and leads to declining permeate fluxes as well as poor solute 

selectivity. High operating costs are incurred by the pressure forces required to maintain 

sufficient flux rates. Furthermore, amassed foulant layers may develop into thick and 

impermeable films that can become impossible to remove without chemical treatment, 

otherwise known as irreversible fouling.  

Attempts to create more fouling-resistant membranes have centered on surface 

property modification and nanomaterial incorporation. The membrane properties that 

have primarily been targeted include hydrophilicity, roughness, and surface charge [32]. 

Nanomaterials ranging from carbon nanotubes [20-22, 24, 25, 37] to silver nanoparticles 

[38] and iron oxide nanopowder [39] have been added to membranes to reduce fouling to 

varying degrees of success. Other methods that have been developed to mitigate fouling 

have largely involved  pretreatment steps, such as coagulation and flocculation [40].  

MF and UF membranes can be recovered by cleaning via backwashing if they are 

flushed before the point of irreversible fouling. NF and RO membrane systems are not 

backwashed because the design of spiral wound membranes generally does not allow for 

reverse water flows. Therefore, fouling for these membranes is chiefly controlled with 
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chemical cleaning, in addition to cross-flow shear forces. Different chemicals are used to 

treat specific kinds of fouling. For example, citric acid may be used to dissolve inorganic 

scaling. Strong bases, such as sodium hydroxide, are typically used to remove organic 

material. Concentrated disinfectants, such as chlorine and sodium hypochlorite, are 

applied to preemptively limit biofouling [35]. 

2.2 Principles for Integrity Monitoring in Membrane Filtration 

Systems 

Effective integrity monitoring methods are necessary to optimize the performance 

and energy costs of the filtration process. Monitoring techniques should ideally be 

affordable, accurate, non-destructive, and they should take place in real time. Typical 

membrane performance assessment techniques are described in the following sections.  

2.2.1 The Current State of Membrane Performance Assessment  

One of the most indispensable and yet most basic parameters to monitor in 

membrane filtration systems is fluid flow. Flow measurements are used to control 

numerous water treatment processes, ranging from the delivery of raw water to the 

filtration system to the proper dosing of pre-treatment and flocculation chemicals as well 

as the determination of mixing speeds, pump power, and permeate quality via abrasive 
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fouling control [41]. Permeate flux rate is, of course, the primary indicator of membrane 

performance and productivity.  

The main process flowsðconsisting of feed, permeate and concentrate streamsð

are typically measured using mass flowmeters, magnetic, ultrasonic, or differential 

pressure devices. However, these techniques have their limitations. Mass flowmeters and 

differential pressure sensors, such as venturi meters and pitot tubes, tend to be less 

expensive but can incur significant head losses that lead to increased energy consumption 

and reduced flow. Magnetic flowmeters are non-intrusive devices that rely on magnetic 

induction to measure flow, however the fluid to be measured must maintain a certain 

minimum conductivity and minimum flow rate in order for the inductive effect to be seen 

[42]. Ultrasonic devices are similarly non-intrusive but produce inaccuracies when 

particles in the fluid interfere with the ultrasonic signal. As a result, magnetic flowmeters 

may be unsuitable for poorly conductive or low velocity desalinated permeate streams 

and ultrasonic devices would be ill-paired with particle-laden feed and concentrate flows. 

Ultrasonic sensors would furthermore benefit from verification from other sensors if used 

to monitor permeate flow, which may experience a gradual increase in salt content over 

time as membrane performance degrades. 

Dissolved oxygen concentration and salt passage (via conductivity) are used as 

indicators of membrane fouling. Oxygen uptake changes in the presence of 
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microorganisms and permeate conductivity may vary based on the development and 

compaction of foulant layers. In RO and NF systems, conductivity is a direct 

measurement of pure water product quality. Ultrasonic time-domain reflectometry 

(UTDR) is a non-invasive technique that utilizes sound waves to detect biofilm growth 

on membrane surfaces. However, most studies utilizing UTDR to monitor membrane 

biofouling have been performed in the lab as opposed to industrial settings. Many of 

these techniques serve as proxies for fouling or other forms of membrane degradation, 

but do not assess changes at the membrane surface directly.  

2.2.2 Evaluating Concentration Polarization for Membrane 

Performance 

For pressure-driven membrane filtration processes, the fundamental mechanisms 

of fouling consist of the deposition and adsorption of foulants onto the surface and within 

the membrane matrix, ócakeô formation from the accumulation of rejected solids, mineral 

scaling due to salt precipitation, and biofilm creation from microorganisms [43]. A 

typical three-stage flux decline profile for micro- and ultrafiltration is shown in Figure 1a 

{Abdelrasoul}. The initial rapid drop (stage I) results from the narrowing of pores 

associated with the fast deposition and adsorption of foulants. Flux decline slows in stage 

II as pore blocking becomes more complete, and eventually plateaus to a steady state 

during the formation of a foulant cake layer in stage III (Figure 1b). 
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Figure 1: Schematic presentation of three-stage permeate flux decline (a) and 

associated fouling mechanisms (b). 

Concentration polarization (CP) is a reversible phenomenon that precedes these 

events (shown in Figure 1b). It refers to the buildup and concentration of dissolved 

solutes at the membrane surface, exceeding the foulant concentration in  the bulk solution 

[44]. Beyond a critical solute concentration and pressure, the CP phase transitions from 

having solution-type behavior to showing immobile, cake or gel-type behavior [45]. In 
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RO and NF processes, CP can lead to elevated salt concentrations, and thus contribute to 

the formation of precipitated mineral ñscalesò on the membrane surface [46]. Foulant 

layer deposition generates additional hydraulic resistance to the flow as well as much 

higher osmotic pressures at the membrane/solution interface that oppose the 

transmembrane pressure driving force [47]. CP can therefore serve as an important 

indicator of forthcoming fouling effects so that measures may be taken to clean the 

membrane before fouling becomes irreversible.  

The shift from CP to cake formation can be described with a dimensionless 

parameter called the filtration number, ὔ , above which a cake layer will form. ὔ  is a 

function of applied pressure, Ўὖ, the osmotic pressure difference between membrane 

surface and permeate, Ʉ, permeate flux, ὐ, solvent viscosity, ɛ, particle radius, ap, solvent 

viscosity, membrane (hydraulic) resistance, Rm, the Boltzmann constant, k, and absolute 

temperature, T [48, 49]:  

ὔ
τ“ὥ Ўὖ Ў  ʈz Ὑ ὐz

σὯὝ
ςȢτ 

 In current water treatment practices, fouling is generally diagnosed using indirect 

methods in which volumetric flux decline is monitored as the consequence of membrane 

degradation. Unfortunately, detectable losses in permeate flux are usually only observed 

after significant fouling has already occurred. This problem is particularly pernicious in 
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large scale desalination systems where many different flows are combined and averaged. 

Lab-scale attempts to observe CP directly have mostly focused on optical and acoustic 

methods, ranging from light deflection techniques, magnetic resonance imaging and radio 

isotope labeling to electronic diode array microscopy as well as some direct pressure 

measurements that tend to disrupt the CP layer being studied [50]. While these devices 

are certainly cutting-edge, few are suitable for use in industrial applications owing to 

their high operational costs and extensive instrumentation.  

Alternatively, CP has also been captured using electrochemical methods, which 

are generally simpler to execute and may ultimately be easier to integrate into online 

membrane processes. Cobry et al. reported on the fabrication of a CP sensing device that 

relies upon conductance and capacitance readings between wall-mounted sensing 

electrodes and the conductive feed to assess the conductivityða  proxy for 

concentrationðof the CP layer [51]. Other studies have also had success using 

electrochemical impedance spectroscopy to measure CP by equipping RO flow cells with 

electrodes to monitor the AC current response of the system after the injection of a small 

AC voltage signal [14, 18]. While evidence has been shown that EIS can serve as a 

method for the examination of CP, conductive membranes have not yet been used to 

function as electrodes within a CP-detecting EIS system.  
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2.3 Conducting Membranes 

Over the past decade, there has been a surge of research interest in conductive 

membrane applications. Electrically conducting filtration membranes have been utilized 

for purposes ranging from fouling mitigation to specific analyte sensing [20, 21, 24, 25, 

37]. Because conducting polymers are not as resilient to the pressure forces and chemical 

exposure that typical membrane polymers experience, most conducting membranes are 

synthesized through the incorporation of metal nanoparticles or graphitic carbon into 

membrane casting solutions or the deposition of conductive materials onto a porous 

support [37]. Alternate fabrication techniques include embedding metallic meshes into 

membrane sheets [52] and developing conductive, porous ceramic materials [26, 28, 29]. 

Initial efforts to create conductive membranes were largely dedicated to the 

pursuit of fouling control. Silver nanoparticles and carbon nanotubes (CNTs) have been 

particularly sought after for this purpose [53, 54]. Much of the early work consisted of 

incorporating metallic nanoparticle and multi-walled carbon nanotube (MWCNT) into 

different polymer matrices to form nanocomposite ultrafiltration and nanofiltration 

membranes [55-58]. Along with enhanced fouling resistance, it was found that pure water 

flux and salt rejection could also be increased by adding the appropriate amount of CNTs 

to the polymer solution [59]. Other work done to incorporate functionalized CNTs into 

membrane polymers has shown that such amendments can induce changes in 
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hydrophilicity, pore morphology, and surface charge, which can then lead to improved 

permeability, selectivity, and fouling resistance [56, 60-62]. 

2.4 Electrochemical Impedance Spectroscopy: Theory and 

Application 

Electrochemical impedance spectroscopy (EIS) is a sensitive technique that can 

be used to untangle complex non-linear processes in a variety of materials. Applications 

ranging from battery and super-capacitor functionality to electroplating baths, corrosion 

studies, and fuel cells [63] rely on impedance spectroscopy for quality control 

assessment. This method operates by measuring the impedance response of 

electrochemical systems across a set of frequencies. By applying a sinusoidal voltage or 

current signal, EIS can detect solution conductance, redox activity, double-layer 

capacitance, and other electrochemical features in a matter of minutes.  

Filtration membranes conceal a variety of electrochemical phenomena that occur 

during operation, and they are typically immersed in at least minimally conductive 

liquids. As such, they are ideal candidates for in situ EIS analysis. While this technique 

has been embraced by some membrane researchers, studies have primarily focused on 

functional characterization or RO membrane fouling measurement and there still appear 

to be many gaps in understanding the impedance data interpretation. There is also a well 
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of untapped potential in paring this electrochemical method with electroactive 

membranes, which one other group has attempted so far [26, 28, 29]. These studies and 

other applications will be explored alongside the theory of EIS in the following sections. 

2.4.1 EIS Theory 

 Potentiostatic EIS is performed by applying a small amplitude alternating 

potential (Eo) to an electrochemical system at a given frequency (f) [64]. The excitation 

signal is expressed as a function of time: 

Ὁὸ ὉÓÉÎ‫ὸ ςȢυ 

where Eo is the amplitude of the voltage perturbation and ɤ is the angular frequency, ɤ = 

2f́. The current response (I(t)) is assumed to be governed by resistive elements and 

frequency-dependent inductive and capacitive elements, which affect the amplitude (Io) 

and phase shift (◖) of the measured current, respectively. The alternating current response 

takes the form: 

Ὅὸ ὍÓÉÎ‫ὸ ‰ ςȢφ 

Impedance (Z(ɤ)) is an expression that represents the relationship between the applied 

potential and measured current. It can be calculated according to Ohmôs Law as: 
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ὤ‫
Ὁὸ

Ὅὸ

ὉίὭὲ‫ὸ

ὍίὭὲ‫ὸ ‰
ςȢχ 

Z(ɤ) is a vector quantity consisting of two scalar phenomena: resistance and 

capacitive/inductive reactance. Electrical resistance refers to the tendency of a material to 

oppose electron flow, whereas reactance is an expression of the degree to which a system 

stores and releases energy in response to voltage/current fluctuations in an AC cycle. 

These contributions are described with real and imaginary numbers, respectively, in the 

complex domain. By applying Eulerôs relationship, Ὡ ὧέί‰ὮίὭὲ‰, the 

trigonometric forms of the perturbation potential and response current can be expressed 

in their complex representations, where j = ã-1, Ὁὸ ὉὩ , and Ὅὸ ὍὩ , 

according to Eqn. 2.8. The resulting complex function can be simplified by taking the 

quotient of the signal and response amplitudes, 
 
, to be equal to the impedance vectorôs 

magnitude, |Z|: 

ὤ‫
Ὁὸ

Ὅὸ

ὉὩ

ὍὩ
ȿὤȿὩ ȿὤȿὧέί‰Ὦ ίὭὲ‰ ςȢψ 

Impedance can then be separated into its real (Zreal) and imaginary (Zimag) parts: 

ὤ‫ ὤ Ὦὤ ςȢω 
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Impedance magnitude (|Z|) and phase angle (◖) are also interrelated through the vector 

components, Zreal and Zimag, via the relationships: 

ȿὤȿ ὤ ὤ   ὥὲὨ ‰ ÔÁÎ
ὤ

ὤ
ςȢρπ 

Impedance magnitude and phase angle data verses frequency are represented in 

Bode plots, while Zreal and Zimag are displayed in the x and y-axes of Nyquist plots, 

respectively. Accordingly, Bode and Nyquist spectra show different aspects of the same 

information (Figure 2). Individual points on the Nyquist plot represent impedance data 

assessed for a single frequency; the frequencies ascend from low to high if reading the 

plot from right to left. The shapes of the Bode phase and Nyquist plot forms can give 

indications about the number and ideality of distinct electrochemical phenomena in the 

test system [65].    
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Figure 2. Example Bode and Nyquist plots 

Impedance spectra can be further elucidated with the use of equivalent circuits, 

whose elements represent physical and chemical processes in the electrochemical 

environment. In a simple faradaic system consisting of a working electrode in a solution 

containing an inert electrolyte and a reversible redox probe with no mass transfer 

limitations, total impedance derives from bulk solution resistance (Rsol) and solution 

capacitance (Csol) in series with redox charge transfer resistance (Rct) and double-layer 

capacitance (Cdl) at the electrode-solution interface. This is known as the Randles Circuit. 

The impedance of the bulk solution as well as the electrode-solution interface can be 

described with a parallel resistor and capacitor (RC, also known as a Voigt element) 

using the relation: 

ὤ
ρ

ὤ

ρ

ὤ

Ὑ

ρ Ὦ‫Ὑὅ

ρ

Ὃ Ὦ‫Ὑὅ
ςȢρρ 
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where ZR and ZC are the impedances of the resistor and capacitor and G ſ conductance, 

1/R [66]. The product of RC gives the characteristic time constant for that Voigt element; 

the characteristic frequency can then be found from: 

Ὢ
ρ

ς“Ὑὅ
ςȢρς 

 An idealized non-faradaic system does not possess any redox-active analytes and 

therefore is comprised of only Rsol and Csol in series with Cdl [67, 68]. Yet in non-ideal 

real systems, Csol is often very small due to the wide spacing of measuring electrodes and 

can therefore be neglected. Additionally, redox impurities in the solution or leakage 

currents can lead to a resistance element (Rsurf) that operates in parallel with the Cdl [69, 

70]. For non-Faradaic membrane systems, Cdl is a critical parameter for tracking and 

characterizing changes that take place on and within the membrane. Surface 

heterogeneity and roughness may cause the Cdl to deviate from ideal behavior, in which 

case a constant phase element (CPE) should be used in the equivalent circuit. The CPE 

utilizes an exponent, Ŭ, in a range 0 < Ŭ < 1 to describe the degree of nonideality. Lower 

Ŭ values suggest imperfect capacitive behavior. Cdl can be determined from CPE values 

in both parallel and series arrangements using Eqn. 2.13 [71]: 

ὅ ȟ  

ὅὖὉzὙ

Ὑ
  ὥὲὨ  ὅ ȟ  ὅὖὉzὙ ςȢρσ 
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  Additionally, total complex capacitance (C(ɤ)) can be derived directly from 

impedance measurements via Zimag at a given frequency without the use of equivalent 

circuit modeling, as shown in Eqn. 2.14. Complex capacitance, like impedance, is 

composed of both real and imaginary parts that relate to system charge storage and 

dielectric losses, respectively [72, 73]: 

ὅ‫  
ρ

Ὦ‫ὤ
 ὅ Ὦὅ ςȢρτ 

Complex capacitance graphs can be constructed like Nyquist plots with the real and 

imaginary capacitance components assigned to the x and y-axes. These plots can relay 

information about the capacitance of certain parameters given that the capacitive 

elements express sufficient ideality (CPE Ŭ å 1) [74]. 

The theoretical capacitance of a component can also be estimated from system 

parameters using Eqn. 2.15:  

ὅ
‐‐ὃ

ɝὼ
ςȢρυ 

where ὑ0  is the permittivity of free space (å 8.854 x 10
-12 F/m), ὑi is the permittivity of 

the dielectric material, A is the effective area, an ȹx is the distance between the capacitor 

plates. Experimentally derived capacitance values from either direct impedance 
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measurement or equivalent circuit modeling should agree with theoretical capacitance 

calculations. Therefore, theoretical capacitance should be able to serve as a verification 

for the equivalent circuit results. 

2.4.2 EIS Operation 

EIS measurements are typically performed with a signal-generating potentiostat 

coupled to a frequency response analyzer. In potentiostatic mode, small alternating 

potential perturbations around 5-10 mV are applied to the test system; they may be 

superimposed onto a constant DC voltage or simply conducted at the open circuit 

potential of the system (applied DC voltage = 0 V). Small perturbations are chosen in 

order to avoid large over-potentials that may disturb the electrochemical environment by 

generating auxiliary charge transfer reactions [75]. Impedance studies are best conducted 

in three and four-electrode arrangements. Three-electrode arrangements reveal processes 

happening in the electrolyte solution as well as the electroactive surface. They are 

composed of an inert ñcounter electrodeò (often platinum or graphite) that carries the 

current, a ñreference electrodeò with a stable, well-characterized cell potential (such as 

silver/silver chloride or the standard hydrogen electrode) that participates in 

measurement, and the sensing ñworking electrodeò at which reactions of interest take 

place. Four-electrode systems give information about processes happening between the 

measuring electrodes but avoid electrode-electrolyte surface phenomena. They are best 
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utilized in non-conductive membrane or other thin film studies in which reactions at 

electrode-solution interfaces are not relevant. Four-electrode are configurations utilize 

two current-carrying electrodes that apply the signal and two sensing working electrodes 

to measure the response. Electrochemical solutions must contain an (ideally inert) 

electrolyte to facilitate electric current flow. To avoid interference from stray 

electromagnetic waves that may emanate from motors or powerful instrumentation, the 

electrochemical cell under study may be placed within a Faraday cage [74]. 

2.4.3 Applications 

One of the great merits of EIS is its versatility as tool for analyzing a variety of 

systems. Since its origin in the 1970ôs, EIS has been used to investigate corrosion and 

passivation reactions [76], the dielectric and conduction properties of materials, and the 

charge storage capacity of batteries and supercapacitors [77-79] amongst numerous other 

applications [80, 81]. Membrane research has also benefited from the adoption of 

impedance spectroscopy, although the implementation and understanding of this 

technique is still growing among the non-native electrochemists in the field. With the 

exception of recent work by Jing et al.[28, 29] and older work by Chilcott and Gaedt [10, 

27], most water filtration membrane studies employing EIS have examined non-

conductive reverse osmosis membranes in four-electrode set ups [9, 13, 15-19]. 

Moreover, the majority of independent (from unaffiliated labs) studies have focused on 
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membrane characterization in contrast to in situ fouling analysis. The application of EIS 

in membrane studies will encompass the focus of the following sections. 

2.4.3.1 Membrane Structural Characterization with EIS 

Academics associated with the Coster group (originally at the University of New 

South Wales, currently at the University of Sydney) feature prominently in the published 

literature on EIS and membrane research. In 1992, H.G.L. Coster et al. published a 

breakthrough study about the characterization of polymeric ultrafiltration membranes 

with EIS. They found that electrochemically and spatially distinct layers within the 

membrane, comprising the active and support layer, could be identified with capacitance 

and conductance dispersions across a frequency spectrum. By analyzing variations in the 

dispersions, they were able to deduce the values for individual capacitive and resistive 

elements by modeling the system with an equivalent circuit. The circuit was composed of 

several RC elements in series, famously known as the Maxwell-Wagner model [8]. Ten 

years later, students of Costerôs, T.C. Chilcott and L. Gaedt, would go on to pair EIS with 

conductive sputter coated UF membranes in order to more sensitively probe the 

membrane-solution interface.  They used a four-electrode arrangement connected to the 

conductive coating to examine membrane surface properties, but their apparatus was not 

designed to look into the membrane interior[10, 27] [27]. Around the same time, Canas et 

al. characterized the active and porous sublayers of a reverse osmosis membrane using 
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EIS. While membrane capacitance values were virtually independent from ionic strength, 

they found that interior pore resistance showed a strong dependence on electrolyte salt 

concentration, suggesting that their salt-rejecting membranes were still quite susceptible 

to salt intrusion [9]. A. Antony worked with Chilcott and Coster on an investigation into 

the structural and functional characterization of RO membranes. They also used the 

Maxwell-Wagner model to describe a variety of phenomena purported to take place 

within their four-electrode membrane system. Their model resolved four electrically 

distinct layers within the membrane plus an additional layer in the solution phase at the 

membrane surface [18]. Again in 2015, Chilcott et al.  used EIS with the Maxwell-

Wagner model to characterize the compaction, ionic barrier, and hydrodynamics of 

reverse osmosis membranes during cross-flow operation. Along with 6 circuit elements in 

series, they incorporated another component to account for flux-dependent hydrodynamic 

impedances they discovered in their work [82].  

EIS has also been used to support the structural and functional analysis of 

nanofiltration membranes. In 2006, Zhao et al. used EIS to perform dielectric 

characterization of NF membranes in eight different electrolytes. In all conditions, they 

found two dielectric relaxations corresponding to three phases in the system, which they 

attributed to the dual structure of the NF membrane and the electrolyte solution at the 

membrane interface. Differences between the membrane layers arose due to variations in 
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porosity and fixed charge content [83]. Montalvillo et al. also conducted charge and 

dielectric analysis of NF membranes using EIS. Similarly, equivalent circuit fitting 

yielded three distinct phases. However, they ascribed those phases to the NF active layer, 

a combination of the support layer and bulk solution, and a polarization layer at the 

electrode-electrolyte interface. They used a four-electrode set up, which is designed to 

account for and thus bypass electrode-electrolyte interface phenomena, so it is 

conjectured here that other processes may have given rise to the apparent relaxation [84]. 

Xu et al. compared electrolyte type and concentration in an EIS study of sulfonated PES 

NF membranes. They found that both ion species and concentration influenced the 

resistance, but not the capacitance, of the active layer. Additionally, they were able to use 

capacitance values resolved from equivalent circuit fitting to estimate the thickness of the 

active layer, which they verified with SEM measurements [12]. In 2014, NF membrane 

active layers were physically isolated, immersed in different mono- and divalent salt 

solutions, and subsequently surveyed with EIS in a liquid mercury electrolyte cell by 

Efligenir et al. They argued that including other parts of the membrane, such as the 

porous support, dominated impedance, making it difficult to analyze the properties of the 

active layer. Unlike the findings from many other membrane characterization studies, 

they claimed that the active layer pore conductivity exceeded the liquid mercury 

electrolyte conductivity, which they accredited to fixed counterion charges on the pore 

walls [85].  
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Several EIS studies have also been conducted for the characterization of 

ultrafiltration and microfiltration membranes. In 2018, Diaz et al. compared four-

electrode EIS with saline flux and membrane potential measurements to assess the charge 

density inside microfiltration membranes. Their electrochemical cell also utilized liquid 

mercury for the electrolyte. From EIS model fitting, they found that two layers best 

described their system, corresponding to the active layer pore network andðlike their lab 

colleague, M. Montalvilloða polarization layer at the electrode-solution interface, which 

was justified with the same argument. The resulting EIS model pore conductivities were 

in good agreement with the membrane potential measurements. Their pore resistance 

values were also significantly higher than those resolved by Efligenir et al., who 

immersed their membranes in lower ionic strength solutions and who employed the same 

kind of mercury cell [86]. Huang et al. evaluated the effect of electrolyte concentration on 

the impedance analysis of polysulfone ultrafiltration membranes. They asserted that two-

RC element models better fit systems with electrolyte concentrations < 0.1 M, whereas 

salt solutions with larger ionic strengths were better described with single-RC element 

equivalent circuits [87]. In examining the impedance response of PES UF membranes, 

Palencia et al. also concluded that equivalent circuits with two elements accurately 

defined their systems. The two phases were assigned to the active and support layers of 

the membrane [88]. 
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2.4.3.2 Membrane Fouling Assessment with EIS 

It is a testament to the achievements of the Coster and Chilcott research groups 

that their work proliferates in the literature on EIS-monitored membrane fouling. Studies 

authored by these researchers far outnumber others in this subject area. To their credit, 

their four-electrode electrochemical RO system has been systematically applied in 

numerous investigations and shown to produce reliable results. However, there is a need 

for more independent studies utilizing EIS for the characterization of RO systems. 

Furthermore, research about the application of EIS for UF and MF as well as conducting 

membrane fouling is lacking.   

J.M. Kavanagh, part of the Coster group, surveyed RO membranes before and 

after fouling with EIS in a four-electrode set up. Their system was modeled with an 

equivalent circuit composed of three RC elements assigned to the membrane support and 

active layer as well as an ion diffusion impedance that appeared at low frequency. Both 

equivalent circuit fits and impedance spectra revealed discernible differences between 

fouled and unfouled states. Notably, the conductance of the skin layer decreased with 

fouling [13]. J. Cen et al., who also worked with the Coster lab, used EIS for the real time 

monitoring of RO fouling. Their membranes were fousled with an industrial effluent, 

cane molasses fermentation wastewater (CMFW), and two model contaminants, colloidal 

silica and bovine serum albumin (BSA). They assessed conductance and capacitance 
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dispersions without modeling their impedance data and found that low frequency 

capacitance measurements were more sensitive to fouling than either conductance or flux 

decline. Low frequency capacitance values were seen to decrease for BSA and CMFW 

fouling but rise for colloidal silica. Additionally, they noticed inductive phenomena in 

their system, as evidenced by negative Zreal loops in the Nyquist plots, which is an 

interesting and atypical result in EIS-monitored membrane studies [89]. Another member 

of the Coster lab, J. S. Ho, published two studies in which EIS was employed for the 

analysis of colloidal silica fouling in RO membranes. In their 2016 work, Ho et al. 

investigated the effect of permeate flux rate on colloidal silica cake formation. Their EIS 

analysis focused on conductance as the key detection parameter, which they derived for 

different membrane and solution layers using fitted elements from the Maxwell-Wagner 

model. Colloidal silica cake development and the associated conductance parameter was 

shown to depend strongly on a threshold flux. Conductance was seen to steadily rise at 

fluxes higher than the threshold (35 L/m2h), which they attributed to the formation of a 

stagnant cake layer and the accumulation of rejected salts within [15, 19]. In 2017, Ho et 

al. conducted an intriguing field study in which they transferred their electrochemical 

equipment to a canary cell that was installed on a side stream of an RO membrane train at 

the NEWater treatment plant in Singapore. They tracked changes in the real impedance 

(Zreal) assigned to diffusion polarization in the membrane-solution boundary layer. Zreal 

was observed to increase over time and eventually decrease, which was explained by the 
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accumulation of non-conductive foulants on the membrane surface followed by the 

trapping and accumulation of salts [15].  

 Another researcher affiliated with the Coster group who has published on 

membrane fouling assessment via EIS is L. N. Sim. In 2013, Sim et al. evaluated the 

effects of BSA and colloidal silica fouling on RO membranes with in situ impedance 

measurements. The authors eschewed equivalent circuit models in favor of capacitance 

and conductance plots for the assessment of membrane integrity. Silica fouling produced 

conductance and capacitance dispersions that decreased across all frequencies even 

before significant changes in transmembrane pressure were observed, suggesting the 

buildup of a silica concentration polarization layer that displayed electrochemical 

variation. Eventually the conductance of the surface layer increased, like other RO 

membrane fouling studies, indicating the development of a thick, stagnant cake layer that 

hindered the back-diffusion of rejected salts. With BSA, there was evidence of a dense 

but thin film that caused the capacitance and conductance plots to decrease monotonically 

with time. Fast changes in the Nyquist plots within the first five minutes of the 24 hour 

experiment led the authors to propose that EIS was able to detect the immediate 

adsorption of BSA to the membrane surface [14]. L. N. Sim et al. released another study 

in 2016 in which they used EIS to track changes in RO membranes during fouling and 

after cleaning. Colloidal silica and sodium alginate were chosen as the model foulants. 
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Similar to their previous work, Sim et al. saw conductance decreases followed by 

increases for both silica and alginate foulant layers. However, they also modeled their 

data with an equivalent circuit comprised of six RC elements in a Maxwell-Wagner 

series. Active ñskinò layer capacitance was seen to decrease over time whereas sublayer 

capacitance was shown to slightly increase. The fouled membrane weas then backwashed 

with a sodium chloride solution for 17 hours, after which the membrane was restored to 

its initial state according to its electrochemical parameters [17]. 

Calcium sulfate scale formation on the surface of RO membranes was evaluated 

with EIS by Z. Hu et al. Working with A. Antony, Hu et al. identified six electrically 

distinct layers in the membrane system, which they assigned to specific frequencies 

according to Antonyôs previous work [18]. As a result, the authors focused on 

capacitance and conductance dispersions as opposed to equivalent circuit models. The 

capacitance and conductance of the various layers were then compared to flux decline 

measurements. The rate of change of the conductance values associated with the 

polyamide coating was most dynamic and was shown to be higher than flux decline. The 

authors thus proposed that tracking changes in conductance in the frequency range of 10-

100 Hz could be used to monitor reversible scale formation on the surface of RO 

membranes [87]. Li et al. conducted an ex situ two-electrode EIS analysis of 

concentration polarization with RO membranes; thus, their filtration cell was separate 
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from their electrochemical measurement cell. The authors used pH equivalents to account 

for the changes in the electrochemical properties of the membranes under study. 

Filtration of a Fe(III) chloride solution produced capacitance and resistance changes that 

led to pH equivalent differences that appeared before any significant decline in fouling 

was observed, leading them to propose that EIS was able to capture pre-fouling 

concentration polarization [90]. However, concentration polarization is a phenomenon 

that occurs in the solution adjacent to the membrane surface due to the pressure-driven 

accumulation of foulants and salts, so removing the membrane from the filtration cell to 

test it in an ex situ electrochemical apparatus poses some limitations for that kind of 

analysis.  

Polymeric UF membrane fouling was assessed with EIS by two independent 

researcher groups in 2018. Gao et al. examined BSA fouling on UF membranes under 

different ionic strength conditions. They characterized their membrane system with a 

double-RC element equivalent circuit model, ascribed to the membrane-solution interface 

and active layer. It was observed that the resistance and capacitance of each layer 

increased and decreased over the course of filtration, respectively. Additionally, the 

impedance data suggested that the BSA layer became denser and more restrictive to 

water and solutes as electrolyte concentration rose, which was supported by the 

hypothesis that increasing ionic strength leads to diminishing electrostatic repulsion 
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between like-charged protein molecules as well as the membrane surface [91]. Sengur-

Tasdemir et al. also studied the effects of BSA fouling on UF membranes, but in a 

separate electrochemical cell from the filtration unit. They similarly described the initial 

condition of the membrane with two electrochemical phases but later added an additional 

RC element to the circuit to represent the fouled BSA layer on the membrane surface 

[92]. 

Finally, Y. Jing and L. Guo were amongst few researchers to utilize a conductive 

membrane in their EIS-supported fouling analysis, which they conducted in a three-

electrode arrangement using their membrane as the óworking electrodeô. The authors 

fabricated a ceramic tight UF membrane using conductive Magneli-phase titanium 

dioxide (TiO2). They also employed a redox probe to directly evaluate charge transfer 

reactions within the reactive electrochemical membrane (REM). Due to the high surface 

area exposed by the pore network, the REM demonstrated excellent sensitivity to 

electrochemical reactions for both membrane functional characterization and fouling 

assessment. The equivalent circuit that best described the system utilized a transmission 

line model, which are typically used to describe porous electrodes. The REM was not 

only electrochemically responsive to humic acid fouling, it was also able to be cleaned 

and regenerated by applying a voltage after backwashing. Flux recoveries increased 
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tenfold from the fouled condition, although chemical cleaning was necessary to fully 

restore flux to 100% of the initial value.  

In effect, Jing et al. make a strong case for the successful deployment of 

electroactive membranes in three-electrode EIS systems for the real time, in situ 

monitoring of fouling [26, 28, 29]. However, their work relies on the fabrication of 

conductive ceramic membranes, which are limited in their applicability and infrequently 

used in large-scale filtration processes. Polymeric membranes are, on the other hand, 

much more common in municipal and industrial settings as well as the academic lab 

bench. Additionally, electrical conductivity can be achieved with the facile incorporation 

of conductive materials into the polymeric membrane during or after membrane 

synthesis. Thus, the venture described in the following chapters aims to further explore 

the functionality of conductive membrane working electrodes and to demonstrate that this 

effort can be accomplished simply and effectively with polymeric membranes.  
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3. Methods 

3.1 Methodology Development for EIS with Conducting 

Membranes 

3.1.1 Preparation of gold-coated microfiltration membranes 

PES MP005 microfiltration membranes (nominal 0.05 ɛm-pore diameter, 200 

ɛm-thickness) were purchased from Microdyn-Nadir via Sterlitech Corporation. Dry 

membrane samples were lightly attached to plates with double-sided tape to ensure the 

homogeneous distribution of gold over the substrate surface. Samples were gently 

cleaned with air hoses and subsequently sputtered for a total of 50 minutes. Sputtering 

was accomplished with a Denton Desk V sputter-coater furnished with a gold target. The 

deposition conditions included a discharge current of 12 mA in argon plasma. Newly 

made Au-membranes were then backwashed with deionized water (DI water, obtained 

from a NANOpure water purification system with resistivity > 18 Mɋcm) at a pressure 

of 1 bar for 30 minutes to dislodge any loosely adhered gold particles. Au-membranes 

were subsequently air-dried and kept in a dry state until used.  

3.1.2 Physical Characterization 

Au-membrane cross-sectional structure and surface morphology was analyzed 

with scanning electron microscopy (SEM, Apreo S by ThermoFisher Scientific). SEM 

imaging with Energy-dispersive X-ray spectroscopy (EDS) was performed to investigate 
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the infiltration of sputtered gold particles into the membrane active layer. Atomic Force 

Microscopy (AFM, Digital Instruments Dimension 3100) was used to observe and 

quantify the surface roughness of the gold coating. To assess the effect of sputter-coating 

on membrane pore size, capillary flow porometry was undertaken with a Quantachrome 

Porometer 3G. After compacting Au-membranes for 60 minutes, pure water permeability 

was measured by flowing DI water through the experimental flow cell at a pressure of 1 

bar. Permeate flux was measured gravimetrically with a balance that automatically 

recorded weight at 5-second time intervals.  

To estimate the electroactive surface area (EASA) of the gold coating, 2 cm x 2 

cm Au-membrane samples were immersed in a degassed solution containing the 

supporting electrolyte, 0.01 M PBS, and a well-characterized redox probe, 1 mM 

K3[Fe(CN)6]3-/ K3[Fe(CN)6]4-. The solution was held at 25°C. All tests were 

conducted in an anaerobic glove box chamber. Multiple cyclic voltammetry (CV) scans 

were run until the system stabilized. CV scans were conducted at various scan rates, 

ranging from 0.02, 0.05, 0.10, 0.50 V/s. The Randles-Sevcik equation was then calculated 

at different scan rates to yield EASA through Eqn. 8 [93]:  

Ὥ ςφψφππὲὈὅὺὃ σȢρ         

where ip is the peak current in the forward oxidative scan, n is the number of electrons 

transferred between the redox couple (n = 1), D is the diffusion coefficient for the redox 
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couple (6x10-6 cm2/s), C is the redox couple concentration, v is the scan rate, and A is 

the electroactive surface area of the working electrode.  

The redox activity of the idealized control system (anaerobic) as well as the native 

experimental system (air-exposed) was surveyed with cyclic voltammetry testing. CV 

analysis of the control system was conducted in a solution consisting of the symmetric, 

inert electrolyte, potassium nitrate (KNO3) at 0.01 M to avoid interference from the 

hydroxide ions present in PBS {Burke}. CV testing with the experimental system was 

conducted in the electrochemical flow cell using typical 0.01 M PBS solution.   

3.1.3 EIS-Filtration Setup 

Filtration experiments were conducted in a custom-designed electrochemical flow 

cell, shown schematically in Figure 3a and b. The three-electrode flow cell is equipped 

with a platinum mesh counter electrode (3.5 cm x 3.5 cm), silver/silver chloride 

(Ag/AgCl) reference electrode, and stainless-steel contacts that connect with the Au-

membrane working electrode. The flow chamber has a plate-and-frame geometry 

allowing for an effective membrane surface area of 4 cm x 4 cm with 6 mm of depth 

clearance. The flow chamber is electrically isolated from the stainless-steel contacts with 

two vertically aligned rubber O-rings.  
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Figure 3. Electrochemical flow cell with gold-coated membrane oriented to 

measure membrane surface fouling (a) and membrane interior fouling (b).  

Interchangeable feed and permeate ports are found on the top and bottom half of 

the cell. These ports make it possible to change the location of incoming feed and 

outgoing permeate streams so that membrane orientation can be maintained for 

examination of phenomena on the membrane surface or the interior of the membrane 

matrix. For observations of surface membrane fouling (Figure 3a), the membrane is 

positioned with the EIS signal traveling between the gold coating and the reference and 

counter electrodes at the top of the cell, bypassing the membrane interior. To characterize 

interior fouling, the membrane is inverted so that the EIS signal passes through the 

membrane pore network but excludes the exterior of the gold layer (Figure 3b).  In both 

cases, the incoming feed stream is directed at the Au-membrane surface and the outgoing 

permeate emerges from the supporting layer.  
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To prevent the electrolyte from short-circuiting the stainless-steel contacts, the 

flow cell was first loaded with a dry Au-membrane then slowly flushed with DI water for 

30 mins, similar to the protocol used by Cen et al. [94]. Au-membranes were 

subsequently compacted with DI water at 1.5 bar until permeate flow rates stopped 

changing, ~60 minutes. Finally, the three-electrode system comprising the Au-membrane 

working electrode, Ag/AgCl reference electrode, and platinum mesh counter electrode 

was equilibrated by filtering the supporting electrolyte until preliminary open circuit 

potential (OCP) and EIS measurements stabilized, ~30 minutes. Permeate flux was 

measured gravimetrically per unit time and normalized by the flow chamber surface area.  

Dead-end filtration was conducted and maintained at a constant transmembrane 

pressure of 1 bar and solution temperature of 19 ± 2 °C. Fouling was performed using a 

solution of 0.25 g/L pre-filtered BSA in 0.01 M phosphate buffered saline (PBS), 

adjusted to pH 7. The BSA was pre-filtered with 0.2 ɛm PES membranes to remove large 

aggregates. With a conductivity of 8.7 mS/cm, PBS was sufficiently conductive to serve 

as the supporting electrolyte without the need for other salts. No redox-active species 

were added to the BSA-PBS solution. 

3.1.4 EIS Protocol 

EIS was performed in a three-electrode arrangement with a Gamry Reference 600 

Potentiostat. Impedance tests were administered across a frequency spectrum of 0.1-
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100,000 Hz. The alternating excitation potential was set to 10 mVrms vs. the open circuit 

potential (OCP); no DC voltage was applied. Response currents were measured against 

the reference electrode potential. OCP and EIS measurements were taken before the 

foulant was added to the electrolyte feed stream (t0), then at intervals throughout the 

fouling experiment until the permeate flux reached steady state. 

The gold-solution interface was also characterized independently from the 

experimental set up. To assess the effects of gold coating porosity on impedance spectra, 

gold-coated MP005 membranes were compared to gold-coated glass slides sputtered with 

the same procedure. Prior to sputtering, the glass slides were cleaned with soap and water 

followed by a 24-hour bath in 10% nitric acid and 10 minutes of sonication in DI water. 

EIS tests were performed in degassed 0.01 M PBS (no foulant added) within an anaerobic 

chamber to preclude redox reactions from dissolved and atmospheric oxygen. This set up 

constituted the idealized control condition. Devoid of any redox-active species and 

neglecting solution capacitance, the impedance of this system should only consist of 

solution resistance and double layer capacitance at the electrode-solution interface.  

The impedance contribution of the highly porous membrane support layer was 

studied by performing EIS measurements on surrogate PES membranes that featured the 

same minimum pore size (0.1 ɛm) as the support layer. EIS testing was performed under 

typical experimental conditions (three-electrode EIS, air-exposed, 0.01 M PBS) in a glass 
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membrane óH-cell.ô 0.1 ɛm PES membranes were sputter coated using the same protocol 

as the Au-MP005 membranes and oriented (with respect to the reference and counter 

electrodes) to measure impedance at the membrane surface or within the membrane 

matrix. Surface measurements served as the ósolution onlyô case. Surface/solution only 

and interior orientations were evaluated for both MP005 and 0.1 ɛm PES membranes. 

These measurements were then compared with four-electrode EIS tests to exclude the 

impedance contribution from the gold coating (working electrode). Four-electrode EIS 

was carried out in the same cell conditions; two Ag/AgCl reference electrodes were 

employed for sensing and two platinum electrodes were used to carry the current. A bare, 

uncoated 0.1 ɛm PES membrane was placed between the sensing electrodes to represent 

the interior membrane orientation; the membrane was removed for the solution only case.  

3.2 Evaluating EIS with Conductive Membranes for the 

Measurement of Fouling in Various Solution Conditions 

3.2.1 Materials and Reagents 

Microdyn-Nadir PES UP150 ñlooseò ultrafiltration membranes (25-nm nominal 

pore diameter; nominal active layer thickness of 1.0 Ñ 0.5 ɛm) were purchased from 

Sterlitech Corporation. Sputtered gold coatings were applied using the same protocol 

described in section 3.1.1.  
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Three model foulants were examined in separate experiments: bovine serum 

albumin (BSA, purchased from Sigma-Aldrich), Pahokee peat humic acid (International 

Humic Substances Society), and LUDOX 20 nm colloidal silica (Sigma-Aldrich). These 

compounds were selected based on their wide use as representative protein, organic, and 

colloidal foulants found in surface waters. Solutions/suspensions were prepared within 24 

hours of experimentation using NANOpure deionized water (resistivity > 18 Mɋ→cm). 

BSA (100 mg/L), humic acid (15 mg/L) and colloidal silica (50 mg/L) 

solutions/suspensions were filtered through 0.2 ɛm PES microfiltration membranes to 

remove large aggregates prior to use.  

To evaluate the effects of solution chemistry (beyond the presence of foulants) on 

internal membrane fouling, four experimental conditions (differing in ionic strength 

(óISô) and pH) were analyzed for each foulant: (1) 1-mM IS, pH 4.5 ± 0.2, (2) 1-mM IS, 

pH 7 ± 0.4, (3) 10-mM IS, pH 4.5 ± 0.2, (4) 10-mM IS, pH 7 ± 0.4. Potassium nitrate 

(KNO3) was chosen to adjust ionic strength because it is an inert, monovalent electrolyte 

that does not react with gold. Solution pH was adjusted with nitric acid (HNO3) and 

sodium hydroxide (NaOH) immediately before filtration took place. All chemicals used 

in the study were reagent grade.  
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3.2.2 Physical Characterization 

Au-membrane active layer pore size was verified with capillary flow porometry 

using a Quantachrome 3G Porometer. Atomic Force Microscopy (AFM) was 

administered to measure the surface roughness of the Au-UP150 membranes for the 

purpose of comparing electroactive surface area to the Au-MP005 membranes (described 

previously). 20 ɛm x 20 ɛm scans were conducted for AFM height profiling. Dynamic 

light scattering was employed for the analysis of foulant zeta potential and hydrodynamic 

diameter using a Malvern Zetasizer. Zeta potential and size were assessed in each of the 

four experimental solution conditions detailed above. Diffusivity coefficients were then 

calculated from the hydrodynamic radius using the Stokes-Einstein equation: Ὀ , 

where Kb is the Boltzmann constant, T is temperature, ɖ is the dynamic viscosity of 

water, and Rh is hydrodynamic radius. The zeta potential of both bare and gold-coated 

UP150 membranes was examined in the same four solution environments using a 

ZetaCad Streaming Potential Analyzer. Pure water contact angle for the bare and Au-

UP150 membranes was assessed with a Kruss Contact Angle Goniometer.  

3.2.3 EIS-Filtration Experiments for the Evaluation of Fouling in 

Different Solution Conditions 

EIS-monitored filtration experiments were performed with the dead-end filtration 

procedure outlined in section 3.1.3. The Au-membranes were oriented to measure interior 
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membrane fouling, according to the position shown in Figure 2b. All experiments were 

conducted at constant transmembrane pressure (1.5 ï 2 bar) and temperature (20 ± 2° C). 

Conductivity and pH were monitored in the feed and permeate streams with Vernier 

sensors to ensure that system parameters remained constant throughout the experiments. 

Permeate flux was quantified through gravimetric analysis (as described in section 3.1.2). 

EIS measurements were collected throughout the operation of the experiments. 

3.3 Evaluating EIS with Conducting Membranes for the 

Assessment of Preliminary Reversible Fouling and Irreversible 

Fouling After Cleaning 

3.3.1 Materials and Reagents 

Sputter coated Au-UP150 membranes were fabricated according to the method 

defined in section 3.2.1. The same model contaminants utilized in section 3.2.1 (BSA, 

humic acid, and colloidal silica) were applied for both reversible and irreversible fouling 

experiments. Foulant solutions were prepared with ionic strength and pH conditions that 

reflect typical natural water chemistry: 0.01 M ionic strength (adjusted with KNO3) and 

pH 7 ± 0.4. 
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3.3.2 EIS-Filtration Experiments for Reversible Fouling Assessment 

Reversible fouling assessment experiments were conducted in cross-flow mode 

using the electrochemical flow cell depicted in section 3.2.1. The Au-membranes were 

positioned to facilitate surface fouling measurement (as seen in Figure 3a). Tangential 

flows were applied at 0.12 ± 0.02 m/s and transmembrane pressure was maintained at 1.0 

-1.5 bar while permeate flux was allowed to decline over time (evaluated 

gravimetrically). EIS measurements were performed throughout the fouling experiments. 

Data collected within the first 30 minutes of filtration (as flux declined to at least 75% of 

its original value) are assumed to be representative of preliminary, reversible fouling 

phenomena. 

3.3.3 EIS-Filtration Experiments for Irreversible Fouling Assessment 

Irreversible fouling was incurred by filtering the model foulant solutions in dead-

end mode (see section 3.1.3 for dead-end filtration description). The Au-membranes were 

oriented to evaluate interior fouling (Figure 3b). EIS measurements were collected (1) 

before foulant filtration (initial clean condition), (2) after flux decline plateaued due to 

fouling (fouled condition), and (3) after backwashing the Au-membranes with DI water 

for 30 minutes (recovered condition).  
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4. Results and Discussion 

4.1 Methodology Development for EIS with Conducting 

Membranes 

4.1.1 Physical Characterization 

In the following analyses, at least three Au-membranes were tested for 

consistency. For quantitative data, average values with standard deviations are reported.  

SEM imaging was used to examine membrane surface topography and cross-

sectional pore structure. As shown in Figure 4a, the membrane (70 ɛm thickness) rests 

upon a highly porous non-woven polyethylene support (150 ɛm thickness). The 

membrane controls solute rejection while the supporting layer maintains mechanical 

stability. In Figure 4b, higher magnification reveals the asymmetric architecture of the 

membrane, exhibiting a dense active layer of ~10 ɛm thickness near the surface and a 

finger-like macro-void structure below. The gold-coated surface of the membrane is 

shown in Figure 4d. The coating appears granular due to the distribution of accumulated 

gold particles, suggesting that the gold layer may be rougher than the unmodified PES 
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surface. Despite the local granularity, the coating displays larger-scale topographical 

homogeneity, which is confirmed in the AFM imaging. 

 

Figure 4. SEM imaging of the Au-MP005 membrane. Cross-section of Au-

membrane on top of non-woven support at 350x magnification (200 ɛm total thickness) (a); 

cross-section of Au-membrane at 1000x magnification revealing asymmetric structure (b); 

EDS elemental map showing sputtered gold particles on membrane surface and within pore 

structure (c); planar view of sputtered gold coating on the Au-membrane surface (d).  

 Sputtering results from the ejection and ballistic transport of target atoms onto a 

substrate. When the substrate is a porous material, it is expected that some target atoms 
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will enter the pore network. To investigate the intrusion depth of sputtered gold particles 

into the membrane, SEM-EDS mapping was performed. An elemental map of gold within 

the membrane cross-section is shown in Figure 4c. While it is apparent that some gold 

particles infiltrated the membrane, they are not situated closely enough to form a 

continuous electrical network. Thus, it can be concluded that the gold coating does not 

sufficiently penetrate the skin layer to achieve electroactivity, and only functions as a 

working electrode at the membrane surface.  

 AFM imaging was performed to quantify the observed roughness of the sputtered 

gold film. 10 ɛm x 10 ɛm scans of unmodified and gold-coated membranes were used to 

collect the following roughness values. AFM analysis of uncoated membrane samples 

(pictured in Figure 5a) produced a root mean squared roughness (RRMS) of 16.84 ± 6.92 

nm and a roughness average (RA) of 13.46 ± 5.92 nm, in agreement with data reported by 

Kaya et al. for PES MP005 membranes [95]. The sputter-coated membrane samples 

displayed a larger surface roughness (Figure 4b) with RRMS = 32.56 ± 9.51 nm and RA = 

26.04 ± 7.95 nm. The AFM profile in Figure 5b also validates the granularity seen in the 

SEM imaging (Figure 4d), which likely results from the formation of gold particle 

islands, as reported by Schug et al. [96], Gaedt et al. [27], and Siegel et al. [97] 
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Figure 5. AFM imaging: uncoated PES MP005 surface (a); sputter-coated 

gold Au-membrane surface (b). 

Gold coating thickness was calculated using a calibrated deposition rate of 0.6 

nm/min, yielding a thickness of å30 nm. The coating is not visible in the SEM images 

because its thickness is too small to be resolved at the applied magnification (Figure 4). 

Pore size reduction resulting from the gold sputtering was assessed with capillary flow 

porometry. Pore diameters diminished from the initial nominal value of 0.050 ɛm to 

0.033 Ñ 0.005 ɛm after coating (Figure A1 - 1). This pore size corresponds to a molecular 

weight cut-off of å 300 kDa. 

Pure water permeability was determined in experimental conditions (1 bar, 19° C) 

for unmodified and gold-coated membranes. At a transmembrane pressure (PTMP) of 1 

bar, the measured permeate flux values dropped from 297.2 ± 25  to 99.7 ± 18   

for the unmodified and gold-coated membranes, respectively.  
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Using the Randles-Sevcik equation, peak current was plotted against the square 

root of scan rate to generate a slope, 
Ѝ

πȢττφσὲὊὅ ὃȢ After dividing out the 

known values from the slope, electroactive surface area for the given sample was 

determined to be 8.21 cm2. Average EASA across three Au-membrane samples was 

calculated as 8.83 ± 1.32 cm2 for a 4 cm2 sample in the representative plot. Thus, EASA 

normalized to the sample area is 2.21 ± 0.33 cm2/cm2 for a gold coating with a thickness 

of å30 nm. A representative CVs scan set used to determine peak current is shown in 

Figure 6. 

 

Figure 6. CV scan performed on Au-MP005 membrane sample (2 cm x 2 cm) 

in a solution of 1 mM K3[Fe(CN)6]3-/ K3[Fe(CN)6]4- and 10 mM PBS. 
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4.1.2 Permeate Flux Decline with Fouling 

Figure 7 shows a characteristic plot of normalized permeate flux decline that 

resulted from BSA fouling over time. The shape of the flux plot results from fouling that 

is initially rapid before slowing to an equilibrium point (at around 38% of the initial flux), 

as is common in dead-end filtration fouling studies [98]. In order to collect more 

representative data points, EIS tests were performed before fouling, within the first 15 

minutes, after 40 minutes, and finally at the end of the test.  

 

Figure 7. Characteristic permeate flux decline due to fouling, normalized to 

the initial permeate flux value. 
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4.1.3 Open Circuit Potential Changes with Fouling 

Open circuit potential measurements were acquired over the course of fouling 

studies to examine Au-membrane working electrode stability over time. The OCP 

represents the thermodynamic tendency of an electrode to participate in reactions with the 

electrolyte and other analytes in solution. It is measured without an applied voltage and 

yields no electrical current. At applied potentials below the OCP, the electrode is less 

thermodynamically prone to corrosion. Thus, positive OCP values (vs. Ag/AgCl 

reference potential) indicate greater electrode stability and resistance to oxidation[99]. As 

illustrated in Figure 8, the initial OCP, measured before BSA was added to the 

electrolyte, stabilizes at 92 mV (103 ± 12 mV). Following tests show a successive 

increase in OCP values, reaching a maximum of 110 mV (126 ± 23 mV) at the end of the 

experiment. These results suggest that the Au-membrane is stable in the electrolyte 

solution with and without BSA, which is characteristic of gold coatings and other noble 

metals [100, 101]. The rise over time is likely due to the insulating BSA as it increasingly 

covers the gold coating. Other studies have also shown that this foulant acts as a reaction-

blocking agent that offers gold electrodes protection from further oxidation [102-104]. 
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Figure 8. Characteristic open circuit potential plot showing data from five 

consecutive EIS tests collected during one membrane fouling experiment.  Open 

circuit  voltage measured against reference electrode. Initi al to final sampling points 

are represented consecutively as Z1-Z5.  

4.1.4 Electrochemical Impedance Spectroscopy for Fouling 

Assessment 

In the following sections, we discuss non-faradaic EIS used to monitor membrane 

integrity and evaluate contributions made from surface and interior fouling phenomena. 

The Au-membrane gold-solution interface was first characterized in the idealized control 

condition by conducting EIS experiments with oxygen-purged electrolyte solution in an 

anaerobic chamber. The results from tests comparing the gold-sputtered membrane to a 

gold-sputtered glass slide are depicted in Appendix Figure A1 - 2. A constant phase 
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element (CPE) was used in place of a capacitor to more accurately represent the 

imperfect expression of the Cdl in the associated equivalent circuits. Cdl was resolved 

from the CPE using Eqn. 2.13. The EIS data indicate that even in idealized control 

conditions, unexpected impedances potentially resulting from redox impurities can still 

be found in the electrochemical system. Additionally, the impedance plots for the 

sputtered membranes and glass are remarkably similar, suggesting that the porosity of the 

gold film does not significantly affect its electrochemical properties. 

To further explore the question of redox impurities in the control system, 

equivalent circuits modeling semi-ideal (Rsol - CPEdl) and non-ideal (Rsol - CPEdl//Rsurf) 

non-Faradaic behavior as well as typical Faradaic (Rsol - Cdl//Rsurf) behavior were applied 

to the EIS data (Figure A1 - 3). While the semi- and non-ideal non-Faradaic models 

yielded similar Cdl values, the non-ideal circuit with the additional parallel resistance 

better fit the data by an order of magnitude and was consequently selected to model the 

experimental system henceforward.  

4.1.4.1 Au-Membrane Surface Fouling with BSA 

Figure 9c and d display typical Bode and Nyquist plots from the Au-membrane 

surface fouling experiments. The first impedance spectrum of the fouling study was 

measured in the flow cell before BSA was added to the feed stream. The control data and 

initial experimental data depict similarly shaped impedance plots and are best fit with the 
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same equivalent circuit model. However, in comparing EC parameter values (Table 1), it 

is shown that Rsurf for the control system is ~10 times larger than experimental Rsurf. This 

may be due to presence of redox-active chemical impurities or oxygen species that 

provide a charge transfer pathway allowing current to flow in the experimental system. 

CV testing performed with an Au-membrane under anaerobic atmosphere in an oxygen-

degassed, inert KNO3 solution revealed subtle cathodic and anodic peaks around 0.3 V 

that are suggestive of redox activity (Figure A1 - 4a). A platinum working electrode with 

a much smaller (< 5%) surface area was also tested in these conditions and showed a flat 

CV graph with no peaks; however, the small surface area may have rendered the 

platinum electrode less sensitive to the marginal presence of oxygen or other redox-active 

solutes. In contrast, CV analysis conducted with an Au-membrane in the typical air-

exposed experimental ócleanô condition (no foulant added) revealed much larger peaks, 

indicative of an enhanced current responseðand thus lower resistanceðfrom electrical 

processes in the solution environment (Figure A1 - 4b)1. Further studies are needed to 

 

 

1 It should be noted that EIS-monitored fouling tests were operated at open circuit 

voltage, usually around 0.1 V, which was just outside the anodic and cathodic peak 

windows indicated by the CV tests. 
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verify the source of these stray electrical currents, but for the purposes of non-Faradaic 

impedancometric membrane analysis, Rsurf can be neglected as it is not a meaningful 

indicator of fouling. Instead, changes in double layer capacitance are used to monitor the 

progression of BSA adsorption and accumulation on the membrane surface.  
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Figure 9. Impedance spectra from one characteristic Au-MP005 surface 

fouling experiment:  equivalent circuit model used to represent surface fouling (a); 

Bode impedance magnitude and phase angle data with equivalent circuit fits  (b); 

Nyquist data with model fits c). The results from five consecutive EIS measurements 

collected during one test are shown. 
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Table 1: Fitted equivalent circuit parameters from characteristic surface 

fouling experiment. Key detection parameters are shown in bold lettering. 

 

 

Visual inspection of the Bode and Nyquist data provide insights into the physical 

composition of the electrochemical system that can be used to inform and validate the EC 

model. In the Bode phase plot of Figure 9c, the phase angle approaches 0° in the mid to 

high frequency region, suggesting that resistive behavior is dominant in that domain. This 

result was anticipated because impedance measured at high frequencies is chiefly 

controlled by solution resistance, which can be quantified with the Zmagnitude value seen in 

the high frequency range of the Bode impedance plot. At frequencies of ~2 Hz and 

below, the impedance response is governed by the capacitive reactance of the gold-

solution double layer. In this region, the phase angle advances toward 90°, which it 

would reach if the capacitive behavior was ideal. The phase angle maximum (absolute 

value) of ~70° is instead emblematic of the non-ideal nature of the electrode-solution 
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interface, justifying the use of a CPE in lieu of a capacitor in the equivalent circuit. The 

high Zmagnitude values in the low frequency region point to non-Faradaic charging of the 

double layer, which can eventually produce an open circuit condition (I(t) = 0) until the 

capacitive layer is discharged.  

In the Nyquist plots of Figure 9d, only the edge of one presumed semi-circle is 

apparent. Lower frequency analysis would be needed to resolve the rest of the semi-

circle. This feature corresponds to one RC time constant in the system, further 

corroborating the equivalent circuit. If no parallel resistive element was present, the 

Nyquist plot would take the form of a straight line (representing the Cdl) that would 

emerge from the point on the Zreal axis corresponding to solution resistance [74]. Non-

ideal capacitive behavior with a resistive element manifests as a depressed RC semi-

circle, the diameter of which equals the resistance [105].   

EIS measurements taken throughout the fouling study show increasing Zmagnitude 

values at frequencies < 2 Hz and phase angle maxima that shift to higher frequencies with 

time. Both outcomes are indicative of diminishing surface Cdl (Cdl,surf ) values [106]. 

Adsorbed protein blocks the gold surface from encountering the electrolyte, thus reducing 

the area of the double layer ócapacitor plateô and resulting in lower capacitance and 

higher impedance at frequencies where capacitive effects are dominant. Unlike 

resistance, changes in capacitance are more obscured in Nyquist plots, so there are less 
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obvious differences between successive EIS measurements in Figure 9c. It can be noted 

that BSA deposition did not result in the appearance of an additional time constant, as 

some studies have observed [92], indicating that protein adsorption affected only the 

initial Cdl,surf response. Sim et al., Jing et al., and Huang et al. report similar findings [14, 

17, 28, 52]. Fitted Cdl,surf values from the equivalent circuit model confirm the indications 

from the Bode and Nyquist plots.  

4.1.4.2 Au-Membrane Interior Fouling with BSA 

The physical composition of the experimental system as well as impedance plot 

features informed the design of the equivalent circuit model used for membrane interior 

testing. Impedance elements corresponding to ionic pore resistance (Rpore) and membrane 

capacitance (Cmem) are added to the solution resistance (Rsol) and double layer 

capacitance (Cdl,int) when the EIS perturbation signal is reversed to travel through the 

membrane. Multiple verification studies were conducted to test the electric permeability 

through the support layer. Three different set ups were compared: (A) a three-electrode 

Au-MP005 membrane interior and exterior (solution only) configuration, (B) a three-

electrode Au-PES Support interior and exterior (solution only) arrangement, and (C) a 

four-electrode design to assess an uncoated PES support membrane versus the electrolyte 

solution. Results from set ups (B) and (C) showed virtually no differences in the EIS 

spectra between the solution-only condition and the solution plus membrane support 



 

66 

 

(Figure A1 - 5), suggesting that the electrochemical properties of the highly porous 

support layer are indistinguishable from those of the solution. However, the interior and 

exterior impedance plots from set up (A) reveal more substantial differences, including a 

second time constant loop in the Nyquist plot for the Au-MP005 interior condition that 

likely results from the presence of the active layer. 

Based on these findings, a circuit containing only one additional parallel RC 

element was used to represent the Au-MP005 interior system. The resulting model is 

shown in Figure 10a. The dense polymeric active layer appears to behave like a ñleaky 

(polymer) coatingò on a metal electrode. The resulting capacitance, denoted CPEmem in 

the EC, parallels both Rpore and Cdl,int. Unlike the series RC element Maxwell-Wagner 

circuits that are typically used to describe membrane systems, this setup requires an 

overall parallel Cmem because the membrane, as dielectric, is directly connected to the 

gold-coating ñcapacitor plate.ò While Cdl,surf was the relevant detection parameter for the 

membrane surface, Cmem and Rpore are the indicator variables for the membrane interior. 

Bode impedance magnitude and phase plots are portrayed Figure 10b. Again, 

Zmagnitude tends to increase over time. Unlike the surface fouling studies, low frequency 

phase angle maxima changes cannot be seen in the frequency range depicted. However, 

the mid-frequency range shows a decreasing phase trend with fouling, similar to the 

results reported by Jing et al. [29]. According to multiple studies, the mid-high frequency 
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domain (2-1000 Hz) is associated with electrochemical phenomena occurring in the 

membrane active layer [12, 107]. The low frequency region (<2 Hz) is defined by 

processes taking place at the gold-solution interface, as mentioned previously. 

Distinctions between the two RC elements are not easily resolved in the Bode data, but 

these features appear more clearly in the Nyquist plots.  

In Figure 10c, two separate semi-circular forms associated with the proposed time 

constants can be identified. The semi-circle in the mid-high frequency region appears 

small in diameter and depressed, indicating that the resistance characterizing the active 

layer time constant is comparatively low and the capacitance is better described with a 

CPE with a small Ŭ value. The diameter of these semi-circles increases with time, which 

is an indicator of rising ionic pore resistance. This is likely explained by BSA 

accumulation and pore blocking that restricts the permeate flux as well as the flow of 

charge carriers transmitting the EIS signal [107]. In these conditions, membrane 

capacitance is also expected to decrease as foulant deposition reduces pore network 

surface area. The low frequency semi-circles of the gold-solution region also appear to 

increase in size, which suggests that the solution impurities governing Rsurf grow less 

numerous as fouling progresses. This result may stem from foulant deposition that 

impedes the transport of redox analytes to the electrode surface.  
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Figure 10. Impedance spectra from one characteristic Au-MP005 interior  

fouling experiment. Equivalent circuit model used to represent surface fouling (a); 

Bode impedance magnitude and phase angle data with equivalent circuit fits  (b); 

Nyquist data with model fits c). The results from five consecutive EIS measurements 

collected during one test are shown. 
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Table 2. Fitted equivalent circuit parameters for membrane interior fouling. 

Key detection parameters are shown in bold lettering. 

 

The fitted equivalent circuit values in Table 2 support the observations from the 

impedance plots. Rpore more than doubles, moving from 112 to 250 ɋ over the course of 

fouling. Cmem diminishes by 48%, from 7.20 to 3.76 ɛF. These results are typical for 

active layer fouling changes and are consistent with previous research. At the gold-

solution interface, Cdl,int decreases from 7.49 mF to 3.69 mF and Rsurf increases from 

1595 to 2509 ɋ. It was initially predicted that Cdl values would be constant across surface 

and interior EIS measurements, but fouling studies consistently showed reduced Cdl,int 

magnitudes (76% of Cdl,surf for N=3 tests). However, the magnitude of Cdl reduction with 

fouling was almost equal, demonstrating values of 56% ± 3% and 54% ± 5% for surface 

and interior experiments, respectively. We speculate that the measured EIS current drops 
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at the farthest points of the gold coating from the membrane interior, found on the surface 

between pores and that the resulting Cdl,int may be smaller because the gold coating 

appears to have less surface area. However, the degree of fouling should remain 

equivalent when exposed to the same experimental conditions. 

4.1.4.3 Capacitance Analysis for Fouling Assessment 

Non-Faradaic impedance spectroscopy also allows for total complex capacitance 

analysis, which can be derived from impedance using Eqn. 2.14. In environments where 

capacitive effects dominate the electrochemical phenomena, capacitance analysis can be 

a sensitive technique for studying small changes that develop over time [108, 109]. This 

technique can be further optimized by focusing on complex capacitance at a single 

frequency (Ctot,f), which reduces the time required for EIS measurements and eliminates 

the need for equivalent circuit modeling to extract detection parameters. A capacitance 

dispersion over the measured frequency spectrum can be used to identify key frequencies 

where the greatest capacitance changes occur. The characteristic frequency (fchar) of 

induvial time constants can also be computed with Eqn. 2.12. 

Using an estimation of fchar determined from EC parameters (found in Tables 2 

and 3), 0.1 Hz was chosen to monitor capacitance changes associated with the gold-

solution interface and 200 Hz was selected to examine Ctot changes chiefly driven by 

active layer fouling. Values for Cdl,surf, Cdl,int, and Cmem extracted from EC fitting are also 
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plotted with the single frequency Ctot data. With these figures, contributions from surface 

and interior fouling phenomena can be directly compared. Figure 11a-d are characteristic 

plots from individual experiments, but the following reported values are averaged from 

three replicate experiments per surface or interior fouling condition. EC values for the 

replicate data can be found in the SI.    

For surface fouling experiments, Cdl,surf values were consistently larger than Ctot,0.1 

Hz by about 13%. However, in Figure 11a it can be seen that their rates of change with 

flux decline are similar, with slope values of 6.6 and 6.3 respectively. This result supports 

the use of the proposed equivalent circuit and demonstrates that single frequency 

capacitance analysis may be used interchangeably with EC modeling to study fouling in 

the given experimental conditions. For single RC element systems, total capacitance 

derives solely from Cdl, therefore those values should be approximately equivalent. On 

the other hand, total capacitance for multiple-RC systems depends on the number and 

arrangement of capacitive elements. When comparing Cdl,int to Ctot,0.1 Hz  (Figure 11b) and 

Cmem to Ctot,200 Hz  (Figure 11c), the results indicate that single frequency testing is not 

comparable with EC modeling. Even at characteristic frequency points, total capacitance 

nonetheless reflects the sum of individual components. In the case of more complicated 

experimental systems, EC modeling is favored if contributions from specific RC elements 

are desired.  
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To directly compare the magnitude and kinetics of surface vs. interior fouling, 

changes in Cdl,surf, Cdl,int, and Cmem with flux decline were normalized to their initial 

values. The results are depicted in Figure 11d. Cmem demonstrated a lower total reduction 

of 44% ± 4% over the course of fouling whereas Cdl,surf and Cdl,int decreased by 56% ± 3% 

and 54% ± 5%. Compared to the total flux decline of 60%, capacitance changes were 

slightly less responsive to fouling. Rates of change were computed by taking the slope of 

capacitance vs. flux decline plots. The characteristic plot in Figure 11c reveals that Cmem 

initially quickly declines with flux, but then slows as flux decline progresses. This may 

emerge from immediate foulant adsorption in the active layer which successively 

decreases as pore blocking on the membrane surface impedes further internal fouling. 

Cmem capacitance reduction was thus calculated for flux decline up to 50% in order to 

identify the initial rapid reduction rates. It can be seen that Cmem also fouls more slowly 

than Cdl,int, with a statistically significant value of 0.77 Ñ 0.06 ȹCmem/unit flux as compared 

to a Cdl,int of 0.92 ± 0.05 ȹCdl/unit flux. Because the active layer pore network is more 

protected from immediate foulant deposition than the membrane surface, it is likely that 

Cmem reflects attenuated membrane interior fouling.  

 






















































































































































































