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Abstract

As naturalresourcescarcityand industriaproductivity continue to ise,
membrane filration technologsprovidea compellingsolutionfor the production of
cleanwater.Membranes are versatile, enefgfficient, and highly effectiveyetthey
suffer from thandomitable poblem of fouling. Abundantresearchasbeen condcted
onthis topic, buhew methods for understanding assessingpuling are stillemerging
andareneverthelesaeededThe presentork endeavorso study membrane fouling
from yet anotheperspective using powerful electrochemical technique knoas
electrochemical impedance spectroscopy (EES.is anondestructiveelectrical
perturbative method, thusaain be performeduring filtration While some research
groups havepplied EIS 6r membrane characterization, none havenggirporated

conductive polymeric membranes into the electrochensealp.

Theprimary objectives of this study were to (1) synthesize a robust and
sufficiently conductive polymeric membrane for use as a wgrklactrode; (2) develop
a noninvasive norFaradaic EIS metd to characterize membrane fouling in real time;
(3) collect data that allow for the differentiations®parate contributions to total fouling
from processes happening on the membrane sunfaceighin the interior pore network.
Membrane fouling was stlied usinghreemodel foulans, bovine serum albumin (BSA),

humic acid, and colloidal silicin a supportig electrolyte of phosphate buffered saline



(PBS)and potassium nitrate (KN{D respedvely. To better understand the spatial
position and magnitueof fouling, EIS spectra were interpreted by fitting equivalent

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

Datafrom the ElSfouling testsshowed good agreement between changes in
impedance, conductance, and cafaae and reduction in permeate flow, which is the
conventional parameter usednbmnitorfouling severity. The conductive coating also
allowed for fouling to be differentiated lveten the surface and interior layers of the
membraneMoreover, &perimentswith feed solutions containing separate foulants in
different solution chemistries verified that EIS is sensitive enough to differentiate
betweernvariousmembrandouling effectsas well as irreversible fouling phenomena.

These results suggest that condiectnembranes 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 falygsis
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1. Introduction

1.1 Motivation

Themost widely utilized filtration system in municipal dking water treatment
today operates by flowing water through a column packed withaahdnthracite coal,
termed duamedia or granular filtratiofil]. This method is skingly similar to the
water purification techniques developed by the Egypigoplesof the Fertile Crescent
i n a 2 0.&dablighingCperfanent settlements put human and animal waste into
immediate contact with the water supghlusintroducingthe first need for water
sanitization. The Ancient Egyptians employed sand and chairttaaidn as well as
boiling with copper pots to produce potable w§2r While these methods have surely
proven their worth over the last 4000 years, the rise of civic expansion and industrial

development has creatdte demand for new treatment technologies that can offer

improved selectivity performance and that carcpss raw waters from varied sources.

Membrane filtration answers this neat@ continues to gain increasing
adoption in research labs amdinidpal treatment centers across the woNttmbranes
are capable of producing higjuality filtration productst low cost from a variety of

source solutionsThis has led to their deploymentapplicationganging fromwater



treatmento food and pharmaceuwgal processingp oil and gas productiofvVersatileand
energetically efficientmembrane filtration servess a competitive alternative to

conventional solution purification techniques.

Despite these advantagesembrangéechnologiesuffer from theubiquitous
problem of fouling[3-7]. Fouling is caused by the accuieibn of feed stream debris on
the surfaceand within the membrane matrixiltration performance can deteriorate
significantly over the course of an operational period due to fouling and physical damage.
This integrity loss oftecausesncreased power csumptionandlimits membrane
life span Effective diagnosis and monitoring of membrane performancedadeuto

optimizemembrane formulation and operation.

Thus, it is essential to pursuesearch that combines water filtration membranes
with new sensingmeasuringnodalitiesin order to enhanc@tration 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
novelways for membnaes to interact with their environmetitis propogd that
conductive membranes paired with electrochemical sensing techmayesffer a
solution to theseetitions At the lab or industry scaleyembranenulti-functionality
could ultimately be used #mnalyze and control process conditions, howevaainit

investigations into these possibilities must first be conducted.
2



1.2 Scope

While extensive research has beenformedio study membrane fouling, certain
phenomena remain difficult to probe with therent technologies. Membrane
performance is primdyi assessed through permeate flux. As permeate flux declines over
time, fouling may shift from reversible to irreversible states. Yetflaged methods for
fouling detection often lag behind foulant dsjimn 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 filtratioropess, remove the membrane from its
enclosure, antunctionally destroy the membrane to obtain samples for imaging,
spectroscopic, or other functional analysis. The need feim@sivein situintegrity

analysis continues to preoccupy membrane research.

One premise of the current work is that electrodbahmpedance spectroscopy
(EIS) can bea useful tool for the direciy situmeasurement of membrane fouling. EIS is
a powerfulnon-destructive solutiofased technique that can provide information abou

variouselectrochemicaprocessesThis method has been selectively deployedater

filltrationme mbr ane st udi es d B4l3]. Magst of tilisresebrethae ar | y

focused on structural mename charaerization, but in the past decade, researchers have

begun to use EIS for fouling assessment as[#8ilL6]. To date,most fouling studies

3
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employing EIS have exained norconductive reverse osmosis membranesum-fo
electrode set ug®, 13, 1519] and the majority have been conducted with the same
equipment by memberd two associated lab groupgSourelectrode systems give
information about processes happening betweemiasuring electrodes but avoid
electrode surface phenomena. Thetectrode arrangements reveal processes happening
in the membrane and electrolgelution as well as the electroactive surface. Thus, there
is the potential to implemeilS with conductve membranes for the direct examination

of fouling at the membrane surfaaed within the pore network

Electroactive membranes have been gainingmeattention for their use in
fouling mitigation[20-26] yet hawe been rarely applied with EIS. Early work by Gaedt et
al.[10, 27]paired a fowrelectrode set up with a getwbated conductive composite
membrane and surveyed impedance across the membrane surface to investigate
membrane properties. Alternatively, Jing ef28, 29]developed a conductive TiO
based ceramic membrane whibey used in a thregectrode set up by deploying their
conductive membrane as the workielectrode. To our knowledge, no other studies have
coupled conductive polymeric membranes with EIS in a sensitive-¢igetrode setup to

monitor fouling in reatime.

In this study, a conductive getmbated polymeric membrane served as the

working eletrode in a threelectrode nofiFaradaic EIS system that was used to

4



investigate protein fouling over time. To achieve this, a polyethersulfone (PES)
microfiltration membrane was sputteoated with a thin layer of gold. Sputirating is

a facile and raig 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 sol{@@h<old

is also highly conductive and electrochemically inactive across a wide potential range.
Therefore, applied potential perturbatamay 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 fayding. With
four-electrode set ups, EIS data can be qualitatively interpreted to desatipb

information about different membrane and solution layers in the system. Alternatively,
contributions from surface and interior processes in this-#ies¥ode goldcoated
membrane system can be verifiably distinguished because those layengsarallyrand

analytically separated.

1.3 Hypotheses and Objectives

This work establishes methodor thein situmonitoring of membrane foulinigy
integratinga conductiveecompositemembranento an electrochemical cetbr
electrochemical impedance spesicopy.To accomplish this objectivehe following

hypotheses are evaluated:



Hypothesis 1A gold sputtercoatel polymeric membrane ngerform as a

functional electrode in a thredectrode configuratiofor EIS;

Hypothesis 2The position of theputteedgold coating allovs for the spatial
separation ofouling phenomena at the membreaswution interface versube

membranenterior;

Hypothesis 3EIS paired witha conductivemembrane electrode can be used to
characterizehanges in membrane foulingieal timeand is sensitive enough to

differentiate betweawdifferent foulants and solutiochemistries.

2. Background

Membrandfiltration technologies have revolutionized drinking and wastewater
treatment, yet certain disadvantages continumitdenthe field. Much of the research of
the pasthreedecades has focused on the structuraladitarization of membranes and
their transport properties. There has however been a recent wiageiof oriented
around the inclusion of nanomaterials and o#u#litives during membrane fabrication.

In order tofurther advance the art and science afdtion, it is crucial to continue



exploring the possibilities for novelembrandunctionalitiesby pushing the boundaries
of the currenformulations ananethoddogies. This chapter discusses baekground
and application of membrane separation proceaseavell as the operating principles

behind the filtratiorcompatible technique of electrochemical impedance spectroscopy.

2.1 Overview of Pressure-Driven Membrane Processes

Membrane processes have gained increasing use in municipal and industrial
systemdue to their unique ability to produce highality filtration products in a variety
of settings. This has led to their deploymenvperations ranging fromvate treatment
to food and pharmaceutical processiogil and gas productiortWith their adagbility
and costefficiency, membrane filtration serves as a competitive alternative to
conventional solution purification techniques. Despite these advantagesdiow
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 theirtbeméfs
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.



2.1.1 Introduction to Membranes

A membrae is a sempermeable barrier that permits the passageéin
materials in a solution while rejecting or retaining others. Permeatdrivenwith the
application of an external force, which may consist of a pressure, concentration, thermal
or electrcal gradient. Depending on the composition of the membthasgeparation of
solutes can occur based on the physical size, electrical charge, chemical character, or
vapor pressure of the rejected species. For particles with diameters largeritf@® n m,
separation is typically achieved through size exclusion under the influence of a pressure
gradient32]. This process relies on porous membrappgally cortaining ingerlike
macrovoids and is termed microfiltration (MF). Porous membranes are also frequently
utilized in ultrafiltration (UF), which is characterized by the removal of particles with
sizesbetween0.8d. 1 e m and mol e c-L0DOADa[38].eNangfitration f r o m
(NF) and reverse osmosis (RO) are used for the separation of solutes with sizes on the
order of water molecules, such as aguenasovalent and divalesalts, which require
much denser, spgel | khanp 6 r ous 0 rmalenyithsubskrdially higher

applied pressurds achieve separation

Membranes can bmadefrom liquids, metals, ceramic and polymeric materials,
butpolymerbased membranes will be the focus of this document. The vialue o

polymeic membranes resides in their simple and relativelydosgt fabrication as well

8



as theiramenabilityto modification in order teatisfythe specific needs of different
separation processes. Properties including pore size and structure, shafges c
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 indissiaye production. As a result,
polymeric memlpaneshave gained wide use within a variety of commercial enterprises
ranging from water purification and beer and dairy refinement to pharmaceutical

preparation and transdermal drug delivi@4].

Polymeric membranes are predominantly constructed as eitherspuratflat
sheets or hollow fibers with cylindrical housing modules. Membrane separation may be
executed in deadnd mode, which entails a feed flow that is perpendicular to the
membrane surface, or crossflow mode, which utilizes a tangential feed flow moving
across the membrane surfalteboth @ses, the water that passes through the membrane
emerges as t he cflevdilmatian prefits froendhigheshear st@ssess s
that can mitigate biofouling and mineral scaling via fluidic abrasion; this modality,
typically paired with spal wourd membrane modules, predominates in NF and RO

processef3s].

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 pdessure
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diffusion-controlled process thaan remoe 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 absentiee@ivaporation step that is needed for

other distillationbased methods. In RO $gms, the greatest energy costs come from the
electric power used to drive the process puf8f§ Tremendous applied pressuies

between 4682 bar for seawatérare needed to overcome the combinatibhydraulic
resistance from the restricted pore network and osmotic presguch, 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 osmoticearelased

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 volumétnc(0 ), which is

defined as the permeate flow rate ] per wetted filtration area@( ), as shown in

Equation2.1:

P

C
O=| CcA
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Flux is also proportional to the pressure gradient across the membrgnehich

consiss of thepressure differences0), also called the transmembrane pressure (TMP),
that drives the solvent through the pores divided by the distance traveled by the permeate

(), which is roughly equal to membrane thicknégis a permeability factor. Té

relaionship is articulated in Darcyb6s Law as:
¢ Xi) &
0] _—_
3 C

Product quality is expressed agntion('Y), a measure of membrane selectivity. If the
object of membrane filtration is to achieve a purified water permeate, then R odfses t
retention ofsolutes in the membrane and concentrate, or retentgéetiBereaches a
maximum value of one when the solute is completely retained and the solvent, water,
passes through the membranejeB®n is givenby Equation 2.3:

O ®

Y = C®

where® is the solute concentration in the feed ands the solute concentration in the

permeate.

Unfortunately, membrane technologytisubled with the seemingly intractable
problem ofdegradation due timuling. Membrane fouling results from the depmsitand
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adsorption of solutes in the raw water feed streammv€ctive forces transport
contaminants ranging from microorganisarglorganic materialso colloidal substances
and mineral scalantmto themembrane stiace andnto the pore networKThis adivity
obstructs water flow and leads to declining permeate flux@gel aspoor solute

selectivity. High operating costs are incurred by the pressure forces required to maintain
sufficient flux ratesFurthermoreamassed foulant layensay develop intathick and
impermeable films that can become impossible to remove without chemical treatment

otherwise known asreversible fouling.

Attempts to create more foulirrgsistant membranes hasentered osurface
property modificatiorandnanomaterial inagoration Themembrangroperties that
have primarily been targetéacludehydrophilicity, roughness, and surface chd®f.
Nanomaterials ranging from carbon nanotul2€s22, 24, 25, 37{o silver nanopatrticles
[38] andiron oxide nanopowddB9] have been addeéd membrangto reduce fouling to
varying degrees of suceg Other methods that have been developed to mitigate fouling

have largely involved pretreatment stepsch asoagulation anflocculation[40].

MF and UF membranes can tezovered by cleaning via backwashing if they are
flushed before the point of irreversible fouling. NF and RO membrane systems are not
backwabked because the design of spiral wound membranes generally does not allow for

reverse water flos. Therefore fouling for these membranes is chiefly controlled with
12



chemical cleaning, in addition to creflew shear forcesDifferent chemicalgareused to

treat specific kinds of fouling. For example, citric acid may be used to dissolve inorganic
scaling Strong basessuch as sodium hydroxide, are typically used to remove organic
material Concentrated disinfectants, such as chlorine and sodium hypocldoete

applied topreemptivelylimit biofouling [35].

2.2 Principles for Integrity Monitoring in Membrane Filtration

Systems

Effective integrity monitoringmethodsare necessary to optimize the performance
and energy costs of the filtration process. Monitoteahniques should ideallye
affordable accurate, nowlestructive, anthey shouldake place in real tim&.ypical

membrane prformanceassessmenéchniquesre 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 systemsfisiid 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 preatment and flocculation chemicals as well

as the determination of mixing speeds, pump ppamd permeate quality via abrasive

13



fouling control[41]. Permeate flux rate i®f course, the primary indicator of membrane

performance and productivity.

The main process flolsconsisting of feed, permeate and concentrate stéeams
are typically measured using mass flowmeters, magnetic, ultrasonic, or differential
pressure deviceslowever, these techniques habeir limitations. Mass flowmeters and
differertial 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 reducelow. Magnetic flowmeters are nantrusive 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 arersilarly norrintrusive butproduce inaccuracies when
particles in the fluid interfere with the ultrasonic signal. As a result, magnetic flowmeters
may be unsuitable for poorly contdive or low velocity desalinated permeate streams
and ultrasonic devices witrl be ilkpaired with particldaden feed and concentrate flows.
Ultrasonic sensors would furthermore benefit from verification from other sensors if used
to monitor permeate flowhich may experience a gradual increase in salt content over

time as memlame performance degrades.

Dissolved oxygen concentration and salt pas¢ageconductivity) areised as

indicators of membrane fouling. Oxygen uptake changes in the presence of
14



microorganisms and permeate conductivity may vary based on the devel@maent
compactiorof foulant layersin RO and NF systems, conductivity is a direct
measurement gfure wateproduct qualityUltrasonic timedomain reflectometry
(UTDR) is a norinvasie technique that utilizes sound waves to detect biofilm growth
on membransurfacesHowever, most studies utilizing UTDR to monitor membrane
biofouling have been performed in the lab as opposed to industrial setlizngg.of

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

but do not asseshanges at the membrane surface directly.

2.2.2 Evaluating Concentration Polarization for Membrane
Performance

For pressur@rivenmembrandiltration processeghe fundamental echanisms
of fouling consist othedeposition and adsorptiai foulantsonto the surfacand within
the membrane matrixcakéformation from the accumulation of rejected solids, mineral
scaling due to salt precipitation, and biofilm creation from noigganismg43]. A
typical threestageflux decline profilefor micro- and ultrafiltration is shown iRigurela
{Abdelrasoul}. Theinitial rapid drop(stage ) results from thearrowing of pores
associated with the fast deposition and adsorption of fouRlnts declineslows in stage
Il as pore blocking becomes more completed @entually plateaus to a steady state

duringthe famation of a foulant cake layer in stage(Figurelb).
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Figure 1. Schematic presentation of threestage permeate fluxdecline (a) and
associated fouling mechanisms (b).

Concentration plarization (CP) is a reversible phenomenon that precedes these
eventg(shown inFigure1b). It refers tathe buildup and concentration of dissolved
solutes athe membrane surfacexceedinghefoulantconcentratia in thebulk solution
[44]. Beyond a critical solute concentration and pressure, the CP phase transitions from
having solutiortype behsior to showing immobilecake or getype behaviof45]. In

16



RO and NF processeSP canlead to elevated salt concentratioasd thuscontribute to
the formation of precipitated minerdls c al e s 0 0 B sutfakcdd6]. Folanb r a n
layer deposition generates additional hydraulic resistance to the flow as well as much
higher osmotic pressures at the membrane/solutierfaice that oppose the
transmembrane pressure driving fof¢é]. CP can therefore serve as an important
indicator of forthcoming fouling effects so that measures neatyaken to clean the

menbrane before fouling becomes irreversible.

The shift from CP to cake formation can be described with a dimensionless
parameter called the filtration numbér,, above which a cake layer will form. is a
function of applied pressur¥), the osmotiqressure difference between membrane
surface and permeatg, permeate flux), s ol v e nt panidlesacliosap,istivent ¢
viscosity, membranghydraulic) resistancdin, the Boltzmann constark, and absolute
temperature] [48, 49}

™o YO Y tzY 20
oQ"Y
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In current water treatment practicésyling is generally diagnosed using indirect
methodsn which volumetric flux decline is monitored as the consequence of membrane
degradtion. Unfortunately, detectable losses in permeate flux are usubliglmserved
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 agg@vera
Lab-scale attempts to observe CP directly have mostly focuseptimalcand acoustic
methods, ranging from light deflection techniques, magnetic resonance imaging and radio
isotope labeling to electronic diode array microscopy as well as somepsstire
measurements that tend to disrupt the CP layer being s{G@iedVhile these devices

are certainly cuttinggdge few are suitable for use industrialapplications 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 ultimatelgdséer to integrate into online
membrane processes. Coletyal.reported on the fabrication of a CP sensing device that
relies upon conductance and capacitance readings betweemauaited sensing
electrodes and the conductive feed to assess the cimitgdcta proxy for
concentratiod of the CP laye[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 syatemthe injection of a small
AC voltage signajl4, 18] While evidence has been shown th&® Eanserve as a
method for the examination of CP, conductive membranesri@yet been used to

function as electragb withina CRdetectingelS system.
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2.3 Conducting Membranes

Overthe past decade, there has been a surge of research intecestudive
membrane applicationglectrically conductindiltration membranefiave been utilizd
for purposesanging fromfouling mitigation to specific analyte sensif&§, 21, 24, 25,
37]. Because conducting polymers are notesslientto the pressure forces and chemical
exposurahattypical membrane polymeexperiencemost coducting membranes are
synthesizedhrough thancorporation of metal nanopatrticles or graphitic carinto
membrane casting solutions or theposition of conductive materials ontp@ous
support{37]. Alternate fabrication techniques include embedding metallic esésto

membrane sheefS2] and developing conductivpprous ceramic materigl26, 28, 29]

Initial effortsto create conductive membranesre largely dedicated to the
pursuit of fouling controlSilver nanogrticles andcarbon nanotubg§NTs) havebeen
particularly sought after for this purpd&s, 54] Much of the early work consisted of
incorporatingmetallic nanoparticle and muitvalled carbon nanotub®&WCNT) into
different polymer matrices to form nanocomposite ultrafiltradiod nanofiltration
membrane$s5-58]. Along with enhancetbuling resistancat wasfound that pure water
flux and salt rejection couldlsobeincreased by adding the appropriate amoul@NT's
to the polymer solutiofb9]. Other work done to incorporate functionalized CNTs into

membrane polymers has shown that such amendmentsdtareichanges in
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hydrophilicity, pore morphology, and surface charge, which can therntdeimproved

permeability, selectivity, and fouling resistarjbé, 60-62].

2.4 Electrochemical Impedance Spectroscopy: Theory and

Application

Electrochemical impedance spectroscopy (ElIS)sersitivetechniquethat can
beused tauntanglecomplex nodinear processes in a varietyrofterials Applications
ranging from battgrandsupercapacitorfunctionalityto electroplating baths, corrosion
studies, and fuel cel[§3] rely on impedance spectroscopy fprality control
assessmenthis method oprates 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, daybéte

capacitance, and other electrochemieaturesn a matter of minutes.

Filtration membranes conceal a variety of electrochemical phenomena that occur
during operationand they are typically immersed in at least minimally conductive
liquids. As suchthey are ideal candidates farsitu EIS analysisWhile 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 gapin understanding the impedance data jpnegation. There is also a well
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of untapped potentiah paring this electrochemical method with electroactive
membranes, which one other group has attempted §26fa28, 29] These studies and

other applicatios 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 siem at a given frequench) [64]. The excitation

signal is expressed as a function of time:

006 00gIo ¢®

wheregki s the amplitude of the voltage pFertur|
2 f. The current responst)) is assumed to be governed by resistive elements and
frequencydependent inductive and capacitiverakents, which affect the amplitude)(l

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

takes the form:

‘0 O0EBTO %o )

| mpedance (Z(¥)) is an expr eweentlemppliethat r ep

potential and measured current. ltéee cal cul at ed according to
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Z(¥) is a vector quantity consisting of tw
capacitive/inductive reactance. Electrical resistance refers to the terafennyateral 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 fluctuagon&@ncycle.

These contributions are described with real and imaginary numbers, nesgent the
complex domain. By ap@l yoénigREQh&r 6s rel at i
trigonometric forms of the perturbation potential and response twarrbe expressed

in their complex representations, whegre -00 0Q ,and00 0OQ :

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

guotient of the signal and response dmges,—, t o be equal to the i
magnitude|Z]|:
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Impedance can then be separated into its real) @d imaginary (éag) parts:

~

W] W (@) &0
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Impedance magnitude (]Z|) and phase anglarg also interrelated through the vector

components, aand Zmag, Via the relationships:
LB () W wed® OA ld’)— ¢ T

Impedance magnitude and phase angle data verses frequency are represented in
Bode plots, whil&Zreal andZimag are displayed in the xnd y-axes of Nyquist plots,
respectively. Accordingly, Bode driNyquist spectra show different aspects of the same
information Eigure2). Individual points on the Nygsi 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 ofididtelectrochemical phenomena in the

test systenji6s].
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Figure 2. Example Bode and Nyquist plots

Impedance spectra can be furtekrcidated with the use of equivalent circuits,
whose elements represent physical and chemical processes in the electrochemical
environment. Ira simple faradaic system consisting of a working electrode in a solution
containing an inert electrolyte andewversible redox probe with no mass transfer
limitations, total impedance derives from bulk solution resistangg éRd solution
capacitanc€Cso) in series with redox charge transfer resistancg &Rd doubldayer
capacitance (&) at the electrodsolution interface. This is known as the Randles Circuit.
The impedance of the bulk solution as well as the elecollgion interface can be
described with a parallel resistor and capacitor (RC, also known as a Voigt element)
using the relation:

P Y p

S P p
O ® p Q YOO O Y6
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where 2andZar e the I mpedances of the resistor
1/R[66]. The product of RC gives the characteristic time constant for that Voigt element;

the characteristic freguncy can then be found from:

p

Q Ve C® q

An idealized noffaradaic system does not possess any ragtixe analytes and
therefore is comprised of onlyséRand Goiin series with G [67, 6§. Yet in nonideal
real systems, &iis 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 elemegt(fhat opeates in parallel with the 469,
70]. For nonFaradaic membrane systemg, i€ a critical parameter for triing and
characterizing changes that take place on and within the membrane. Surface
heterogeneity antbughness may cause thg 0 deviate from ideal behavior, in which
case a constant phase element (CPE) should be used in the equivalent circuit. The CPE
utilizes an exponent, U, in a range 0 < U
U v a lggestsmperfect capacitive behavios €n be determined from CPE values

in both parallel and series arrangements using EqnJ[21]:3

" ooy~ .. . .o -
0 Tmeﬁh 0L OY ¢p o
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Additionally, total complex capacitance
impedane measurements viamwédg at a given frequency without the use of equivalent
circuit modeling, as shown in Eqn. 2.14. Complex capacitance, like impedance, is
composed of bbtreal and imaginary parts that relate to system charge storage and

dielectric losss, respectively72, 73}

01 —— O @ Pt

Complex capacitance graphs can be constructed like Nyquist plots with the real and
imaginary capacitance components assigned to the x-aresy These plots can relay
information abouthe capacitance of certain parameters given that the capacitive

eements express suff[fddient ideality (CPE U

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

parameters using Eqn. 2:15

KONV

wherelbi s the permittivit y2Fmnjuidthepanitisitpafce (& 8.
the dielectric materialA is the effective area, apxs 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 thedredigacitance
calculations. Therefore, theoretical capacitance should be able to serve as a verification

for the equivalent circuit results.

2.4.2 EIS Operation

EIS measurements aregtgally performed with a signajenerating potentiostat
coupled to a fquency response analyzer. In potentiostatic mode, small alternating
potential perturbations arounel® mV are applied to the test system; they may be
superimposed onto a constant D&tage or simply conducted at the open circuit
potential of the systerfapplied DC voltage = 0 V). Small perturbations are chosen in
order to avoid large oveyotentials that may disturb the electrochemical environment by
generating auxiliary charge trapsfreaction$75]. Impedance studies are best conducted
in three and fouelectrode arrangements. Thielectrode arrangements reveal processes
happening in the electrolyte solution as well as therelactive surface. They are
composed of an i neterplafinanoon graplate) that tagiesthe o d e 0 (
current, a #fref er enc ehaetterized celopdtential (suchtahr a st
silver/silver chloride or the standard hydrogercltale) that participates in
measurement, and theodeoasangwlhliwoh ki egceil e
place. Fouelectrode systems give information about processes happening between the

measuring electrodes but avoid electretectrolyte suidce phenomena. They are best
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utilized in nonconductive membrane or @hthin film studies in which reactions at
electrodesolution interfaces are not relevant. Felgctrode are configurations utilize
two currentcarrying electrodes that apply the sigaad two sensing working electrodes
to measure the response. Electerital solutions must contain an (ideally inert)
electrolyte to facilitate electric current flow. To avoid interference from stray
electromagnetic waves that may emanate from motquewerful instrumentation, the

electrochemical cell under study may lb@ced within a Faraday ca§i&4].

2.4.3 Applications

One of the great merits of EIS is its versatility as tool for analyzing a variety of
systems. Since its or i gi nnvestigatetctrresiod&hd 006 s , E
passivation reactior[36], the dielectric and conduction properties of materials, and the
charge storage capacity lodtteries and supercapacitrsg-79] amongst numerous other
applicationd80, 81] Membrane research has also benefited from the adoption of
impedance spectroscopy, although the implementation and understanding of this
technique istill growingamong the nomative electrochemists in the field. With the
exception of recent work by Jing et[28, 29]and older work by Chilcott and Gadd0,

27], most water filtation membrane studies employing EIS have examined non
conductive reverse osmosis membranes in-&ectrode set ug9, 13, 1519].

Moreover, the majority of independent (from unaffiliated labs) studies haveddan

28



membrane characterization in contrasntsitu 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 @ogroup (originally at the University of New
South Wies, 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
breakthrouglstudy about the characization 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 ac@$equency 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 g3, famously known as the Maxw&llagner modef8]. Ten
years later, studenssf Coster 6s, T.C. Chi | cpartBElSwihnd L.
conductive sputter coated UF membranes in order to more sensitively probe the
membranesolution interface. They used a feelectrode arrangement connected to the
conductive coating texamine membrane surface properties, but their apsanats not
designed to look into the membrane intdOr 27][27]. Around the same time, Canas et

al. characterized the active and porous sublayersendfesise osmosis membrane using
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EIS. While membrane capacitance values were virtually independent from iemgthtr
they found that interior pore resistance showed a strong dependence on electrolyte salt
concentration, suggesting that their gsajectingmembranes were still quite susceptible

to salt intrusiorf9]. 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 purptoteake place

within their fourelectrode membrane system. Their model resolved four electrically
distinct layers within the membrane plus an additional layer in the solution phase at the
membrane surfadé8]. 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 ciftes operation. Along with 6 circuit elements in
series, they incorporateanother component to account for fidependent hydrodynamic

impedances they discovered in their w{BR].

EIS has also been used to support the structural and functional analysis of
nanofiltration membranes. In 2006, Zhao et aldUskS to perform dielectric
characterization of NF membranes in eight different electrolytes. In all corgjitieey
found two dielectric relaxations corresponding to three phases in the system, which they
attributed to the dual structure of the NF membrand the electrolyte solution at the

membrane interface. Differences between the membrane layers arosesduations in
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porosity and fixed charge contdB8]. Montalvillo et al. also conducted charge and
dieledric analysis of NF membranes using EIS. Similarly, equivalent circuit fitting
yielded three distinct phases. However, they ascribed those pbalsedNF active layer,

a combination of the support layer and bulk solution, and a polarization layer at the
electrodeelectrolyte interfaceThey used a fouelectrode set up, which is designed to
account for and thus bypass electretlectrolyte interfae phenomena, so it is

conjectured here that other processes may have given rise to the apparent r¢&Mation
Xu et al. compared electrolyte type and concentration in an EIS study of sulfonated PES
NF membranes. They found that both ion species and mtratien influenced the

resistance, but not the capacitance, of the active layer. Additionally, they wete asée
capacitance values resolved from equivalent circuit fitting to estimate the thickness of the
active layer, which they verified with SEM amurementfl2]. In 2014, NF membrane

active layers were physically isolated, immersed in different mamd divaént salt

solutions, and subsequently surveyed with EIS in a liquid mercury electrolyte cell by
Efligenir et al. They argued that including other parts ohtieenbrane, such as the

porous support, dominated impedance, making it difficult to analyze therpiespof the
active layer. Unlike the findings from many other membrane characterization studies,
they claimed that the active layer pore conductivity edtedehe liquid mercury

electrolyte conductivity, which they accredited to fixed counterion changése pore

walls [85].
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Several ElSstudies have also been conducted for the characterization of
ultrafiltration and microfiltration membranes. In 2018, Diaz et al. compared four
electrode EIS with saline flux amdembrane potential measurements to assess the charge
density inside microfitation membranes. Their electrochemical cell also utilized liquid
mercury for the electrolyte. From EIS model fitting, they found that two layers best
described their system, eesponding to the active layer pore networkdatiéle their lab
colleague, M. Mntalvillod a polarization layer at the electregelution interface, which
was justified with the same argument. The resulting EIS model pore conductivities were
in good agreemeénwvith the membrane potential measurements. Their pore resistance
values weralso 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 cel[86]. Huang et al. evaluated the effect of electrolyte concentration on
the impedaoe analysis of polysulfone ultrafiltration membranes. They asserted that two
RC element models better fit systems with electrolyte concentrations < 0.1 M, whereas
salt solutionswith larger ionic strengths were better described with siR§leelement
equivalent circuitd87]. In examiing the impedance response of PES UF membranes,
Palencia et al. also concludttt equivalent circuits with two elements accurately
defined their systems. The two phases were assigned to the active and support layers of

the membrang88].
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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 Eif®nitored membrane @iiing. Studies
authored by these researchers far outnumber others in thestsaitga. To their credit,
their fourelectrode electrochemical RO system has been systematically applied in
numerous investigations and shown to produce reliable results. Howexe is a need
for more independent studies utilizing EIS for the chareeton 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 Costepgp, surveyed RO membranes before and
after fouling with EIS in a fouelectrale 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 impeckathat appeared at low frequency. Both
equivalent circuit fits and impedanspectra 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 witindastrial effluent,
cane molasses fermentation wastewater (CMFW), and tvad@lnsontaminants, colloidal

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

capacitance measurements were more sensitive to fouling thancentideictance or flux
decline. Low frequency capacitance values were seen to decrease for BSA and CMFW
fouling but rise for colloidal silica. Additionally, they noticed inductileepomena in

their system, as evidenced by negatiw@ loops in the Nyquisplots, which is an

interesting and atypical result in EiSonitoredmembrane studig89]. 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 membranestheir 2016 work, Ho et al.
investigated the effect of permeate flux ratecoloidal silica cake formation. Their EIS
analysis focused on conductance as the key detection parameter, which they derived for
different membrane and solution layers usingditelements from the MaxwalVagner

model. Colloidal silica cake developmemtd 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 hjy which they attributed to the formation of a
stagnant cake layer and the accuatioh of rejected salts withji5, 19] In 2017, Ho et

al. conducted an intriguing field study in which they transferred éheatrodiemical
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
(Zrea) assigned to diffusion polarization in the membraakition boundry layer. Zea

was observed to increase over time and eventually decrease, which was explained by the
34



accumulation of norwonductive foulants on the membrane surface followed by the

trapping and accumulation of saji].

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 stla fouing 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 disponsthat 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 conductanakthe sirface layer increased, like other RO
membrane fouling studies, indicating the development of a thick, stagnant cake layer that
hindered the baeHiffusion of rejected salts. With BSA, there was evidence of a dense
but thin film that caused the cagitanceand 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 memdne suiace[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 silecand sdium 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 ciratsomprised of six RC elements in a Maxwi®agner

series. Active Askino | ayer capacitance wa
capacitance was shown to slightly increase. The fouled membrane weas then backwashed
with a sodium chloride solutidior 17 tours, after which the membrane was restored to

its initial state according to its electrochemical paramé¢ié&ils

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 assigneddificfreequencies
according to An{l8]nAg @rssulpthesauthors focusevanr k
cgpacitane 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
polyamidecoatingwas 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
membrane§37]. Li et al. conducted aex situtwo-electrode EIS analysis of

concentration polarization with RO membranthus their filtration cell was separate

36



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(lll) chloride solution pduced apacitance 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 captivalpg

concentration polarizatiof®0]. However, concentration polarization is a phenomenon

that occurs in the solution adjacent to the membrane surface due to the ptessuare
accumulation of foulants and salts, so removing the membrane from the filtration cell to
test it in arex situelectrachemical 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 strengthanditiors. They characterized their membrane system with a
doubleRC element equivalent circuit model, ascribed to the menmisw@inéon interface
and active layer. It was observed that the resistance and capacitance of each layer
increased and decreasegnthecourse 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 iorstrengh leads to diminishing electrostatic repulsion
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between likecharged protein molecules as well as the membrane s{@fHc&engur
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 descttiteeihital
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 wer@mongst few researchers to utilize a conductive
membrane in their EFSupported fouling analysis, which they conducted in a three
el ectrode arrangement wusing theithorsmembr ane
fabricated a ceramic tight UF membranengstonductive Magnefphase titanium
dioxide (TiQ). 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 destnated 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 desciiloeous 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 chealicleaning was necessaryftdly

restore flux tal00% of the initial value.

In effect, Jing et al. nk& a strong case for the successful deployment of
electroactive membranes in threlectrode EIS systems for the real tinmesitu
monitoring of foulirg [26, 28, 29] However their workrelies on the fabration of
conductive ceramic membraneghich ardimited in their applicability anehfrequently
used in largescalefiltration processed?olymeric membranesrg on the other hand,
much more commoim municipalandindustrialsettingsas well agheacademidab
bench Additionally, electrical conductivity can be achieved with the facile incorporation
of conductive materials intthe polymeric membranduringor after membrane
synthesisThus,theventuredescribed in the following chaptemsns tofurtherexplore
the functionality of conductive membranerking electrodesand to demonstrate thidiis

effort can be accomplisheiimply and effectively withpolymeric 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 MPOO5 microfiltration membrangs ¢ mi n a | -pdre diarbeteg, 200
€ mthicknes$ were purchased fro MicrodynNadir via Sterlitech Corporatiolry
membrane samples were lightly attached to plates with deididel tape to ensure the
homogeneous distribution of gold over the substrate surface. Samples were gently
cleaned with air has and subsequentputtered for a total of 50 minutes. Sputtering
was accomplished with a Denton Desk V sputteater furnished with a gold target. The
deposition conditions included a discharge current of 12 mafgion plasmalNewly
made Aumembranesverethenbackwasheavith deionized water (DI water, obtained
from a NANOpure water purification system
of 1 bar for 30 minutes to dislodge any loosely adhered gold particlasiefbranes

weresubsequentlyir-dried and kept in a drstate until used.

3.1.2 Physical Characterization

Au-membrane crossectional structure and surface morphology was analyzed
with scanning electron microscopy (SEM, Apreo S by ThermoFisher Scientific). SEM

imaging with Energydispersie X-ray spectroscop{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
guantify the surface roughnesstié gold coating. @ assess the effect of sputterating

on membrane pore size, capillary flow porometry was undertaken with a Quantachrome
Porometer 3GAfter compacting Aemembranes for 60 minutgsure water permeability
was measureby flowing DI watr through the expenental flow cell at a pressure of 1
bar.Permeate flux was measured gravimetrically with a balance that automatically

recorded weight at-Second time intervals.

To estimate the electroactive surface area (EASA) of the gold coatingx2
cm Aumembrae samples were immersed in a degassed solution containing the
supporting electrolyte, 0.01 M PBS, and a veflaracterized 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 arobic glove box @mber. 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 Ran@esgcik equation was then calculated

at different sca rates to yield EAA through Eqn. §93]:

Q ¢ oY @ToOmL o oD
where ip is the peak current in the forward oxidative scan, n is the number of electrons
transferred between the redox coufuie= 1), D is the diffusion coefficient for the redox
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couple (6x166 cm2/s), C is the redox couple concentration, vassttan rate, and A is

the electroactive surface area of the working electrode.

The redox activity of the idealized control systemag@nobic) as well as the native
experimental system (a@gxposed) was surveyed with cyclic voltammetry testing. CV
analysisof the control system was conducted in a solution consisting of the symmetric,
inert electrolyte, potassium nitrate (KMt 0.01 Mto avoid interference from the
hydroxide ions present in PBS {Burke}. CV testing with the experimental system was

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

3.1.3 EIS-Filtration Setup

Filtration experiments were condedtin a custortesigned electrochemical flow
cell, shown schematically irigure3a and b. The threelectrode 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 staintesel contactdat connect with the Au
membrane working electrode. The flow chamber has a-platérame geometry
allowing for an effective membrane surface area of 4 cm x 4 cm with 6 mm of depth
clearance. Th#ow chamber is electrically isolated from the stainlste®l contacts with

two vertically alignedrubber Qrings.
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Figure 3. Electrochemical flow cellwith gold-coated membraneoriented to
measure membrane surface fouling (aand 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 permeatstreams so that membrane orientatem loe maintained for
examination of phenomena on the membrane surface or the interior of the membrane
matrix. For observations of surface membrane fouligure3a), the membrane is
positioned with the EIS sign#adaveling 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 netwobut excludes the exterior of the gold lay€eg(re3b). In both
cases, the incoming feed stream is directed at themémbrane surface and the outgoing

permeate emerges from the supporting layer.
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To prevent thelectrolyte from shoktircuiting the stainlessteel contacts, the
flow cell was first loadd with a dry Aumembrane then slowly flushed with DI water for
30 mins, similar to the protocol used by Cen efdl]. Au-membranes were
subsequently congeted with DI water at 1.5 bar until permeate flow rates stopped
changing, ~60 minutes. Fly, the threeelectrode system comprising the-fembrane
working electrode, Ag/AgCl reference electrode, and platinum mesh counter electrode
was equilibrated byilfering the supporting electrolyte until preliminary open circuit
potential (OCP) and EIBieasurements stabilized, ~30 minutes. Permeate flux was

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

Deadend filtrationwas conducted and maintained at a constant transmembrane
pressure of 1 bar and solution f@enature of 19 £ 2 °C. Fouling was performed using a
solution of 0.25 g/L prdiltered BSA in 0.01 Mphosphate buffered salinegS),
adjustedtopH 7. TheBSAwasef i | t ered with 0.2 em PES men
aggregates. With a conductivity off8nS/cm, PBS was sufficiently conductive to serve
as the supporting electrolyte without the need for other salts. No-eatioe species

were added to the BSRBS ®slution.

3.1.4 EIS Protocol

EIS was performed in a thredectrode arrangement with a Gangference 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 1@4u¥. theopen circuit
potential OCP); no DCvoltagewas appliedResponse currents wereasured against
the reference electrode potential. OCP and EIS measurements were takethbefore
foulantwas added to the electrolyte feed strea tfhen at intevals throughout the

fouling experiment until ta permeatéux reached steady state.

The goldsolution interface was also characterized independently from the
experimental set uffo assesshe effecs of gold coatingporosilyy on impedance spectra
gold-coatedMP005 membranes were comparedodd-coatedglass 8des sputtered with
the same procedure. Prior to sputtering, thegslides were clean®dth soap and water
followed by a24-hour bath inL0% nitric acil and 10 minutes of sonicatiam DI water
EIS tests were performed degassed 010M PBS (nofoulantadded) within an anaerobic
chamber to preclude redox reactions from dissolved and atmospheric oxygen. This set up
constituted the idealized control conditi@evoid of any redoactive specieand
neglecting solution capacitance, the impedance ofttatem should only consist of

solution resistancand double layer capacitance at the electismdetion interface.

Theimpedanceontributionof the highly porous membrane support |ayes
studied byperformingEIS measurements @urrogatdPES membrandbat featured the
same minimum pore siZ@ . 1) as the support lay€eElS testing waperformedunder

typical experimental conditior(ghreeelectrode ElSair-exposed, 0.01 M PBS) a glass
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membraned Hell60 . 1 e m PES me nitbrcaatedessg theesame pretqeal

as the AuMP0OO5membranesnd oriented (with respect to the reference and counter
electrodes) taneasure impedancetahe membrane surface or withiime membrane

matrix. Suface measuremenserved ashed s o | u t icaseSurface/sojution only
andinterior orientationsvere evaluated forbofdfP 0 05 and Membraresn PE S
Thesemeasurements wetkencompared with fouelectrode EIS tests exclude the
impedanceontibution from the gold coatingworking electrode Fourelectrode EIS

was carried oun the same cell conditionsvo Ag/AgCl reference electrodesgere
employedor sensing and two platinueiectrodesvere used ta@arrythe currentA bare,
uncoated . in PES membrze was placed between the sensing electrmdepresent

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

MicrodynrNadi r PES UP150 fAl oos 25nmunonmimalaf i | tr a
pore diameter; nominal active | ayer thickn
Sterlitech Corporation. Sputtered gold coatings were app$igd) the ame 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 Sigrmddrich), Pahokee peat humic acid (International
Humic Substances Society), and LUDOX 20 nritatdal silica (SigmaAldrich). These
compounds were selected based on their wide use as represgmtagug organic, and
colloidal foulants found in sdiace watersSolutiongsuspensiong/ere prepared within 24
hours of experimentation using NANOputeionized weer (resistivity > 18 M cm).

BSA (100 mg/L), humic acid (15 mg/L) and colloidal sili&) mg/L)
solutiongsuspensiong/erefiltered through ® e m  PniicBofiltration membranes to

remove large aggregates prior to use.

To evaluate the effects eblutionchemistry(beyond the presee of foulantspn
internal membrane fouling, four experimental conditions (differing in ionic strength
(61 S6) and pH) wer e a-miISyHé%5+0292)IMMaSc h f oul
pH7 0.4, (3) 1anM IS, pH 4.5 £ 02, (4) 16mM 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 gH&Q
sodium hydroxide (NaOH) immediayebefore 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 wasified with capillary flow porometry
using a Quantachrome I»rometer. Atomic Force Microscopi M) was
administered to measure the surface roughness of #héPA%0 membranes for the
purpose of comparing electroactive surface area to thHEIRO05 membranes (described
previously)2 0 e m x 20 eonducssidom ARS8 heigatmprefiling. 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 @eted aboveDiffusivity coefficients were then

calculated from the hydrodynamic radius using the St&mestein equatioi®© ——,

whereKpi s t he Boltzmann const antyiscofityofs t emper
water, andR, is hydrodynamigadius.The zeta potential of both bare and gotted

UP150 membranes was examined in the same four solution environments using a
ZetaCad Streaming Potential Analyzer. Pure water contact angle for the ba&weand

UP150 membranes was assessed with askbamtact Angle Goniometer.

3.2.3 EIS-Filtration Experiments for the Evaluation of Fouling in
Different Solution Conditions
EIS-monitoredfiltration experiments were performed with ttheadendfiltration

procedue outlined in section 3.1.3’he Aumembranes were oriented to measure interior
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membrane fouling, according to the position showhRigure2b. All experiments were
conducted at constant transmembrane pressuré gldar) and temperature (20 £ 2° C).
Conductivity and pH were monited 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 analgsidéscribed in section 3.1.2).

EIS measurements were cotied 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 cosed ALUP150 membranes wefabricatedaccording to the method
defined in section 3.2.The same model contaminants utilized in sectiorllI2SA,
humic acid, and colloidal silica) were applied for both reversible and irreversible fouling
experimentsFoulantsolutionswere preparewith ionic strength and pldonditions that
reflecttypical natural water chemistr).01M ionic strength (adjusted witKNO3) and

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

Reversible foulng assessmepkperimentsvere conducted in crosBow mode
using the electrochemical flow cell depicted in section 3.2.1. Thmé&mbranes were
positioned to facilitate surface fouling measurement (as sdégune3a). Tangential
flowswere applied a.12 + 0.02m/sand tansmembrane pressure was maintained at 1.0
-1.5 bar while permeate flux was allowed to decline over (gmeluated
gravimetrically. EISmeasurements weperformedthroughout the foulingxpermens.
Data collected within the first 30 minutes of filtratiaas (flux declined to at least 75% of
its original value) are assumed to be representatipeestiminary,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 filtration description)The AuUmembranes were
oriented to evaate interior fouling [Figure3b). EIS measurements were collected (1)
before foulant filtrationigitial cleancondition), (2) after flux decline plataied due to
fouling (fouled condition), and (3) after backwashing therAembranes with DI water

for 30 minutes (recared 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-lvembranes were tested for

consistency. For quantitative data, averagiees with standard deviations are reported.

SEM imaging was used to examine membrane surface topography and cross
sectional pore strugte. As shown ifrigure4da, t he membrane (70 em t
upon a highf porousnowoven polyethyl ene support (150
membrane controls solute rejection while the supporting layer maintains meagha
stability. InFigure4b, higher magnification reveals the asymmedrichitecture of the
membr ane, exhibiting a desssearthasutfacevardal ay er
finger-like macrevoid structure below. The golcbated surface of the membrane is
shown inFigure4d. The cating appears gnular 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 tamgde topographical

homogeneity, whichsi confirmed intie AFM imaging.

Figure 4. SEM imaging of the AwMP005 membrane Cross-section ofAu-
membrane on top of noawoven support at 350x magnification2 00 e m t ot)é&a), t hi ckr
crosssection of Aumembrane at 1000xmagnification revealing asymmetric structure(b);
EDS elemental map showing sputtered gold particles on membrane surface and within pore
structure (c); planar view of sputtered gold coatingon 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 theeusion depth of sputtered gagbarticles

into the membrane, SEHEDS mapping was performed. An elemental map of gold within
the membrane crosection is shown ifkrigure4c. While it is apparent that some gold
paticles 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 electrafgtand only functions aa

working electrode at the membrane surface.

AFM imaging was performed to quantify the observed roughness of the sputtered
gold film. 10 em x 10 e¢coatesl mambmneowere usedtm d i f i
collect the following roughness values. AFM analysis of uncoated membrane samples
(pictured inFigure5a) produced a root mean squared roughnesssfRf 16.84 + 6.92
nmand a roughness average\ ®f 13.46 £ 5.92 nm, in agreement with data reported by
Kaya et al. for PES MP005 membraifi@s]. The sputtecoated memtane samples
displayed a larger surface roughneSg(redb) with Rrms = 32.56 + 9.51 nm andR
26.04 £ 7.95 nm. The AFM profile Rigurebb also validates the granularity seen in the
SEMimaging Figure4d), which likely results from the formation of gold particle

islands, as reported by Schug ef{@6], Gaedt et al[27], and Siegel et a[97]
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Figure 5. AFM imaging: uncoated PES MPO0O05 surfacéa); sputter-coated
gold Au-membrane surface(b).

Gold coating thickness was calculated usinglidieded deposition rate of 0.6
nm/minyi el ding a thickness of &a30 nm. The coe
because its thickness is too small to be resolved at the applied magnifiEaiime4).
Pore size reduction resulting from the goldtsgning was assessed with capillary flow
porometry. Pore diameters diminished from
0.033 N 0. 00 5(Figura Ak 1).tThisrpore size dorrespgnds to a molecular

weightcutof f of & 300 kDa.

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

for unmodified and galcoated membranes. At a transmembrane presstiig) (¢f 1
bar, the measured permeate flux values dropped from 2%52—to 99.7+ 18—

for the unmodified and goldoated membranes, respectively.
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Using the RandleSevcik equation, peak current was plotted against the square

root of scan rate to generate a slcaae, ™ 1T @ JO6— ~ B8After dividing out the

known values fromhe slope, electroactive surface area for the given sample was
determined to b8.21cm?. Average EASA across three Anembrane samples was
calculatedas 8.83 + 1.32 chfor a 4 cnt sample in the rapsentative plot. Thus, EASA
normalized to the sample arsa2.21 + 0.33 cricn? for a gold coating with a thickness

of 430 nm. A representative CVs scan set

Figure®.

4.000 mA
2.000 mA

0.000 A

Current (A)
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-2.000 mA
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Figure 6. CV scan performed on AuMP0O05 membranesample(2 cm x 2 cn)
in a solution of 1 mM Ks[Fe(CN)s]*/ K3[Fe(CN)e]* and 10 mM PBS.
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4.1.2 Permeate Flux Decline with Fouling

Figure7 showsa 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 ommon in deagknd filtration fouling studief98]. In order to collect more
representative da points, EIS tests were performed before fouling, within the first 15

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

Normalized Permeate Flux (J/Jo)

0.1

0.0
0 20 40 60 80

Time (minutes)

Figure 7. Characteristic permeate flux declinedue 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 measuments were acquired over the course of fouling
studies to examine Amembrane working electrode stability over time. The OCP
represents the thermygalamic tendency of an electrode to participate in reactions with the
electrolyte and other analytes in saduti It is measured without an applied voltage and
yields no electrical current. At applied potentials below the OCP, the electrode is less
thermodyamically prone to corrosion. Thus, positive OCP values (vs. Ag/AgCI
reference potential) indicate greatezattode stability and resistance to oxidai@®). As
illustrated inFigure8, 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, okdng a maximum of 110 mV (126 = 23 mV) at the end of the
experiment. These resulisggest that the Amembrane 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 incrghsin
covers the gold coating. Other studies have also shown that this foulant acts as a reaction

blocking agent that offers gold electrodes protectromffurther oxidatiorj102-104].
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Figure 8. Characteristic open circuit potential plot showing data fromfive

are represented consecutivelgsZ1-Z5.

4.1.4 Electrochemical Impedance Spectroscopy for Fouling

Assessment

consecutive EIS testsollected during onemembrane fouling experiment. Open
circuit voltage measured against reference electrodiiti al to final sampling points

In the following sections, we discuss rfamadaic EIS us&to monitor membrane
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integrity and evaluate contributions deafrom surface and interior fouling phenomena.
The Aumembrane goldolution interface was first characterized in the idealized control
conditionby conducting EIS experiments wibixygenpurgedelectrolyte solution in an
anaerobic chambefrhe resultdrom tests comparinthe goldsputtered membrane to a

gold-sputtered glass slidee depicted il\ppendk Figure Al- 2. A constant phase



element (CPE)vasused in place of a capacitor to more accurately represent the
imperfect expression of they@n the associated equivalent circuitg Was resolved
from the CPE using Eg2.13 TheEIS data indicate that even in idealized control
conditions,unexpetedimpedances potentially resulting fraedox impurities can still
be found in the electrochemical systekdditionally, theimpedance plots for the
sputtered membras and glasare remarkably similasuggesting thahe porosity of the

gold film doesnot significantly affectits electrochemical properties.

To furtherexplore theguestionof redox impurities in theontrolsystem,
equivalent circuits modeling serAdeal (Ro- CPEi) and norideal (Rol- CPE//Rsur)
non-Faradaic behaviaas well as tgical Faradaic (Ri- Ca//Rsurf) behavior were applied
to theEIS data Figure Al- 3). Whilethe semi and norided non-Faradaic models
yielded similar G values, thenorrideal circuitwith theadditionalparallé 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

Figure9c andd displaytypical Bade and Nyquist platfrom the Aumembrane
surface fouling experiments. The first impedance spectrum of the fouling study was
measured in the flow cell before BSA waklad to the feed stream. The control data and

initial experimental data depict similarfhaped 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 R« for the cotrol system is ~10 times larger than experimentat. R his
may be due to presence efloxactive chemical impurities or oxygen species that
provide a charge transfer pathway allowing current to flow in the experimental system.
CV tesing performedwith an Au-membraneinder anaerobi@atmospherén anoxygen
degassednert KNOs solutionrevealedsubtlecathodic and anodjgeaksaround 0.3 V
thatare suggestive aedox activity Figure Al- 4a). A platinum working electrode with

a much smallef< 5%) surface areaas also tested in these conditions and shanféat

CV graph with no peakfiowever thesmall surface area may hawndered the

platinum electrodéess sensitive to the marginal presencexyigen or otheredoxactive
solutes. In contras€V analysisconducted withtan Au-membrane inhetypical air
expasedexperimentab ¢ | eoaditién(no foulant added)evealed much larggreaks
indicativeof anenhanced current respodsand thus lower resistard from electrical

processes in theolution environmeniFigure Al- 4b)!. Furtherstudies are needed to

11t should be noted that El@onitored fouling tests were operated at open circuit
voltage, usually around 0.1 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 purposesBarautaic
impedancometric membrane analysis;sfeRan beneglectedas it is not a meaningful
indicator of fouling. Instead, changes in double layeacagnce are used to monitor the

progression of BSA adsorption and accumulation on the membrane surface.
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Figure 9. Impedance spectrafrom onecharacteristic Au-MP0O05 surface
fouling experiment: equivalent circuit model usedto represent surface fouling(a);
Bode impedance magnitude and phase angliata with equivalent circuit fits (b);
Nyquist data with model fits c). The results from five cansecutive EIS measurements
collectedduring onetest 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.

Normalized
Permeate Flux 1.00 0.87 0.73 0.51 0.38
Reo (Q) 23.2 24.5 23.6 24.0 24.3
Reur (Q) 810.3 921.1 1394 1710 1919
CPE, 7.40E-03  6.95E-03 6.01E-03 448E-03  3.25E-03
ag 9.45E-01  9.38E-01 0.9148 9.02E-01  9.12E-01
Caeurt (F) 8.22E-03 7.86E-03  7.32E-03 5.59E-03 3.88E-03
f oo au (HZ) 0.024 0.022 0.016 0.017 0.021

Visual inspection of the Bode and Nyquist data provide insights into the physical
composition of thelectrochemical system that can be used to inform and validate the EC
model. In the Bode phase plotiifjure9c, the phase angle approaches 0° in the mid to
high frequency region, suggesting that resistive beh@&/mominanin that domain. This
result was anticipated because impedance measured atdggbricies is chiefly
controlled by solution resistance, which can be quantified with thgiwie value seen in
the high frequency range of the Bode impedanoe At frequencies of ~2 Hz and
below, the impedance response is governed by the capaesietance 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. Thesplangle maximum (absolute

value) of ~70° is instead emblematic of the imdeal nature oftte electrodesolution
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interface, justifying the use of a CPE in lieu of a capacitor in the equivalent circuit. The
high Znagitude Values in the low frequency regi point to norFaradaic charging of the
double layer, which can eventually produce an opemic condition ((t) = 0) until the

capacitive layer is discharged.

In the Nyquist plots oFigure9d, only the edge afne presumed seruircle 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 resistiegnent was present, the
Nyquig plot would take the form of a straight line (representing thetiat would
emerge from the point on thesfaxis corresponding to solution resistafic4]. Non
ideal capacitive behavior with a resistive element manifests as a depr€ssethiR

circle, the diameter of which equals the resistdh68].

EIS maasurements taken throughout the fouling study show increasigguée
values at frequencies < 2 Hz gplthse angle maxima that shift to higher frequenaits
time. Bothoutcomes are indicative of diminishing surface(Cai,surf) values106].

Adsorbed protein blocks the gold surface from encountering thieadge, thus reducing
the area of the doubl e lirelowercapatitarcpand i t or
higher impedance at frequencies where capacitive effects are dominant. Unlike

resistance, changes in capacitance are more obscured in Nyquist@lbisre are less
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obvious differences between successive EIS measureméfigaine9c. It can be noted
that BSA deposition did not result in the apgnce of an additional time constant, as
some studies have obserj8a], indicating that protein adsaion affected only the
initial Caisurfresponse. Sim et al., Jingadt, and Huang et al. report similar findir{d4,
17, 28, 52] Fitted Gisurf Values from the equivalenircuit model confirm the indicatian

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 moskedl for membrane interior
testing.Impedance elements corresponding to ionic pore resistapsg 8Rd membrane
capacitance (kem are added to the solution resistancg)Rnd double layer
capacitance (&int) when the EIS perturbation signal is eesed to travel through the
membrae. Multiple verification studiesvereconducted to test the electric permeability
through the support layefhree differenset ups were compareds)(athreeelectrode
Au-MPO0O05 membrane interior and exterior (solutiomyd configuration (B) athree
electrodeAu-PESSupportinterior and exterior (solution onlgrrangementand C) a
four-electrodedesignto assessin uncoate®ES support membranersusthe electrolyte
solution.Results fronset upsB) and C) showed virtually no differences the EIS
spectrabetween the solutieanly condition and the solution plus membrane support
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(Figure Al- 5), suggesting that thelectiochemical propertiesf thehighly porous
support layeare indistinguishabledm those of the solutiotowever, heinteriorand
exteriorimpedance plots from set up)revealmore substantiaifferencesincludinga
secondime constant loop in the Nyquiglot for the AuUMPO0O05 interior conditiorhat

likely results from thgoresence of the active laye

Based on tesefindings, a circuit containingnly one additional parallel RC
element was used to representAlneMPO0O5interior system. The resultingrodelis
shown inFigurelQa. The dense polymeric active layer appearshode e | i ke a il e
(pol ymer) coat i ng oerasultingacapanianae,ldenetédegBfinr ode . T
the EC, parallels bothggeand Gi,int. Unlike the series RC element Maxweéflagner
circuits that are typically used to describe membrane systeimsethp requires an
overall parallel Gembecause the membmras dielectric, is directly connected to the
goldc oat i ng fc ap acdsirwas therélexantedetectioMffararheeer f&@ the

membrane surface nfen and Roreare the indicator vaables for the membrane interior.

Bode impedance magnitude and phase plots are portrigec 10b. Again,
Zmagnitudetends to increase over time. Unlike the surface fouling studies, low frequency
phase angle maxima changes cam@os$een in the frequency range depicted. However,
the midfrequency range shows a decreasing phase trend with fouling, similar to the

results reported by Jing et f29]. According to multiple studies, the miigh frequency
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domain (21000 Hz) is associated with electrochemical phenomena occurring in the
membrane active lay¢t2, 107] The low frequency region P<Hz) is defined by

processes taking place at the gstdution 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 Figure1Qc, two separate seruircular forms associated with the proposed time
constants can be identified. &8emicircle in the midhigh frequency region appears
small in diameter and depressed, indicating that the resistance chairagtbe active
layer time constant is comparatively low and the capacitance is better described with a
CPE wi t h ae. Bhedidmeter of thesa $eaicles increases with time, which
is an indicator of rising ionic pore resistance. This is likdglained by BSA
accumulation and pore blocking that restricts the permeate flux as well as the flow of
charge carriers transtting the EIS signdl107]. In these conditions, membrane
capacitance is also expected to decrease as foulartitimpoeduces pore network
surface area. The low frequency sancles of the golegsolution region also appear to
increase inige, which suggests that the solution impurities governggdrow less
numerous as fouling progresses. This result may stamfoulant deposition that

impedes the transport of redox analytes to the electrode surface.
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Figure 10. Impedance spectra from one characteristic AdMPOO5 interior
fouling experiment. Equivalent circuit model used torepresent surface fouling(a);
Bode impedance magnitude and phase angliata 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.

Normalized
Permeate Flux 1.00 0.86 0.60 0.51 0.39
Ry, (Q) 441 43.7 445 44.9 44.6
CPE, e, 2.20E-04 1.63E-04 1.18E-04 1.03E-04 9.21E-05
Amem 5.20E-01 5.30E-01 5.35E-01 5.40E-01 S.41E-01
Cem (F) 7.20E-06 5.93E-06 4.52E-06 4 15E-06 3.76E-06
Rpore (Q) 111.9 146.3 198.4 2243 250.1
CPE, 6.95E-03 6.04E-03 4.43E-03 3.90E-03 3.32E-03
ay 9.70E-01 9.66E-01 9.61E-01 9.54E-01 9.52E-01
Capnt (F) 7.49E-03 6.58E-03 486E-03  4.34E-03  3.69E-03
Raur (Q) 1595.3 1867.1 2194.5 2392.4 2509.0
fonar, mem (HZ) 197.5 183.5 177.5 171.0 169.2461
fonar ay (HZ) 0.013 0.013 0.0149 0.015 0.017

The fitted equivalent circuit values Trable 2support the observations from the

impedance plots. Bemore than doublesno v i n g

fouling. Gremdiminishes by 48%, from 7.20 3.76¢ F .

These

from 112 to

resul

250

t s

active layer fouling changes and are consistent with previous research. At the gold

solution interface, @int decreases from.49mF to3.69 nF and Rurincreases from

1595 to

2509

q .

|t

q

ar

e

w @akies vould be coastaht gcropsrswafdce c t e d

and interiorEIS measurements, but fouling studies consistently showed reduged C

magnitudes (76%fdCq surf for N=3 tests). However, the magnitude of @duction 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 farhest points othe gold coating from the membrane interior, found on the surface
between pores and that the resultingOmay be smaller because the gold coating
appears to have less surface area. However, the degree of fouling should remain

equivalentwhen exposedtthe 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 impedansiag Eqn2.14 In environmats where
capadive effects dominate the electrochemical phenomena, capacitance analysis can be
a sensitive technique for studying small changes that develop ovdi081€109] This
technique can be further optimized by faogson complex capacitance at a single
frequency Ciwtf), Which reduces the time required for EIS measurements and eliminates
the need for equivalent circuit modeling to extr@detection parameters. A capacitance
dispersion over the measured frequen@ctpim can be used to identify key frequencies
where the greatest capacitance changes occur. The characteristic freGugnoy (

induvial time constants can also be compuwtéd Eqn.2.12

Using an estimation dfnar determined from EC parametersyfml 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 examigaelanges chiefly drivehy

active layer fouling. Values fordsur, Caiint, and Gremextracted fom EC fitting are also
70



plotted with the single frequencysata. With these figures, contributions from surface
and interior fouling phenomena can be directly compdrignliire11a-d are characteristic
plots from individual exp@ments, but the following reported values are averaged from
three replicate experiments per surface or interiorrigutiondition. EC values for the

replicate data can be found in the SI.

For surface fouling experimentsq Gurf values were consistegtlarger than Gto0.1
Hz by about 13%. However, iRigurella 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 @gplent circuit and demonstrates that sinfgéguency
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 &, therebre those values should be approximatelyejant. On
the other hand, total capacitance for multiglé systems depends on the number and
arrangement of capacitive elements. When comp&ing to Goto.1 Hz (Figurel1lb) and
Cmemt0 Got200 Hz (Figure11c), the results indicate that single frequency testing is not
comparable with EC modeling. Even at characteristic fBqy points, total capacitance
nonetheless reflects the sum of individual congmis. 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 magnitudedakinetics of surface vs. interior fouling,
changes in @surt, Caiint, and Grem With flux decline were normalized to their initial
values. The results are depictedrigure11d. Gnemdemonstrated a lower total reduction
of 44% * 4% over the course of fouling whereas& and Gi,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 plbigurellc reveals that fgem
initially quickly declines with flux, but then slows as flux decline progresses. This may
emerge from immediate foulant adsorption indlogve layer which successively
decreases as pore blocking on the membrane sunfipegles further internal fouling.
CmemcCapacitance reduction was thus calculated for flux decline up to 50% in order to
identify the initial rapid reduction rates. It caa feen that gemalso fouls more slowly
than Gi,int, With a statistically signifi@ nt v al ue 0 fen/WitfluX & cokhpaged 0 6 C
to a Gu,intof 0.92 + 0.05p Gi/unitflux. Because the active layer pore network is more
protected from immediate fouladeposition than the membrane surface, it is likely that

Cmemreflects attenuateshembrane interior fouling.

72

















































































































































































































































































