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Lay Abstract

Membrane separation technologies are a common purification strategy in many fields due to
their simplicity and low energy requirements. Membranes operate by rejecting particles from feed
water based on their chemical or physical properties susizeasr charge. Lonterm membrane
operations are limited by foulingycurring largeoperatingcosts forfrequentcleaningcycles and
downtime. Furthermore, traditional membrane separationyy physically remove particles
presenting a risk for contaminantirgroduction into the environmenlectrically conductive
membranes are an emerging strategy for addressing these caheertes their demonstrated
antifouling, enhanced selectivitgnd redox capabilitiesTo date, these membranes have almost
exclusively been developed as flat sheets with limited research into other membrane formats.
Hollow fiber membranes resemble thin tubes ~1 mm in diameter and up to ~1 m in length where
filtration occurs through the tubular wall of the fiber; the small diameter allows for hundreds of
fibers to pack into an individual modutausmaximizingthroughput In thisthesis several issues
with hollow fiber conductive membrane fabricaticare addressedo ensure consistent
performance along the length of the fibkkey tradeoff betweermembraneurfaceconductivity
and throughput was found to exist universally in the conductive membrand fidcknowledge

can be used to select fabrication methodb@arameters to target certain performance ranges.



Abstract

Electrically conductive membranes (ECMs) are of significant research interest for their
ability to mitigate fouling, enhance separation capacity, and induce electrochemical degradation
of contannants. Most ECM development has been in flat sheet format suitable for laboratory
studies; in industrial applications, formats such as hollow fiber (HF) are preferred for their high
packing density. Whil&CMs in HF format are emerging rasearch thesetechniques typically
employ the same methods proven for flat shek¢ninvolving direct deposition of conductive
material onto a support membrane with no further investigation into how the deposition process
affects ECM properties. This is a significasftallenge for long (~1 m) HF membranes where
coating uniformity is essential to ensure consistent performance. The goal of this project was to
fabricate conductive HF membranes, ensuring uniform performance along the fiber. In this work,
we havedevelopedl ficr ossf |l ow depositiono techniqgue to
double walled carbon nanotul@&V/DWCNTSs)onto the interior surface of commercial polyether
sulfone HF membranes. In a desigfrexperiments model, feed pressure and crossfielocity
were shown talirectly impact composite membrane conductivity and permeability. The highest
permeability (~2900 LMH/bar) and conductivity (~670 S/m) were both achieved at the high
pressure (0.2 bar) and high crossflow velocity (1.06 cm/s) gondAn inverse relationship was
identified between conductivity and permeability for 29 different HF membranes coated under
various flow and particle loading conditions. Similar trends were evident in ECM literature when
comparing 80 membranes across 2®qrs, covering various conductive materials, separation
types configurations, and applications. Metalbased ECMs outperformed graphitic
nanomaterial or conductive polymieased ECMs with conductivities three orders of magnitude

higher. This review atsrevealed a wide variation in performance testing with 35 unique pollutants



in 63 total tests, indicating a need for standardization to accurately compare ECMs and a need for
testing with more realistic feed sources. Finally, electrochemical degradétietiyl orange

using the CNicoated HF membranes was evaluated in batch and continuous removal
experiments. Although no significant MO removal was detected in either configuration, these
modules can be used for further optimization in terms of targetatlictivity, contact timgand
electrochemical parameters such as applied voltages. work highlights the existence of a
conductivity/ permeability tradeff in ECM development and how manipulation of flow

parameters during deposition can impact thisehaftlin HF membrane development.
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Chapter 1: Introduction

1.1 Membrane Technologies

1.1.1 Terminology & Classification

Membrane separation technologies are a prominent purification strategy in several fields
due to their low energy requirements, simple design and operation, and high removal efficiency.
Exampleapplications include municipal and industrial wastewater treatfdgndirinking water
and desalinatiofil], petrochemical purificatn [2], gas separatiori8], and bioprocessing]. A
membrane serves as a thin, stlely permeable barrier that separates particles based on a variety
of properties, such as size, charge, or diffusivity. Size exclusion, where particles larger than the
membrane pore size are rejected, is one of the more common separation mechanisms thus
membranes are often classified by the size of their pores. These classes include: microfiltration
(MF) for pore size ~0-1L0>m, ultrafiltration (UF) ~2100 nm, nanofiltration (NF) ~0-8 nm and
reverse osmosis (RO) < 0.5 fi]. RO membranes are unique as they have a dense structure
where separation is defined by sabmkdiffusivity affinity rather than size exclusigt]. MF, UF,
NF and RO membrane separations are all presdnwven processes. In typical operation, a
pressurized feed source is separated into two streams: 1) a clean permeate that has filtered through
the membrane and 2) a retentate rejected by the membrane. Figuhestrdtes the pore size
distributions in the MF/UF/NF/RO filtration spectrum as well as the sizes of several common

contaminants.
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Figure 1.1. The filtration spectrum illustrating pore size distributions for separation techniques
along with particle sizes for common contaminants. Adapted fspm

Membranes can be further classified by the type of material used in fabrication which
gererally include polymers or inorganic materials. Membrane polymers include natural (e.qg.
cellulose, rubber) or synthetic (e.g. polyether sulfone, polyvinylidene fluoride, polyamide)
materials[6]. Inorganic materials for membrane synthesis include ceramics, silica, or metals.
These materials are useful for operation in extreme conditions that coofotaraise polymeric
membranes, such as high temperatures (> 200°C), extreme pH values, or when filtering reactive
chemicals. Polymeric membranes are generally preferred in most other applications due to their

low cost and ease of manufact(ier].

Membrane structures can be symmetric, where pore size is constant throughout the matrix,
or asymmetric, where a skin layer with a tight pore structure {+6rh thick) is combined with
a more porous support structure. The skin layer defines the poreosigepfration while the
support layer provides physical stability and reduces resistance to flow through the membrane

[1,6,8]. A micrograph of amsymmetric polyether sulfone membrane is included in Fig. 1.2.

2
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Skin Layer

Figure 1.2. Scanning electron micrograph of an asymmetric polyether sulfone membrane.

Commercial membrane filtration modules are available in several coatiigus
depending on the membrane geometry including flat sheet, spiral, tubular and hollow fiber
membranes as illustrated in Fig. 1.3. Flat sheet membranes are commorssadaléabltration
experiments where a single membrane can be sealed in a prebseillize industrial applications,
multiple flat sheet membranes can be stacked in a-glatérame format, sandwiched between
support plates where permeate is colle¢®@dThis format increases the membrane areaaail
for separation, with a packing density of 30 to 50%nm[6]. Spiratwound modules consisif
two flat sheet membranes separated by a spacer and rolled around a perforated collection tube.
Feed flows axially while filtered permeate is directed inwards along the spacer towards the
collection tubg8]. Spiratwound modules generally have a higher packing density thangoake
frame models around 200 to 806/m?[6]. In a tubular membrane module, feed flows along the
inner channel of a series of tubes ~12 mm in diameter and is filtered outwards towards the shell of

the module. The tube itself typically contains an inner membrane layer and an outer popouts s
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so filtration occurs in an insideut direction[6,8]. Due to he large diameter of the tubes, this
format generally produces low packing densities ~30 to 28@nhj6]. Hollow fiber (HF)
membrane modules are similar in appearance to tubular membranes apart from two major
differences: 1) HF membrane diameters are much smaller ~ 1 mm and 2) the membrane layer is
commonly formed on either the inside or outside surfackeofube (i.e. filtration can occur in an
inside-out or outsidan direction)[6,8]. The small diameters allow for hundreds to thousands of
fibers to be packed in a single module, with packing densities of 500 to 92008 (20 to 300

times higher than platendframe modules)[6]. Given the small diameter however, HF

membranes tend to be more susceptible to fouling than their count¢@girts

There are generally two different flow paths during membrane operation: teddahd
2) crossflow filtration, shown in Fig. 1.4. In deadd filtration, the feed flows normal to the
membrane surface and is forced through the membrane into the permeate stream. Rejected
particles deposit on the surface unlessm@mipeng mechanism is incorpaed into operation; there
is no retentate stream. In crossflow filtration, the feed flows tangentially to the membrane surface
where it can pass through the membrane into the permeate stream or continue along the membrane
surface and exit the module in tretentate stream. The hydrodynamically induced lift or shear
effects in crossflow operation are advantageous for preventing particle deposition and fouling thus

preserving membrane longev(§,10].
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A key limitationin membrane science is the traafébetween permeability and selectivity.
Permeability is a measure of permeate flux, normalized by the pressure across the membrane
(transmembrane pressure, TMP). Flux is expressed as permeate flow rate divided byeavailabl

membrane area (e.g. units: 2imLMH). Permeability is calculated using the following equation:
o — 1)

whered is the permeability (LMH/bar))is the membrane flux (LMH) ang is the TMP (bar).
Selectivity is a metric for describing the affinity of the membrane separation for the desired product
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over smaller impurities-or size exclusion membranes, the selectivity of certain compounds can
be enhanced by decreasing pore sib&dver, this also decreases permeability by impeding flow
through the pores. This inherent inverse relationship between permeability and selectivity was first
identified by Robeson in the gas separation membrane[fi2]dbut similar analyses have since
been applied to desalinatifit3,14]and protein purificatiofil5]. Overcoming the upper limits for

these two metrics is a key goal of new membrane development.

1.1.2 Challenges & Limitations

Despite the advantages and range of applications for membmm®logies, there are still
several challenges to be addressed from an operational and functional standpo#tériinong
membrane operation is limited by fouling, incurring additional costs for frequent cleaning cycles
and ultimate replacement of affectetembranes. Functionally, membranes are limited by the
selectivity/ permeability tradeff identified in Section 1.1.1. Many small, harmful contaminants
cannot be removed by high flux membrane processes and must rely on dense membranes with

much lower throghput. These issues are addressed further below.

Fouling is one of the most significant operating challenges for-termy membrane
separation processes. Membrane fouling occurs when particles in the feed solution deposit or
adsorb to the membrane surfawenside the pores, resulting in a decline in flux under constant
TMP conditions, or an increase in TMP under constant flux condifils Some membrane
performance can be recovered via physical (e.g. backwashing, scouring) or chemical cleaning
methods; thiss termed reversible fouling. Irreversible fouling cannot be recovered by these simple

means and over time will require membrane replacebelt]

Fouling can be further classified as: biofouling, particulate/ colloidal fouling, organic

fouling, and inorganic fouling, or scaling. Biofouling occurs when microorganisms such as

6
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bacteria deposit on the membrandace and form biofilms. Biofilm formation is a complicated
process with many steps but generally involves: 1) bacteria adhesion and 2) bacterial excretion of
extracellular polymeric substances (EPS). EPS make up a significant portion of biofilms (=50
90%)[18] and tend to make biofilms resistant to many common féisiants such as biocides or
chlorine[19]. Particulate/ colloidal foulants are inorganic or organic particles ~1 nm tord 09

size that interact with the membrane surface via convective trafisp@®] There are three main
mechanisms for particulate/ colloidal fouling: 1) initial pore blockage; 2) cake layer formation;
and 3) concentration polarizatifit6,20,21] The first two mechanisms directly impede membrane

flux by increasing membrane resistance due to pore blockage and adding another level of resistance
in the cake layer. The presence of this cake layer can indomecantration polarization effect

due to the increased particle concentration at the membrane surface compared to the bulk, resulting
in increased particle breakthrough into the permeate and increased osmotic pressure which can
reduce permeation rate in NEO processe$16,20] Organic foulants consist of dissolved
components or colloids that adsorb to the membrane surface. Flux is impeded by initial pore
blockage as well as subsequent formation of a gel layer angherane surfadd6]. Inorganic

foulants consist of dissolved components such as metals that precipitate on the membrane surface
in a process known as scaling. This is a major issue for NF/RO processes with high salt
concentrations where solubility limits mée exceedefil6,22] One or more of these types of

fouling can affect membrane surfaces dependmthe chemical content of the feed source.

Pressurariven MF/UF membrane processes are limited to separation based on a size
exclusion mechanism and due to their large pore sizes, cannot remove small organic particles or
other contaminants that can leadetrimental health and environmental effects. For example,

chlorinated organic compounds (COCs, found in pesticide run off and industrial effluents), azo
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dyes (common in textile industry effluents), and heavy metals (found in mine tailings) accumulate
or persist in the environment and have known toxic, mutagenic, and carcinogenic pf8&ntial

26]. Although NF/RO membranes have been demonstrated to successfully removR QOsze
dyes[28,29] and heavy metalf30], they are higtpressire, low flux, and energy intensive
processes that often require {oreatment to protect the membrane surface from damage due to
particulates or chemicals (e.g. chlorinated disinfectants, oxidants) in thg1{@831] This
presents an opportunity for process intensification if the combinetrganent and NF/RO
process could be replaced by a single upération. Furthermore, in a conventional membrane
process, these contaminants are only physically removed from the feed and not chemically

degraded, therefore presenting a risk feinteoduction into the environment.

1.1.3 Current Trends in Membrane Developme

In the previous section, two major challenges for membrane processes were identified as
fouling propensity and overcoming the selectivity/ permeability barrier for small toxic
contaminants. Current strategies for fouling mitigation can generally bgocatd as: 1)
operational, 2) préreatment, or 3) material modifications. Strategies to improve separation

efficiency and accomplish degradation of contaminants will also be discussed below.

Operational fouling mitigation strategies include controllirygirodynamic conditions or
incorporating cleaning cycles between filtrations. Use of crossflow filtration (see Fig. 1.4) is a
simple, effective approach as the tangential flow induces shear effects that can prevent particle
deposition and fouling9,10]. Many commercial technologies have already taken advantage of
this technique due to its simplicitgde Fig. 1.3). Air sparging, where air is injected with the feed
water, is another strategy for inducing shear stress to remove deposited pfBack3g

Depending on the relative gas and liquid velocities, air bubbles can be dispersed indiphbgei
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or present as large slugs that alternate with liquid l84]. Both configurations have been
demonstrated to effectively remove external fouling (i.e. the cake [Ba&B¢4] Internal fouling

(i.,e. in the membrane pores) is more ajing and can only be effectively removed in
intermittent cleaning cycles. Typically, both internal and external fouling can be addressed via a
simple backwashing process where clean water is fed in the opposite direction of the feed water
(i.e. outsidein to insideout) [32,33] For more severe fouling, chemical cleaning may be required
where the membranes are soaked in a cleaning agent such as an acid (e.g. nitric, hydrochloric),
base (e.g. sodium hydroxide), oxidant (e.g. sodium hypochlorite3urdactant (e.g. sodium
dodecyl sulfate) to target particularly challenging organic and inorganic foyg#]jtsin both
backwash and chemical cleaning cycles however, the membrane makebeffline, incurring
additional costs for lost product. Other techniques for cleaning include mechanical methods such
as rotating[35] or vibrating [36] membranes which use motion to induce shear effects, and
ultrasonic cleaning where ultrasound waves are used to displace deposited panjclEsese

methods can be energy and maintenance intensive however due to wearing of mechanical parts.

Pretreatment unit operations are often installed before membrane processes to remove
foulants before contacting the membrane surface. This is especially useful for NF/RO processes
as these dense membranes are susceptible to severe fouling and damagetitnolatgsaand
chemicals in the feed. Conventional freatment unit operations for NF/RO include MF/UF
membranes, biological treatment, coagulation or flocculation, and adsorfii$88].
Incorporation of an additional unit operation incurs large capital and operating expensag, maki

this is one of the most expensive techniques for mitigating fouling.

Development of antifouling membrane materials is a diverse field of research, however

there are two main approaches that manipulate 1) surface interactions and 2) chemical reactivity.
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Passive surface interactions between foulants and the membrane surface can be altered by
controlling hydrophilicity. Increased surface hydrophilicity is generally desired as a method for
reducing bacterial attachmefi8]. Grafting of polyethylene glycol or zwitterionic polymer
brushes onto the membrane surface has been shown to mitigate organic fouling through two
primary mechanisms: 1) steric repulsion from the long polymer chains and 2) formation of a
hydration laye between chains due to hydrogen bonding with water moledGiegl0]
Alternatively, hydrophobic surfaces with low surface energy can aid with the release of adhered
foulant particles via hydrodynamic shear mm&aisms. The hydrophobic surface, often based on
silicon or fluorine chemistry, weakens the interfacial bond with foulants such as bacteria cells,
facilitating removal[39,41] Active surface modifications confer chemical reactivity to the
otherwise inert membrane surface. For example, membrane coatings containing silver
nanoparticles actively prevent biofouling due to release of silver ions and generagaictofe

oxygen species (ROS, e.g. hydroxyl radicals), creating a toxic environment for bacteria growth
[39]. Similar coatings have been developed using metallic oxides (e.g. copper, magnesium,
titanium) to generate ROS through catalytic or photocatalytic mechafd@@s8] Membranes

with an electrically conductive surface are unique in that they use both passive (i.e. electrostatic
repulsion[44]) and active (i.e. ROS generatiptb]) mechanisms for fouling prevention under an

appliedpotential, as discussed further in Section 1.2.

Another major challenge for membrane operation is the limited ability for removal of small
toxic contaminants such as COCs, azo dyes, and heavy metals with MF/UF processes. Only
conventional NF/RO membrane goesses can remove these contaminants; however, these
membranes require high pressures and produce low throughput. Taking azo dyes as an example,

other conventional removal techniques include advanced oxidation, adsorption, and

10
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electrochemical methods. dnlvanced oxidation, azo dyes are degraded by strong oxidizing agents
such as Fentonbés reagent, ozone, or sodium hy,)
incur large operating costs due to consumption of expensive oxidizing agents and regeatrati
adsorbent, respectively@6]. Electrochemial processes present a eeffective alternative as
oxidative degradation is accomplished through direct anodic oxidation and indirectly through
generated ROS, without consuming additional chem[d&ls Similar electrochemical processes

have been used for reductive degradation of Cj@g]sand physical removal of heavy metg8].
Additional research has considered combining MF/UF membrane separations with these
electrochemical processes. For example, electrically charged membrane surfaces have
demonstrated successful degradation of surrogate azo dyes under an applied [d&&jakith
enhanced removal through incorporation of catalytic nanopartjlels Similar membrane
composites have been used to reduce heavy metals to inert forms (i.e. hexavalent cf@fpium

and oxidize various organic contaminants (i.e. phpH9b3], tetracycling53]). This approach is
advantgeous as it combines high throughput MF/UF processes with contaminant degradation or

conversion to inert forms, eliminating any potential femteoduction into the environment.

1.2 Electrically Conductive Membranes

1.2.1 Benefits & Applications for Conductive Méranes

Electrically conductive membranes (ECMs) are of significant research interest for their
ability to address several of the concerns mentioned in Section 1.1, including fouling, and removal
or degradation of small toxic contaminants. Applying antetepotential across a conductive
membrane surface has been demonstrated to successfully mitigate fouling in biqabdg
56], organic fouling[50,57,58] and scaling59] applications. The following mechanisms have

been proposed to explain the ECM dntiling effect: electrostatic repulsiga4], generation of

11



M.A.Sc. Thesis | Melissa Larocque McMaster University | Chemical Engineering

reactive oxygen species (ROS) via water split{ihg], and steric repulsion due to gas bubble
generation[60]. These mechanisms are illustrated in schematic form in Fig. 1.5; it is likely a
combination of these effects that defines ECM-tmiling capability. Other factors, such as the
magnitude and direction of applied potential, determiniehviffects are dominant. For example,

gas bubble generation typically only occurs above a threshold poféfiidtCMs have also been
combined with electrical impedance spectroscopy as a method for detecting the onset of fouling
[61,62] This infomation would be valuable for optimizing cleaning cycle schedules to prevent
irreversible fouling. Fouling mitigation and detection would help increase the longevity of

membranes in lonrterm operations.

The charged membrane surface can enhance rejattiath MF/UH63] and NF/R(64]
applicatiors via electrostatic repulsion. Furthermore, redox reactions directly at the membrane
surface or from generated sources (e.g. ROS) have been exploited for specialized contaminant
removal (e.g. azo dyes and chlorinated compoUybti$5] hexavalent chromiurf66], phenol
[45,53] tetracycling53]). Many of these contaminants have toxic or carcinogenic effects (e.g. azo
dyes[24]) or detrimental environmental effects (e.g. chlatéd pesticides, such as atrazine which
inhibits growth of photosynthetic plari67]); by degrading these compounds or cating them

to an inert form, ECMs eliminate the risk forirgroduction into the environment.

Counter Electrode + (-)

-] o +

- +

Feed ﬁ o OO . Retentate

) X PE # —
0,
+ ROS OOOO ’ °
Conductive Layer — (+) O
Membrane

Gas Bubbles Permeate

—

Figure 15. Schematic of ardiouling mechanisms for electrically conductive membranes.
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1.2.2 Materials & Methods foFabrication

A variety of methods have been developed for fabricating ECMs but typically make use of
the following classes of conductive materials: 1) metals (e.g. titanium [B8d€0] gold [71],
nickel[72], copper{73]), 2) conductive polymers (e.g. polypyrr¢¥l], polyaniline[75,76]), and
3) graphitic nanomaterials (e.g. carbon nanotyb66%8,77] graphend53]). Metals have been
incorporated into surface coatings on traditional membrane materials with good uniformity and
low thickness[72]. However, current fabrication processes have several limitations including
energy intensive metallic sintering and reduction sfep</ 3], use of hazardougducing agents
[72], or incorporation of specialized equipment and protocols, asielectrospraying 0], sputter
coating[71], or atomic layer depositioj®9]. Condictive polymers have been surface localized
onto a support membrane via polymerization at the membrane spia@é] or casting directly
onto the surface via phase invers|[@6] to combat their relatively poor physical stability. These
polymersare traditionally difficult to cast due to their poor solubility in common solV@afs To

date, graphitic nanomaterials are used in most ECM fabrication protocols.

Within the class of graphitic nanomaterials, carbon nanotubes (CNTs) have shown
significant promise due to their high conductivity and wide range of chemical functionalizations.
CNTs are 3D tubular nanomaterials consisting of a network’dfydpidized carbon atonshich
allow for propagation of an electric current. Singlalled CNTs (SWCNT) consist of one of these
tubes; multiwalled CNTs (MWCNTS) consist of multiple layers wrapped around the smallest
tube. CNTs have a characteristically high aspect ratio (lengthader > 1000:1) and a semi
flexible structurg79] that allows formation of porous networks. Additional benefits of CNTs for
ECM applications include their ability to facilitate redox reactif@®, high adsorptive capacity

[80], and high chlorine tolerang¢@1].
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CNT-based ECMs have been fabricated both asssgipating CNT networks and in
composites with traditional membrane materials. -Seffporting CNT networks have been
especially useful for smadicale biomolecule purification and drdglivery as these membranes
allow for highly specific, controlled transpdtirough the CNTs themselves with high resulting
flux [82]. However, the limited pore control and large quantities of expensive conductive material
required limit the applicability of this technique in largeale treatment applications. CNTs can
also be cast directly into membraneustures, either with traditional membrane polymers to create
a composite materigb7], or directly into a porous setupported CNT network63]. More
commonly, CNTFbased ECMs have been fabricated via direct vacuum or pressure deposition of
dispersed CNTs onto the surface of a support memij&sg9,64,77,83]We have previously
studiedsimilar deposition techniqgdor variousgraphitic nanomaterial based ECMs, including
SW/DWCNTs, MWCNTSs, and carbon nanofibers (CNFs), however significantly higher surface
conductivities were achieved with SW/DWCNTs. Furthermorajctionalized CNTs (e.g.
carboxyl groups) are more easily dispersed in wgidi, allowing for formaion of more
homogeneous deposited layers and improved stability due to the ability to from chemical cross
links [85]. Carboxyl functionalized SW/DWCNTs were selected as the primary conductive

material in this work for their high conductivity ardse oflispersibility.

1.2.3 Geometry & Scaleip

To date, most ECM development has been limited to the flat sheet membrane format. As
mentioned in Section 1.1, other membrane formats offer higher packing densities which can
maximize throughput in large industrial processes. Hollow fiber (HF) membrampardicularly
advantageous due to their high packing density and robussugglorting design. However, due

to their small diameter, HF membranes are more susceptible to figjBhg-abricating ECMs in
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a HF format could improve HF operation due to ECM antifouling potential and would easily allow

for ECM scaleup to ful-scale treatment in industrial applications.

Recent progress has been made towards ECM fabrication in a HF format using metals
[68,72,73] conductive polymer$74], and graphic nanomateriald63,8G6 88]. Among these
conductive materials, carbon nanotubes (CNTs) show significant promise due to their high
conductivity and abilityto form porous, thin film structures as outlined in Section 1.2.2.-CNT
based conductive HF membranes have been developed using two major techniques: direct casting
and surface deposition onto a support membrane. Using-gpmgeting technique, muitvalled
CNTs (MWCNTSs) were cast directly into a porous HF membrane structure with a pore size of
~100 nm[63]. Although these membranes demonstrated goodfaring behaviour in a
subgquent membrane bioreactor stlydy], this fabrication process has liexdt pore control and
has yielded low surface conductivities (1.2 S/m) compared to the deposition approach. A vacuum
or pressure deposition approach has been used more commonly for a variety of polymeric supports.
In a forward osmosis application, MWCNTs wewvacuum deposited onto the surface of
poly(amideimide) membranes to enhance water permeability and salt[86jx Wei et al.
extended the vacuum deposition technique to two layers of hanomaterials on a polyacrylonitrile
(PAN) support: ~48 nm layer of reduced graphexide followed by ~33m layer of MWCNTSs
to improve physical stability87]. Although the excess deposition of nanomaterials gave the
membrane surface good conductivity (280 S/m), it also resulted in poor flux. A better balance
between flux and conductivity was achieved by Du et al. where the PAN suppoidbvezated
via electrospinning prior to vacuum deposition of a thin MWCNT layer (>thp[88]; however,
the limited scalability oklectrospinning presents a major challenge. The surface conductivity and

hydraulic permeability values from these studies are summarized in Table 1.1 and illustrate a major
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performance | imitation in the ECM f ieablitdg t hat
tradeof f . 0 Al though not uni que to HF membranes
optimization of existing fabrication protocols to achieve both high conductivity and permeability
necessary for processing large volumes of water (huadoetthousands of ML/d).

Table 11. Literature conductivity and permeability values for carbon nanotube based electrically
conductive hollow fiber membranes

Reference | Support Membrane | Filtration Type | Conductivity (S/m) | Permeability (LMH/bar)
[63] N/A MF 1.2 12,000
[87] PAN UF 280 7.2
[88] PAN (Electro spun) MF 39 5,800

1.3 Conductivity/ Permeability Trade-off

1.3.1 Limitations in Deagend Conductive Membrane Fabrication

As mentioned in Section 1.2, vacuum and pressure deposition are the most common
techniques for ECM fabrication. These techniques are usually conducted terdetiration
mode without a true understanding of how the filtration process affects pagjdsition patterns.
The key challenges with this approach are avoiding excess deposition of conductive material, and
ensuring the deposited layer is uniform along the membrane surface. As an example, in the
coatings developed by Wei et al., CNTs were deppeed i n a thick | ayer
relatively high conductivity and low permeability compared to the work by Du et al. with CNT
|l ayer thickness ~[B7,88] Thenrriple sradee of Magmtude differente in
permeability between these two works is likely a factor of both this substantial difference in
coating thickness as well as the separation type (MF vs UF). A further complication is the coating
uniformity alonga longer HF membrane. The short membrane samples (i.e. ~[8B]3prepared
in previous works are not true representations of im@dlisnodules where HFs can be over a meter
in length[6]. It is unclear if the same conductiivould be observed at all points along the fiber

when scaled up. Crossflow filtration is generally preferred over-daddin most membrane
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filtration processes due to induced shear effects that prevent excess particle ddpgsdjowe

hypothesize this shear effect could be optimized to ensure uniform deposition of CNTSs.

1.3.2 Potential for CrossflowFiltration 7 Application to Particle Deposition Theory

Fluid velocity profiles determine the trajectories followed by particles in flow and can be
classified as laminar or turbulent depending on the ratio of inertial (due to fluid momentum) to
viscous (de to fluid friction) forces. In fluid mechanics, the relative contributions of these forces

can be quantified using the Reynolds number (Re):

YQ — )

where” is the solution density) is the characteristic velocity) is the hydraulic dimeter and

is the dynamic viscosity. Using this metric, flow can be categorized as lairi@r € o 1y 1t
turbulent (Y Q 1t 1t 7)Y 1Or transitional Y¥'Q ¢ o mtrr 1 x {89]. In laminar flow, velocity
streamlins follow a smooth, regular path whereas in turbulent flow, streamlines are mixed due to
random velocity fluctuations and eddy currents. A simple system of fully developed internal
laminar flow has a parabolic velocity profile with maximum velocity in #eter of flow. In fully
developed internal turbulent flow, velocity profiles have a blunt shape due to fluid ni#dhg
Laminar flow is the most likely profile for internal crossflow through a HF membyaes their

small diameter; therefore, the following force analysis assumes laminar flow.

A particle travelling in bounded laminar crossflow along a membrane surface experiences
three major forces: an inertial lift force away from the membrane V@] & drag force in the
direction of permeate flow@ ), and a second drag force in the direction of crossfl@w) (as
shown in Fig 1.6a. The balance of forces in the vertical direciar(d"O ) determine whether

particle deposition will oaar [9,10]. Once deposited, the particle experiences two further effects:
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a van der Waals attracévforce encouraging sustained particle attachmént { and a friction
force opposing the crossflowQ) as shown in Fig 1.6b. Particles will detach from the membrane

surface ifOis greater than the combined magnitudé®@fand’O [9,10]. The initial deposition

step is most significant for developing conductive HF membranes via a depdsiisenl process;

we therefore seek a method to controllable tune inertial@jtgnd permeation draf ) forces.

Permeation drag and inertial lift are both dependentiaw properties. The permeation

drag force O ) is directly proportional to the rate of permeation, and numerical evidence suggests

that increasing permeation rate directly leads to an increase in the rate and extent of deposition
[9][10]. In simple bounded flow with impermeable walls, inertial Ii#D)( consists of two
components, the nef which determines its effect on particle deposition: 1) eHéct lift (O )
opposing deposition and 2) shepadient lift (O ) encouraging depositioi90,91] Wall-effect

lift is induced due to velocity streamline asymmetnyunbounded flow, the velocity streamlines
around a particle are symmetrical; the presence of a boundary disrupts the symmetry and diverts
streamlines away from the wall. The increased velocity and resulting drop in pressure on the
opposite side of thparticle drives movement away from the wall, thus opposing deposition (see
Fig. 1.7a)[90,91] Sheagradient lift is a result of the parabolic velocity profile in laminar flow
which causes the magnitude of fluid velocity relative tdiglarvelocity to differ on either side of

the particle (see Fig. 1.7b). The shgeadient induced force therefore causes the particle to move
towards the side with a higher velocity magnitude and corresponding lower pressure, typically
towards the wall[91i 93]. The relative magnitude of wadiffect and sheagradient lift is
determined by the lateral or crossflow velocity, as well as other system parsnmeiuding

viscosity, particle diameter, and hydraulic diam¢aéi.
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Experimentally, selection of permeation rate and crossflow velocity, which directly relate
to permeation drag and inertial lift, have been shown to significantly impact particle deposition
patterns. Increasing permeaticate has led to an increase in the rate and extent of latex bead
deposition in a forward osmod@4] and patterned MF membrane sty8%]. Uniformity in the
deposited layer along the membrane surface also improved with increasing permeation rate
[94,95] The impacts of crossflow velocity in these tstadies were not consistent however where
in one case, increasing crossflow velocity improved the extent and uniformity of the deposited
layer[95] and had the opposite effect in the otf82l]. Radu et al. have speculated that increasing
crossflow velocity induces two caasting effects: 1) increased shear, which encourages particle
detachment and 2) increased patrticle loading, which improves deposition proljaé]litfhese
results suggest there may be an optimal combination of crossflow velocity and permeation rate

where particle loading and shear can be balanced to produce a uniform, dense deposited layer.

Fluid FI
a)  Fluid Flow

b)  Fluid Flow

Figure 1.6. Free body diagram demonstrated the forces acting) anparticle in flow and) a
deposited particle. Forces involved: lifOf, drag due to permeate flowQ(), drag due to

crossflow {O ), van der Waals attractive forc®( ) and friction {O).
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Figure 1.7. Schematic illustrating the two components of the inertial lift foagavall effect lift
force (O ) with velocity streamlines shown ari sheargradient lift force O ) with fluid
velocities shown relative to the particle velocity.

1.4 Motivation & O bjectives

This work was motivated by the opportunity for developing conductive membranes in an
industrially relevant hollow fiber (HF) format and to improve understanding of the impacts of flow
parameters in depositidrased synthesis methods. The main gbthis project was to develop a
method for fabricating conductive HF membranes to ensure uniform conductivity and performance
along the entire fiber length. Commercial polyether sulfone hollow fiber membranes and carboxyl
functionalized single walled/ adible walled carbon nanotubes were used to develop these

conductive HF membranes. Specific goals of the project included:

1 Evaluating the wvalidity of a fAcrossflo
uniformly conductive HF membranes and studying the itnplftow parameters on

coating uniformity and membrane throughput.
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1 Establishing the inherent conductivity/ permeability traffe in conductive
membrane literature and comparing performance limits across the following
parameters: conductive materials usethbrication, filtration spectrum, separation
configurations, and electfoinctional applications.

1 Demonstrating the electfonctional capability of the CNT coated HF membranes
via electrochemical degradation of a model azo dye contaminant underlea app

voltage in crossflow filtration.
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2.1 Preface

I n this chapter, a Acrossflow depositiono t
conductive membranes (ECMs) in a hollow fiber (HF) format. As outlined in Chapter 1, previous
ECM researchhas been largely limited to flat sheet format, suitable foistatde studies, while
other formats such as HF are preferred in industry for their high packing density. Furthermore,
depositiorbased synthesis methods typically employ eeadifiltration without considering the
impact of flow parametei@n deposition patterns The fAcrossfl ow depositio
in this chapter alloed for manipulation of flow parameters, such as feed pressure and crossflow
velocity, to control deposition behaviouSingle walled/ double walled carbon nanotubes
(SW/DWCNTSs) were filtered in crossflow along the interior, active surface of polyether sulfone
(PES) HF membranes to create a uniformly deposited CNT layer. The effects of feed pressure and
crossflow velocy on composite membrane performance in terms of surface conductivity and
hydraulic permeability were studied in a desajrexperiments model. The results in this chapter
clearly show: 1) the usefulness ofgdordectvécr oss
membrane properties; 2) flow parameters (feed pressure, crossflow velocity) as well as particle

loading (i.e. CNT concentration) significantly impagtomposite membrane performance; 3) a
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tradeoff exists between surface conductivity and peability across the various coating
conditions studied. This conductivity/ permeability traddeis further explored in Chapter 3,
extending the analysis to the entire field of ECMs across various conductive materials, separation
types, configurations, a@napplications. The electfonctional capability of the CNToated HF
membranes developed in this chapter is evaluated further in Chapter 4 for their ability to

electrochemically degrade a model contaminant under an applied potential.

A deadend depositio technique was employed prior to the work in this chapter for two
membrane materials: PES and polyvinylidene fluoride (PVDF). In thedaninary studies, a
nontconstant surface conductivity along the length of the fibers was noted, as well as the poor
physical stability of coatings developed for the PVDF membranes (see Appendix A.1l). This
motivated the use of a crossflow technique to improve coating uniformity as well as selection of
the PES HF membranes for use in this cha@ee limitation of the cresflow technique is that
the theoreticaldeposited mass of CNTs could not be calculated since it is possible that not all
CNTs present in the feed solution are deposited. Several techniques for estimating CNT
concentration in solution (i.e. total organiarison, U\AVis-NIR absorbance) and for estimating
CNT mass directly (i.e. thermogravimetric analysis) or through surrogate techniques (i.e.
correlation with surface conductivity) were investigated in Appendix A.2. None of these
guantification techniques weapplicable for our purpose however due to the low concentrations

of SW/DWCNTs and confounding effects due to presence of impurities in the samples.

2.2 Abstract

Electrically conductive membranes (ECMs) have significant potential for enhanced
membrane separations. While most of the existing studies on ECMs have focused on flat sheet

membranes, it is the hollow fiber membrane format that is the preferred formatgescale
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treatment applications. While ECMs in hollow fiber format are emerging, existing approaches tend
towards extremes of membrane conductivity or permeability without considering theotfade
between these metrics. We aim to understand and optiimiz tradeoff by studying the effect of

the normal (pressure, lift) and tangential (shear) forces associated with conductive coating
deposition. A suspension of functionalized single walled/double walled carbon nanotubes
(SW/DWCNTSs) in solution containg sodium dodecyl sulfate and polyvinyl alcohol was pressure
deposited in crossflow along the active lumen surface of polyethiéone microfiltration
membranes. The impact of the crossflow deposition parameters affecting surface forces (feed
pressure, crossflow velocity) were quantified according to both membrane permeability and
conductivity in a 2 designof-experiments study. Unexpectedly, the highest membrane
permeability (~2900 LMH/bar) and conductivity (~670 S/m) and were obtained higihdeed
pressure and high crossflow velocity condition. A Robddan plot was generated that
demonstrates a tragadf between composite membrane permeability and conductivity for 29 CNT
coated HF membranes fabricated at various SW/DWCNT concentratiossflow velocities, and
applied pressures. Measured conductivities (up to 2500 S/m) and permeabilities (up to 6000
LMH/bar) for the CNTFcoated HF membranes were several orders of magnitude higher than
previous conductive hollow fibers, indicating thabstantial benefits of crossflow deposition. The
electrically conductive hollow fiber membrane fabrication technique developed herein will be
useful in a variety of conductive membrane applications including fouling prevention, enhanced

removal of chargegarticles, and integrated membrane sensing capabilities.

2.3 Introduction
Electrically conductive membranes (ECMs) have significant potential for enhancing

membrane separation capability, coupling reactions and catalysis with separag@hdimiting
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surface fouling[3], and providing surface sensing capidies [4]. Membrane separations
traditionally based on size exclusion (e.g. microfiltration (MF) or ultrafiltration (UF) membranes)
can benefit from enhanced charged particle separatith electrostatic repulsive effects. The
conducting surface also creates potential for redox reactions that can be exploited for specialized
contaminant removal or degradation (e.g. azo dyes and chlorinated organic com@&unds
hexavalent chromiurfb], phenol6] [7], tetracyclind7]). ECMs have also been shown to mitigate
the degree of fouling in applications involving biofoulif&j 11], organic fouling[3,11,12] and
scaling[13]. Several mechanisms have been proposed to explain thfsaing effect including

the generation of reactive oxygen species (e.g. hydroxyl radicals) via water sgitting
electrostatic repulsion from the charged surfddé, and steric repulsion due to the generation of
gas bubblefl5]. A recent study demonstrated the usefulness of combining ECMs with electrical

impedance spectroscopy to identify the onset of membrafeceuouling[4].

A major limitation of current ECM development is its nearly exclusive focus on flat sheet
membranes. Other membrane formats are often preferred in industrial Gpmica maximize
packing density and separation capacity. Hollow fiber (HF) membranes offer a significant
improvement in packing density over flat sheet membranes; however, their small (~ 1 mm)
diameter increases susceptibility to pore blockage and &Uli6,17] Therefore, there is

significant industrial opportunity for antifouling ECMs in a HF format.

To this end, conductive HF membranes have previously been developed with a range of
conductive materialincluding metals (titanium oxidé8], platinum[19], nickel [20,21], copper
[22]), nanomaterials (CNT[4,23 27], grapheng28]) and polymers (polypyrrolR9,30]. Metal
coatings have been recently studied due to tlegiosition uniformity and low thickness, however

current fabrication processes have several limitations including energy intensive metallic sintering
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and reduction steps at high temperature (>5002821,22] use of hazardous reducing agents
(e.g. sodium borohydrid0]) or use of specialized equipment such as atomic layer deposition
[19]. Conductive polymers suchs polypyrrole[29,30] or polyaniline[31] have been studied
however they are difficult to cast, requiring vapour phase polymerizg#®B80] or uge of co
solventg31] to overcome their poor solubility. To date the most common electrically conductive
coatings are formed from graphitic nanomaterials. Carbon nanotubes (CNTSs) ramising
candidate for the formation of ECMs due mostly to their high conductivity and wide range of
chemical functionalizations; additional benefits to using CNTs include their capability for
facilitating electrochemical redox reactidb$, high capacity for contaminant adsorpt88], and

high cHorine tolerancg33].

CNT-based membranes in flat sheet format have been fabricated using two major approaches:
1) seltsupporting CNT networks; 2) CNased composites with traditional membrane materials.
Self-supporting CNT membranes offer enhanced flux ajection for smalkcale separations
such as for biomolecule purification; however, these membranes are not yet practical for large
scale treatment applications due to limited pore control and high costs associated with large
guantities of nanomaterigl34]. Composite materials habeen developed via surface deposition
of conductive nanomaterials including CNT%2,35] and graphend7,36] onto a support
membrane. Use of a traditional membrane polymer as a support is advantagleess amterials
have established largeeale fabrication protocols and methods for pore control. Combining single
walled/double walled CNTs with chemical crds¥ers, direct vacuum deposition can be used to
deposit a porous, crosisked CNT network ont@olymeric support membranes that achieves high

surface conductivity and preserves membrane[8ik
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There has been some recent progress towards the development-ba€2tiTconductive HF
membranes. Wei et a[l1] developed an alternative fadation approach based on mudtalled
CNTs (MWCNTSs) cast directly into a HF structure via a-g@nning technique. The reported
pore size of these membranes was approximately 100 nm. These same membranes were used in a
subsequent membrane bioreactaidgt for municipal wastewater and shown to have good anti
fouling properties with complete flux recovery after 1 h of electrochemical clei2dpgwWhile
highly effective for specific charged particle separations, these aiasttCNT membranes offer
limited pore control that may hinder their size exclusion separation capabilities, and have thus far
yielded conductivities -R orders of magnitude lower (~1.2 Sfh}) than those achievable with a
deposition approach. The majority of previous studies have used the simpler technique of
depositing CNTs onto the surface of prefabricated HF maneist Goh et al23] used a vacuum
deposition approach to adhere a thin layer of MWCNTSs to the exterior surface of a poly(amide
imide) HF support that was then chemically crosslinked with polyethyleneimine. These composite
HF membranes were developed for forward osmpsicesses. The presence of MWCNTSs greatly
enhanced pure water permeability and magnesium chloride salt flux; however, only these passive
properties were evaluated. Further characterization of this material is required to determine
potential benefits frorelectrochemical effects, such as enhanced charged particle removal, under
an applied potential. Wei et 4R5] extended the vacuum deposition approach to two layers of
nanomaterials to enhance the physical stability of the ECMs. Using a thin reduced graphene oxide
layer (48 nm) followed by a thicker MWCNT layer (~36n) on the exterior surface of
polyacrylonitrile (PAN) HF membranes proved to withstand the electrochemically assisted
backwash conditions to enhance flux recovery with humic acid and methyl blue dye as model

contaminants. However, the excess deposition of conductive material in thisaswlted in poor
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overall flux and does not consider the tradiebetween membrane conductivity and permeability.

Du et al[26] achieved similar antiouling effects with three orders of magnitude greater flux than
Wei et al.[25] in a surface water application by depositing MWCNTSs onto an electrospun PAN
support layer. The electrospinning process created a PAN support with low tortuosity and high
porosity, enabling a high flux in comparison to membranes fabricated by phassion;
however, the scalability of electrospinning is a significant challenge that needs to be overcome.
Additionally, the reported conductivities of these HF membranes prepared both by vacuum
deposition and direct wespinning are several orders of mégde lower than that which has been
achieved to date with flatheet membrane geometries. Thus, there is a clear need to revise and
optimize the fabrication protocols used for conductive HF membranes to achieve the required
conductivity and permeabilitgroperties that are needed to process industrially relevant volumes

of water on the order of hundreds to thousands ML/day.

To optimize the tradeff between ECM conductivity and permeability, we propose the use of
a fAcrossfl ow depo dthdaamountidf ChTsmie thesH- mentbrarne curface. o
Based on both simulation studig8,39] and eperimental studiepl0,41] it is well known that
crossflow filtration is an efficient method for controlling particle deposition on a membrane
surface. We hypothesize that by adjusting these flow parameters, we can precisely control the
deposition of dispersed CNTs to form a coctie layer onto a HF membrane surface and that
this controlled deposition approach will enable optimization of the membrane performance. In this
work, we used a desigof-experiments study to evaluate the effects of applied pressure and
crossflow velocityon membrane permeability and conductivity. Additionally, we studied a range
of parameters to identify the limits in the permeabitionductivity tradeoff and generated a

RobesoHike plot to identify the upper bound for ECM performance.
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2.4 Experimental

2.4.1 Materials

Polyethersulfone (PES) MF membranes with a nominal pore size of).2vere purchased
from Repligen; the inner and outer diameters were measured to be approximately 1 and 1.1 mm
respectively via scanning electron microscopy (SEM). Carboxyl fumalimed single
walled/double walled CNTs (SW/DMENTS) were purchased from Cheap Tubes; the properties
reported by the manufacturer include the following: outer diametdrdofith, length of 530 >m,
purity greater than 90% (by weight), functional contdrz.33% (by weight), and ash content less
than 1.5% (by weight). Sodium dodecyl sulfate (SDS, MW: 288.38 Da) was purchased from
Anachemia and polyvinyl alcohol (PVA, MW: 133 kDa, 9899% hydrolyzed) was purchased
from Sigma Aldrich. In one of our previossudies [37], a higher MW of PVA was used in a
similar recipeto create flasheet ECMs; the lower MW PVA was selected for this study to

facilitate its dissolution in water.

2.4.2 Carbon Nanotube Suspension Preparation

SW/DWCNT suspensions were prepared according to a similar protocol that was developed
for the fabricatio of flat sheet ECM§37]. Briefly, a suspension of SW/DWCNTs deionized
(DI) water was stirred for 10 minutes (600 RPM) and then ultrasonicated (QSonica Model
Q500wi t h a 1 o0 >mamplitude) for B0 nanates withOntervals of 2 seconds on and
2 seconds off (i.e. an effective time of 15 minutes). Excedsdating was limited by placing the
suspension in an ice bath during sonication. A solution of SDS in DI water was prepared by stirring
for 30 minutes (600 RPM). The SDS solution was mixed and stirred with the sonicated
SW/DWCNT suspension for 15 minut@@0 RPM) then ultrasonicated for an effective time of

30 minutes with the same sonication settings and time intervals as above. A solution of PVA in DI
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water was prepared by stirring for 30 minutes (600 RPM, 90°C). The mass ratios of SW/DWCNT
to SDS andd PVA were maintained constant at 1:1.5 and 1:10, respectively. The PVA solution
was cooled to room temperature, mixed with the SW/DWEDS suspension and ultrasonicated

for an effective time of 15 minutes with the same sonication settings and timalsi@swabove.
SW/DWCNT suspensions were used for deposition withi i after preparation and remained
stable and weltlispersed in this time. Experiments were completed with two SW/DWEDF

PVA suspension concentrations: 1) 7.5 mg/L SW/DWCNTSs, 11.3 1858, 75 mg/L PVA; 2)

18.8 mg/L SW/DWCNTSs, 28.1 mg/L SDS, 188 mg/L PVA. A control suspension without CNTs

was also prepared with 131 mg/L PVA and 19.7 mg/L SDS.

2.4.3 Crossflow Deposition Experiments

SW/DWCNTs were deposited in crossflow along the interiorvacurface of the PES HF
membranes. Crossflow deposition experiments were conducted using three mastermodules
arranged in parallel to allow for three HF membranes, each sealed within a separate module, to be
made and tested with the same feed suspeiiBig. 2.1a). The module consisted of an aluminum
reservoir with ports for feed, retentate and permeate lines. Crossflow deposition was conducted in
an insideout flow path due to the asymmetry of the support HF membranes. CNTs have exhibited
antifouling properties botim their inherent (uncharged) forf#2] and when charged in a surface
coating[3], provided the CNTs are accessible to the feed. Given the {ostdesymmetry of the
PES membranes, the active (interior) surface must be conductive to exhibit the strongest potential
for electrefunctional effects as thisigface is exposed to the feed. To accommodate the ioside
configuration, feed and retentate ports were located at opposite ends of the membrane, and the
permeate port was located inside the module wall. PES HF membranes were sealed in the

crossflow modie at the feed and retentate ports using epoxy resin (LePage Speed Set Epoxy) in a
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short piece (~2 cm) of plastic tubing that was dried for 1 h at ambient temperature until it was set.
The total membrane length used for sealing was 20 cm; however, tbeveffleembrane length
available for separation was approximately 16 cm, with the remaining 4 cm sealed in epoxy resin.
Modules were then filled with DI water to condition the PES HF membranes overnigBd (R

A peristaltic pump (Masterflex Model 7528) was used to supply the feed, with feed pressure
measured and recorded every 3 seconds via a USB transducer (Omega PX409). A needle valve on
the retentate line was used to throttle crossflow velocity which was further verified via a rotameter
(Omega FL385G, 65 mm). By closing the needle valve, the system could be operated-in dead
end mode. Threway stopcock valves were used to redirect flow on the retentate lines such that
the crossflow velocity for each HF could be verified independently via the reambe permeate

for one of the three HF membranes was collected onto a digital scale where mass was recorded
every 30 seconds via a sefidEB connection to a computer to measure flow rate. Permeate flow
rates for the other two HF membranes were mangallgcted every 15 minutes and weighed to

verify that the flow rate was identical across all three membranes.
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Figure 2.1 a) Schematic of the crossflow deposition system. The identified components include:
(1) Feed reservoir; (2) Peristaltic pump; (3) Pressure transducer; (4) Aluminum crossflow filtration
submodule; (5) Retentate line needle valve; (6) Retentate line rotartiBt&igital balance; (8)

HF membrane. Locations for the feed (F), retentate (R), and permeate (P) streams around the
filtration submodule are identifiedb) Picture of the experimental sgp with three crossflow
deposition experiments running in paehll Numbered components correspond to the same
equipment identified in Panel @) Sample preparation for CNdoated HF analysis. The CNT

coated HF is removed from swmodule and sectioned into six segments. Each segment is cut in
half and folded open tohé interior surface for analysis via fepoint probe conductivity
measurement (shown) and scanning electron microscopy.
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)

ii)

CNT deposition experiments consisted of six sequential steps:

Membranes were wetted via dead filtration of DI water for a maximunt d h or until a
constant pressure (x5%) was maintained for 10 minutes. The flow rate was set betiveen 7.5
12 mL/min per HF to achieve an initial pressure of at least 0.2 bar.

Pure water permeability was measured in deadl mode with DI water as tlieed source.

Using the peristaltic pump, the feed flow rate was set €different values between 056

mL/min (per HF). Hydraulic permeability gL was calculated according to Eq. 1:

I (1)

where J is the permeate flux (L%m LMH) andnP is tte average transmembrane pressure
(TMP, bar) recorded by the pressure transducer. Permeate flux was calculated as flow rate
divided by the effective HF membrane area (5:a3* m?). A set of typical TMP and flux
curves are included in Fig. 2.S1. On average unmodified PES HF membranes had a pure
water permeability of 5,540 LMH/bar, with values ranging from ~1;,2Q0000 LMH/bar

(Fig. 2.S2). A previous study also reported a considerable variation in the permeability of HF
PVDF membranept3].

The system was then operated in crossflow filtration mode. Using DI water as the feed, the
pump flow rate and retentate needle valves were simultaneously and manually adjusted to
obtain the dsired feed pressure and crossflow velocity, verified via a pressure transducer and
retentate line rotameter. The feed source was then replaced with the SW/DBIIHNAVA
suspension for deposition. Crossflow velocity was manually verified every 2 minuessctor

HF via the rotameter. Crossflow deposition proceeded until a permeate volume of 60 mL was

collected from each HF membrane allowing total deposition time to vary depending on the

permeation rate at each combination of feed pressure and crossflowyveloc
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iv) The modules were drained completely and removed from thgpsdthe entire module was
cured in an oven at 100°C for 1 h. After curing, the module was cooled to room temperature
and filled with DI water to condition the CNdoated HF membranes oveght (12 24 h).

V) CNT-coated HF membranes were-wetted via deaend filtration of a 50 vol%
isopropanol/DI water solution for 30 minutes, with flow rates and pressures maintained under
the same conditions as the initial membrane wetting step (Step (i))-cGitéd HF
membranes were then rinsed with DI water under -@ealifiltration for 30 minutes. After
which, the modules were drained and rinsed three times with DI water to remove remaining
isopropanol.

vi) Pure water permeability for the CNEbated HF membrasavas measured following the same

protocol as the initial permeability measurement (Step (ii)).

To optimize the CNIcoated HF membrane performance, a -teweel, twofactor (feed
pressure and crossflow velocity), full factorial (i.€.2 4 conditions) dégn-of-experiments
(DOE) study was established. The high and low conditions for feed pressure were 0.2 and 0.1 bar;
the high and low conditions for crossflow velocity were 1.06 and 0.32 cm/s (corresponding to
volumetric flow rates of 0.5 and 0.15 mL/miifhese values were selected to cover a wide range
of permeation driving forces (pressures) and shear rates (crossflow velocities) to study the effects
of these parameters on CNT deposition patterns.-€difed HF membrane performance at each
of these condibns was evaluated in terms of pure water permeability and surface conductivity.
For each condition, two runs were completed with the parallelizagbsetsulting in six different
coated HF membranes (3 HF membranes per run). Two control experimentdseerenducted
using this protocol. The first one was based on the same preparation and curing process, but the

crossfl ow deposition step was excluded (i . e.
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same preparation, crossflow deposition (crossflelocity of 0.21 cm/s and feed pressure of 0.06

bar) and curing process but the feed suspensi ¢
control). In these experiments, each condition was repeated for six HF membranes, with the
exception oofcotnhe ofi Hawahti ch was repeated for fi
focused on an insideut configuration, this approach of optimizing flow patterns could also be
adopted for an outsidi@ hollow fiber support by changing the location of the feed, peeraad

retentate ports.

2.4.4 Surface Conductivity Analysis

The CNTcoated HF membranes were removed from the module as illustrated in Fig. 2.1c then
stored in a glass Pyrex tube and dried at room temperature for at least 24 h. The dried membranes
were cut into & segments, four of which were 3 cm in length and two were 2 cm. Each segment
was cut in half along the croessgction, folded open, and mounted onto a glass microscope slide
using doublesided Scotch tape. Surface conductivity was measured using -adatiprobe
conductivity meter (Ossila T2001A3). Each segment was measured three times resulting in 18
conductivity measurements (6 segmen&measurements per segment) for each HF membrane.
Geometric correction factors were verified by manual calculatsamg the thin, rectangular slice

approximatior{44].

2.4.5 Scanning Electron Microscopy (SEM)

A JEOL JSM7000F scanning electron microscope was used to capture micrograph images of
the CNT-coated HF and unmodified PES HF membranes. Membrane samples were first dried
following the same pitocol used for the conductivity measurements. Gsessional images were
obtained by immersing the HF membrane in liquid nitrogen and manually fracturing it along the

crosssection to preserve the pore structure. All the membrane samples were spuatenithieh

42



M.A.Sc. Thesis | Melissa Larocque McMaster University | Chemical Engineering

nm of platinum prior to imaging. For image capture, a working distance of 10 mm, accelerating

voltage of 5.0 kV and probe current betweéb PA were maintained.

2.5 Results & Discussion

SW/DWCNTSs were deposited on the lumen side of insigtehollow fiber (HF) membranes
(i.e. the inside walls of the HF) during crossflow filtration to form electrically conductive
membranes (ECMs). The effects of applied pressure, crossflow velocity, and feed concentration

on membrane permeability and surface condigtivere investigated.

2.5.1 Optimization of the Crossflow Conditions for Depositing CNTs onto HF Membranes

The effects of feed pressure and crossflow velocity on HF membrane permeability and
conductivity are displayed in the top and bottom panels respectif/€lg. 2.2. The four figures
within each panel are displayed in a manner consistent with’tB®©E study conditions. For
example, the figure in the top right corner of each panel corresponds to the high crossflow velocity
(1.06 cm/s) and high feed pressure (0.2 bar) condition, while the figure in the bottom left corner
of each panel correspondstte low crossflow velocity (0.32 cm/s) and low feed pressure (0.1
bar) condition. Atotal of 6CNE oat ed HF membranes (identified
axes) were prepared at each DOE study condition; thus, the results for 24 membranes ffom the 2

DOE study are displayed in each panel.

For the permeability results in panel a of Fig. 2.2, the error bar for each membrane corresponds
to the 95% confidence interval from the linear regression analysis of permeate flux (LMH) versus
applied pressure (bar)t is evident that at the high crossflow velocity condition, there was fairly
good agreement in the permeability values for all 6 membranes. For example, at the high crossflow
velocity and low feed pressure condition, hydraulic permeabilities for the-codfed HF

membranes ranged from 27@®00 LMH/bar. The permeability range narrowed further to BO00
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3600 LMH/bar at the high crossflow velocity and high feed pressure condition, excluding
membr ane fiao with 500 LMH/ bar .evdfidtionse observed s i gn
in the permeability of the unmodified PES HF membrane (see Fig. 2.S2) upon which the CNT
coating was deposited and the known challenges in achieving homogeneous dispersions of CNTs
[45]. However, at the low crossflow velocity condition there was much greater variation in the
permeability values across the 6 membranes. Our hypgatii@swhy this occurred are discussed
below. Despite this variability, statistically significant trends were evident for the effect of
crossflow velocity on CNicoated HF membrane permeabiliwhile maintaining constant
pressure, permeabilities were sigrantly higher (twesample t#test pvalue < 0.05; see Fig. 2.S3)

at the high crossflow velocity condition at both 0.1 and 0.Hbarever, there was no significant
difference in permeability between the higind lowpressure conditions at constant cfloss

velocities (twesample #test pvalue > 0.05; see Fig. 2.S3).

As shown in panel c of Fig. 2.2, each Cihdated HF membrane was sectioned into six
segments to determine the surface conductivity profile along the membrane. The results from that
analyss are presented in panel b of Fig. 2.2 with the error bar for each segment corresponding to
the standard deviation from triplicate measurements using th@dinitrprobe conductivity meter.

In a similar way to the membrane permeability results discugsmae, the high crossflow velocity
condition of the DOE study produced membranes with low variation in the conductivity values,
both within the length of an individual HF membrane and between different HF membranes. For
example, at the high crossflow veity and high feed pressure condition, the conductivity
measurements ranged from 220 82%00 S/m (one order of magnitude difference). This contrasts

with the low crossflow velocity condition, in which a wide variation in conductivity values was
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observed.For example, at the low crossflow velocity and low feed pressure condition,

conductivities ranged from 0.01 to 140 S/m (five orders of magnitude difference).
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Figure 2.2. Hydraulic permeability (panel a) and surface conductivity (panel b) results for the
CNT-coated HF membranes; theaxis categories for both panels (a, b, c, d, e, and f) correspond

to the six membranes that were made at each of the four condition2®dDIO& study. The error

bars in panel a correspond to the 95% confidence intervals from the linear regression of permeate
flux (LMH) and applied pressure (bar) for each individual membrane. The error bars in panel b
correspond to the standard deviationtlod triplicate measurements made on the six segments
excised from each individual membrane.
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Membranes coated at the low crossflow velocity condition were measured to have a large
variation in the measured conductivity values both between different HF meeslroated at the
same conditions as well as along the length an individual HF membrane. A few membranes had
considerable variation in the conductivity values for the short segments that were cut from the
same HF membrane. For e ow orpstflew velocigy ratdrhigmfeed i d 0 ¢
pressure condition was uncoated between segments i and ii where CNTs were deposited well near
the inlet (beginning of segment i) then did not deposit again until the end of segment ii (see Fig.
2.S4). Similar patchesoonc oat ed areas also formed in rando
at the same coating condition and for membran
low pressure condition. Due to the random nature of these patches, it is our hypb#idhisy
are due to some particular physidoemical property (e.g. hydrophobicity) of the PES MF
membrane itself upon which the CNTs are deposited; this phenomenon will be the subject of a

forthcoming study.

Conductivity showed a statistically signifidtadependence on both crossflow velocity and
feed pressure. Measured conductivities were significantly higher when increasing crossflow
velocity under constant pressure at both 0.1 and 0.2 bar, and when increasing pressure under

constant crossflow velocitgt both 0.32 and 1.06 cm/s (p < 0.05, see Fig. 2.S3).

Interestingly, it was found that the highest membrane permeability and conductivity were
obtained at the same condition of high pressure and high crossflow velocity. Both the measured
increase in congttivity (panel b of Fig. 2.2) and the visually darker coatings (see Fig. 2.S54)
suggest that SW/DWCNTs had deposited to a greater extent and with greater uniformity at the
high-pressure conditions. Increasing crossflow velocity leads to two contrastiectseffl)

increased shear, which can encourage particle detachment; 2) increased particle loading, which
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increases deposition probabilif¢6]. Previous works demonstrate evidence for both of these
effects, where extent of deposition can be increased witbasing crossflow velocity if particle
loading is dominarid1], and decreased if shear is domir{df{. Increased pressure or permeation
flow has consistently been shown numeric{8,39]and experimentallj40,41]to increase both

the rate and extent of particle deposition. Therefore, previous evidence suggests that both increased
crossflow velocity and increased pressure can lead ttegpeaticle deposition which is consistent
with our observations. We attempted to quantify the residual amount of SW/DWCNTSs in solution
using a variety of analytical techniques (e.g. total organic carbon, thermogravimetric analysis, UV
Vis spectroscopy)however it proved to be extremely difficult due to the low concentration of
SW/DWCNTSs used in this work as well as confounding effects due to the presence of PVA and
small amounts of impurities from the SW/DWCNT source (e.qg. [dsh)

The observed increase in both conductivity and permeability (see Fig. 2.2) within the DOE
parameter space is an interesting finding that cannot be explained by the extent of SW/DWCNT
deposition alone given the following two arguments: 1) for a constarg aié&®V/DWCNTS, a
denser coating would be required to achieve a higher conductivity which would subsequently result
in a lower permeability; 2) for a neconstant mass of SW/DWCNTSs, a higher conductivity may
suggest more SW/DWCNTSs were deposited, whichlevalso lead to lower permeability by pore
blocking. We hypothesize that coating uniformity played a greater role than coating density in
optimizing these performance metrics. The visual observations suggest SW/DWCNT coatings
were more uniform at the highrossflow, high pressure condition (see Fig. 2.S4), which
corresponded to the highest conductivity and permeability in the DOE (see Fig. 2.2). This is
consistent with related particle deposition research where increased crossflow velocity and

permeation re lead to greater uniformity of deposited foulants along a memljpddipeAs
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described below, particle deposition theory can be used to explain why the extent of CNT
deposition increased with both feed pressure and crossflow velocity. In crossflow filtration, the
balance between peraigon drag and inertial lift forces determines if particle deposition will occur

[39]. Permeate flow induces a drag force that drives particles towansethbrane wall38][39],

which is evident in this work as increasing the driving foarepermeation resulted in a greater

extent of CNT deposition. However, the crossflow velocity condition induces an inertial lift effect

t hat has been shown t o -enfafveec ttowol icfotmptomatnt eap p c
Ashgmraaadi e n teocouraget depositigdB8i50]. Our results indicate a greater extent of
SW/DWCNT deposition under high crossflow velocity,igfhsuggests that within the crossflow

velocity range efr atdhe nD@E,i ntelret iflasihdarft compon

To evaluate the potential effects of the other membrane processing steps, two control
experiments were conducted. The first expent studied the effect of the curing process alone
without a prior crossflow deposition procedu
studied the effect of the filtration (crossflow velocity of 0.21 cm/s and feed pressure of 0.06 bar)
and curingpr ocess in the absence of SW/ DWCNTs in
control). Permeability measurements obtained at both control conditions as well as the four points
from the DOE are shown as a boxplot in Fig. 2.3, along with the equivalentictdtism the
permeability results in Fig. 2.2. The average permeability for the unmodified PES HF membranes
was 5540 LMH/bar and is included in the plot as a reference line. Compared to this reference, heat
treatment of the PES HF membranes resultedimabpermeability ~21% of its initial value, while
with prior coating of PVA solution this was increased to ~51% of its initial value. Two statistically
significant groups formed when comparing membrane permeabilities from the control tests with

those froan the CNTFcoated HF membranes in the DOE. Permeabilities for the-Gidled HF
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membranes fabricated at the low crossflow velocity condition (shaded, hashed boxes) were
statistically similar to the hedteated membranes, whereas Gtbated HF membranes tite
high crossflow velocity condition (shaded, solid boxes) were statistically similar to the membranes

first coated with PVA solution (p < 0.05; see Fig. 2.S3).

We hypothesize that poorly coated membranes suffered extreme permeability loss during the
pog-deposition heat treatment step (100°C for 1 hour). Moreover, we propose that the uniform
deposition of CNTs on the underlying PES MF membrane protects it during the heat treatment
step. As such, greater amounts and more uniform coatings of CNTs preverapility loss,
while providing greater surface conductivity. It has been shown that exposing PES HF UF
membranes to temperatures in the range of 120 to 180°C for just short periods of time (i.e. 5to 15
minutes) results in an approximate 40% drop in tn@me permeability51]. By increasing the
exposure time to 1 h, our PES HF membranes exhibited an even greater permeability loss in the
heattreated control, as well as in the Cddated HF membranes at the low crossflow velocity
condition. At hese conditions, the HF membrane surface was poorly coated with CNTs, as
indicated by the light grey surface in the membrane photos (see Fig. 2.S4), which left the PES
surface exposed in the heat treatment step. In contrast, at high crossflow velo€ityTtbeated
HF membranes were more uniformly coated which likely protected the internal pore structure from
drying out, resulting in a lower permeability loss. Protection against thermally induced
permeability | oss was | i kewite chenrmhagmdt rmetmdd ain
PVA coatings protected the PES HF membranes from drying out. PVA coated membranes can
improve surface hydrophilicity resulting in increased permealjbi®y and have therefore been
exploited to preserve permeability when heat treating membrane surfacesefical cross

linking [53,54] The impact of heat treatment rather than pore blockage was the most statistically
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significant effect for determining final membrane permeability which explains the indndasti
conductivity and permeability observed in tRBE. This further supports our claim that coating

uniformity is critical to conductive HF membrane optimization.

A multiple linear regression analysis was conducted using Minitab software to qubatify
impact of the crossflow deposition flow parameters studied in tHellXactorial DOE on the
CNT-coated HF membrane performance. Two quantitative responses were assessedatetlT
HF membrane permeability with 6 measurements at each DOE pointpaddctivity with 36
measurements (6 measuremenHF membranes). The resulting regression models are shown
as surface plots in Fig. 2.4 and tresidual plots for these models are provided in Fig. 2.S6.
Membrane permeability exhibited a strong positirelationship with crossflow velocity but
showed no statistically significant trend with pressure (p > 0.05, see Table S1), while conductivity
exhibited a strong positive relationship with both crossflow velocity and pressure (p < 0.05, see
Table S1). Thenteraction between crossflow velocity and pressure was only significant for the
conductivity model (p < 0.05, see Table S1) which is consistent with Fig. 2.2 as the combination
of high pressure and crossflow velocity resulted in the highest condudgigty2.4 clearly shows
that crossflow deposition flow parameters have a significant impact on final membrane
performance. Note that the linear regression models are defined only within the bounds of the
DOE. Intercept terms have no physical meaning ared provided only to improve model fit.
Further optimization of these flow parameters is required to identify the ideal combination

resulting in both high conductivity and high permeability.
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Figure 2.3. Boxplot comparison of the hydraulic permeability results for the €bidted HF
membranes prepared at the four conditions of th®QE study and two control conditions
involving no CNTs. The results from the DOE study are organized according to thedssdre

and crossflow velocity values. For each boxplot, thelinilcorresponds to the median, the upper

and lower box bounds correspond to the interquartile range, and the whiskers correspond to the
maximum and minimum values.

Permeability (LMH/bar)

Figure 2.4. Full-factorial regression models for thé ROE study evaluating CN€oated HF
membrane) permeability and) conductivity in terms of crossflow veI00|ty (cm/s) and pressure
(bar). The mult|ple linear regressmn model for panels afelasys: a) Qi aQ O wQu o w
ouxWw b) 662 Q60O MPHQPO YT opH O vVoepd O. Note that
models are defined only within the range of conditions studied in the DOE: crossflow velocity of
0.321.06 cm/s and feedressure of 0i10.2 bar.The filled circular symbols within each panel
indicate the four experimental results from tRODE study.
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To relate the membrane performance results reported above to the physical properties of the
composite HF membrane, scanne@lgctron microscopy (SEM) images were obtained in both top
down and crossectional orientations. Representative images are shown in Fig. 2.5 for the
unmodified PES HF membrane and two Gbated HF membranes. The porous interior surface
of the unmodifiedES HF membrane is visible in Fig. 2.5 with a pore size on the order as expected
from the manufacturer (0:2m). The asymmetry of the PES membrane is apparent in Fig. 2.S5 in
which the low magnification crossectional images illustrate the skin layersem on the interior
membrane surface. Note that while these SEM images only show a few hundrsatface area
chosen randomly along the length of the HF, they are representative of the entire HF. A clear
morphological change between the unmodified PESrtie¢mbrane (Fig. 2.5a) and the Cildated
HF membrane surface (Fig. 2.5¢) can be identified in thelboyn SEM images, indicating that
the PES surface was well coated with SW/DWCNTSs. Individual SW/DWCNTSs and fiber bundles

are identifiable as the fibrousrgctures on the membrane surface.

The approximate thickness of the CNT layer was measured at multiple points along the length
of the HF membrane to be in the r-seaigneSEMT 0.
images using ImageJ software. Thisimog thickness isiR2 orders of magnitude thinner than
composite CNT HF membranes from Wei et al. [32]. This substantial difference in coating
thickness had significant impacts on the membrane permeability: 7.2 LMH/bar in [32] compared
to 2900 LMH/bar fothe CNT-coated HF membrane in Fig. 2.5 ¢, d. The thinner, more permeable
coating also achieved higher conductivity: 280 S/m in [32] compared to an average of 670 S/m for
the CNTcoated HF membrane in Fig. 2.5 ¢, d. Using the crossflow deposition metkod, w
achieved a thin film coating of SW/DWCNTs with a coating thickness comparable to that reported

in previous works on the formation of CMbated flat sheet membrar{és8,12]
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Figure 2.5. Representative SEM images of the interior surface of the HF membranes in both top
down orientations (left panels a, ¢, and e) and esesfional orientations (right panels b, d, and

f). The top row (panels a and b) corresponds to the unmodified PES iMbrare. The middle

row (panels ¢ and d) corresponds to a @dated HF membrane produced at a deposition feed
pressure of 0.2 bar, crossflow velocity of 1.06 cm/s, and feed concentration of 7.5 mg/L CNTSs.
The bottom row (panels e and f) corresponds toNT-Coated HF membrane produced at a
deposition feed pressure of 0.1 bar, crossflow velocity of 0.32 cm/s, and feed concentration of 18.8
mg/L CNTs.
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2.5.2 Feed Concentration Effects on Ciddated HF Membranes

We chose to also study the effects of concentratfo@NTs in the feed solution on the
membrane performance at a fixed set of filtration conditions. Crossflow velocity and feed pressure
were set to the lower limits from the DOE (0.32 cm/s and 0.1 bar, respectively) as this condition
exhibited the lowest eauctivity and permeability, therefore any improvement in coating due to
increased SW/DWCNT concentration would be immediately apparent. The boxplot in Fig. 2.6
illustrates the substantial increase in both hydraulic permeability and surface condutsivigdat

at the higher concentration level compared to the DOE condition.

On average, the hydraulic permeability for membranes prepared at the higher feed
concentration was 3 times higher than those prepared at the lower feed concentration. This counter
intuitive finding supports our hypothesis that watlated CNTs protect the underlying PES
membranes from thermally induced permeability loss. Much like the results in the DOE, an
increase in permeability occurred simultaneously with an increase in conguatidi extent of
deposition. Greater SW/DWCNT deposition on the surface likely protected the membrane pore
structure from heat treatment, leading to better permeability recovery as discussed in the previous

section.

The 106fold increase in conductivity wh the higher feed concentration is intuitive as there
was more conductive material available in the feed for deposition and in general, particle
deposition rates tend to increase with higher particle feed concen{&fiomitial pressure was
controlled to 0.1 bar but was increased throughout the crossflow deposda@sto maintain a
constant permeate flux as shown in the deposition pressure profiles at both concentration levels
(see Fig. 2.S7). This increase in pressure was more substantial at the higher SW/DWCNT feed

concentration with a maximum of 0.58 bar, congplato 0.22 bar for the lower concentration. The
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higher maximum deposition pressure suggests greater resistance to flow at the higher feed
concentration, likely due to increased SW/DWCNT deposition. Depositing a thin film layer with

a higher concentratioof SW/DWCNTSs creates a more interconnected network which increases
the probability of meeting and exceeding the percolation threshold (i.e. the density of
SW/DWCNTs sufficient to conduct electricity across the membja®. Although the mass of
SW/DWCNTSs deposited was not explicitly investigated, thefblid increase in condueiity at

the high feed concentration suggests a much greater density of conductive material on the surface,

in excess of the percolation threshold.

CNT concentration is a significant parameter for controlling ECM conductivity in the pressure
or vacuum depagon fabrication technique. In previous development of flat sheet ECMs,
increasing CNT concentration in the feed suspension is one method for improving surface
conductivity[35]. This method relies on a deadd depsition approach, thus an increase of CNTs
in the feed directly leads to greater deposition. With the crossflow deposition method, there is no
guarantee that all SW/DWCNTSs present in the feed will deposit, therefore concentration plays an

even more signifiant role in determining the probability of deposition.

SW/DWCNT thin film thickness and morphology for the HF membrane coated at the high
concentration condition was comparable to the &dated HF membrane from the DOE as
confirmed by Scanning Electron Microscopy (SEM). SEM images of the-&idfed HF
membrae coated at high concentration (18.8 mg/L SW/DWCNTSs at 0.32 cm/s crossflow velocity
and 0.1 bar feed pressure) are shown in botidtpn (Fig. 2.5e) and crosectional (Fig. 2.5f)
configurations. The surface morphology of this Célated HF membrane (Fig.5e) is similar
to the membrane from the DOE (Fig. 2.5¢) and distinctly different from the unmodified PES HF

surface (Fig. 2.5a). Coating layer thickness was estimated from thesecigmal image (Fig.
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25f)tobe 061 . 3 e m, whi c h geasthe CGNTdatedeHF sm@mhbrane in &ig. 2.5d.
This once again emphasizes the importance of understanding the influence of deposition flow
parameters on HF performance as this thin coating achieved both high permeability (1800

LMH/bar) and conductivity (200 S/m).
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Figure 2.6. Boxplot comparison of effects of CNT feed concentration on hydraulic permeability
(panel a) and surface conductivity (panel b) for Gédated HF membranes. For each boxplot, the
mid-line corresponds tine median, the upper and lower box bounds correspond to the interquartile
range, and the whiskers correspond to the maximum and minimum values. Statistical analysis in
panel a) was based on permeability measurements for six HF membranes and three HResembr
formed with CNT feed concentrations of 7.5 mg/L and 18.8 mg/L, respectively. Statistical analysis
in panel b) was based on conductivity measurements for six segments excised from each individual
membrane (i.e. 36 measurements at 7.5 mg/L, 18 measureatd 8.8 mg/L).
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Under higher magnification (see Fig. 2.S8), the distinction in surface morphology between
the two CNT coated membranes in Fig. 2.5 ¢ and e in terms of density of CNTs present in the
coating layer becomes more apparent. These images@Nds deposited in a random orientation
to form a porous network under both coating conditions; however, the CNT coated HF in Fig.
2.S58b showed a greater proportion of CNTs in the surface layer. This corresponded to a higher
surface conductivity compareéd the membrane in Fig. 2.S8a (2000 S/m compared to 670 S/m)
but lower permeability (1800 LMH/bar compared to 2900 LMH/bar). We hypothesize this
difference in permeability is due to two major effects 1) increased pore blockage due to greater
CNT depositiorin Fig. 2.58b and 2) greater presence of hydrophilic PVA in Fig. 2.S8a indicated

by the surface deposited globular structures.

2.5.3 Examination of the Conductivitifermeability Tradeoff for CNTFcoated HF membranes
via a Robesothike Plot

To determine the tinits of the CNFcoated HF membrane performance in terms of both
surface conductivity and membrane permeability, we adopted the graphical approach that was
developed by Robeson in his landmark paper on the gas separation capabilities of polymeric
membrane§s7] and then subsequently extended to other membrane science fields such as protein
purification[58] and desalinatioft9,60] To the best of our knowledge, this is the first time that
this approach has been applied to the field of ECMs. The scatter plot shown in Fig. 2.7 displays
theresults for 29 CNicoated HF membranes that were fabricated according to the different feed
pressure, crossflow velocity, and feed concentration conditions as described in Sections 3.1 and
3.2. We excluded the results for the 10 membranes that werettobade the randomly located

bare patches of membrane as noted in Section 3.1.
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Overall, there is a general inverse trend between ECM surface conductivity and hydraulic
permeability. This is most apparent when comparing the extremes of these twe.nidtec
maximum CNTFcoated HF membrane permeability was 6450 LMH/bar, with a surface
conductivity of 240 S/m. Conversely, -160ld higher conductivities were achieved, with a
maximum of 2200 S/m at the expense offald lower permeability value of 1570 LMblar. The
cluster of points near the origin with both low permeability and conductivity are an exception to
this overall trend and represent the low crossflow velocity conditions from the DOE that exhibited
surface coatings with low CNT density and unifagnisee Fig. 2.S4). In Section 3.1, we attributed
this phenomenon to thermally induced permeability loss due to heat treatment of a poorly coated
membrane surfacé.he sol i d bl ack |ine in Fig. -Gatetl repre
HF membrang fabricated in this study. The shape of this curve was determirfétingya model
of the formw "@v , where y represents the conductivity and x represents the permeability to a
subset of the data and then adjusting the values of the two fitting parameters such that the residual
values between the model predictions and experimental data were all negatev@oints used
to fit the model include the black open squares, black closed squares and green closed squares that

most closely follow the upper limit line (8 points in total, Table S2).

In comparison to other CNbased HF membranes made using adtéve techniques, it
would appear that there is a clear advantage to the crossflow deposition approach developed in this
study. For example, the process of vacuum depositing MWCNTSs onto HF membranes resulted in
a reasonable conductivity (280 S/m) but iery permeability (7 LMH/bar)25]. Also, the process
of direct electrospinning of MWCNTSs into HF structure resulted in a very high permeability

(12,000 LMH/bar) but very low conductivity (1.2 S/fd}.
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Figure 2.7. Robesorlike plot comparinghe conductivity and permeability values for the 29 ENT
coated HF membranes that were fabricated in this study. Horizontal error bars correspond to the
95% confidence intervals from the linear regression analysis of filtrate flux (LMH) versus TMP
(bar). Vetical error bars correspond to the standard deviation for the six segments from a single
CNT-coated HF. The three symbol colours correspond to the range of feed pressure values. The
round symbols (6, 3) and squar etiesof (32 and $.06( Yy )
cm/ s, respectivel y. The filled symbols (0,
concentrations in the feed suspension of 7.5 and 18.8 mg/L respectively. The upper performance
limit (black line) was established by fitting an exgatial curve to select data and then adjusting

the model parameters such that the residual values were negative for all of the fitted data points:

6 pgx pmt D °.
CNT-coated HF membranes prepared with the higher SW/DWCNT feed concentration tended

towards higher conductivities and lower permeabilities. In Section 3.2, we attributed this increase
in conductivity with a greater availability of conductive material as well as an increase in
deposition driving force (pressure) over time. A decreaserm@ability, as seen in the Robeson

plot (Fig. 2.7), was not apparent in Fig. 2.6. We hypothesize that a critical concentration of
SW/DWCNTSs protects the membranes from drying out and collapsing the pores during heat
treatment, and thereby preventing ardase in permeability. As SW/DWCNT concentration
increases, the SW/DWCNTSs physically block the membrane pores and the benefits to membrane

permeability of protection from heat treatment are outweighed by pore blockage. Pore blockage
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may have become the neordominant effect when taking the full parameter space into
consideration. As evidenced from the SEM images (Fig. 2.5) and the measured reduction in CNT
coated HF membrane permeability, we hypothesize that pore blockage dominates the impacts to
membrane peneability for the membranes coated at high SW/DWCNT concentrations as
compared with that at low concentrations. Additionally, increased SW/DWCNT concentration led
to greater error in conductivity measurements along the length of the HF membranesKkTdfis lac
uniformity could be due to the greater variability in permeation driving force as pressure increased

substantially throughout the deposition process (Fig. 2.S7).

The two flow parameters evaluated in this study (crossflow velocity and feed presgbre) b
had a strong impact on the balance between -Cdfed HF membrane permeability and
conductivity. Crossflow velocity had an especially significant impact on permeability- CNT
coated HF membranes coated at higher crossflow velocities (square poiregd)ttamards higher
permeabilities, which is consistent with the trend observed in the DOE where crossflow velocity
was the only significant parameter impacting permeability. This parameter is clearly critical in fine
tuning membrane permeability. When fgedssure is maintained higher than 0.1 bar, we obtained
conductive and permeable HF membranes. Below this pressure, we suspect there is insufficient
SW/DWCNT deposition to cross the percolation threshold required for conductivity. Conductivity
shows a stnag dependence on both crossflow velocity and feed pressure. The most conductive
coatings from the DOE required both high pressure and crossflow velocity (black squares). Of
note, membranes coated with high pressures, but low velocities (black circles)stiateovery
low conductivities, primarily due to a lack of coating uniformity that leads to -Cd&fed HF

membranes with uncoated or poorly coated regions.
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2.6 Conclusions

A crossflow deposition process for fabricating electrically conductive HF membrarses wa
developed in this work to achieve a thin, conductive SW/DWCNT layer on the lumen side of
microfiltration PES membranes. Using a parallelized crossflow deposition system, a robust
statistical study was conducted with 50 HF membranes in total to evdiaag#dcts of crossflow
deposition parameters, curing, and SW/DWCNT concentration on composite membrane
conductivity and permeability. In a?Zull factorial desigrof-experiments study, both feed
pressure and crossflow velocity were found to significamtigact CNFcoated HF membrane
conductivity, while permeability was more strongly affected by crossflow velocity alone. The
impact of these crossflow deposition parameters is consistent with other particle deposition
literature and attributed to the balaraf permeation drag and inertial lift effects. For poorly coated
membranes, there wastevefiltact aftaerfiduying as
much lower permeabilities than more wetlated membranes. We believe the internal pore
strudure was more protected for welbated membranes, thus preventing pore collapse and
preserving membrane permeability. Increasing SW/DWCNT feed concentration significantly
improved both permeability and conductivity; however, the variability in condyctling the
length of the HF also increased. This reduction in uniformity was attributed to greater variation in

the permeation driving force due to the more substantial increase in feed pressure over time.

To illustrate the performance tradef betweenconductivity and permeability, we created the
first-ever Robesotlike plot for ECMs. Our results show a clear inverse relationship between these
two metrics. Although further optimization of the crossflow deposition conditions and process
materials (i.e.ytpe and purity of CNTs, use of chemical crisgers) is required, this system

presents an opportunity to balance the trafldoetween composite membrane permeability and
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conductivity that is not achievable in deadd vacuum deposition processes whdosv f
parameters are not controlled. We anticipate these conductive HF membranes will be useful in
electrochemical membrane applications including enhanced charged particle removal and
antifouling. Future work in this area will include systematic evaluatbrCNT coated HF
membrane performance in these applications in comparison to traditional membrane materials (e.g.
unmodified PES). Additionally, further morphological characterization of the CNT surface layer
using more advanced techniques such as trasgmislectron microscopy or atomic force
microscopy would provide interesting insights into the surface structure of a conductive,

permeable coating.
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Figure 2.S1. Sample feed pressure profiles for one PES HF membrane coated at a crossflow
velocity of 1.06 cm/s, feed pressure of 0.2 bar and feed CNT concentration of 7.5 mg/L. Feed
pressure was measured every 3 seconds via USB transducer at each of the followanatjgorep
stages: 1) pressurization 2) greating permeability measurement 3) crossflow CNT deposition
4) rewetting first with 50 vol% isopropanol then with DI water and 5)-poating permeability
measurement.
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Figure 2.22. Collection of all 62 hydraulic permeability measurements for the unmodified PES
HF membranes throughout the experimental study. The minimum and maximum values are
1,204 and 11,039 LMH/bar. The thick black line corresponds to the average of all 61
measuremas of 5,540 LMH/bar.
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Figure 2.33. P-value statistics from a series of two sampie3ts comparing coating membrane

a) permeabilities an@)) conductivities with the null hypothesis that sample means are equal.

Values areead by matching conditions along the horizontal and vertical axes. Only the lower

matrix is included due to the symmetry of the full matrix. Points where the null hypothesis is

rejected (p < 0.05) are shaded to indicate a statistically significant difeeletween these
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Figure 2.$4. Photos of the six HF membranes prepared at each of the crossflow velocity and
pressure conditions studied in thef@l factorial DOE. The cartoon on the left shows how each
HF was cut into six segments, cut in half and folded open prior to imagingixreegments are
identified from inlet (i) to outlet (vi) on each of the HF images.
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Interior
Skin Layer

Figure 2.%. Scanning Electron Microscopy (SEM) images of the unmodified PES HF
membranes shown in cressction at low magnification (adif context and high magnification
(b) to illustrate the interior skin layer and bulk porous layer.
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Table 2.9L. Desigrof-experiments multiple linear regression model coefficientalpes and R
for two responses: permeability and conductivity. Coefficients were calculated for each input
variable (pressure, crossflow velocity) and the interaction parameter (pressloeity).

Input Pressure (ba Crossflow Velocity (cm/s) Interaction (Px V) Model
Coefficient| P-value| Coefficient P-value | Coefficient| P-value R?
Response
Permeability (LMH/bar) 731 0.580 3482 0.000 539 0.920| 0.9106
Permeability (LMH/bar) 1 0 N/A 3575 0.000 0 N/A | 0.9089
Reduced Terms
Conductivity (S/m) -1384 0.000 -137.9 0.000 5361 0.000| 0.8241
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Figure 2.3%. Residual plots for the multiple linear regression models of a) permeability and b)
conductivity from the 2full factorial Desigrof-Experiments model evaluating two flow
parameters: feed pressure and crossflow velocity.
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Figure 2.S7. Crossflow deposition pressure profiles at a crossflow velocity of 0.32 cm/s and feed
pressure of 0.1 bar for two different feed concentrations: a) 7.5 mg/L CNTs b) 18.75 mg/L CNTSs.

Table 2.2. Measured CN7coated HF membrane permeabilities and surface conductivities used
to develop the upper limit line in the Robedike plot (Fig. 2.7). Model parameters (k, n) were
determined by fitting an equation of the fotim @ to the data points belowhere C is the
conductivity, and Lp is the permeability. Parameters were then manually adjusted such that the
residual values were negative for all the fitted data points. Conductivities predicted using the upper
limit equationd p& X pm D & areincluded below along with their corresponding
residuals.

Permeability (LMH/bar)| Measured Conductivity (S/m)| Predicted Conductivity (S/m) Residuals (S/m)
6451.12 242.38 296.47 -54.09
3644.57 470.81 930.44 -459.63
3626.28 586.67 939.87 -353.20
3430.58 587.47 1050.33 -462.85
3143.49 769.89 1251.26 -481.37
3001.06 830.86 1373.03 -542.17
2590.22 1478.72 1843.94 -365.22
2417.17 1887.27 2117.84 -230.58
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Figure 2.38. High magnification Scanning Electrdicroscopy (SEM) images of the interior
surface of two CNT coated HF membranes shown in Fig. 2.5. Image A corresponds to the CNT
coated HF membrane produced at a deposition feed pressure of 0.2 bar, crossflow velocity of
1.06 cm/s, and feed concentratidrivdo mg/L CNTs (shown in Fig. 2.5 ¢, d). Image B

corresponds to the CNdoated HF membrane produced at a deposition feed pressure of 0.1 bar,
crossflow velocity of 0.32 cm/s, and feed concentration of 18.8 mg/L CNTs (shown in Fig. 2.5 e,

f).
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Chapter 3: A universal method for evaluating electrically
conductive membrane performance: comparative review of the

conductivity/ permeability trade -off

Authors:Melissa J. Larocquéidi Gelb, David R. Latulippe, Charldsancoisde Lannoy
3.1 Preface

In this chapter, the conductivity/ permeability tramféestablished in Chapter 2 is explored
further across the electrically conductive membrane (ECM) field using data for 80 membranes
collected from 38 different papers. Depositimessed synthesis teclgouies for ECMs involve a
build-up of a conductive layer on the surface of support membranes; generally, more conductive
material increases the conductivity of this surface layer but restricts flux through the membrane.
This effect was obvious in Chapter 2heve an inverse relationship was noted between surface
conductivity and hydraulic permeability for the carbon nanotube (CNT) coated hollow fiber
membranes. Both the selected flow parameters and particle loadings had a significant impact on
the magnitude othis tradeoff. However, CNTFbased coatings represent a small-sebof the
field of ECMs. As mentioned in Chapter 1, ECMs have been developed using various conductive
materials (i.e. graphitic nanomaterials, metals, conductive polymers) and for \separation
types (i.e. MF/UF/NF/RO/FO), configurations (i.e. flat sheet, hollow fiber, tubular), and
applications (i.e. antifouling, redox, enhanced separations). The results from this chapter confirm
a similar conductivity/ permeability traewef exists &ross the field of ECMs, the magnitude of

which varies depending on the parameters listed above.
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3.2 Abstract

Electrically conductive membranes (ECMs) are developed using many types of conductive
materials and fabrication methods intended for specific agpits in fouling mitigation,
enhanced selectivity, electrochemical degradation of contaminants, and sensing. Given the wide
diversity of materials and applications, comparing ECM performance is a significant challenge.
Surface conductivity and hydrauliepneability are two key metrics commonly used to quantify
ECM performance but are often linked in an inherent tiffleSimilar tradeoffs exist in other
fields of membrane science, with the most notable being the permeability/ selectivigfiriice
illustrated in the gas separation membrane field by Robeson. In this work, we present a method for
guantifying the tradeff between ECM surface conductivity and permeability. Conductivity and
permeability data were collected from 38 ECM papers and glageinst each other in a series of
log-log plots organized by the type of conductive material used in fabrication: graphitic
nanomaterials, metals, and conductive polymers. These figures clearly illustrated the conductivity/
permeability tradeff, which was quantified by fitting upper limit models for each type of
conductive material. Metallibased ECMs oyperformed the other two material classes with the
highest conductivities (three orders of magnitude greater) and comparable permeabilities;
however,these membranes largely consisted of high flux microfiltration applications (~68% of
data for metallidbased ECMs) which partially explains the greater ability to maintain both high
permeability and conductivity. A wide variety of conditions were useesb ECMs, with 35
unique pollutants tested across 63 different experiments. This variety of conditions makes ECM
performance comparisons challenging. Further, this analysis revealed that limited ECM research
has been conducted using realistic feed souegs municipal wastewater). The conductivity/

permeability plots developed herein present a standardized approach for evaluating ECM
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performance and will be useful for making ECM design decisions to target specific performance

levels.

3.3 Introduction

Membrane separation technologies are ubiquitous in municipal and industrial wastewater
treatment; however, current commercial technologies are susceptible to fouling and scaling in
long-term operations and are limited to a single mechanism for removal. Thisamsohis
typically size exclusion for removal of bacteria and large particles (e.g. microfiltration (MF) and
ultrafiltration (UF)) or diffusivity for ion and small particle removal (e.g. nanofiltration (NF),
reverse osmosis (RO)). Additionally, while camiaants are removed from feed waters, they are
not chemically degraded, thus concentrating and transferring contaminants from one system to
another and potentially 4ietroducing them to the environment. Electrically conductive
membranes (ECMs) have drawignificant interest for their ability to address these challenges.
Specifically, ECMs present the following benefits: 1) coupling of size exclusion and
electrochemical effects (electrostatic repulsion, pH change) for enhanced réidye) high
propensity for mitigating surface fouling (i.e. biofoulifj4], organic mattef5,6], and scaling
[7]), and 3) facilitating electrochemical dedation of contaminants (e.g. phenf@i 10],

tetracycling[10], nitrobenzengl1])

ECMs have been developed from a variety of conductive materials, either cast directly into
porous structures or used in composites wridditional membrane materials such as polymers
(e.g. polyether sulfong8,12,13] polyvinylidene fluoride[5,11,14,15] or ceramicd16]. These
generally include three major classes of conductive materials: 1) graphitic nanomaterials (e.g.
carbon nanotubes (CNT$),4,57,10,11,1815,16 25], graphene[10,26], graphite[27]); 2)

metals (e.g. nicke]12], copper[28], titanium oxide[9,29,30); 3) conductive polymers (e.g.
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polypyrrole[31], polyaniline[19,21,23,27,3234]). ECMs have also been developed for a variety
of separation tyge (e.g. MF, UF, NF, RO, and forward osmosis (FO)), and membrane

configurations (e.g. flat sheet, hollow fiber, tubular).

Fabrication methods for developing ECMs are widely varied even within a specific type of
conductive material. For example, CNbased EMs are often vacuum or pressuteposited onto
a support membran§,6,7,10,13,15,16,121], but they have also been cast directly into
membrane structures to either create a composite-@Wimeric membrangs,11] or a porous
seltsupported CNT networKl]. Metallic-based ECMs have been developed using a variety of
specialized techniques including electrosprayfjgsputter coating35], electroless platinf36]
or atomic layer depositiof30]. Conductive polymers have been polymerized directly at the
surface of a support membrgii®,31] cast onto a support membrane via phase invef2ijnor
incorporated into the casting solution with a traditional membnaolymer[34]. Additionally,
multiple conductive materials have been incorporated into ECMs such as CNT/polyaniline

[19,21,23]or graphene/nickdR6] composites developed using combinations of these techniques.

It is difficult to compare membrane performance given the wide diversity in ECM fabrication
methods and the lack of a standardized method for evaluating ECM performance. ECM surface
conductvity differentiates them from conventional membranes and is the property that enables
electreactive effects under an applied potential, such as electrostatic refilsemd readve
oxygen species generatif@i7]. ECM surface conductivity must be sufficiently high to enable a
current to flow across the membrane while submerged in electrolytes, such as wastewater or
seawater. Depending on the intended application, ECM surfaces must also exhibit high
capacitanceand therefore high conductivity. In most configurations, the ECM is considered the

working electrode and a counter electrode is positioned nearby, establishing an electrochemical
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cell. The ECM must have a high capacitance, and thus a high electricattaitylun order to
generate a high surface charge, necessary to engage in electrostatic repulsion of ions and

electrochemical reactions.

ECM permeability or water flux, as with all membranes, must also be high for industrial
applicability. As most ECMsare formed by modifying existing polymer membranes, it is
imperative to minimize the permeability loss of ECMs in comparison to the original polymer
membrane. Surface conductivity and hydraulic permeability have been shown to be related,
particularly with depositionbased methods as greater conductive material deposition tends to

increase conductivity, while blocking pores and reducing membrane permdagiity

In the gas separation membrane field, Robeson first presented a simple graphical method for
comparing membrane performance across various membrane materials and intended applications
[38]. The tradeoff between desired species permeability and selectivity was established in a series
of log-log plots and an upper bound was defined to describe the maxinaunable combinations
of permeability and selectivity for various gas separation membrane technologies. A similar
approach has since been applied to other fields of membrane science including protein purification

[39] and desalinatiof#0,41]

Il n our previous wor k, we presented aaff anal o
between surface conductivity and hydraulic permeability for ECMsateatynthesized composed
of CNTs[36]. The objectives of this short review are: 1) to extend this approach to explore the
conductivity/ permeability tradeff for various conductive materials used in fabiimat 2)
quantify this tradeoff by fitting upper limit models for the three major classes of conductive

materials (i.e. graphitic nanomaterials, metals, conductive polymers); 3) critically compare

79



M.A.Sc. Thesis | Melissa Larocque McMaster University | Chemical Engineering

membrane performance while acknowledging the diversity @MBabrication in terms of

conductive materials, separation type, membrane configuration, and intended application.

3.4 Literature Review & Methodology

A thorough literature review was conducted to ensure the collected data was representative of
the current stte of the electrically conductive membrane (ECM) field. All permutations of the
following list of keywords were used to search for appropriate journal articles in the Web of
Science academic database: electrically conductive, membrane filtration, niekel, (copper,
titanium, tin, aluminum, gold), conductive polymer (polypyrrole, polyaniline, polyacetylene,
polythiophene), carbon nanomaterial (graphite, graphene, carbon nanotube, carbon nanofiber),
microfiltration, ultrafiltration, nanofiltration, revee osmosis and forward osmosisr example,
the generic keywor dsandferhemhtrrda rcea |l fl iyl tcroantdivacrt i ov ew
more specific i dentifier suclhthigmoceBsgwe boprBe ne, 0
relevant papers30 of which had only partial data (either they reported conductivity (S/m) or
permeability (LMH/bar), but not both), a8 of which reported neither. The remaining 38 papers
contained both conductivity (S/ m)nd(canductivee si st i
layer thickness (m), or sheet conductance (S/m) and conductive layer thickness (m)) and
permeability (LMH/bar) data for 80 different membranes in total which were used for the creation
of a seri elsilodo AfRIAY efsho papsreviewed reported sufficient data for
proper comparison. This indicates a significant dearth of proper reporting of standard properties,

which we discuss in Section 3.

Surface conductivity and permeability data were obtained directly from the papergagy
with minor unit conversions required to report consistently in terms of S/m and LMH/bar,

respectively. Various methods were used in the 38 papers reviewed to measure surface

80



M.A.Sc. Thesis | Melissa Larocque McMaster University | Chemical Engineering

conductivity including the foupoint probe methodl,2,4,6,7,12,13,1819,21,24,25,27,28,30
33,35,41] a twaeprobe method10,23], using a digital multimetdb,11], a potentiostajtl4] and
electrical impedance spectroscdpy22,26,29,37,42,43nethods not reported ifB8,20,34). In

cases where only sheet resistangewas reportd [2,7,10,12,19,23,26,28,30,31,34,37n q/ s q,
surface conductivity,() in S/mwas calculated using the thicknessdf the conductive layan

Equation 1:

by (1)

Pure water permeabilities were reported for the majority of the 38 papers. In several cases,
permeability was not reported directly, but was calculated using the initial flux and pressure values
provided for fouling and rejeicin experiments[4,6,9,12,22,26,30,32]Numerical data was

obtained directly from the text or tables where available. If only fgywrere provided without
corresponding values reported in the text, GetData Graph Digitizer software was used to estimate
the values of conductivity and/ or permeabil it

and values provided.

3.5 Comparing Electrically Conductive Membrane (ECM) Properties, Materials
and Applications

3.5.1 Establishing the conductivity/ permeability trad# for various conductive materials
To establish the membrane performance taftibetween permeability and condwity, we
created a series of Robesldee plots comparing permeability {xxis) to conductivity (yaxis) for
80 different membranes from 38 papers. These plots are included in Fig. 3.1 and organized
according to the class of conductive material used in lon@me fabrication, with legend entries

identifying the specific material used: a) graphitic nanomaterials; b) metals; and c) conductive
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polymers. Composite materials belonging to more than one class are shown in each applicable
panel. The general inverselationship between permeability and conductivity is immediately
apparent. For the graphitic nanomatebaked membranes presented in Fig. 3.1a, membranes with
conductivities above 1000 S/m had permeabilities lower than 1000 LMH/bar; however, a
decreas& membrane conductivities corresponded to membranes with higher permeabilities such
that membranes with conductivities in the range oflI0S/m when demonstrated permeabilities
greater than 1000 LMH/bar. This inverse relationship between conductivdtypemeability
followed an approximate lelpg relationship, as presented in Figure 1a. Similar inverséopg

trends were observed for polymeric (Fig. 3.1c) and to a lesser extent rmdatid (Fig. 3.1b)

conductive membranes.

Substantial differences; the achievable conductivity and permeability values between
conductive material classes were evident. Use of metallics for ECM fabrication resulted in
conductivities up to 1.00x1@/m[35] and permeabilities up to 4.36>10MH/bar [9]. ECMs
fabricated with graphitic nanomaterials had the nexhésg values with conductivities up to
4.01x10@ S/m [25] and permeabilities up to 9.00%10MH/bar [24]. Membranes amposed of
conductive polymers alone, had both lower conductivities, with a maximum conductivity of
7.71x1G S/m[32], and lower permeabilities, with maximum permeability of 5.6%xMNH/bar
[31] Membranes composed of composites containing conductive polymers and graphitic
nanomateria, such as carbon nanotube/ polyaniline based conductive membranes, yielded higher
conductivities and permeabilities with a maximum conductivity of 8.93>3/n [19] and
maximum permeability of 1.02x$0LMH/bar [23]. The maximal values achieved with the

polymer/ graphitic nanomaterial composite apphoawere comparable with graphitic
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nanomaterials alone, suggesting that there was no advantage to using conductive polymers with

respect to a membraneds conductivity and perm

To quantify the inverse relationship between hydraulic permeability gnd conductivity
(6), an upper performance limit (see Fig. 3.1, black line) was established for each class of
conductive materi al using a procB8.Amedelmofi | ar t
the form:6 " was fittedto select data (see Table 3.S1 to 3.S4) and model parameters (k, n)
were then manually adjusted such that the resichlaes were negative for all fitted data points.
Fitted models were as follows: &) (& w p T & for graphitic nanomateridlased ECMs;
b) 6 wBtx pmd © for metalichased ECMs; c)6 ppp pm & for ECMs
containing conductive polyme andd p& w p M 8 when composite materials were
excluded. Model parameters for ECMs developed using graphitic nanomaterials were similar in
magnitude to that of the composite polymer/ graphitic nanomaterial based ECMs, which further
emphasizes th similarities in the conductivity/ permeability tradf for these two types of
ECMs. Model parameters were substantially larger for the mekalied ECMs which were
required to describe the significant increase observed in both conductivity and lgbtynea

compared to the other two classes of conductive materials.

Although metallicbased ECMs offered the best performance in terms of conductivity/
permeability, graphitic nanomaterials offer several other unique advantages. In addition to
electrochemidaeffects, graphitic nanomaterials have a high adsorptive cagdéddityinherent,
passive antimicrobial propertig45], and catalytic activity22] useful for removing or degrading
contaminants. Conductivity is not the only significant electrochemical profmrtgvaluating
ECM performanceFor example, althoughdh conductivity indicates the gace serves as a good

capacitor for inducing electrostatic repulsielectrochemical reactivityetter describes the ability
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of the ECM to achieve efficient electrochemical degradation of contaminfamthermore,
fabrication methods for metallisasedECMs often involve specialized equipment (esputter
coating[35]), strong reducing agents (e.g. sodium borohydidd}) or energy intensive, high
temperature reductive steg]. In comparison, simple pressure or vacuum deposition techniques
are commonly used for graphitic nanomatebatsed ECM fabricatiof,6,7,10,13,15,16,121].
Metallic-based ECMs are useful for high conductivity/ high flux appliceti but graphitic
nanomaterials should not be discounted due to their additional functionalities and simple

fabrication techniques.

It is highly probable that the conductivity/permeability tradeexists as a result of the
inherent challenges associat@dh making a porous conductive thin film. Since pores are not
electrically conductive, the greater the surface porosity, the lower the surface conductance.
Further, greater conductivity is achievable with more conductive material. More conductive
materikk deposited on the surface of a membrane,
severely, thereby reducing the membrane permeability. While material requirements associated
with making porous conductive materials is likely a fundamental limitethes still great gains
achievable with new materials (e.g. 2D conductive materials, the new generation of conductive
polymers) and advanced synthesis technigques (e.g. atomic layer deposition, 3D printing,
micropatterning). As such, we hypothesize thatupger bounds we have identified here are not
permanent and will continually be surpassed as the pace of new ECM research continues to
accelerate. Rather, these current upper bounds are goalposts to aim for, helping researchers

compare their results withdse that have come before.
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Figure 3.1. Series ofRobesoHike plots comparing the conductivity and permeability values for

80 different electrically conductive membranes developed in 38 different published journal
articles. Each panel represents a different class of conductive material used for dguéepin
membranea) graphitic nanomaterial&;) metals;c) conductive polymers. Legend entries identify

the exact conductive material used. Composite materials belonging to more than one class are
shown in each applicable panel. The upper performance (lofsitk line) in each panel was
established by fitting an exponential curve to select data and then adjusting the model parameters
such that the residual values were negative for all the fitted data @oitits: & w p ™ & ;

Y6 Bt pmd 8:;¢c)6 ppp pm 8 anddé p& w p T 8 when composite
materials were excluded.
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3.5.2 Assessing the Distribution of ECM Materials and Configurations

In Fig. 3.1 there exists a wide variety of applications for which these membranes were
developed. Th&0 data points in Fig. 1 represent a variety of separation types (i.e. MF, UF, NF,
RO, FO), and membrane configuration (i.e. flat sheet, hollow fiber, tubular). As such, comparisons
of membrane selectivity across all data points should not be made. sfiifeution of these data
points in terms of conductive material class, separation type, and membrane configuration are
represented graphically in Fig. 2 as three separate rings. Each ring is broken into segments that are
proportional in size to the numbef data points from Fig. 3.1 that fit within the given category.
For example, of all the 80 data points in Fig. 3.1, 42% of the membranes (34 data points) contained
graphitic nanomaterials as at least one of the conductive materials. Of those graphitic
naromaterial based ECMs, 50% (17 data points) were UF membranes and of those UF
membranes, 95% (16 data points) were made in a flat sheet configuration. Composites that
contained more than one type of conductive material were accounted for in each apghsable
such that those membranes which were composed of graphitic and polymer materials were double

counted.

Metallic-based ECMs tended towards the highest permeability and conductivity values
compared to polymeric and graphitic nanomatésaded ECMs € Fig. 3.1). The trend towards
higher permeability can be partially explained by the separation type for which these metallic
ECMs were designed. As shown in Fig. 3.2, MF separations account for ~68% of all metallic
based ECMs included in Fig. 3.1, witletrest made up by UF. In comparison, MF separations
accounted for only ~39% of graphitic nanomaterial based ECMs and none of the conductive
polymer based ECMs. Thus, the metabimsed ECMs naturally trended towards higher

permeabilities as they were lalg intended for high flux MF applications. Despite the high
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porosity of MF membranes onto which the metals were deposited, the mgaskid ECMs were
still able to achieve high conductivity, whil
suggsts that metallibbased NF membranes would also demonstrate high conductivities while
experiencing limited changes to permeability. The impact on RO membranes is still as yet
unexplored. This demonstrates an opportunity for researchers to investigatd RP anetallie

based ECMs.

In terms of configuration, flat sheet membranes represented the overall majority with ~68% of
all data points; however, this distribution was not proportionate between different classes of
conductive materials. ECMs based on agttve polymers were only developed in the flat sheet
format. Graphitic nanomateriblased ECMs were formed primarily as flat sheet membranes, but
~22% of these membranes were formed as hollow fibers (HF). Mdtalied ECMs show the
most diversity with 34% HF, ~10% tubular and ~56% flat sheet. As might be expected, HF and
tubular configurations were exclusively developed for MF and UF applications while none were
developed for NF/RO/FO, as the pressure requirements for these applications can berapallengi

to meet in HF configurations.
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Materials

Figure 3.2. Distribution of the 80 data points in Figure 3.1. classified by conductive material used
(inner ring), separation type (middle ring), and membrane configuration (outer ringardhe
length of each ring segment is proportional to the number of data points that fit in the category.
Ring segments are coloured first according to conductive material (maroon for graphitic
nanomaterials, blue for metallic and grey for polymeric), thesdparation type (darkest shade

for UF, middle shade for MF and lightest for NF/RO/FO), and are patterned according to
membrane configuration (dotted for flat sheet, lined for hollow fiber and wave pattern for tubular).

3.5.3 Assessing the Distribution of ECM @lzations

The electrefunctional capabilities of ECMs have been used in a variety of applications
with a primary focus on antifouling, enhanced separations, and electrochemical degradation of
contaminantsThis distribution in performance testing is illustrated in Fig. 3.3 where all 63
performance tests conducted across the 38 papers reviewed are summarized graphically in a similar
method to Fig. 3.2. Tests were classified by general application (innergpagfic test (middle
ring), and target solute/ foulant/ pollutant (outer ring) where the arc length of the ring segment is
proportional to the number of tests that fit in that category. Antifouling applications were
subdivided into organic foulants, agical foulants, and scalants. Redox based degradation

primarily occurred through oxidation with two studies comparing the effects of both oxidation and
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reduction[9,11], ard one focussed on reduction [2%jor enhanced separations, some research
focused on the electrostatic effects to improve charged particle separation whisizpdrening

was unique to polyaniline (PANI) based ECMs, in which the charge and volumetnigeshaf

PANI under an applied potential were used to alter rejection charactg@jcSome pollutants
appeared twice depending on the nature of the performance test. For example, methyl blue was
evaluated bdt as an organic foulant while monitoring flux declifZ®] and as a contaminant
subjected to oxidative degradation with concentration tracked ovefiBheResults from three

papers were excluded from this figure as they focused on ECM development and did not conduct

detailed performance teqts3,24,36]
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Figure 3.3. Distribution of the 63 conductive membrane performance tests conducted in the 38
papers reviewed classified by the general application (inner ring), specific test (middle ring), and
specific pollutant (outer ring) used. Thec lengthof each ring segmens proportional to the

number of tests that fit in the category. Ring segments are coloured according to the general
application (maroon for antifouling, blue for enhanced separations and grey for redox).
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The wide diversity in ECM applications is immedigtapparent from the outer ring in Fig.
3.3, which indicates 35 unique performance tests were conducted. Antifouling applications
represented the greatest proportion of tests (~56%), followed by redox reactions (~29%) and
enhanced separations (~15%). Thesindiverse performance tests included organic fouling
prevention by ECMs, in which the fouling impact of 12 different pollutants were investigated
across 24 separate studies. Research on the oxidation of contaminants were similarly diverse, in
which the xidative reactions d different pollutants were investigated acroSséparate studies.
While this wide variety of studies indicates the many applications which ECMs can enhance, it
also highlights the difficulty in conductive effective comparisons betwECMs formed in
different research groups. This diversity indicates the need for a consistent metric to be able to
confidently compare performance between different types of ECMs. We encourage research into
exploring more applications for ECMs, and wsoarecommend a set of standard molecules for
certain separations to properly compare different ECMs against each other. Not all separations
necessitate standards, however the standards would benefit the evaluation of ECM potential
towards preventing orgé fouling and biofouling, and their ability to engage in redox reactions.
This list of proposed standambllutantsis found in Table 1, selected for their relative safe
handling, ease of monitoringand ready availability in standardized formd19,25]
Measurements of permeability (LMH/bar), resi s
|l ayer t hickness (em) shoul d al so be standar
electrochemical functiality. Further, assessment of Fig. 3.3 shows that most of the performance
tests using ECMs were conducted with controlled simple lab solutions. Only three studies used

realistic solutions including surface water and anaerobic digester dlL6lg6,28] As the field

90



M.A.Sc. Thesis | Melissa Larocque McMaster University | Chemical Engineering

of ECMs continues to grow and mature, there is a needsiimgevith more realistic feed sources

to evaluate performance in real wastewater/ water scenarios.

To relate the conductivity/ permeability trad# to specific applications, we have included
a modified version of the Robestike plots in Fig. 3.S1 witthe legend entries identifies specific
applications (corresponding to the middle ring in Fig. 3.3) for the graphitic nanomaterial, metallic,
and conductive polymer based ECMs, as opposed to the type of materials used in those

applications.

ECMs for some pplications have been developed with a wide range of properties. For
example, ECMs synthesized to prevent biofouling have been made with conductivities tlaat span
12-order of magnitude range and permeabilities that spaordet of magnitude range. ECMs
used for other applications have properties synthesized with much narrower ranges. ECMs
synthesized to oxidize contaminants have been made with conductivities fret®,000 S/m
and permeabilities from ~309,000 LMH/bar, and PANI pore size tuning witmduictivities ~5
200 S/m, all properties within adder or less magnitude range. The consistency identified for
these two applications may be due to material limitations, such as the inherently lower conductivity
of PANI over other conductive materigld6], or the minimum metal thickness required to
overcome the percolation threshold. This may also indicate that ECMs formed for these
applications these applications have been optimized in terms of their contegheitessary for
their application, however the small number of papers in these areas suggests that these ECMs

have not yet been optimized.
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Table 31. Recommended standard tégtsllutants for evaluating common ECipplications.

Application Biofouling Organic Fouling Oxidation/ Reduction

Standard Test

Pollutant Filtration E. coli Bovine serum albumin (BSA Methyl orange dye
Permeability Pure water permeability (LMH/bar)
SurfaceConductivity/ Resistivity (gm) & Sheet Rg
Electrochemical Propertie Active Layer Thickness

3.6 Conclusions

The AROb&son plots devel oped h-effie electrically ear | y
conductive membrane (ECM) surface conductivity and hydraulic permeability and provide a
simple method for comparing ECM performance across various fabrication parsrh&erature
data was collected and analyzed for ECMs developed using a variety of conductive materials (i.e.
graphitic nanomaterials, metals, and conductive polymers) and for a variety of separation types
(i.,e. MF, UF, NF/RO/FO), configurations (i.at sheet, hollow fiber, tubular), and applications
(i.e. antifouling, enhanced separations, redox). Upper limit models were developed to quantify the
conductivity/ permeability tradeff for each of the three major classes of conductive materials.
With respect to electrical conductivity, metalbased ECMs otperformed ECMs made from
graphitic nanomaterials and conductive polymers with maximum conductivities over three orders
of magnitude greater. Maximum achievable permeabilities were more comparaisikethe three
classes of conductive materials. Although metallic ECMs demonstrated higher overall
permeabilities, they were largely designed for high flux MF applications (~68% of data for
metallicbased ECMs) which is a significant contributing factothieir observed performance. A
large diversity was evident in the 63 performance tests conducted across the 38 papers reviewed
and revealed several limitations for proper comparison in the field: 1) a lack of standard pollutants
against which each membraoan be compared for their specific application, and 2) limited testing

using realistic water sources. The lack of standards for ECM performance makes it difficult to
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compare performance between ECMs, while limited testing under realistic conditionessarg

t o demonst r avorld appli€ablldys Moreevar| of th@3 relevant papers in the field,
only 38 papers provided both permeability and conductivity (or conductance and thin film
thickness) data. It is critical to report these data so tiogep comparisons can be made across all
ECMs. Our conductivity/ permeability traadf plots create a standardized method for evaluating
ECM performance and utility. These plots would be useful for identifying specific requirements
for an ECM applicationpr to identify materials and fabrication methods that lead to optimal

ECMs.
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same upper performance limits (black line) are included from Fig. 3.1.
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Table 3.9l Literature values for conductive membrane hydraulic permeability arfdceu
conductivity used to develop the upper limit line for graphitic nanomaterials in the Rdbeson
plot (Fig. 3.1a). Conductivities predicted using the upper limit equétionyg w p ) 8

are included below along with their corresponding resilu

Reference| Permeability (LHM/bar) Conductivity (S/m) | Predicted Conductivity (S/m) | Residuals (S/m)
[1] 1260.00 10490.00 10509.88 -19.88
[2] 1760.00 1900.00 5550.63 -3650.63
[3] 6529.07 22.22 453.70 -431.48
[3] 9362.44 28.57 227.90 -199.33
[3] 9855.20 71.43 206.63 -135.20
[3] 10224.77 181.82 192.60 -10.78
[4] 5800.00 39.00 568.86 -529.86
[5] 90000.00 0.93 3.02 -2.09

[5] 77500.00 0.64 4.02 -3.38

[6] 5034.71 84.95 745.41 -660.46
[6] 1571.42 2204.61 6892.30 -4687.68
[6] 3143.49 769.89 1832.97 -1063.08
[7] 565.70 40098.00 48523.00 -8425.00

Table 3.2. Literature values for conductive membrane hydraulic permeability and surface

conductivity used to develop the upper limit line for metals in the Robésoplot (Fig. 3.1b).
Conductiviies predicted using the upper limit equatidn o8tx p 1 D & are included
below along with their corresponding residuals.

Reference| Permeability (LHM/bar) Conductivity (S/m) | Predicted Conductivity (S/m) | Residuals (S/m)
[8] 8913.00 3227888.96 4132592.31 -904703.35

[8] 8200.00 5555555.56 5712923.37 -157367.82

[8] 5812.00 7142857.14 21749745.23 -14606888.08
[9] 43571.43 4725.00 8700.26 -3975.26

[9] 43571.43 4567.00 8700.26 -4133.26

[9] 43571.43 4135.00 8700.26 -4565.26

[9] 43571.43 3838.00 8700.26 -4862.26

[9] 43571.43 4695.00 8700.26 -4005.26

[9] 43571.43 5071.00 8700.26 -3629.26

[9] 43571.43 4612.00 8700.26 -4088.26

[9] 43571.43 4235.00 8700.26 -4465.26

[9] 43571.43 4218.00 8700.26 -4482.26

[10] 2973.27 124378.11 293777780.77 -293653402.66

Table 3.33. Literature values for conductive membrane hydraulic permeability and surface

conductivity used to develop the upper limit line for conductive polymers in the Roliespiot
(Fig. 3.1c). Conductivitiesrpdicted using the upper limit equation p® p p T & are
included below along with their corresponding residuals.

Reference| Permeability (LHM/bar) Conductivity (S/m) | Predicted Conductivity (S/m) | Residuals (S/m)
[11] 623.66 8928.00 18633.41 -9705.41

[3] 10224.77 181.82 427.01 -245.20

[3] 9362.44 28.57 480.95 -452.38

[11] 580.15 883.00 20544.41 -19661.41
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Table 3.S1. Literature values for conductive membrane hydraulic permeability and surface
conductivity used to develop the upper limit line for conductive polymers excluding composite
materials in the Robesdike plot (Fig. 3.1c). Conductivities predicted using theerplimit
equationd p& w p M e areincluded below along with their corresponding residuals.

Reference| Permeability (LHM/bar) Conductivity (S/m) | Predicted Conductivity (S/m) | Residuals (S/m)

[12] 30.60 770.50 770.50 0.00
[12] 257.00 7.61 7.61 0.00
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Chapter 4. Evaluating conductive hollow fiber membrane
performance in redox and adsorptive removal of methyl orange

4.1 Abstract

Efficient, industrialscale processes are needed to treat textile industry effluents with toxic
azo dyes. Electrically condtiee membranes (ECMs) have demonstrated successful (>98%)
removal of surrogate azo dyes in previous works; however, these have all been limited to the flat
sheet membrane format. Hollow fiber format is preferred for large industrial applications due to
itshi gh packing density. I n our previous wor k,
for fabricating insideout carbon nanotube (CNBased conductive hollow fiber membranes as a
method for balancing surface conductivity and hydraulic permeabilite goal of this work was
to evaluate the effectiveness these Gidated hollow fiber membranes in the removal of methyl
orange as a surrogate azo dye. The adsorptive removal capacity of the CNTs used in this fabrication
method were evaluated in a batspension experiment and while equilibrium methyl orange
concentration stabilized quickly (~30 min), error between duplicate experiments made it difficult
to fit an adsorption isotherm model. Electrochemical removal was assessed in a batch and
continuoudfiltration configuration. Up to 40% MO removal was achieved with a stainless steel
needle as a working electrode in a 500 mL batch, but no removal was detected with the CNT
coated HF membranes. Similarly, in the continuous removal experiments, no MCalemasv
detected after 6 h of recycled operation. Further optimization of the experimental system is
required to determine the necessary combination of parameters for continuous MO removal,
including counter electrode material, electrode spacing, surfackeictivity, and contact time.
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4.2 Introduction

Membrane separations have become increasingly prevalent in wastewater treatment;
however, there are several limitations inhibiting their further widespread use including
susceptibility to fouling and an inabilitfo degrade contaminants. Microfiltration (MF) and
ultrafiltration (UF) membranes are common in tertiary treatment processes for removing bacteria
and large particles by size exclusion but are incapable of removing small organic contaminants
that can havdetrimental health and environmental effects. Azo dyes, for example, are widespread
contaminants in textile process effluents and are a significant concern due to their known toxicity
and carcinogenic potentidl]. Dense membranes suchnasofiltration (NF) and reverse osmosis
(RO) can effectively reject these small organic molecfde¢3 but can be costly for large scale
implementation due to their high pressure requirements and loyjlux addition, prereatment
unit operations are often required before NF/RO processes to prevent damage to the membrane
surface from particulates or chemicals (e.g. chlorinated disinfectants or oxidants) in t[8 feed
5]. Conventional processes for azo dye removal include advanced oxidation and adsorption;
however, these methods incur large operating costs for consumption of strong oxidizing agents
and adsorbent regeneration, respectiv@y7]. Electrochemical cells offer an economical
alternative to advanced oxidation processes by generating oxidizing agents, or directly oxidizing
contaminants to achieve degradafioh Electrically conductive membranes (ECMs) combine this

electrochemical approach with MF/UF membrane filtration in a process intensification effort.

ECMs are an emerging strategy for addressing several of these concerns hyirgpmbi
membrane filtration and electrochemical mechanisms for removal. The application of a potential
on a conductive membrane surface has been shown to induce electrostatic régjuistactive

oxygen species generation (e.g. hydroxyl radid&ls)and electrochemical redox reactigt8]
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in the feed water. These meclams have been exploited in membrane processes to mitigate
fouling (biofouling[11,12], organic foulind12,13], scaling14]) and degrade model contaminants
such as dyes (e.g. methyl orange (Mit®),15,16] methyl blug15]), and organic compounds (e.g.
phenol, oxalate, tetracyclin&0]) that cannot be rejected thnaditional MF/UF membranes. ECM
fabrication methods are widely varied but typically consist of a conductive material in combination
with a support membrane. Conductive materials include graphitic nanomaterials (e.g9@NiTs

17], graphend10]), metals €.g. titanium oxidg18], copper[19]) or conductive polymers (e.g.

polypyrrole[20], polyaniline[21]).

Graphitic nanomaterials are of particular interest for contaminant degradation applications
as these materials exhibit both adsorptive and electnicheremoval effects. In suspension,
carbon nanotubes (CNTs) have shown high adsorption capacities for model azo dye contaminants,
with up to ~60 mg/g for methyl orange (M@@2i 24]. Similar adsorptive capacities have been
observedor CNT-based ECMs, around 30 mg/g for Ml®]. In addition to the adsorptive effect,
under an applied potentialectrochemicatiegradation has achieved up to 98% removal of MO
[12,15,16] MO is a useful surrogate compound for azo dye removal as it contains the characteristic

azo ( k 0) bond and can be monitored using a simple spectroscopy measurement.

A major limitation in ECM development has been its near exclusive focus on flat sheet
membranes. Other membrane formats, such as hollow fiber (HF), are preferred in many industrial
applications due to their high packing density which can maximize throuffjuFabrication
methods for conductive HF membranes are emerging in literature and these membranes have been
successfully demonstrated in antifouling applications (e.g. bioig{&6], organic fouling27]),
charged particle rejectiofl7], and electrochemical contaminant degradation (e.g. ferrocyanide

[18]).
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In our previous work, we developed a cftms deposition method for fabricating CNT
based conductive HF membranes and demonstrated the advantages of this technique in balancing
the tradeoff between surface conductivity and composite membrane hydraulic permegaBiity
The goal of this work was to evaluate the capability of these-Ghifed HF membranes for
electrochemical degradation. To accomplish this, we selected methyl orange (MO) as a model azo
dye due to the previous success of similar €ded membrane materials in flat sheet format
[12,15,16] We am to quantify MO removal efficiency with the CNdbated HF membranes in

terms of both adsorptive amtectrochemicalemoval mechanisms.

4.3 Experimental

4.3.1 Materials

Polyether sulfone (PES) MF membranes with a nominal pore size ofnf.2vere
purchased from Reiglen; the inner and outer diameters were measured to be 1.0 and 1.1 mm
respectively via scanning electron microscopy (SHEB]. Carboxyl functionalized single
walled/double walled carbon nanotubes (SW/DWGNWere purchased from Cheap Tubes; the
properties reported by the manufacturer include outer diametérdofirh, length of 530 >m,
purity greater than 90% (by weight), functional content of 2.73% (by weight), and ash content less
than 1.5% (by weight). &lium dodecyl sulfate (SDS, MW: 288.38 Da) was purchased from
Anachemia. Polyvinyl alcohol (PVA, MW: 123 kDa, 9899% hydrolyzed) and methyl orange
powder (MO, MW: 327.33 Da, dye content 85%) were purchased from Sigma Aldrich. The
following chemicals werpurchased at >98% purity: sodium phosphate dibasic, heptahydrate and
sodium phosphate monobasic, monohydrate from Fisher Scientific and sodium chloride from

Sigma Aldrich.
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4.3.2 Adsorption Kinetics & Isotherms

Batch experiments were performed with CNT susmarssio study the MO adsorptive
capacity of the SW/DWCNTs used in the fabrication of the @Nated HF membranes. All
solutions were prepared in a sodium phosphate buffer solution containing 11.6 mM of the dibasic,
heptahydrate form and 8.4 mM of the mongibamonohydrate form in denized (DI) water to
control solution pH to 7.0. The desired mass of SW/DWCNTs was stirred in the sodium phosphate
buffer solution for 10 min (600 RPM, room temperature), then ultrasonicated (QSonica Model
Q500 wi t h ipsandi8@>m ampltud®) for 30 min with intervals of 2 seconds on and 2
seconds off (i.e. an effective time of 15 min). Excessive heating was limited by placing the
suspension in an ice bath during sonication. MO was dissolved in the same sodium phosphate
buffer solution via stirring for 1 h (600 RPM, room temperature). The dispersed SW/DWCNT
suspensions were combined with the MO solution in equal volumes for a total of 100 mL (i.e. 50

mL of each) and stirred at 200 RPM for a set contact time.

An adsorptionkinetics study was completed to determine the required contact time for
adsorption. A fixed mass of 1 mg SW/DWCNTs was combined with two target MO
concentrations: 0.15 mM and 0.025 mM, each studied in triplicate. A 1 mL sample was collected
from each beadr every 30 min for 3 h, then every 1 h up to 6 h, then every 24 h up to 48 h. The
samples were filtered using a 0.4& polyethylene syringe filter (St@ri, SunFlow dissolution
filter) to remove suspended SW/DWCNT particles. TheW¥ absorbance for tise samples was
measured at 464 nm using a Tecan Spark 10MMiBV/Spectrophotometer and correlated to MO

concentration using the calibration curve provided in Fig. 4.S1a.

To develop the adsorption isotherms, a fixed concentration of MO at 0.025 mM was

combined with various masses of CNTs: 10, 5, 2.5, 1, 0.5, 0.1 mg, each studied in duplicate.
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SW/DWCNTSs were dispersed at a stock concentration of 20 mg/L via sonicatiouljitiied in

sodium phosphate buffer to obtain the desired SW/DWCNT mass before combining with the MO
solution. A contact time of 24 h was used, after which the stirrer was turned off and the CNTs were
allowed to settle for 24 h. A 1 mL sample was colledtedh the supernatant at this time and
absorbance was measured to estimate equilibrium MO concentratiomd@/L). The amount of

MO adsorbed at equilibriump (mg/g) was calculated using Equation 1:

n — (1)

whered is the initial MO concentration (mg/Ldp is the volume (L) andt (g) is the mass of

SW/DWCNT adsorbent used.

4.3.3 CNT-coated Hollow Fiber Membrane Preparation & Characterization

The protocol for preparing the CNdoated HF membranes is outlined in our pyas work
[28]. Briefly, a SW/DWCNT suspension was prepared by stirring the desired mass of
SW/DWCNTs in DI water for 10 min (600 RPM), then ultrasonicating for an effective time of 15
min using the same sietlgs from Section 4.3.2. A solution of SDS in DI water prepared by stirring
for 30 min (600 RPM). The SDS and sonicated SW/DWCNT suspension were stirred together for
15 min (600 RPM) then ultrasonicated for an effective time of 30 min. A solution of R\DA |
water was prepared by stirring for 30 min (600 RPM, 90°C), cooled to room temperature, then
combined with the SW/DWCNBEDS suspension and ultrasonicated for an effective time of 15
min. The mass ratios of SW/DWCNT to SDS and to PVA were maintaingdL & and 1:10,
respectively. The SW/DWCNBDSPVA suspension was filtered in crossflow along the interior,
active surface of the PES HF membranes which were sealed individually in a custom crossflow

module using epoxy resin (LePage Speed Set Epoxy)gganreffective membrane length of 16
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cm. The experimental sep could accommodate up to three HF membranes, each sealed within a

separate module, to be coated in parallel. Feed was supplied using a peristaltic pump (Masterflex
Model 752320), with feed pessure measured every 3 seconds via a USB transducer (Omega

PX409). Crossflow rate was throttled using a needle valve on the retentate line, and further verified
via a rotameter (Omega FL3635G, 65 mm). Permeate was collected onto a digital scale where
masswas recorded every 30 seconds to measure flow rate for one HF membrane at a time; in
parallel operation, permeates for the other HF membranes were manually collected and weighed

every 15 min to verify flow rates.

The sixstage process for coating and itggthe HF membranes is outlined in our previous
work [28]. These stages consisted of: 1) wetting HF membranes in DI water; 2) measuring pure
water permeability in deaeind operation with DI water; 3) deptisg CNTs in crossflow; 4)
curing HF membranes within their individual modules at 100°C for 1h; 5) rewetting HFs in 50/50
isopropanol/DI water then in DI water; 6) measuring Gddated HF membrane pure water
permeability. CNTcoated HF membranes were pneggh at the following conditions:
SW/DWCNT feed concentration of 18.8 mg/L, crossflow velocity of 1.06 cm/s (0.5 mL/min) and
feed pressure of 0.2 bar. Surface conductivity was measured via -pofatiprobe(Ossila
T2001A3) conductivity meter for the inter coated surface, after CNJoated HF membranes

had been cut and folded open (thin rectangular gslicey 0 pma ocaa p‘a).

4.3.4 Electrochemical Batch Removal of Methyl Orange

A batch electrochemical cell was used to verify the electrochemicalviedroapability of
the CNTFcoated HF membranes (see Fig. 4.1). A 500 mL solution of 0.025 mM MO in sodium
phosphate buffer was prepared (pH = 7.0). Sodium chloride was then added to the solution to

achieve a conductivity of 3 mS/cm. In the batch electnooted cell, a CNTcoated HF membrane
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(cut and folded open to expose interior surfaa®,d o @ &) or stainless steel (SS) needle (20G,
304 SS, 60 | ength) served as the working el ec
counter electrode (VR, & 0 0 @®®OAE vwd TWA ). The electrodes were spaced

~0.5 mm apart and the solution was stirred at 200 RPM. Voltage was supplied between the working
and counter electrodes using a DC power supply (Letour Variable DC Power Supply Lab 30V 5
A). Electrodes were connected to the circuit via flat SS alligator clips. A Ag/AgCI reference
electrode was submerged in the MO solution and connected to the ground port of the DC power
supply. A 300>L sample was taken in 4fin intervals, with UWVis absorbance measured and
correlated to MO concentration via the calibration curve provided in Fig. 4.S1a. A second
calibration curve (see Fig. 4.S1b) was prepared for the batch experiment with theo@&drHF
membrane working electrode and SS counter electrode using the same MO solution prepared for
the batch experiment. The purpose of this was to eliminate any errors thagchdo-batch

differences in concentration, pH, or conductivity.

Figure 4.1. Photograph of the electrochemical batch removal experimentaipsat/orking
Electrode (WE), Counter Electrode (CE) and Reference Electrode (Ag/AgCl) are identified in the
inset.
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4.3.5 Continuous Electrochemical Removal of Methyl @@ in Crossflow Filtration

A custom conductive crossflow module was designed to evaluate-cOaféd HF
membrane performance in a continuous removal system. A schematic of the continuous flow
experimental setip is shown in Fig. 4.2a. The SS modules amwshin a detailed schematic in
Fig. 4.2b and in a digital photograph in Fig. 4.2c. The conductive module served as an
electrochemical cell, with the interior coated surface of the HF membrane as the working electrode
and the module itself as the countexodlode. Voltage was provided using the same DC power
supply described in Section 4.3.4. A 500 mL solution of 0.025 mM MO in sodium phosphate
buffer corrected to a pH of 7.0 and conductivity of 3 mS/cm using sodium chloride was provided
as the feed sourcstirred at 300 RPM. A Ag/AgCl reference electrode was submerged in the feed
solution throughout the filtration experiment and connected to the ground port on the DC power
supply. The same peristaltic pump and pressure transducers from Section 4.3sed/&vesupply
feed and monitor feed pressure. Crossflow velocity was modulated using the same retentate line
needle valve and rotameter -sgt in Section 4.3.3. The crossflow modules were arranged in
parallel to allow for two HF membranes, each sealedinvdlseparate module, to be tested with
the same feed solution. Both permeate and retentate lines could be recycled back to the feed
reservoir. Threavay stopcock valves were used to redirect flow on the retentate lines such that
the crossflow velocity cdd be independently verified for each HF membrane via the rotameter.
These valves were also provided on the permeate line to allow for sampling. Permeate samples
were collected every 10 min into 1.7 mL plastic centrifuge tubes. Flow rates were recorded via
timed collection and weighing of the centrifuge tubes; MO permeate concentrations were
measured by correlating with UVis absorbance measurements using the calibration curve in Fig.

4.Sla.

109



M.A.Sc. Thesis | Melissa Larocque McMaster University | Chemical Engineering

Ag/AgClI

&) _||_@

Figure 42. a) Schematic of the antinuous electrochemical removal experimentaluget
Numbered items include: (1) Feed reservoir and stir plate; (2) Peristaltic pump; (3) Pressure
transducer; (4) Stainless steel conductive membrane module; (5) Needle valve; (6) Rotameter; (7)
DC power sipply; (8) Ammeter. Feed (F), Retentate (R) and Permeate (P) lines are identified along
with the sample point (S) for the permeate lingModel of the conductive membrane module
(Item (4) in (a)). Further identified components include: (9) Metal needltkimg electrode; (10)
CNT-coated HF membrane; (11) Metal connection point to module (counter electcdde).
Photograph of the conductive membrane module (Item (4) in (a)).

An alternative sealing technique was used to connect the electric circuit toteherin
surface of the CN-toated HF membranes, as shown in Fig. 4.2b. A 12 cm length of HF membrane
was loaded into the module, giving an effective membrane length of 10 cm. The feed end of the
HF was sealed using a series airms and washers, similaw the sealing method developed by

Kazemi et al[29], while the retentate end was sealed in epoxy resin as in Section 4.3.3. To contact
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the interior surface of the HF membrane, arsho me t a | needle (20, 304 S.
a small piece of rubber, then into the lumen of the HF at the feed end. The feed was then plugged
using an NPT fitting. A portion of the metal needle was not sealed within the module; this was
used to conect to a piece of tubing to provide feed into the module as well as a contact point for
the DC power supply. To connect two modules, two additional wires were attached to: 1) the metal

needles, and 2) the SS modules to create a parallel circuit.

4.4 Results& Discussion

The adsorptive and electrochemical removal capacities of thedolf€d hollow fiber (HF)
membranes were evaluated using methyl orange (MO) as a model azo dye contaminant. Both the
HF configuration and internal surface coatings present a appebach to conductive membrane
synthesis, as such the design of a batch and continuous flow module weriabrSeveral

challenges associated with the development of these methods are addressed herein.

4.4.1 SW/DWCNT Adsorptive Removal of Methyl Oramga Batch System

To isolate the effect of adsorptive MO removal, a batch study was conducted with the
SW/DWCNTSs in suspension rather than a surface coating. This simplistic study eliminated several
complicating factors from membrane synthesis, including exposed surfacarare@ariations in
CNT mass deposited, and assessed the material limitations on adsorptive removal. MO adsorption
kinetics were first evaluated to determine the optimal contact time by monitoring the change in
MO concentration with contact time for twdfférent initial concentrations: 0.025 and 0.15 mM
(see Fig. 4.3a). Both concentration levels showed a reduction in MO concentration which appeared
to stabilize within the first 30 min, with minor fluctuation over the next 48 h. This is in agreement
with literature data where MO adsorption to MWCNTSs has been shown to stabilize wif2iR]2 h

However, to ensure good contact for the adsorption isotherm experimenised a contact time
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of 24 h. At 0.15 mM, MO concentration stabilized arouneé8% of its initial value while at 0.025
mM, this was closer to 665%. The lower initial MO concentration was selected for developing

the adsorption isotherms due to this mdwr@matic reduction in MO concentration.

In the adsorption kinetics experimental protocol, suspended CNT particles were removed
via a syringe filter; however, a potential bias was noted due to MO adsorption to the polymeric
filter material. Initial MO cowgentration, prior to addition of CNTs, was measured to be ~0.028
mM, but decreased to ~0.026 mM after filtration of this solution using the syringe filter (~7%
difference). To eliminate this bias from the adsorption isotherm experiments, the SW/DWCNTs

weregiven 24 h to settle out of solution and MO concentration was measured from the supernatant.

Various masses of SW/DWCNTSs (10, 5, 2.5, 1, 0.5, 0.1 mg) were combined with 0.025
mM MO solution to develop the isotherms in Fig. 4.3b. The two lower masse§.(Drig) were
excluded due to erroneous behaviour inconsistent with the other data points (see Fig. 4.S2).
Interestingly, the data appeared to split into two separate trends. It is unclear what caused this error
but may have arisen due to the poor CNTpsuasion dispersibility in the time delay between
preparing each sample. Maintaining CNT suspension homogeneity is notoriously chall@dping
thus CNT dispersibility may have diminished from preparing the first to the last sample.
Recommendations to mitigate this in the future inclsmi@cating for a longer time, or in between
subsequent sample preparat Rather than fitting an adsorption model through the average alone,
we fit a Amaxi mumd and #fAmini mumod model foll ow

the data. The Temkin isotherm was used to describe the data, expressed in its linear form as:

n o6l @ 61 16C (2)
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Model parameter Krepresents the equilibrium binding constant (L/mg), and B is related to the
heat of adsorption (J/mol) and in gas systems, can be further described & ¥where R is

the universal gas constant (8.314 J/K/mal), T is the temperature (K), and b is a dimensionless
constant related to the adsorption He&t31] The Temkin model assumes the heat of adsorption
decreases linearly with increasing adsorbent surface coverage to partially account for indirect
adsorbent/adsorbate interactiq@$]. Model parametersfy ) and R statistics are provided in

Table 4.1. The Temkin model has been used to describe a MO/ MWCNT adsorption system
previously with a similar quality of model fit R 0.90); however, the model parameters in this
previouswork were significantly different than those reported herein &ithx p qifd ¢ and

0 p0Ofa "J22]. Langmuir and Freundlich isotherms have also been tasddscribe similar

MO/ CNT adsorption systenfg2i 24]; however, these models were not representative of the data
presented herein (see Fig. 4.3c). The Langmuir model was physically unrealizable with a negative
maximum adsorption apacity of-77.3 mg/g. Similarly, the Freundlich model resulted in an
inverse trend with a positive exponent of 1.75. Given the range of error in the data and the
inconsistency with literature, it is possible these experiments do not truly describediptians
behaviour of the SW/DWCNTs and should be repeated in the future to verify.

Table 41. Isotherm parameters for adsorptive removal of MO by SW/DWCNTs

Models Maximum Average Minimum
Parameters

6 371.55 277.25 180.43

0 0.28 0.29 0.34

Y 0.96 0.98 0.99
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4.4.2 Electrochemical Batch Removal of Methyl Orange

To veify the electrochemical activity of the CNdoated HF membranes, a batch
experiment was conducted by suspending the working (i.e. membrane) and counter electrode in a
beaker with 500 mL of a 0.025 mM MO solutioh.negative potential was applied across th
working electrode, thus it served as a cathiodeduce electrochemical reduction of M@hile
this simple batch study was not a true representation of a continuous flow membrane filtration
system, it allowed the electrochemical remaagability of the CNIcoated HF membranes to be
isolated from further complicating factors such as contact time or shear rates, and for independent
assessment of electrochemical variables including applied potentials, type of counter electrode,

and electrde spacing.

The change in bulk MO concentration over time for two different working electrodes are
shown in Fig. 4.4: 1) a control experiment with a stainless steel (SS) needle working electrode;
and 2) CNTFcoated HF membrane, cut and folded open to exihesiaterior coated surface to the
MO solution. The applied potential for the control experiment v2Asfor 2h, then5V for another
1h. For the CNcoated HF membrane2V was applied for 2h, then 2V for another Jine
working electrode in the contrekperiment was the same needle material used to form the contact
point with the CNTcoated HF membrane in the conductive crossflow module (Fig. 4.1). The
purpose of this control was to isolate the electrochemical removal effects of the needle from the
CNT-coated HF membrane which could become confounded in the final design. Under an applied
potential of-2V, the electrochemical cell achieved ~28% MO removal with the SS needle working
electrode after 2 h which increased to ~40% after another 15WafAsthe SS needle appeared
to have a strong effect on MO degradation, it may prove difficult to separate electrochemical

removal due to the CN€oated HF membrane from the needle contact point.
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In the batch configuration with the CNbated HF membrane as a working electrode, no
effective MO removal was observed after 2 F2a£, nor after another 2 h at 2V. This observation
was surprising due to the high expected surface conductivity for meestraated under the same
crossflow conditions (=300 S/m) and the successful MO degradation in other works with CNT
coated membranes. Previous research with similar-€défed membranes in flat sheet has
achieved MO removal rates of 76%6] and 98%415] at-2V in under 2 h. Increasing potential
may have improved removal, for instance Omi et al. achieved 98% reme3®¥I[aR]; however,
this trend is not consistent in literature as Vecitis et al. found removal began to diminish beyond
2V (93% at-3V, compared to 98% aRV [15]). The CNTFbased membranes in these previous
works contained high masses or densities of CNTs (10 mg SW/DW{N],SMWCNT sheet
[15]) with conductivities several orders of magnitude higher than those expected from our
crossflow deposition process (~100,000 §6], ~4000 S/nj12] compared to ~300 S/m herein).
Depositing a thicker, more conductive film of CNTs may have improved electrochemical removal,
however other works have also shown effective electrochemicalliced antifoulind11] and
charged particle remov§l 7] at much lower conductivities (~400 S[d1]; ~1.2 S/m[17]). The
surface area available for electrochemical removal was smaller than those typical for flat sheet
membranes (1.5 vs 3.8 éii6]) but not so significant to cause thiswdratic difference in removal
efficiency. Another potential issue is that by cutting and folding open the HF membrane, the

deposited CNT layer may have cracked and inhibited propagation of an electric current.

A direct comparison between the control anel @NT-coated HF membrane tests can be
made within the first 2 h as both were exposed i@\apotential; however, removal was only
achieved with the SS needle control. Another notable difference between these experiments was

the selection of counter eleatte. The counter electrode used in the control was a graphite sheet;
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this was changed to a SS sheet in the €Ndted HF membrane experiment to simulate the
conductive crossflow module design more closely. It is unlikely this impacted electrochemical
remo\al, as SS counter electrodes have been used in similar CNT membrane based electrochemical

systems previously with successful MO remdi&].

A similar batch study was completed in a horizontal orientation (see Fig. 4.S3apfoha b
volume of 50 mL (stirred at 900 RPM) to determine if MO removal with the -Cd&ted HF
membrane could be detected in a smaller volume. MO concentration over time is shown in Fig.
4.S3b for two types of connections to the working and counter elect®8esd copper alligator
clips. Final MO concentration did not change significantly with the SS clips after 3 h and appeared
to increase over time with the copper clips, likely due to oxidation of the alligator clips themselves
as they were submerged inMsolution. A similar effect was not observed in the vertical

orientation as the confounding effect from the submerged clips could be eliminated.
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Figure 4 4. Normalized bulk methyl orange (MO) concentrations over time for 500 mL batch tests
with two types of working electrodes: CNebated HF (blue squares) and stainless steel needle
control (maroon circles). Step changes in applied are reported in the battein p
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4.4.3 Continuous Removal

Using the conductive crossflow module shown in Fig. 4.2b, MO removal in continuous
filtration operation was evaluated for the Ciddated HF membranes and the unmodified PES HF
membranes as a control. The control experiments wegreated for two separate PES HF
membranes in deaehd operation, under both no applied voltage ai®¥/gotential (i.e. four HF
membranes in total). No MO removal was detected at either condition (see Fig. 4.5S4) as expected
due to the large pore size oktbupport PES HF membranes (82) and the insulating polymeric
surface. MO removal efficiency was then evaluated for two €bdted HF membranes, with
properties summarized in Table 4.2. Twb @éxperiments were completed sequentially for these
CNT-coatel HF membranes, both at a feed rate of 0.5 mL/min and crossflow rate of 0.1 mL/min:
1) retentate recycle (see Fig. 4.5a) and 2) permeate and retentate recycle (see Fig. 4.5b). An applied
potential of-5V was supplied after 30 min. Both conditions showedigaificant MO removal
over the 6 h filtration period. Permeate flow rates were different between the two HF membranes,

likely due to the significant difference in permeabilities as shown in Table 4.2.

The lack of MO removal in the CNdoated HF membranerossflow experiments was
consistent with the batch experiments (Section 4.4.2), but not expected based on the high removal
efficiency observed for similar CNd¢oated membranes in flat shgé@,15,16] Due to the
consistency of this poor performance, the major limiting factor for MO removal was likely the
CNT-coatedHF membranes themselves. As mentioned in Section 4.4.2, this may be due to the
lower conductivity observed in these membranes over those used in previous literature for MO
removal. For the continuous removal experiments in particular, the small diameter dF
membranes (1 mm) limited the volume of feed exposed to the membrane surface (~0.1 mL internal

HF volume), therefore longer recycle times may be required to optimize contact time.
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Table 42. Properties for the CNToatedHF membranes used in the continuous removal
experiments. Error ranges for surface conductivities represent the standard deviation between
triplicate fourpoint probe measurements. Error ranges for permeabilities represent the 95%
confidence intervals fahe slopes of the flux/pressure curves.

HF Membrane| Surface Conductivity (S/m] Permeability (LMH/bar)
CNT-HF-1 268+ 106 357+ 42
CNT-HF-2 338+ 46 1348+ 160
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Figure 4.5. Normalized permeate methyl orange (Mf@hcentration and permeate flow rate over
time for crossflow continuous removal experiments with two €dated HF membranes at a feed
flow rate of 0.5 mL/min and crossflow rate of 0.1 mL/min under two recycle modes of operation:
a) retentate recycle; bepmeate and retentate recycle. A potentiabbfwas applied after 30 min.
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In the batch experiments, a potential confounding effect was discovered as the SS needle
used to contact the conductive membrane surface showed ~40% MO removal on its own.
Theoreically, this effect should have compounded with MO removal associated with the CNT
coated HF membrane in the continuous removal experiments, however no MO removal was
detected. It is possible the removal associated with the SS needle was eliminatesbiuthikie
to its smaller surface area (20 in continuous
counter electrode. However, this may also indicate that the current configuration is not conducive
for electrochemical effects. In this configuecat, the primary mechanism for electrochemical
removal would be capacitive surface charge. The feed is only exposed to the working electrode
while an insulating polymer layer and the permeate separate the working and counter electrodes;
this system resemdss a capacitor with the polymer support and permeate serving as the dielectric
material. An alternative configuration where the feed solution contacts both the working and
counter electrodes would allow for both electric field and surface charge effeetstlidy by
Zhang et al., both configurations were evaluated for organic fouling mitigation and while some
flux recovery was evident under the capacitive surface charge configuration, the greatest
performance was observed with the combination of bothrald®ld (i.e. electrophoresis) and
charged (i.e. electrostatic repulsion) effgdt3]. This alternative configuration has been used in
evaluation of similar flat sheet membrangs$][16] but poses an interesting design challenge with
the HF membranes due to the small diameter (ID: rh) nand interior surface coating.
Implementation of this alternative configuration, for example with a different counter electrode or

an exterior HF membrane surface coating, would be a useful subject for future research.
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4.5 Conclusions

In this work, we haveleveloped experimental methods for evaluating the adsorptive and
electrochemical removal capabilities of conductive Gdated membranes in a hollow fiber (HF)
format using methyl orange (MO) as a model contaminant. Batch adsorption isotherm studies were
conducted to evaluate the adsorptive capacity of the SW/DWCNTSs used to fabricate these CNT
coated HF membranes. Despite the good equilibrium concentration stability over time, the error in
the adsorption isotherm plot resulted in poor fitting for the Langrmand Freundlich models
typically used to describe MO/ CNT adsorption systems. More data is required to conclusively
state whether the Temkin isotherm models developed herein truly describe adsorption of MO to
the SW/DWCNTSs. No significant electrochenmicamoval was apparent for the CN®ated HF
membranes in both batch and continuous configurations, despite the confirmed surface
conductivity ~300 S/m. In the batch experiments, up to 40% MO removal was achieved with the
stainless steel needle working @lede and graphite counter electrode at5® potential,
indicating a potential confounding effect from the needle used to contact the conductive membrane
surface in the crossflow modules. This effect was not apparent however in the continuous removal
teds where no significant MO removal was detected after 6 h filtration in two modes of recycle
operation: 1) retentate only and 2) permeate and retentate. Further optimization of experimental
parameters in both configurations is required to determine tleetigd combination for MO
removal, including choice of counter electrode, electrode spacing, target surface conductivity and
contact time. Alternative designs for the continuous removal tests should also be considered to
take advantage of both capacitivdhacge and electric field effects for more efficient

electrochemical removal and antifouling performance.
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4.7 Supplementary Information

Figure 4.Sl. UV-Vis calibration curves relating methyl orange (MO) concentration to
absorbance at 454 nia) Curve developed for use with 4&ell plates, used for majority of
experimentsb) Curve developed forae with 96well plates, used for electrochemical batch
removal test in vertical orientation with the CNd®ated HF membranes.

Figure 4.2. Raw adsorption data for a fixed 0.025 mM solution of MO after 24 h contact time
with varying masses of SW/DWCNTSs (10, 5, 2.5, 1, 0.5, 0.1 mg). Data at 0.5 and 0.1 mg CNTs
shown in circles due to their erroneous behaviour.
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