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ABSTRACT OF THE DISSERTATION

Membrane Performance Enhancement Using Electrically Conducting Membranes
by

Wenyan Duan

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, August 2016
Dr. David Jassby, Chairperson

Water shortage is a pervasive problem which has plagued societies for centuries.
Recently, membrane technology has offered an effective and robust water treatment
method for water sustainability due to great improvements in membrane performance.
Depending on the intended applications, microfiltration (MF), ultrafiltration (UF), nano-
filtration (NF) or reverse osmosis (RO) membranes can be used individually or in
combination to achieve a specific water quality goal. However, a major challenge facing
these technologies is membrane fouling, where particulates in the feed stream are deposited
or developed on the membrane surface during the filtration process. Membrane fouling
results in performance deterioration, lifetime shortening, and ultimately, increased
operational costs. Therefore, membrane cleaning and fouling control or prevention are
critical research topics for membrane development.

The goal of this dissertation is to demonstrate fouling prevention and foulant
removal on carbon nanotube-modified (CNT) electrically conductive UF, NF and RO
membranes. First, mineral scaling was prevented and removed by applying an external
anodic electrical potential to an electrically conducting CNT — polyamide RO membrane.

vii



The results demonstrate that CaCOs scaling was efficiently removed by the intermittent
application of 2.5V and CaSOQs scaling can be prevented by the continuous application of
1.5V with the membrane as the anode. Second, biofouling and organic fouling were
prevented while treating anaerobic sequencing batch reactor effluent by using electrically
conducting UF and NF membranes. The continuous application of negative 5V to the UF
membrane surface prevents organic fouling and allows good membrane performance while
treating complex wastewater streams for long periods of time. The application of positive
potentials to the NF membranes has also been shown to increase fouling and hinder
cleaning and recovery. Third, a highly conductive and anodically stable polyaniline coated
UF membrane was designed and used as a flow through electrode. Results show that the
polyaniline coated CNT membrane had a significantly reduced degradation rate under high
anodic potentials in a pH controlled environment when compared with polyvinyl alcohol
crosslinked CNT membrane. The modified membrane can be used to degrade organic
compounds and perform in situ oxidative cleaning of the fouled membrane without any

additional oxidizing chemical reagents.
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Chapter 1

Introduction



1.1 Water Crisis

Water is an essential source of life. Because of the presence of water, the world
thrives. The earth, aptly named the Blue Planet, is 97% covered by water, but fresh water
for most living creatures is extremely limited. Less than 3% percent of the water is
freshwater [1,2]. Unfortunately, this 3% are mostly stored as glaciers in the south and north
poles. Therefore, less than 1% of water is realistically accessible as fresh surface water and
groundwater.

These water resources are not only limited by scarcity, but also extremely unequally
distributed [1,2]. Water management to reduce the disparity is necessary and has been
discussed and implemented over centuries. In the past, the inadequate water supply was
often solved by major infrastructure projects, such as the aqueducts of ancient Rome and
modern day California State Water Project (SWP). These projects are implemented for
allocating water resources to reduce water stress in high population density areas.
However, these big water projects have been found to have detrimental effects on local
ecosystems and are expensive. Therefore, local water resource management can play a
crucial role in sustainable global development [3].

Water shortages are being exacerbated by global warming, rapid population growth,
and environmental contamination; these are the leading contributors in a continuous
downward spiral toward a strained biosphere [2,4]. Global warming leads to extreme
weather, such as drought in arid areas. Growing populations increase the water demand,
which can lead to overdrawn groundwater aquifers. In coastal areas, the over-pumping of

groundwater can cause seawater intrusion, which significantly reduces the groundwater



quality [5]. Surface water and groundwater contamination also burden water infrastructure
and further reduces water supplies. To further expand the water supply, it is crucial to look
beyond the traditional hydrological cycle towards unconventional water sources, such as
seawater and wastewater. However, compared to fresh water sources, seawater and
wastewater have much higher salinity and organic loading. With those contaminants
present in water, conventional drinking water treatment facilities will struggle to deliver
their products in the same amount and with the same quality. In order to gain access to
these problematic water sources, new technologies such as desalination and membrane
separation are often required.

Desalination technology including thermal desalination (multi-stage flash distillation,
multi-effect distillation and vapour compression distillation) and membrane based
desalination (reverse osmosis, nanofiltation and electrodialysis) are two major technologies
for seawater purification. Thermal desalination is much more energy intensive compared
with membrane based desalination, but it can deal with more saline water and results in
better permeate water quality [6]. Membrane based desalinations, especially reverse
osmosis (RO), which already operate near the thermodynamic limit, have been widely
implemented around the world [7]. However, seawater desalination is still a location-
dependent technology, which is preferably built near the ocean. Inland brackish water
desalination faces a significant technological hurdle in brine disposal [8,9].

Wastewater as another alternative water source in populated areas has been discussed
and practiced in the past decade [10]. The quantity and quality of wastewater is predictable

and relatively stable compared with natural water sources, which allows for simpler



management. However, there are still several important concerns restricting wastewater
recycling and reuse. Current challenges include antibiotic resistant bacteria [10], viruses
and other microorganisms, emerging organic contaminants, high transportation costs due
to separate pipeline infrastructure, unclear regulations and limited public acceptance. In
order to reduce the risks of antibiotic resistant microorganisms and emerging organic
contaminants in drinking water, decentralized water treatment facilities at the end user level
have more advantages. Membrane technology, due to having very few maintenance
requirements, has become a promising decentralized water treatment choice. However, for
membrane treatment of wastewater, the biggest challenge is membrane fouling [10-16].
Despite all these challenges, membrane technologies are still promising for new water
source purification beyond the traditional hydrological cycle. Further reducing membrane
operational costs and extending membrane lifetime will enable this technologyto serve our

community even better.

1.2 Membrane Technology
1.2.1 Membranes Classification and Applications

Due to membrane technology’s rapid growth in the past 3-4 decades, it has become a
very important and unique method used for a variety of applications. Currently,
commercially available membranes include reverse osmosis membranes (RO),
nanofiltration membranes (NF), ultrafiltration membranes (UF) and microfiltration
membranes (MF). The main differences between these membranes are their pore size

properties and removal mechanisms. MF membranes have the largest pore size and use



sieving as their major removal mechanism. RO membranes have no pores, which allows

only water molecules and, occasionally, small uncharged molecules to diffuse through

(Figure 1).
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Figure 1. Membrane cut-off characteristics

1.2.1.1 Reverse Osmosis Membranes

RO membranes are semi-permeable membranes used to remove monovalent ions (i.e.
NaCl) and small charged organic molecules. The typical rejection of NaCl is usually more
than 99% (Table 1) [9,11,17]. In the RO process, an external pressure is applied to
overcome the osmotic pressure caused by the concentration difference of the solute on both
sides of the membrane. The typical pressure for driving seawater desalination ranges from
100-1300 psi [7,8,18]. There are two types of RO membranes on the market: asymmetric
cellulose acetate (CA) RO membranes and thin film composite (TFC) polyamide (PA)
membranes. The PA membranes dominate the RO membrane market sales with 91% share,

with CA membrane representing most of the remaining sales. Although the CA based RO



membranes are mildly chlorine resistant, which allows for chemical cleaning, the PA based
RO membranes have higher salt rejection and higher pressure tolerance which serve the
practical needs of seawater desalination better [9].

Table 1. Overview of membrane processes and their characteristics [11].

Reverse
Osmosis
Membrane

100-1800 >99 (NaCl) 100 0.003-0.1

Nanofiltration 40-300 >60 (NaCl) >200 0.1-2
Membrane

Ultrafiltration 1.5-72.5 0 >10K 0.7-70
Membrane

Microfiltration 1.5-30 0 >1000K >70
Membrane

1.2.1.2 Nanofiltration Membranes

NF membranes are also semi-permeable membranes with the pore sizes (0.1 nmto 10
nm, Figure 1) in between UF and RO. Unlike RO membranes which remove all the ions in
the water, these membranes only remove divalent ions, and let the majority of monovalent
ions pass through, leading to several advantages for NF membranes: low operational
pressure, high flux and greater than 90% divalent ion rejection (Table 1) [19]. NF
membranes are fabricated via an interfacial polymerization (IP) technique like RO

membranes with a less compact thin film composition structure. They are often used for



groundwater softening, RO feed pretreatment and removal of small organic dyes from

textile wastewater [11].
1.2.1.3 Ultrafiltration Membranes

UF membranes are membranes with a pore size of 10-100 nm (Figure 1). Due to this
large pore size, UF membranes typically cannot reject salts, but operate with a significantly
lower operational pressure. UF membranes are commonly made by a phase inversion
technique. The commonly used polymers include polyvinylidene fluoride (PVDF),
polysulfone (PS), polyethersulfone (PES) and polyacrylonitrile (PAN). These polymer are
chemically and mechanically robust as well as easy to process [20]. UF membranes are an
alternative method for integrating coagulation, sedimentation, clarification, disinfection
and sand filtration processes [21-23], because they can remove suspended particles,
colloids, turbidity, algae, bacteria and viruses [24]. They are also used as pretreatment for
other advanced membrane applications to reduce membrane fouling in following stages

(e.g. NF and RO).

1.2.1.4 Microfiltration Membranes

MF membranes are membranes with a pore size of 100 nm to 10um. These
membranes operate similarly to UF membranes, but with the highest permeability among
four types of pressure driven membranes. The most commonly used materials are
hydrophobic materials, polytetrafluoroethylene (PTFE), poly (vinylidene flouride) (PVDF)
polypropylene (PP), polyethylene (PE), and hydrophilic materials, cellulose esters,

polysulfone (PS) polycarbonate (PC) [11]. Microfiltration membranes are prepared by



sintering, track-etching, stretching, or phase inversion techniques. Due to the robust
materials used to manufacture the membranes, MF membranes have fairly good chemical
stability and excellent mechanical strength. They are often used as feed pretreatment to

reduce fouling for other smaller pore membranes [11].

1.2.2 Membrane Fouling and Conventional Control Technologies

Unfortunately, membranes are plagued by several issues, the principal amongst them
being fouling [25-27]. In membrane fouling, materials present in the feed stream (e.g.
bacteria, organic molecules, precipitated salts) deposit or develop on the membrane surface
or clog the pores, obstructing the flow of water. Once the membrane is fouled, the
membrane system will experience a significant flux drop, which will dramatically increase
the energy consumption, operational cost and shorten the membrane’s lifetime. There are
four types of membrane fouling, which are classified based on the foulant: (1) mineral

scaling, (2) organic fouling (3) colloidal fouling and (4) biofouling.

1.2.2.1 Scaling

Mineral scaling is a significant issue in membrane e desalination. The most common
fouling species are calcium sulfate and calcium carbonate [28,29]. Fouling in the form of
scaling is the result of inorganic crystal formation on the membrane surface. Crystal
nucleation occurs when the solubility limit for a mineral is exceeded at the membrane
surface due to salt ion accumulation [30-32]. The phenomenon in which a layer of ions

accumulates along the membrane surface is known as concentration polarization (CP) [33].



The two main types of scale formation in membrane systems are homogeneous and
heterogeneous crystal growth. Homogeneous crystal growth occurs in solution, while
heterogeneous crystal growth occurs on an existing surface (e.g. membrane surface, spacer)
in the membrane system, and has a much faster growth rate [31,32,34]. The crystal
formation growth rate also depends on the degree of super-saturation (expressed as the
saturation index), temperature, as well as the local molar ratio of cations to anions [35].

Depending on the salt crystal species, mineral scaling can be controlled in membrane
systems by using turbulent flow conditions that enhance mixing in the feed solution and
reduce concentration polarization along the membrane surface, through the addition of
antiscalant chemicals, by adjusting the solution pH, or by some combination of the above
[7,8,36].

Dosing antiscalant in the feed water is a commonly used strategy to prevent inorganic
fouling in RO membrane systems. Antiscalants are mixtures of various molecular weight
polycarboxylates and polyacrylates [37]. The exact mechanism of scale inhibition is not
clearly understood, but it is generally accepted the anti-scaling agents absorb on both the
membrane surface and formed crystals or incipient crystals, which leads to the reduction
of scale formation and crystal growth on the membrane surface [38]. However, identifying
a cost-effective dosage is usually a tedious task, with the dosage highly dependent on
different water constituents [37]. Overdosing the system not only increases the operation
cost, but results in increased organic fouling [37]. To reduce the use of antiscalants, an in

situ scaling prevention method would be highly beneficial.



1.2.2.2 Organic and Colloidal Fouling

Colloidal or organic fouling usually happens when a membrane is used to treat surface
water or treated secondary effluent due to its high organic loading [25,39]. Depending on
the membrane pore size, two different colloidal fouling mechanisms have been identified.
For RO, NF and tight UF membranes, the colloidal fouling is caused by an accumulation
of colloidal material on the membrane surface, which leads to a cake/gel layer formation.
For MF membranes, the colloids can clog the membrane pores first and then develop a
layer on top of the membrane surface [39—41]. The attachment of colloids to the membrane
surface depends on colloidal surface charge, solution ionic strength, membrane surface
roughness, and membrane surface charge [39].

Colloidal and organic fouling is typical controlled by air scrubbing, backwashing and
chemical cleaning procedures [42]. Backwashing and air scrubbing are used to remove the
cake/gel layer deposited on the membrane surface. Chemical cleaning (e.g. soaking in
bleach) can be used to remove adhered organic matter on the membrane surface and clean
the clogged pores, but requires system down-time and is not compatible with PA-based RO
membranes, which rapidly degrade in the presence of even minute (<1 ppm) concentrations

of chlorine [43,44].

1.2.2.3 Biofouling
Biofouling is another major problem in membrane technology that occurs when
membranes are used to treat water containing bacteria [ 14,45]. It is initiated by irreversible

bacterial attachment on the membrane surface, followed by the growth of the attached
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bacteria and the formation of a biofilm. Biofilms will significantly reduce the flux and
increase the trans-membrane pressure [42,46], are nearly impossible to effectively remove
and significantly increase membrane operational costs [32,47]. This is because bacteria
generate extracellular polymeric substance (EPS), which not only firmly glues bacteria
onto the membrane and protects the attached bacteria from chemical disinfection and
membrane cleaning procedures [42,48].

Biofouling occurs on all types of membranes, and despite extensive use of
pretreatment as well as the addition of biocides and disinfectants, it remains a major
hindrance for widespread membrane application [49-52]. Bacteria have been found to
attach and multiply on nearly all surfaces under a wide range of living conditions [49].
When combined with passive foulant accumulation (e.g. colloidal fouling and cake layer
formation), bacteria can not only speed up the formation of gel/cake layers, but also build
up a protective coating (e.g. EPS) to prevent removal by shear forces and disinfectants,
which are typical cleaning methods [26,53]. The most efficient way to remove biofouling
is chemical cleaning, which requires system down time and is difficult to implement in RO

systems, due to the susceptibility of polyamide to oxidizing agents, such as chlorine [53].

1.3 Fouling Prevention by the Application of Electricity

The application of an electric field to enhance membrane filtration and prevent
organic and colloidal fouling has been widely implemented [37] and is known as
electrofiltration [38]. Typically, the electric field is applied across the membrane via two

electrodes placed on either side of the membrane [39,40]. Electrofiltration is distinct from
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electrodialysis, where ion movement is driven by electrophoretic forces, and which is an
energy intensive process [41]. One of the major obstacles to the commercial
implementation of electrofiltration is lack of stable and economical electrode material as
well as the high energy demand associated with the standard process. Very high electrical
potentials must be applied to the electrode pair, which results in greatly increased energy
demands and can promote electrode corrosion [42].

Electrical methods for controlling bacterial adhesion on conductive surfaces can be
divided into current-driven and potential-driven applications, and each application can be
further divided into cathodic, anodic, and alternating modes [43]. Due to the nature of
negatively charged bacteria [13], a cathodically-charged surface can prevent bacterial
attachment and detach bacteria [54-56]. The application of cathodic potentials to a
membrane surface has been reported to kill bacteria by the production of low
concentrations of hydrogen peroxide near the membrane through the electro-reduction of
oxygen [44]. Alternatively, direct electron transfer between bacteria and an anode surface
can inactivate the adhered bacteria, which has been widely used to control marine
biofouling [45]. However, when anodic potentials are applied, the dead bacteria tend to
remain on the surface, severely and irreversibly fouling the membrane and making the
method ineffective [57—60]. To overcome the complications caused by anodic potential or
current, the use of alternating voltage has been implemented as an effective approach for

biofouling prevention [46].
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1.4 Carbon Nanotube Based Electrically Conducting Membranes

Carbon nanotubes (CNTs) are 3D tube-like structures, resembling seamlessly rolled
2D graphene sheets. CNTs are a very promising possible electrode material due to their
nano-size, high electric conductivity [47], and large specific surface areas (50-1000 m’g™)
[48]. They have been used in a wide array of applications [49—51]. Due to a large specific
surface area, they have been widely used as adsorbents for organic chemicals via van der
Waals interactions [52,53] and for heavy metals via carboxylate surface group interactions
[54]. The high electrical conductivity of CNTs have led to them being viewed as a feasible
material for conductive membranes [44,55-58]. Having an electrically conductive
membrane provides the benefits of electrofiltration while increasing the working area far
above that of a solid electrode. The 3D conductive structure also can serve as a flow
through electrode to significantly increase the mass transfer and convection-enhanced mass
transfer to the electrode surface, which has been shown to be the primary limitation for
electrochemical transformation [59].

However, CNTSs still face a universal anode problem when using as anode: corrosion
and water oxidation. The water oxidation can substantially reduce the current efficiency
for the intended reactions [61,62]. This issue of low oxygen evolution potential (OEP) is
usually solved by doping catalytic metallic nano-particles. Liu and Vecitis et. al. have
successfully utilized bismuth-doped tin oxide (BTO) to increase the OEP of BTO-CNTs
composite to 1.71 V (vs. Ag/AgCl) [61]. Anodic stability is a major obstacle for CNTs
used as electrochemical reaction anode material [63]. CNT anode corrosion has been

reported as >1.7 V for multiwall CNTs and >1.0 for single wall CNTs (vs. Ag/AgCl) [61].
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Unfortunately, in order to degrade many environmental contaminants, the required anodic
potential can go up to 3.4 V (vs. Ag/AgCI) [61,64]. Therefore. developing stable CNTs
composite material as anode at high potential is crucial for broader applications in the

future.

1.5 Fouling Prevention and Mitigation Mechanisms of Electrically Conductive
Membrane

1.5.1 Scaling Prevention Using Electrically Conductive Membrane

Scaling on the membrane surface is mainly due to irreversible crystal nucleation on
the membrane surface. This leads to crystal cake layer formation that covers the pores of
the membrane, as briefly discussed in Section 1.2.2.1. As a result, reducing nucleation
rates on the membrane surface can significantly slow down scaling. Previous works by
Alimi and Gadri have demonstrated that changing the lattice cation/anion stoichiometry
molar ratio seriously impacts the induction time, which is the time period between the
achievement of supersaturation conditions and the appearance of the first crystal [35,65].
The cations/anions molar ratio can be determined by bulk solution or changes in the region
near a charged surface. The change of ion distribution near a charged surface is well
explained using electrical double layer theory (EDL).

Electrical double layer theory describes the ion distribution near a charged surface.
EDL theory states that for negatively charged surfaces (Figure 2), positive ions (i.e.
counter-ions) form a layer near the charged surface known as the Stern layer. In this Stern

layer the charge and potential distribution are determined primarily by the geometrical
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restrictions of the ions and molecular size and short range interaction between ions, surface
and adjoining dipoles. Additional positive ions attracted by the negatively charged surface
face a repulsion force from the counter-ions in the Stern layer, known as the diffusive layer.
The density of this layer gradually decreases with the distance from the colloidal particle

until it reaches equilibrium with the rest of the ions in the solution [66].
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Figure 2. Schematic of electrical double layer in a liquid in contact with a negatively

charged surface (borrowed from Rodrigo F.V. Romo and M. Michael Pitts[67])

The potential distribution in the EDL structure has been described by Gouy [68] and
Chapman [69]. The Poisson-Boltzmann equation gives a potential distribution as a function

of distance from the charged surface. In one dimension this can be written as follows [70]:
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where v is the electrical potential, z is the valence of ions, ¢ is the elementary charge,
Na is Avogadro’s number, ci” is the bulk ion concentration, €. is the permittivity of the
electrolyte solution (varies with ion concentration), k is Boltzmann’s constant, and T is
temperature.

It is important to note that in eq. 1 shown above, it assumes point like ions and constant
solution permittivity throughout the system. Although this approach is applied successfully
in predicting ionic profiles close to planar surfaces in symmetrical electrolyte solutions, it
is known to strongly overestimate ionic concentration near highly charged surfaces and for
multivalent ions [66,70]. Stern was the first person to introduce the Stern layer conception
to overcome the limitations of PB theory. Since then, several attempts have been proposed
to overcome the hydration ion size effect, surface adsorption problems and other issues in
Stern layer theory better fit the experimental results [67].

The method I proposed to use for CaSOs4 scaling prevention uses the EDL and the
Stern layer theory to design a new antiscaling strategy. Specifically, I applied an external
potential to the membrane surface. The increased surface potential leads to changes in the
anion and cation distribution ratio near the membrane surface [71] as a result of the
formation of a thick EDL, whose thickness is highly dependent on the applied electrical
potential [72]. Inside the EDL, and in particular, in the Stern layer, the stoichiometric ratio
of cations and anions is significantly altered (Figure 2). The non-stoichiometric ratio

significantly decreases the CaSO4 nucleation rate near the surface [35]. Nucleated crystal
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clusters form mainly in the stochiometrically balanced bulk solution [70], where they can

be washed away by crossflow instead of depositing on the membrane surface.

1.5.2 Organic Fouling Reduction on Electrically Charged Membrane

To understand the interactions between bacteria, organic matter and the membrane
surface, it is very important to identify the forces involved in this system. There are many
important interactions affecting particle deposition including electrostatic interaction, van
der Waals attraction, Brownian motion, hydration and steric forces. Among these, the
electrostatic interaction and van der Waal attraction play significant roles. The relation of
these two interaction forces has been originally introduced and discussed by DLVO theory
(named after Derjaguin, Landau, Verwey and Overbeek) [73]. Electrostatic interaction was
calculated using the EDL theory. The electrostatic force F. can be calculated through the

surface elementary integration method (Eq. 2) shown below.

= o [ -2 (xrama [1- 0 + R0t ata [1-ODlrdr )

where & ;E %) js the derivation of the Free energy, a is a constant partial radius and r is the

variable radius [74].
Van der Waals interaction energy is the total sum of the dipole-dipole interaction,
dipole-induced dipole interaction and dispersion energy, which can be calculated using Eq.

3 showing as follow:

A2 1 1 1

Fow = ——= |- —— —~ 3
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where A is the Hamaker constant, r is the particle diameter and x is the ratio of separation
distance to particle diameter [75].

In a flow system, especially in a membrane filtration system, besides DLVO
interaction forces, the flow dynamic has a significant influence on the particle movements
and deposition including particle diffusion, drag force, lifting force and system pressure.
These dynamic forces can be impacted by the particle size and solution physical properties.
When an external potential is added to the system, electrophoretic force should also be
considered.

The mechanism I propose to use with electrically conductive membranes to prevent
organic fouling, colloidal fouling and biofouling is electrostatic interaction. The
effectiveness of this method can be explained by comparing the possible existing opposing
forces that determine particle deposition. Most organic colloidal particles and bacteria are
negatively charged in an aqueous environment [67,76]. In these cases, an additional
electrical field applied by the membrane can provide a strong electrostatic repulsive force
and electrophoretic force, which pushes the negatively charged particles away from the

membrane surface.

1.5.2 Electrochemical Oxidation to Mitigate Organic Fouling Layer

The feasibility of electrochemical destruction of organic compounds in wastewater
has attracted much attention for almost half a century [77,78]. Electrochemical oxidation
is performed through the electro-generation of strong oxidants on the electrode surface.

The process of electrooxidation includes both direct and indirect oxidation. Direct
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oxidation is the electrochemical oxidation of compounds which can happen directly at
anodes surface through the generation of hydroxyl radicals. Indirect oxidation is
electrochemical oxidation pollutants occur via oxidants (e.g. chlorine (Cl2), hypochlorite
(OCI) and persulfate (S20s>")) which are generated by electrochemical reactions [79].
Direct oxidation is achieved through the production of hydroxyl radicals (OH"), which are
very active chemical oxidation agents which are generated on the anode surface that can
lead to complete mineralization of organic contaminants [80]. Efficient electrochemical
generation of hydroxyl radicals requires that the electrode has a high oxygen evolution
over-potential; otherwise, water , the most abundant molecule in an aqueous solution, could
be oxidized to oxygen instead of hydroxyl radicals [81]. Common anode materials used for
hydroxyl radical generation include doped-SnO> [82], doped-PbO, [83,84] and boron-

doped diamond (BDD) [85-87,62]. The hydroxyl radical generation reaction occurs as

follows[80]:

2H,0 — 20H* + 2H* + 2e~

Indirect oxidation is defined as the in situ generation of oxidant chemical reactants

(i.e. Cl, and S,0s*) that can oxidize organic compounds to less complex compounds

[79,88]. Typically, the main oxidizing agent responsible for indirect electrochemical
oxidation is chlorine, which is generated through the electrooxidation of chloride ions
[79,89,90]. These chlorine molecules can react with water to form hypochlorous acid
(HOCI) or hypochlorite ions which are responsible for the organic chemical degradation.

2Cl™ - Cl, + 2e~
Cl,+ H,0 - HOCl + H* + Cl~
HOCl - H* +0Cl~
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The toxicity of the byproducts and their fouling potential on the membrane surface
for this indirect chlorination process still remain a big challenge that needs further

exploration. Therefore, direct oxidation by hydroxyl radical is preferred.

1.5.3 Direct Electrolysis

When the potential applied to the electrode is higher than the water splitting potential,
electrolysis of water molecules occurs. In this process, oxygen and protons are generated
on the anode, and hydrogen and hydroxide ions are generated on the cathode [91].

H,0 - 0,(g) + 4H* + 4e~
2H,0 + 2e”~ - H,(g) + 20H™

Although these reactions are not ideal for organic oxidation purposes, they are useful

when foulants are pH sensitive, e.g. CaCO;s scales dissolving rapidly under acidic

conditions.

1.6 Research Objectives

The overall objectives of this dissertation were to use CNT-based electrically
conducting membranes to solve many of the problems plaguing membrane-based water
treatment processes.

In Chapter 2, electrochemical mineral scale prevention on electrically conductive
CNT — PA RO membranes was investigated. The objective of this project was to find the
optimal potential to apply on the membrane in order to prevent and remove CaCO3 and

CaSO4 mineral scaling on the surface. Membrane fouling development and recovery was
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evaluated by monitoring permeate flux change. Scanning electron microscopy (SEM) was
used to image the membrane surface before and after the experiment to verify the efficiency
of the cleaning. A modified Poisson-Boltzmann equation was used to help explain the
CaSOq4 fouling prevention mechanism.

In Chapter 3, the use of electrically charged UF and NF membranes to reduce fouling
while treating water from an anaerobic reactor treating industrial wastewater was
discussed. The purpose of this study was to determine the flow rate and electrical
conditions that minimize organic fouling and biofouling, and to evaluate membrane
cleaning procedures in UF and NF modules.

In Chapter 4, highly electrically conductive and anodically stable composite
polyaniline/CNT ultrafiltration membranes formed via electropolymerization under acidic
conditions was explored. The objective of the study was to evaluate membrane anodic
stabilities via cyclic voltammetry and chronoamperometry and their effect on organic
molecule oxidation and in situ membrane cleaning without additional cleaning reagents.

In Chapter 5, conclusions from the doctoral work are given as well as discussion on
the application of electrical conducting membranes to prevent or mitigate different fouling
among different membranes applications in light of the experimental evidence from

preceding chapters.
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Chapter 2

Electrochemical Mineral Scale
Prevention and Removal on
Electrically Conducting Carbon
Nanotube — Polyamide Reverse
Osmosis Membranes
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2.1 Introduction

Desalination is an increasingly used method to provide potable water to areas with
limited fresh water resources [6,88,92]. However, this technology is still plagued by several
issues, principal amongst them is membrane fouling [17,27,93]. State-of-the-art
commercial reverse osmosis (RO) membranes operate near the thermodynamic limit [94].
Therefore, to improve membrane performance and reduce process energy consumption,
pretreatment and membrane fouling reduction must be achieved [6]. One type of membrane
fouling process is mineral scaling, where salt crystals precipitate out of the solution,
forming a dense layer on the membrane surface that obstructs the flow of water through
the membrane. Mineral scaling occurs when the concentration of rejected ions along the
membrane surface exceeds the solubility limit for a particular mineral, resulting in the
nucleation and growth of inorganic crystals on the membrane surface [30-32]. The
phenomenon where a layer of ions accumulates along the membrane surface is known as
concentration polarization (CP). Once scaling occurs, the RO system will experience a
significant decrease in water flux and could be physically damaged, which could lead to a
drop in salt rejection [76]. Additionally, the nucleated salt crystals can physically harm the
membrane surface. Depending on salt crystal species, mineral scaling can be controlled in
RO membrane systems by using turbulent flow conditions that enhance mixing in the feed
solution and reduce solute concentrations along the membrane surface, through the
addition of anti-scaling chemicals, by adjusting the solution pH [7,8,36], or by some
combination of the above. Two of the most common salt species responsible for mineral

scale formation in membrane applications are CaCO3 and CaSOs [8,36]. CaCOs scale can
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be controlled by adjusting solution pH, as CaCOs dissolves readily under acidic conditions
[36]. In contract, CaSOg is pH insensitive, and requires the addition of anti-scaling agents
[95].

Mineral scaling formation has been studied for decades, with two main mechanism
identified: homogeneous crystal growth occurs when salt crystals form and grow in the
solution and heterogeneous crystal growth on a solid surface (such as a membrane surface)
[31,32,34]. In general, the heterogeneous route causes more rapid crystal formation and
growth. The growth rate of crystal depends on degree of super-saturation (expressed as the
saturation index) as well as the local ratio of cations to anions [35].

The accumulation of ions on the membrane surface and the formation of the CP
layer are associated with diffusion and advection of ion toward, away from, and along the
membrane surface. However, the application of an electric charge to a surface leads to the
formation of an electrical double layer (EDL) along the surface [96]. In the EDL structure,
the concentrations of co-ions and counter ions are non-stoichiometric, with counter ion
concentrations decreasing and co-ions concentrations increasing as the distance from the
charged surface grows, until bulk concentrations are achieved. The distance from the
electrically charged surface where bulk concentrations exist is a function of the surface
charge and solution ionic strength [97-99]. Several reports have demonstrated that excess
concentrations of either anions or cations lead to delayed nucleation and crystal growth,
with the most rapid crystal growth observed when stoichiometric conditions exist [35,99].

Several reports have demonstrated that the application of an electric field during

cross-flow filtration reduces the impact of various fouling mechanisms, including CP
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formation and organic material deposition [100—103]. We have developed an electrically
conducting RO membrane that maintains the transport properties needed in desalination
processes, with the added benefit of high electrical conductivity [60]. Electrical
conductivity is imparted through the combination of functionalized carbon nanotubes
(CNTs) that are cross-linked to the polyamide (PA) membrane matrix, forming a true nano-
composite.

In this paper we describe how the application of an electrical potential to the surface
of an electrically conducting RO membrane can significantly delay the formation of CaSO4
crystals near on membrane and dissolve CaCOj3 crystals growing on the membrane surface.
Furthermore, we develop a model that predicts the concentrations of ions as a function of
applied membrane potential and distance from the membrane surface. We use this model

to qualitatively explain the observed decline in CaSO4 fouling.

2.2. Materials and Methods
2.2.1 Materials

Carboxylated multiwall carbon nanotubes (CNT-COOH) were purchase from
Cheap Tubes (Cheaptubes Inc., Brattleboro, VT). Polysulfone (PSF) ultrafiltration (UF)
supports were purchased from Sepro Membranes (Sepro Membranes Inc., Oceanside,
CA). m-Phenylenediamine (MPD), trimesoyl chloride (TMC), CaCl,, NaSO., MgSO;,
sodium dodecylbenzenesulfonate (NaDDBS), and NaHCO; were purchased from Sigma-

Aldrich and used as received.
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2.2.2. Membrane Fabrication

The RO membrane fabrication process followed our previously reported method
[60]. In short, CNT-COOH suspensions were created by sonicating the CNT-COOH in a
solution containing the surfactant NaDDBS for 30 minutes. Then, a certain volume of
CNT-COOH suspension was deposited onto a PSF UF support, rinsed with deionized water
(DIW), and allowed to dry. Then the support was immersed in a 2% aqueous solution of
MPD for two hours, slightly dried, and immersed into a 0.15% solution of TMC in hexane
for two minutes. The membranes were then cured for 10 minutes at 90°C and stored in

DIW at 4°C until use.

2.2.3. Membrane Characterization

Scanning electron microscopy (SEM, JEOL Akishima-Shi, Tokyo) was used to
image the surface morphology as well as the salt crystals growing on the membranes. For
SEM images, the conducting nature of the membrane negated the need to sputter-coat the
membrane with a metal layer. Attenuated total reflectance — Fourier transformed infracted
spectroscopy (ATR-FTIR, Thermo Scientific, Franklin, MA) was used to verify the
formation of ester bonds between CNT-COOH and the PA polymer matrix [104]. A four-
point conductivity probe was used to characterize membrane sheet resistance. The open-
circuit potential of the membrane, representing the “true” potential on the membrane
surface, was measured in reference to a Ag/AgCI reference electrode using a potentiostat
(Gamry Instruments, Warminster, PA) [105]. Atomic force microscopy (AFM; Bruker

Biosciences, Billerica, MA) was used to measure membrane surface roughness.
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2.2.4. Experimental Procedure

A modified cross-flow RO module was used in all scaling experiments; the module
incorporates electrodes designed to deliver an external charge to the membrane surface and
a counter electrode (316 stainless steel sheet) seated 3 mm above the membrane surface.
The electrodes delivering the external charge are positioned outside of the inner O-ring,
and do not come into contact with the solution. The active membrane area in this setup was
20 cm? (4.8 cm x 4.2 cm).

The feed solution was continuously re-circulated through the system (Appendix
Figure A-1), and the permeate was weighed periodically to determine flux. The system was
operated in a constant pressure mode, with the initial pressure adjusted so as to maintain
identical initial flux values for all experiments. Pressure was controlled by adjusting a
needle valve on the retentate line, and a diaphragm pump was used to provide flow and
pressure to the system (Wanner Engineering, Minneapolis, MN). External electrical
potentials were applied to the membrane surface by connecting the membrane to an
arbitrary waveform generator (Rigol, Oakwood Willage, OH). Permeate quality was

continuously monitored by measuring its conductivity.
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2.2.5. CaS0Oy Scaling Experiments
In these experiments, we used a scaling solution meant to simulate brackish
groundwater (Table 2) [29].

Table 2. CaSO4 scaling experiments salt composition

NazSO4 0.0105
MgSOq4 0.0145
CaCl, 0.0164

A large volume (4 L) of the scaling solution (saturation index of 1.01 with respect for
CaSO0.) was continuously recycled through the system with no crystal formation observed
in the bulk. In some of the CaSO, scaling experiments, an in-line 0.5 um polycarbonate
filter was used on the retentate line to trap any crystals formed during the filtration
experiments [29]. In these experiments the cross-flow velocity in the RO module was
maintained at either 3.4 cm s, when the in-line filter was used, or 4.5 cm s when no in-
line filter was present. The increased flow rate associated with the higher velocities resulted
in a transmembrane pressure across the in-line filter that exceeded the filter housing's
capacity and led to leaks. A DC voltage was continuously supplied to the membrane
surface, with the membrane acting as an anode with an applied potential of 1.5 V

(approximately 1 V vs. a Ag/AgCI reference electrode).
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2.2.6 CaCOs Scaling Experiments
In these experiments, we used a scaling solution described in Table 3 [106].

Table 3. CaCOs scaling experiments salt composition

NaCOs3 0.0094
KCl 0.0107
CaCl, 0.0072
MgCl, 0.0047

The scaling solution (saturation index of 4.38 with respect for CaCO;) was
continuously recycled through the system without filtration. No crystal formation was
observed in the bulk. In these experiments, the cross-flow velocity in the RO module was
maintained at 4.5 cm s*. The membranes were allowed to scale for a period of several
hours, and then a 2.5 V potential (membrane as anode) was applied for 15 minutes. After

that, the voltage was shut off and the system was allowed to continue operating.

2.3 Results and Discussion
2.3.1 Membrane Characterization

The electrically conducting RO membrane achieved a NaCl rejection rate of 98%
(tested using an 8 g L* NaCl solution). Pure water flux was determined to be 2 +£0.53 LMH
per bar. This value is somewhat lower than that reported from commercial RO membranes
(typical values of pure water flux ranging between 3.2 and 3.96 LMH per bar), but hardly
surprising as we did not subject our membranes to any post-fabrication processing steps
used to enhance membrane flux. It is important to note that the application of an electrical

potential did not change salt rejection or pure water flux through the membrane. SEM
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images of the membrane surface show the typical “noodle” structure associated with PA

RO membranes (Figure 3 Left).
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Figure 3. (Left) SEM image of surface of PA-CNT RO membrane; (Right) AFM map
shows roughness according to the software RMS is 91nm on 2.5 by 2.5um spot.

Sheet resistance was measured to be 2.56+0.71 kQ. An AFM image of the membrane
surface can be seen in Figure 3 (Right). AFM image analysis indicated that membrane
surface roughness was 91 nm. This roughness value is similar to values reported in previous
studies of RO membrane surface [107,108]. ATR-FTIR analysis of the membrane surface
revealed the presence of an ester bond (1728 cm-1) linking the hydroxyl group on the CNTs
to the TOC monomer in the PA, as well as the characteristic peaks corresponding to the
amide bonds linking the TMC and MPD monomers (1643 cm-1, 1610 cm-1, and 1543 cm-

1; Figure 4) [60].
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Figure 4. ATR-FTIR spectra of the electrically conducting RO membrane

The open circuit potential of the membrane as a function of the applied potential can
be seen in appendix Figure A-2; this potential represents the approximate potential (as there
will be some potential drop between the membrane and reference electrode), with reference
to the Ag/AgCl electrode, that the solution around the membrane experiences. The ionic
strength of the solution was 164 mM and the distance between the working and reference
electrode was 5 mm. Thus, when a potential of 2.5 V is applied to the membrane/counter
electrode pair and the membrane is used as an anode, the “true” potential on the membrane
surface will be approximately 1.8 V vs. the Ag/AgCI reference; this potential (which is
1.23 V for the water-splitting reaction vs. the hydrogen standard electrode) is sufficient to

spilt water and produce protons along the membrane surface [109].

31



2.3.2 CaCOs Scaling Removal

In this portion of the study we demonstrate the ability of the electrically conducting
RO membrane to remove CaCO; scale that grew on the membrane surface during the
treatment of brackish water with a high saturation index with respect to CaCO; (Table 3).
The growth of CaCOs scale on the membrane surface results in a significant drop in flux
(Figure 5). Flux recovery was consistently demonstrated upon the application of an external

potential to the membrane surface, when the membrane was used as an anode.
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Figure 5. CaCOz scaling experiment; flux declined as CaCO3 scale developed on the
membrane surface. When a 2.5V potential (designated by a red circle) was applied
(membrane as anode), and the membrane was flushed at high velocities, flux was fully
recovered.

As shown in Figure 5, when no electrical potential was applied to the membrane
surface the flux through the membrane experienced a persistent drop as a result of the
growth of CaCOs scale, with water fluxes declining by over 18% over a period of 460
minutes. After ~460 minutes, the pressure was shut off and a 2.5 V potential was applied
to the membrane/counter electrode pair for 30 minutes (5 min on/5 min off). As can be

seen, the water flux quickly recovered to near (98% recovery) the initial value, indicating
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that the CaCOs; scale was effectively removed from the membrane surface. After 30
minutes, the potential was shut off and the pressure resumed, and the system experienced
resumed fouling due to CaCOs;scaling. These results were observed in multiple
experiments, and can be seen in the Appendix (Figure A-5 to A-7). Simple flushing of the
membrane (with no potential applied) did not result in any flux recovery. The reason the
pressure was turned off during the application of the potential was the need to increase
cross-flow velocities during the descaling process. The diaphragm pump used during the
pressurized mode could only deliver a velocity of 4.5 cm/s; at these flow velocities, any
detached CaCOs scale quickly re-deposited on the membrane surface. To avoid this, we
used a peristaltic pump, which delivered a flow velocity of 8.6 cm/s, during the de-scaling
stage. At this velocity, the detached CaCO3 was quickly removed from the system and flux
was rapidly restored [32]. While the flow velocities provided by the peristaltic pump were
higher, they were still very low and in line with flow velocities used in many RO processes.
Visual inspection of the membrane before and after the electrical de-scaling treatment
clearly demonstrated the impact of the applied voltage, with the electrified membrane
exhibiting a significantly reduced white area corresponding to the presence of CaCO3

crystals (Figure. 6).
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Figure 6. A) Electrically conducting RO membrane surface area after the application of
2.5V; the white area, corresponding to areas still covered by CaCOzs is greatly reduced; B)
Membrane area fully covered by CaCOs scale; C) SEM of membrane surface after the
application of 2.5V displaying few CaCOs crystals; D) Thick CaCOz deposits on fouled
membrane surface (no voltage applied).

As displayed in Appendix Figure A-2, the “true” potential on the membrane when
2.5V are applied to the membrane/counter electrode pair (when the membrane is used as
an anode) is 1.8V vs. the Ag/AgCl reference electrode. At this potential water oxidation
occurs, and results in the formation of H' along the membrane surface (membrane as
anode) [110].

2 H,0(/) — Oa(g) +4 H'(aq) + 4e”

The corresponding half reaction takes place on the cathode

4 H*(aq) + 4 — 2H2(Q)
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CaCO; crystals are very pH sensitive, and dissolve rapidly in low pH conditions
[36,110]. Thus, when the electrical potential is applied to the scaled membrane surface
local pH values are reduced due to the formation of H', and the deposited CaCOs crystals

dissolve/detach from the membrane surface, resulting in flux restoration.

2.3.3 CaSOy Scale Prevention

Here we demonstrate the ability of the electrically charged membrane to
significantly delay the onset of CaSQOy4 scale formation. In contrast to CaCO3, CaSOj4 scale
is pH insensitive, and cannot be removed through pH adjustments. As in the case of CaCO3
scaling, the growth of CaSOj4 scale on the membrane surface is associated with flux decline
and performance loss. We investigated two scenarios in this portion of the study; in the
first scenario, the CaSQOs4 scaling solution was recycled through the RO module with no
filtering and in the second scenario we added an in-line 0.5um microfilter designed to
remove any particulate CaSO4 formed during the experiment and carried along the feed
stream.

When no in-line filter was used, the continuous application of 1.5V to the
membrane/counter electrode pair (membrane as anode) led to a slight decline in the rate of
flux decay (Figure 7). These results were done in duplicate and can be seen in the Appendix

Figure A-3 and Figure A-4.
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Figure 7 Flux decline due to CaSQ, scaling with no in-line filter; membrane was used as
an anode with a cross-flow velocity of 4.5 cm s™.

When no potential was applied, the rate of flux decline was 30% greater than the flux
decline rate experienced by the electrically charged membrane. When an in-line filter was
used, the rate of flux decline experienced by the non-charged membrane was more than
twice that experienced by the electrically charged membrane (1.5V as anode) (Figure 8).

Duplicates of these experiments can be seen in the supporting information.
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Figure 8. Flux decline due to CaSO4 scaling with in-line 0.5 pm filter and a cross-flow
velocity of 3.4 cms™.
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This would indicate that a large amount of flux decline observed when no in-line filter
was used could be associated with secondary deposition of CaSO, crystals formed during
the RO process. Indeed, after prolonged use, the in-line filter developed a coarse yellowish
coating, which we assumed to be trapped CaSO; crystals formed during the RO process. In
a typical RO system, the feed stream would not be recycled. Therefore, the in-line filtration
conditions are more representative of realistic conditions one would encounter in field
applications of RO technology. Membrane fouling rates in the absence of the inline filter
are similar to the flux decline observed when an in-line filter was used and the membrane
was electrically charged. However, flow velocities used when the in-line filter was present
were significantly lower than those used when the filter was absent, which would lead to

more challenging fouling conditions.

Figure 9. SEM images of the membrane surface covered by CaSO,crystals; CaSO, scale
morphology changes as a function of the applied potential. Top images are from the
“transition” zone and bottom images are from the main part of the membrane (see Figure
A-8 in the Appendix for a detailed description of membrane zones).
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Applying a positive external charge to the membrane surface also had a significant
impact on the deposited crystal morphology. When no voltage was applied, the
CaSO0, exhibited the typical needle-like morphology, and the crystals were tightly packed
(Figure 9). In contrast, when the membrane is used as an anode with 1.5 V applied, we can
see that the crystals are much larger, and not as tightly packed, which would explain why
the flux decline was not as severe, as water can flow through the scale structure.

When an electrically charged surface is placed in contact with an ionic solution,
ions will redistribute themselves to maintain system electroneutrality, forming an EDL
[96,98]. Thus, when the membrane is positively charged (membrane as anode), negative
counter ions will flock to the membrane surface, while positive co-ions will be repelled
away from the membrane; along the counter electrode (cathode) the situation is reversed.
The number of counter-ion associated charges (negative charges when membrane is used
as anode) along the membrane surface will equal the number of positive charges on the
membrane surface; the number of positive charges on the membrane surface is proportional
to the membrane electrical potential. Thus, by applying high external potentials to the
electrically conducting RO membrane surface, large numbers of negative counter ions are
needed along the membrane surface to maintain electroneutrality.

Due to the hydrated volume of counter-ions, when a sufficiently charged membrane
surface is brought into contact with an ionic solution, a single layer of ions will not be
sufficient to ensure charge neutrality. Thus, multiple layers of counter-ions accumulate
along the membrane surface [97,111]. In these layers, the concentration of co-ions are near

zero. For rapid nucleation to occur, both positive and negative ions need to be present in
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near-equal concentrations [35,99]. Therefore, in the presence of a highly charged surface,
the nucleation of sparingly soluble salts, such as CaSQs, is discouraged near the charged
surface. Away from the charged membrane surface the concentrations of co- and counter-
ions equalize, and rapid nucleation can take place. However, the crystal nuclei are formed

away from the membrane surface, and can be carried away by the cross-flow.

2.3.4 Modelling Ion Concentrations along an Electrically Charged RO Membrane
Surface

The standard Poisson-Boltzmann (SPB) model can be used to predict ion
concentrations near a charged surface when surface potentials do not exceed ~ 200 mV
However, when surface potentials exceed 200 mV, the basic assumption on which the SPB
model is based is violated, namely that the ions are in an infinitely dilute solution. The SPB
model does not take into account the finite volume of ions, and therefore has no limit to
the number of counter ions in the Stern layer, which is physically impossible. One result
of this over-simplification is that the SPB over predicts the potential drop as one moves
away from the charged surface. A useful modification to the SPB model, known as the
modified PB model (MPB), considers the volume of ions when calculating the number of
counter-ions attracted to an oppositely charged surface. As a result, the MPB equation
predicts a region along the membrane surface that is more than one molecule thick, where
only counter ions exist; this layer is significantly thicker than the single layer of counter

ions in the Stern layer used by in the SPB model.
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We used the MPB model to predict the potential as a function of distance from the

membrane surface [70]:
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We then used the predicted potential to calculate the local ion concentrations as a

function of distance from the membrane [70]:
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where v is the electrical potential, z is the valence of ions, e is the elementary charge,

C.

i

NA is Avogadro’s number, cico is the bulk ion concentration, cimax is the maximum ion
concentrations in a given space given ionic steric effects, ge is the permittivity of the
electrolyte solution (changes with ion concentration), k is Boltzmann’s constant, and T is
temperature. The boundary conditions for this problem are yx=0 = Wapptiea and youk = 0.
cimax can be calculated using the following equation [70]:
%prNA
where p is a packing coefficient, Ri is the ionic radius, and NA is Avogadro’s number.
We used these equations to predict the concentrations of Ca?" and SO4*" ions as a
function of distance from the membrane surface. In this model, we used the Ca>" and SO42-

concentrations found in our model CaSOs4 scaling solution (Table 2). As expected, the
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model predicted that by increasing the applied electrical potential to the membranes surface
(membrane as anode) the layer of SO4> counter-ions extends further away from the
membrane surface (Figure 10 B). When modelling the system, we did not consider the
concentration polarization (CP) layer formed along the membrane surface. As can be seen
in Figure 10 B and C, the concentrations of counter-ions (SO4%") along the membrane
surface reached a maximum of approximately 4.6 M. This maximum concentration is a
function of the volume of the hydrated ions, and as can be seen, this value is reached when
250 mV are applied to the membrane surface; increasing the applied surface potential
simply expands the counter-ion exclusive zone but does not increase the maximum ion
concentration, which is physically bound. Beyond the exclusive counter-ion zone, the
concentrations of counter- and co-ions begin to converge, eventually reaching the
concentration within the CP layer. We do not consider ion concentration change from the
bulk to the CP in this model, as it does not impact ion concentrations within the first few

nm away from the membrane, which are wholly dependent on the surface potential.
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Figure 10. MPB model results; A) potential drop as a function of membrane surface
potential and distance from the membrane surface; B) Concentrations of SO4% ions as a
function of membrane surface potential and distance from membrane surface. C)
Concentration of Ca?* ions as a function of membrane surface potential and distance from
membrane; D) ratios between SO42 and Ca?* ions as a function of surface potential and
distance from the membrane surface
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Correspondingly, the distance away from the membrane where Ca** ions are excluded
grows (Figure 10C). The ratio between Ca’" and SO4* ion concentrations, which
determines the nucleation rate of CaSO4, demonstrates that as the membrane electrical
potential increases from zero to 2.5V, the distance from the membrane where
stoichiometric concentrations exist more than doubles, from below 2 nm to more than 4
nm (Figure 10D). Thus, the region where nucleation can actually take place is pushed out
away from the membrane surface, which would reduce the ability of the formed CaSO4
nuclei to attach and grow on the membrane surface (Figure 11). While these distances are
very small, it is important to remember that the size of a CaSO4 crystal nucleus is
approximately 1.5 nm. Therefore, the nucleus does not form directly near the membrane

surface, and can be carried away by the cross flow.

Near-neutral membrane Electrically charged membrane

Nucleation Zone Nucleation Zone

Figure 11. As the applied surface potential increases, the region near the membrane where
only SO4% ions exist expands out into the solution, which pushes the nucleation zone away
from the membrane surface.
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The surface roughness of the electrically conduction RO membrane used in this study
was determined to be 91 nm (Figure 3). Thus, in our experimental system, when a crystal
is formed in a membrane “crevice” it is less likely to be carried away by the cross-flow as
opposed to a crystal formed on a “hill” where the cross-flow is more likely to remove the
crystal. The model qualitatively explains our experimental observations: the application of
an external potential to the membrane surface leads to a decrease (but not outright
prevention) in membrane scaling rates. We hypothesize that by reducing membrane surface
roughness we will be able to eliminate membrane areas that are likely to “trap” crystal

nuclei, thus improving membrane performance.

2.4 Conclusion

In this paper we describe how the application of an electrical potential to the surface
of an electrically conducting CNT-PA composite RO membrane can remove CaCOj3 scale
and significantly slow the formation of CaSO4 scale. When the membrane is used as an
anode, the application of 2.5V leads to the formation of localized H" due to the oxidation
of water, which cause the dissolution and removal of CaCO3 scale deposited on the
membrane surface. CaSOy4 scale growth, which is pH-insensitive, was significantly delayed
through the application of relatively low electrical potentials to the membrane surface
(1.5V, which is below the water splitting point). We used as MPB model to predict ion
concentrations along the membrane surface as a function of the applied electrical potential;
when sufficient electrical potential was applied, the ratio between anions and cations was

altered, which has been shown to lead to a drop in crystal nucleation rates. Crystals that
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did form did so away from the membrane surface and were carried away by the cross-flow,
which we hypothesize is the reason for the observed drop in CaSO4 fouling rates. The
results of this study illustrate the potential benefits of using electrically conducting
membranes in RO water treatment processes. Widespread adoption of this technology
could significantly reduce the use of anti-scaling chemicals and acids in the treatment of

brackish groundwater and recycled wastewater.
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Chapter 3

Treating Anaerobic Sequencing Batch
Reactor Effluent with Electrically
Conducting Ultrafiltration and
Nanofiltration Membranes for Fouling
Control
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3.1 Introduction

Anaerobic bioreactors are an attractive treatment option for high-strength
wastewater[12]. Several advantages associated with anaerobic processes include the
generation of methane gas that can be harvested for energy production, reduced sludge
production, and no aeration requirements, which reduces process energy demands[112—
114]. Anaerobic bioreactors have been demonstrated to be effective at degrading a range
of organic contaminants found in industrial wastewater, including benzyl alcohol, a
chemical used as a paint stripper [115,116]. The use of benzyl alcohol in industrial
activities, such as airplane depainting, produces large intermittent flows of high organic
strength wastewater. Frequently, the flowrate of industrial wastewater depends on the
schedule and activity of the industry in question, i.e. flowrates can go to zero on weekends
and holidays, unless large flow equalization tanks are used. The option of idling the reactor
during low flowrate conditions, as well as their ability to treat high intermittent
concentrations, make anaerobic sequencing batch reactors (aSBRs) an attractive option for
industrial wastewater treatment when nutrient removal is not a critical issue.

Membranes as a tertiary wastewater treatment technology have been widely applied
in areas such as wastewater reuse, desalination pretreatment, and in membrane bioreactors
[24]. As a physical separation barrier, ultrafiltration (UF) membranes can effectively retain
particulate matter and microorganisms resulting in high quality permeate suitable for
further treatment by nanofiltration (NF) [117]. Importantly, membrane modules can be
coupled directly to a conventional wastewater treatment processes, and can be easily

integrated into existing wastewater treatment trains. Thus, using UF and NF membranes to
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treat the effluent from aSBR offers the potential of producing extremely high quality water
that can be safely discharged or reused.

The water quality of a treatment train incorporating membrane treatment can be
tailored by the choice of membranes used in the process. For pressure-driven membranes,
better separation and higher quality effluent is typically achieved by using denser
membranes that require higher operating pressures, such as NF and reverse osmosis (RO).
Typically, feed water to NF and RO membranes requires pretreatment to remove foulants;
this pretreatment is often done through the use of less restrictive membranes such as
microfiltration (MF) and UF[7]. The use of UF and NF membranes in series to treat
bioreactor effluent has been demonstrated to produce excellent water quality, with near
complete removal of small organic molecules such as pharmaceuticals and endocrine
disruptors[118]. A significant advantage of NF processes over RO is that they operate at
lower pressures and do not lead to monovalent salt buildup (e.g. NaCl) in the reactor, which
can damage the bacteria responsible for the biological process [119].

Fouling prevention is one of the most challenging aspects of tertiary wastewater
treatment with membranes [120—122]. During filtration, suspended and dissolved materials
in the water deposit on the membrane surface, which leads to decreased process
performance, increased energy demand, and reduced membrane lifetime [15,123]. In
aerobic membrane bioreactors (MBRs) with submerged membranes, vigorous air scouring
is used for the dual purpose of providing oxygen to aerobic bacteria and physically cleaning
fouled membrane surfaces [124,125]. However, air scouring is not advisable during

anaerobic processes due to the need for low oxygen concentrations. Several strategies have
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been proposed to mitigate membrane fouling when scouring is not possible, including:
scouring with biogas[126], operating at below a so called “critical flux” value (although
this does not prevent fouling over the long term)[121], and using electrical fields to repel
charged foulants and bacteria from the membrane surface [60,127-130].

Electrically conducting membranes have been demonstrated to be effective at solving
many of the fouling problems associated with membrane processes, as well as endowing
membranes with new functionalities. These membranes have been demonstrated to prevent
membrane fouling when used as cathodes during the filtration of high concentrations of
organic molecules [129]. Electrically conducting NF and RO membranes demonstrated
excellent anti-biofouling and anti-scaling properties when an electrical potential was
applied to the membrane surface [60,71,130]. In addition, electrically charged membranes
have been used as electrocatalytic platforms for the purpose of electrochemically
transforming various aqueous contaminants [131,132]. The wuse of electroactive
membranes for fouling prevention during aerobic MBR processes has been previously
explored, but to the best of our knowledge, no one has explored the use of electrically
active UF and NF membranes in series for the treatment of anaerobic reactor effluent [128].
Additionally, while the effectiveness of electrically charged membranes in preventing
fouling has been demonstrated using simple, single component systems, few studies have
demonstrated the use of this class of membranes in the treatment of complex waste streams
containing multiple foulants. Importantly, in studies of most membrane treatment systems,
permeate water is recirculated to maintain constant organic concentration, or the systems

operate in single pass mode, which means both permeate and feed stream are discarded
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after passing through membrane. Therefore, there is still a need to investigate the fouling
behavior of UF and NF membrane systems in series when treating industrial wastewater at
higher recovery rates (90%) while returning membrane concentrate back to the reactor for
further treatment, a situation more similar to real applications of this technology.

This study demonstrates the use of an aSBR coupled to an electrically conducting UF
and NF membrane system for the treatment of high-strength industrial wastewater
containing large concentrations of industrial paint stripper. The ultimate goals of this study
were: 1) to evaluate the anaerobic degradation of benzyl alcohol using an aSBR; 2) to
prevent fouling of the electrically charged UF membrane (used as a cathode) when treating
effluent from the aSBR operating at 90% recovery without any chemical cleaning; and, 3)
to study the downstream influence of this treated waste stream on the fouling and

subsequent cleaning of an electrically conducting NF membrane system.

3.2 Materials and Methods
3.2.1 Materials

Carboxylated multiwall carbon nanotubes (CNT-COOH) were purchased from Cheap
Tubes (Cheaptubes Inc. Brattleboro, VT). Polysulfone (PSF) UF supports were purchased
from Sepro Membranes (Sepro Membranes Inc., Oceanside, CA); the membranes have a
reported molecular weight cut off of 65 kDa. ACS grade trimesoyl chloride (TMC),
MgSOs, piperazine (PiP), and polyvinyl alcohol (PVA) were purchased from Fisher
Scientific. A surrogate wastewater containing dilute commercial paint-stripper (B&B

Tritech 9095, kindly provided by the Air Force Civil Engineering Center) was used as the
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feed solution for the aSBR. B&B Tritech 9095 contains mainly benzyl alcohol and

hydrogen peroxide.

3.2.2 Conductive Membrane Fabrication

Electrically conducting UF membranes were fabricated based on a previously
described process[133]. To summarize, 75 ml of 0.01 mg/ml CNT-COOH in DIW were
pressure deposited onto the PSF support. Then, a solution of PVA in DIW was pressure
deposited onto the support for a final weight ratio of 3:1 PVA to CNTs. The PVA layer
was then cross-linked to the membrane support by submerging in a 90°C solution of 1 g/l
glutaraldehyde and 0.37 g/L of hydrochloric acid in DIW for 1 hour. Once complete, the
UF materials were stored at 4°C.

The fabrication of electrically conducting NF membranes has also been described in
a previous paper[60,71]. Some modifications were made: 50 ml of 0.01 mg/ml CNT-
COOH in DIW were pressure deposited onto the PSF support. The support was then soaked
in an aqueous PiP (2%) solution for 2 minutes. A rubber roller was used to remove excess
water prior to immersing the membrane in a 0.15% TMC solution in hexane. After 1
minute, the membrane was removed from the hexane, dried in an oven at 90°C for 10

minutes and stored at 4°C.

3.2.3 Membrane and Water Characterization
The electrically conducting UF and NF membranes were characterized using a range

of instruments. Images of the membrane surface were obtained using scanning electron
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microscopy (SEM; FEI XL30 SEM-FEG; Hillsboro, OR) with no sputter-coating.
Membrane roughness was measured using atomic force microscopy (AFM; Bruker,
Billerica, MA). Contact angle measurements were performed using a contact angle
goniometer (Attension, Linthicum Heights, MD). Membrane conductivity was measured
using a 4-point conductivity probe (Veeco, Plainview, NY).

Multiple analytical tools were used to characterize the water quality throughout the
treatment process. Total organic carbon (TOC; OI Analytical, College Station, TX) and
chemical oxygen demand (COD; Hach, Loveland, CO) were used to evaluate aSBR and
membrane performance by sampling the feed, effluent and permeate at different treatment
stages. Total suspended solids (TSS) were analyzed following Standard Methods
procedures[134]. The turbidity of the different water samples was measured using a
turbidity meter (Hach, Loveland, CO). Water conductivity was measured using a
conductivity probe (Thermo Scientific, Waltham, MA). High pressure liquid
chromatography (HPLC; Agilent, Santa Clara, CA) was used to determine the
concentration and identities of the different organic compounds in the reactor, reactor
effluent, and UF permeate. HPLC calibration curves were prepared for benzyl alcohol and
benzoic acid for analysis on an XDB-C-18 column. HPLC operating conditions were: flow

rate = 1 ml min™', injection volume = 100 v 1, detector wavelength = 254nm. The mobile

phase was 3:97 of acetonitrile:10mM formic acid at 0 — 4.5 min, 70:30 of
acetonitrile:10mM formic acid at 4.5 — 7 min and 3:97 of acetonitrile:10mM formic acid

at 7 — 9 min.
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3.2.4 Feed Water Source for aSBR and Membrane

The feed solution for the aSBR was created by diluting B&B Tritech 9095 into
dechlorinated tap water to produce a COD of 2000 mg/L. In addition, a commercial
fertilizer (Vigoro All Purpose Liquid Plant Food) was added to the reactor (1 g/L) to
provide nitrogen and phosphorous to the bacteria. The effluent of the aSBR was fed directly

to the UF system, and the UF permeate was used as the feed solution for the NF system.

3.2.5 Anaerobic Sequencing Batch Reactor and Membrane Treatment Operational
Procedures

A water treatment train coupling the aSBR to the UF and NF membrane systems was
used in these experiments (Figure 12). When the membrane systems were operated at 90%
recovery, the final retentate from the UF and NF systems (10% of the original feed volume)

was returned to the aSBR.

Waste
Stream

COD
—>| Free
water

UF Membrane NF Membrane
Feed | React | Settle | Decant Module Module

| Four aSBR operatlonal stages

Figure 12. System schematic and process diagram for an aSBR coupled to a UF and NF
membrane process.
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The reactor (3 L) was operated on a 24 hour cycle (Figure 12). At the beginning of
each cycle, the reactor was fed 1 L of feed solution and allowed to react for 21 hours.
During the reaction phase, the reactor was continuously stirred at a constant 35°C. Any
gases produced during the degradation process were allowed to escape the system. After
21 hours, stirring was stopped, and the reactor was allowed to settle for 3 hours. Following
the settling step, 1 L of the reactor content was decanted from the top, analyzed, and used
as the feed solution for the UF system. The electrically conducting UF membrane was
placed in a custom-built flat sheet membrane module that allows an external electrical
potential to be applied to the membrane surface and contains a titanium counter electrode
situated 4 mm above the membrane surface (Appendix B-1). A 3 mm thick polypropylene
mesh spacer was placed between the membrane and counter electrode. The effective area
of the membrane was 40 cm’.

Prior to the start of the experiment, the UF membrane was compressed at 90 psi with
DIW for at least 48 hours until the flux stabilized. Flow and pressure to the UF system was
provided by a rotary vane pump (McMaster-Carr, Santa Fe, CA), with cross-flow velocity
of 20 cm/s. Electrical potentials were applied to the membrane surface and counter
electrode by connecting the system to an arbitrary waveform generator operating in DC
mode (Rigol, Oakwood Village, OH). The UF system was operated at constant flux unless
otherwise specified, which was maintained by adjusting the pressure in the UF membrane
module. The optimal electrical potential was determined by comparing the effect of 0 V, 3
V, and 5 V of negative surface potential on membrane fouling using aSBR effluent under

constant feed concentrations; under constant feed concentrations, aSBR effluent was
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introduced to the UF membrane, with both the feed and permeate returning to the feed
reservoir (no recovery).

To test the UF membrane’s ability to withstand fouling while operating at 90%
recovery, we compared membrane performance as a function of applied potential (0 V vs.
5 V as cathode) while not recycling the membrane permeate. In these experiments, the
membrane was operated at a constant flux of 40 LMH, with no backwashing. To test the
long-term performance of the UF system at 90% recovery, the UF membrane system was
run with the optimal electrical potentials identified previously. Here, three batches of
decanted aSBR effluent were run consecutively through the system at 90% recovery with
different electrical conditions (-5 V, -5 V/+1.5 V, and 0 V) with no physical or chemical
cleaning between each batch. During these experiments, the membrane was backwashed
every 30 minutes for 1 minute with permeate.

An Arduino-based control system was used to monitor, maintain and record the
operating conditions, including flow rate and velocity, membrane flux, and pressure[129].
Membrane flux was determined by collecting and weighing the membrane permeate.
Automatic backwashing was controlled through the Arduino system, and was performed
using a peristaltic pump (Cole Parmer, Vernon Hills, IL), which used UF permeate as the
backwashing fluid. During backwashing events, different electrical potentials were applied
to the membrane surface (0 V, -5 V, and +1.5 V). The UF permeate was characterized in
terms of TOC, COD, TSS, turbidity, and conductivity, and used as feed solution for the NF

system.
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The electrically conducting NF membrane was used in a similar flow module in flat-
sheet configuration as described above, except that this module was reinforced with steel
plates to withstand the higher pressures used during the NF process. Additionally, the NF
module did not contain a mesh spacer (Appendix Figure B-1). The effective area of the
membrane was 40 cm?’. Prior to the start of the experiments, the NF membranes were
compressed at 200 psi for at least 48 hours in DIW until the flux stabilized. Flow and
pressure for the NF system were provided by a diaphragm pump (Wanner Engineering,
Minneapolis, MN), with a cross-flow velocity of 20 cm/s.

Feed water for the NF membrane was UF permeate. The NF membrane was tested
under three electrical conditions (0 V, -5 V, and +1.5 V); in all cases, the potential was
applied as DC, and the membrane was used to recover 90% of the NF feed. All NF
experiments were done in duplicate. An Arduino-based control and data acquisition system
was used for the NF process, similar to the one described above for the UF system. The
electrical potential was applied to the NF membrane by an arbitrary waveform generator,
and the system was operated at a constant pressure (180 psi). Membrane cleaning was
conducted immediately after the fouling experiments using DI water at a crossflow velocity
of 20 cm/s. NF permeate was characterized in terms of TOC, COD, TSS, Turbidity, and

conductivity.
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3.3. Results and Discussion
3.3.1 Membrane Fabrication and Characterization

The electrically conducting UF membranes used in this study have been extensively
characterized in a previous study [56,129]. A summary of the UF membrane characteristics
can be seen in Table 1. Briefly, the PVA-CNT-COOH network deposited on the surface of
the PS35 PSF support creates a smooth (46+2 nm), electrically conducting (1132+32
Q/square) robust layer that can be backwashed without experiencing delamination from
the PSF support (Figure 13a, c). The CNT-COOH and PVA molecules are covalently
bound through ester and ether bonds between the hydroxyl and carboxyl groups on the
molecules using glutaraldehyde as the cross-linking agent[129]. Due to the very porous
network of CNTs, the rejection properties of the composite structure are governed by the
underlying PS35 PSF support (MWCO = 65 kDa)[129]. The use of the highly hydroxylated
PVA molecule in the electrically conducting layer renders the surface very hydrophilic,
with a water contact angle of 32+3° (Table 4, Appendix Figure B-2).

Table 4. UF and NF membrane properties

Membrane Characterization. UF Membrane- NF Membrane-
Root Mean Squared Roughness (nm). 46.37+2.37. 13.84+0.99.
Resistivity (Q/sq)- 1132 £ 32- 1191.31£16.2.
Contact Angle (°)- 32+28- 37.1£0.08-
MgS0O, Rejection. 0%- 96+2%.
Permeability (LMH/psi)*- 346+0.77- 0.19 £ 0.02-

* LMH (Liter m2 hr).
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The electrically conducting NF membranes used in this study are a slightly modified
version of the membrane material described previously [60,71]. The only significant
difference was the use of PiP instead of m-phenylenediamine, which modified ion rejection
and surface roughness. NF membrane properties are summarized in Table 4. When
challenged with MgSO4 or NaCl solution (1.5 g/L) the NF membranes used in this study
exhibited a 96+2% and 60+6% rejection, respectively. In these membranes, the polyamide
is covalently bound to the surface of the CNTs through ester bonds formed between the
TMC molecule and hydroxyl groups on the CNTs [60,71]. SEM images of the membrane
surface can be seen in Figurel3b; AFM image analysis of the NF membrane surface
yielded a surface roughness of 14£1 nm, which is similar to the roughness of commercially
available NF membrane materials (Figure 13d) [107,135]. SEM images of the membrane
surface reveal a structure that is similar in appearance to commercially available NF
membranes made with PiP (Figure 13b) [136]. The electrical resistivity of the NF
membrane was determined to be 1,191 Q/square, and the contact angle was found to be

37+0.1° (Appendix Figure B-2).
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23 (W

Figure 13. SEM images of (a) UF membrane surface, and (b) NF membrane surface. AFM
images of (¢) UF membrane surface, and (d) NF membrane surface. AFM images were
used to calculate the surface roughness of the membranes.

3.3.2 Anaerobic Reactor Performance and Reactor Effluent Quality

The decanted effluent characteristics (COD removal, TSS, and turbidity) from the
aSBR are plotted over time in Figure 14a. It took approximately 6 months for the reactors
to achieve stable operating conditions. However, once these conditions were achieved, the
reactor maintained excellent COD removal capacity, with COD removal ranging between
80-90% after 24 hours (Figure 14a). TSS and turbidity levels in the decanted water showed
some variability that was attributed to the handling of the decanting process, with TSS
values generally maintained below 65 mg/L and turbidity below 80 NTUs. However, most
days had values that were significantly below these values (Figure 14a). Reactor effluent
used during the membrane experiments was taken during days when the turbidity was
below 20 NTUs. The reactor effluent contained 16+2 mg/l1 of TSS and 13.7+1.8 mg/l of
VSS, with a ratio of 0.86 VSS/TSS (Table 5). VSS in wastewater is typically associated

with the presence of bacteria, microbial degradation products, and other cellular products,
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such as extracellular polymeric substances[13]. Thus, the majority of TSS in the decanted
reactor effluent is organic on nature. An SEM image of a fouled UF membrane
demonstrates the complex nature of the decanted reactor effluent; the SEM image shows
multiple bacteria and an abundance of amorphous organic matter covering the membrane
surface, demonstrating the complex nature of the membrane feed stream (Figure 14b).

Table 5. Water quality parameters

Parameter Reactor UF NF
Effluent Permeate Permeate

Total Organic Carbon ( ppm ) 26.5%4 22.515 4.810.4
Chemical Oxygen Demand (ppm) 96.5+12 60£10 33
Turbidity (NTU) 1642 0.9+0.5 <01

Conductivity (uS/cm) 1260+461 1111£314 129431
Volatile Suspended Solid (VSS) (ppm) 13.7£1.8 ND* ND*
Total Suspended Solid (TSS) (ppm) 16.2+2.4 414 ND*
VSS/TSS (%) 86 +4 ND* ND*

*ND means the parameter is not detectable

HPLC analysis of water taken at different time points from the reactor shows the
changes associated with the microbial transformation of the organic content of the reactor
feed (Figure 14c). Here, the original organic compound (benzyl alcohol, t=3.63 min) is
rapidly transformed to benzoic acid (t=4.06 min). A minor component of the feed
(benzaldehyde, t=4.53 min) is not detected in the reactor effluent. Another small peak,
detected at 0.56 min, grows with time; we were unable to identify this peak, but speculate

it is a small organic acid due to its short elution time.
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Figure 14. (a) aSBR performance in terms of COD removal, TSS and turbidity of decanted
effluent. Data is presented from day 180 onward; prior to this time, reactor performance
was highly variable, and the data is not displayed. (b) SEM image of fouled UF membrane,
which was used to filter anaerobic reactor effluent. Red circles indicate bacteria; inset: bare
(clean) PVA-CNT UF membrane (c) HPLC analysis at different experimental points with
identifiable peaks. The black line corresponds to the reactor feed, the red line corresponds
to the reactor contents after 5 hours of operations, and the blue line corresponds to the
decanted reactor effluent. Peak identities were confirmed by injecting pure standards.

HPLC analysis of the aSBR content after 5 hours of reaction, as well as the decanted
effluent, demonstrate the temporal changes in the concentration and speciation of the
organic molecules in the reactor (Figure 15). The main intermediate transformation product
of benzyl alcohol was identified as benzoic acid, which is in agreement with previously
reported work on the anaerobic degradation pathways of benzyl alcohol [115,116].
Furthermore, it has been reported that during the anaerobic degradation of benzyl alcohol,

benzoic acid forms and then disappears, with methane and very small concentrations of
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volatile fatty acids as the final degradation products [115]. In the aSBR, the concentration
of benzyl alcohol rapidly drops over the reaction time, with the primary degradation
product, benzoic acid, emerging and then declining as the bacteria in the reactor continue
the degradation process (Figure 15). After 5 hours, the concentration of benzyl alcohol in
the aSBR drops by 84%, and after 21 hours of reaction, we could not detect any benzyl
alcohol in the reactor (Figure 15). The concentration of the main transformation product,
benzoic acid, rapidly increases to a concentration of 284 ppm after 5 hours, and then
declines to zero in the aSBR effluent (after 21 hour). As mentioned before, the overall COD

removal stabilized at approximately 86% in the aSBR (Figure 14a).
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Figure 15. HPLC analysis of benzyl alcohol and benzoic acid concentrations measured at
different experimental points. HPLC measurements were done in triplicate with error bars
representing 95% confidence intervals.
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3.3.3 UF Membrane Performance - Determining Optimal Operating Conditions

The decanted effluent from the aSBR was used as the feed for the UF membrane
system. Since the main degradation products of the anaerobic processes (other than
methane, hydrogen and carbon dioxide) have been identified as negatively charged small
molecules, it was expected that the application of a negative potential to the membrane
surface would reduce the extent of membrane fouling during the treatment of the aSBR
effluent [137—139]. The application of a negative potential to the surface of the electrically
conducting UF membranes had a significant impact on membrane fouling during the
filtration of aSBR effluent (Figure 16a); here, the system was operated at a constant flux
of 30 liter m™ hr" (LMH), with an increase in pressure corresponding to membrane fouling.
As can be seen, when no potential was applied, the pressure required to maintain the
constant flux increased from 1.5 to 3.1 psi over the course of 5 hours. In contrast, when the
membrane was used as a cathode the pressure increased to 2.4 and 2.2 psi when the whole
cell potential was 3 V and 5 V, respectively. The UF feed (reactor effluent) water quality
in all UF experiments can be seen in Table 5. In these experiments, water quality properties
were maintained constant by recycling the membrane permeate back to the feed. To ensure
reproducibility, the membranes were cleaned between each run to ensure that the DI water

permeability was similar to the initial conditions.
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Figure 16. Impact of applied electrical potential on the required pressure to maintain a
steady flux with (a) constant feed concentrations, and (b) system operated at 90% recovery.
Experimental conditions were: aSBR effluent as feed, cross flow velocity of 20 cm/s,
constant flux of 30 LMH (a) and 40 LMH (b). Electrical potentials in the figure represent
the whole cell potential (potential difference between membrane (used as cathode) and
counter electrode (anode)). In (a), blue (triangle) and red (cycle) lines represent the case
where the membrane was used as a cathode with 5 V and 3 V applied to the membrane and
counter electrode, respectively; the black (square) line corresponds to the control (0 V). In
(b), the red (cycle) line corresponds to the case where the membrane was used as a cathode
(5 V) and the black (square) line represents the control (0 V). All experiments were done
in triplicate, with error bars representing 95% confidence intervals.

In an attempt to simulate real-world conditions, a second set of experiments were
performed where the membrane permeate was not recirculated, which resulted in the
increased concentration of the feed solution over time. Here, the membrane was operated
at a constant flux of 40 LMH, and the pressure was monitored over time when the
membrane was used as a cathode (5 V cell potential) or under no potential conditions (0
V) (Figure 16b). The system was operated at 90% recovery, i.e. until the feed volume
reached 10% of its initial value. As can be seen, the application of 5 V to the system
(membrane as cathode) resulted in significantly better performance. When no potential was

applied, the system reached a final pressure of 17 psi in order to maintain a constant flux
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of 40 LMH. In contrast, when an electrical potential was applied, the system only required

7 psi to maintain that flux.

3.3.4 Treating aSBR Effluent with Electrically Charged UF Membranes

Based on the results seen in Figure 16, it was decided that to effectively treat the aSBR
effluent with the UF membrane while maintaining minimal fouling, the membrane would
operate in a decreasing flux mode. In this mode, the system was run at 90% recovery, where
membrane permeate was collected and not returned to the feed. Additionally, the flux was
adjusted to the feed concentration, such that the initial flux (30 LMH) was reduced by 2
LMH for every 20% recovery. Thus, the final flux (when the system is approaching 90%
recovery) would be 22 LMH (Figure 17a). In addition, the membrane was backwashed
with UF permeate for one minute every half hour; no further cleaning of the membrane
was performed. In this series of experiments, three decanted volumes from the aSBR were
treated consecutively under each set of experimental conditions. The application of 5 V to
the membrane and counter electrode (membrane as a cathode) had a significant impact on
membrane fouling, with the pressure increasing from 1.5 psi to 2.2 psi over the course 65
hours, which was the length of time needed to treat three decanted volumes with 90%
recovery (Figure 17b). In contrast, when no potential was applied, the final pressure was
nearly 7 psi, which is over three times higher than the case where the membrane was used
as a cathode (Figure 17b). Interestingly, when the membrane was used as a cathode (5 V),
but switched to an anode (1.5 V) during backflushing events, the membrane experienced

very rapid fouling (Figure 17b). In fact, the fouling was so rapid (and irreversible) that the
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experiment was aborted at the end of the second round of aSBR effluent treatment. This
result confirmed that the majority of foulants in the aSBR decanted effluent were
negatively charged since they rapidly and irreversibly attached to the membrane surface
when it was positively charged; it is possible that in addition to electrostatic adsorption,
oxidizing conditions generated by the membrane anode could lead to electropolymerization
of the organic molecules on the membrane surface, which could lead to irreversible

membrane fouling.
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Figure 17. Treating aSBR effluent with electrically conducting UF membranes. (a) Flux
as a function of feed concentration (up to 90% recovery). (b) Pressure required to maintain
a given flux under different electrical conditions when system was operated at 90%
recovery. Experimental conditions were: aSBR effluent as feed, cross flow velocity of 20
cm/s, membrane was backwashed with permeate every 30 minutes for 1 minute. Red (cycle)
line represents conditions when membrane was used as cathode with 5 V applied to the
membrane/counter electrode; blue (triangle) line represents conditions when the membrane
was used as a cathode (5 V) and as an anode (1.5 V) during backwashing events; black
(square) line represents the control (0 V).

UF permeate water quality parameters are summarized in Table 5. Not surprisingly,
the UF membrane treatment had a modest impact on TOC levels, which decreased from

26.5+4 to 22.5+5 ppm. Based on previous literature and our HPLC analysis, it is expected
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that the majority of the organic compounds in the aSBR effluent are small organic
molecules, which would pass through a UF membrane[115]. However, the UF membrane
treatment did have a dramatic impact on TSS and turbidity levels, reducing them from
16.2+2.4 ppm to 444 ppm, and from 162 NTUs to 0.9+0.5 NTUs, respectively (Table 5).
COD levels in the UF permeate were 37% lower than in the feed. No statistical significance
was found in COD levels between the UF permeate or retentate generated from the charged
and uncharged membranes (Figure 18). Thus, this water is suitable as NF feed due to its

low TSS and turbidity levels.
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Figure 18. COD concentrations measured in the different UF streams. Measurements were
triplicated, with error bars representing 95% confidence intervals.

3.3.5 NF Membrane Performance — NF Fouling
UF permeate was used as feed water for the NF membranes. In these experiments, the
system was operating in concentration mode, where membrane permeate was not returned

to the feed, and the feed was allowed to concentrate over time (90% recovery). NF
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membranes were operated at a constant pressure (180 psi), with flux decline indicating
membrane fouling. Interestingly, fouling in the NF system was not sensitive to the
application of an electrical potential to the membrane surface, with nearly identical fouling
rates observed when the membrane was charged with 5 V (as cathode), 0 V, or 1.5 V (as
anode) (Figure 19). NF permeate had excellent water quality, with non-detectable TSS and
turbidity levels, and near zero TOC and COD values (4.840.4 and 3+3 ppm, respectively)
(Table 5). We speculate that the negligible impact of the electrical potential on membrane
fouling is caused by the nature of the foulants that pass through the UF membrane. Since
the majority of organic molecules found in the aSBR effluent (which is used as UF feed)
are negatively charged, they are repelled by the negatively charged UF membranes. Thus,
molecules that do pass through the UF membrane are likely to be neutral or positively
charged, which would make them immune to the enhanced electrostatic forces generated

during the application of an electrical charge on the NF surface [24].
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Figure 19. Fouling of electrically conducting NF membranes under different applied
potentials. Experimental conditions: feed water was UF permeate, cross flow velocity was
20 cm/s, pressure was 180 psi. The red (cycle) line corresponds to conditions when the
membrane was used as an anode (1.5 V); the blue (triangle) line represents conditions when
the membrane was used as a cathode (5 V); the black (sugare) line represents the control
oV).

3.3.6 NF Recovery

After the fouling experiments, an attempt was made to recover membrane
performance by flowing DIW across the fouled membrane surface at a cross-flow velocity
of 20 cm/s; the DIW was continuously recycled. Interestingly, when the membrane was
used as an anode during cleaning (1.5 V), the cleaning process was not successful in
restoring membrane flux to its original value, with the flux recovering to only 16 LMH,
only 57% of its initial value (28 LMH) (Figure 20). In contrast, when the membrane was
used as a cathode (5 V), or when no potential was applied, nearly full flux recovery was

observed, with the flux returning to its original value. It is possible that under anodic
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conditions some of the deposited organic matter underwent polymerization, which led to

irreversible membrane fouling [28, 38].
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Figure 20. NF membrane recovery. Recovery was performed by flowing DIW over the
membrane at 20 cm/s at a pressure of 180 psi while measuring flux. Red (cycle) line
represents conditions when membrane was used as anode (1.5 V); blue (triangle) line
represents conditions when membrane was used as cathode (5 V); black (square) line
represents the control (0 V). Experiments were duplicated with error bars representing 95%
confidence intervals.

3.3.7 Economic Analysis

Energy consumption associated with the application of 5 V to the UF membrane
system was determined to be 0.01 kWh/m?. This was calculated by measuring the current
density on the membrane (0.2 mA/cm?) and multiplying this value by the potential (5 V)
to get the power density (10 W/m?). During the UF treatment, the average flux of the system
was 26 LMH. Based on this value, it was calculated that the energy consumption per cubic

meter of UF permeate was 0.4 kWh/m>. Assuming average commercial energy costs in CA
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(averaged over winter and summer - $0.2/kWh), the additional cost associated with the

application of the electrical potential is $0.076/m> of treated water.

3.4 Conclusions

In this paper we demonstrate the use of an aSBR coupled to a UF and NF membrane
system for the purpose of treating high-strength industrial wastewater with intermittent
flow containing benzyl alcohol — a commonly used paint stripper. The aSBR is
demonstrated to be able to effectively degrade the organic contaminant (80-90%) over a
24-hour period, producing effluent that is relatively low in COD. Furthermore, we
demonstrate the advantages associated with the use of electrically charged membranes for
the treatment of anaerobic reactor effluent. When the UF membrane is used as a cathode
(5 V), long-term experiments show that the membrane experiences very little fouling while
continuously producing high quality effluent. In contrast, if the UF membrane is
uncharged, significant fouling occurs and system performance is compromised, which
could lead to an increase in chemical cleaning events. In contrast to the UF membranes,
NF membrane fouling was not impacted by the application of an electrical potential.
However, when attempting to recover the lost flux on the NF membranes, positively
charged NF membranes were not completely recovered, which is likely due to
polymerization of fouling molecules on the NF surface. The negatively charged and
uncharged NF membrane’s flux was recoverable after a simple rinse with DIW. The water
treatment system described here yielded treated water with an excellent quality that can be

readily discharged or reused. Importantly, the enhanced anti-fouling capabilities of the
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electrically charged UF membranes will significantly reduce the need for chemical

cleaning, as well as the cost of the overall process.
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4.1 Introduction

Membranes are used in the water treatment industry for seawater desalination,
wastewater reclamation, and the treatment of surface water or groundwater for drinking
water production [27]. A major impediment to membrane processes is membrane fouling,
which results in a decline in system performance, reduced rejection, and requires additional
cleaning steps needed to restore the membrane’s flux [140]. Regardless of its cause (i.e.
particulate, inorganic, organic and biological fouling) [15,141,142], the restoration of
membrane performance results in operational disruptions and additional costs in terms of
energy and chemicals. In addition, the removal of small, uncharged contaminants from
municipal and industrial wastewater is difficult to achieve using low pressure membranes,
requiring additional treatment steps, such as advanced oxidation processes [143], which
add additional costs due to chemicals, transportation and storage of reactants [144].

Electrically conducting membranes (ECMs) synthesized through the deposition and
cross-linking of a carbon nanotubes (CNT) network on a porous support, have been
demonstrated to decrease multiple forms of fouling through the application of electrical
potentials to the membrane surface. The mechanism for fouling prevention was found to
be influenced by electrochemical reactions and electrostatic force [60,71,128—
130,145,146]. Electrochemical flux recovery (i.e. electro-cleaning) has been demonstrated
by applying cathodic potentials on the ECM’s, with the cleaning mechanism described by
the dual effect of hydrogen peroxide and oxygen gas micro-bubbles electro-generated at
the membrane surface [147]. In addition, CNT-based filters and membranes have

demonstrated the potential of coupling filtration with electrochemical reactions
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(electrooxidation and electro-reduction [145,147-149]) showing improved reaction rates
in comparison to non-porous configurations (i.e. stirred reactors) due to the increased
advective mass transport of the target molecules to the electrode surface and overall surface
area [87,105,150].

Although CNT-based ECMs show promising abilities, they have been found to be
unstable under elevated anodic potentials in aqueous environments due to the oxidation of
the CNTs and their breakdown when exposed to hydroxyl radicals generated on the CNT
surface [151,152]. Therefore, development of anode materials with high anodic stability is
of great importance, in particular for organic oxidation processes, which require relatively
high potentials. Attempts to increase the resistance of CNT-based ECMs to anodic
potentials have been centered on anchoring or coating metal nanoparticles (cobalt oxide,
bismuth-doped tin oxide) on the surface of the CNTSs; while results demonstrated some
stability at potentials up to 2.2 V [61,153] (vs. a Ag/AgCl reference electrode), these ECMs
were still unstable at higher anodic potentials.

Polyaniline (PANI) is a conjugated polymer with properties such as environmental
stability, low toxicity and high electrical conductivity [154], which has been used in many
applications including sensors, electronics, and fuel cells [155-158]. Composite
membranes based on CNT-conjugated polymers (i.e. PANI, polypyrole) have been
previously fabricated through several methods including flash welding [159,160], non-
solvent induced phase separation [161,162] and polymer blending[163,164] showing

enhanced mechanical stability and high electrical conductivity. Furthermore, PANI based
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composite structures were found to be more hydrophilic, which increases their resistance
to organic and biological fouling [165-167].

Another approach, fabrication through electrochemical polymerization has
demonstrated improved mechanical properties and higher electrical and ionic conductivity
[168-171]. Electrochemical polymerization under acidic conditions produces PANI in the
‘emeraldine’ form, which is the electrically conducting form of PANI [172-175]. The
acidic dopant has been demonstrated to influence the electropolymerized material in terms
of structure and rate. Examples include Desilvestro et al (1993) who observed that
polymerization rates of PANI from aqueous acidic solutions were influenced by the acid
dopant in which they were fabricated, with the electropolymerization reaction occurring
faster from an aqueous solution of sulfuric acid then from an aqueous solution of
hydrochloric acid. In addition, the polymerization rate influenced the morphology of the
PANI Films; PANI polymerized in sulfuric acid appeared in short fibrous stumps (typical
length <0.5 um) while PANI from hydrochloric acid was found to be in a loosely packed
network of fibrils with diameters of 0.2-0.3 um [176]. Benson et al. (2013) used aqueous
solutions containing hydrochloric acid to fabricate highly dense PANI coatings on a CNT
template [177]. Wu et al. fabricated PANI-CNT films from acidic aqueous solutions and
deposited them on CNT electrodes. The film had a PANI layer coated on the CNTs with
diameters between 100 nm and 130 nm as measured by SEM. Additional SEM
observations confirmed that the PANI coated individual CNTs and formed a nanoporous

structure [178].
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PANI has been demonstrated to be sensitive to electrooxidation at low pH conditions.
Yang et al. (2004) showed first order rate constants for degradation, with rates of 7- 103
sec™at pH 0 (sulfuric acid 1M) and 1.4- 10 sec™ (sulfuric acid 0.1 M), respectively [179].
Mazeikiene et al. measured similar first-order rate constants (~10~° sec®) for PANI
degradationunder acidic conditions (sulfuric acid 0.5M) [180]. However, to the best of our
knowledge, PANI electrooxidation at neutral pH values has not been extensively explored.
Furthermore, since most water treatment applications operate at near neutral pH values, we
have concentrated our efforts on testing PANI-coated membranes at these pH values

In the current work, highly conductive composite PANI-CNT ultrafiltration (UF)
ECMs were fabricated via electrochemical polymerization. A CNT network deposited on
a porous polysulfone support was used as a template for PANI electrochemical deposition
under acidic conditions. Membranes were characterized in terms of hydrophilicity, surface
and electrical properties, filtration performance (i.e. flux and molecular weight cut off) and
stability under oxidative anodic electrical potentials. Results revealed good separation
properties with greatly improved stability under anodic conditions compared to a control
poly(vinyl alcohol)-CNT (PVA-CNT) ECMs. PANI-CNT ECMs were studied for their
ability to electrochemically oxidize a water soluble model compound (methylene blue
(MB)) using relatively low potentials with remarkably high transformation efficiency. In
addition, in situ membrane cleaning was explored by applying anodic potentials to a PANI-
CNT ECM fouled by bovine serum albumin (BSA), and the results were compared to the

results obtained using a PVA-CNT ECM as well as to standard physical cleaning methods.
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4.2 Experimental Section
4.2.1 Materials

PS-35 polysulfone UF membranes were purchased from Nanostone (Nanostone Inc.,
Oceanside, CA). Multi-walled CNT functionalized with carboxylic groups via plasma
treatment were purchased from CheapTubes (Cheaptubes Inc., Brattleboro, VT), and had
the reported parameters: outer diameter of 13—18 nm, length of 3—30 pum, purity of >99
wt%, and functional group content of 7.0%. 50 wt. % glutaraldehyde solution, sulfuric acid
(98%), hydrochloric acid (40%), and oxalic acid (>99%) were purchased from Fisher
Scientific (Pittsburg, PA) and used as received. Dodecylbenzenesulfonic acid (DDBS),
aniline, MB solution (0.05 wt. % in H2O), BSA, polyethylene glycol 20,000 (PEG 20K),
polyvinyl alcohol 150,000 (PVA 150K) and polyvinyl alcohol 100,000 (PVA 100K) were

purchased from Sigma Aldrich (St. Louis, MO) and used as received.

4.2.2 Membrane Fabrication
4.2.2.1 Fabrication of Polyvinyl Alcohol-Carbon Nanotubes Membranes

PVA-CNT ECMs were prepared as previously described by Dudchenko et al. [129]
and Ronen et al. [130] Briefly, CNT powder was suspended using a horn sonicator in
deionized (DI) water at 0.01 wt. % with 1:10 ratio of CNT:DDBS. 1 wt. % 150K PVA in
DI water was dissolved at 100 °C by stirring for 1 h. A 1:3 ratio of PVA:CNT (w/w)
suspension was pressure deposited onto a PS-35 membrane support. The prepared

membranes were then immersed into a crosslinking solution consisting of glutaraldehyde
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(cross linker) and hydrochloric acid (catalyst), heated at 90 °C for 1 h, then dried at 90 °C

for 5 min, and stored at room temperature.

4.2.2.2 Fabrication of Polyaniline-Coated Carbon Nanotube Membranes

PANI-CNT composite ECMs were prepared via electrochemical polymerization. To
prepare the aniline electro-polymerization reaction solution, an acid dopant
(sulfuric/hydrochloric/oxalic acid, 0.5 M) was added to DI water and mixed at room
temperate for 15 minutes, and then aniline (0.1 M) was added to the acid solution and
vigorously mixed for 15 minutes. 150 ml of the CNT suspension was pressure deposited
(50 psi) onto a 150 mm diameter PS-35 membrane, and this deposited CNT network (2 um
thick) was used as the substrate for electro-polymerization (Appendix Figure C-2 presents
a cross section of the deposited CNT layer on the UF support). For the
electropolymerization reaction, the deposited CNT network was submerged in the aniline
solution and connected to an external power source (Korad KA3005P DC power supply),
with the CNT network used as an anode while a titanium wire was used as a cathode.
Electropolymerization of polyaniline was done by applying a constant current (10 mA) for
60 min, followed by a thorough washing of the membrane with DI water. The PANI-CNT

membranes were stored at room temperature until used.

4.2.3 Membrane Characterization
ECM surfaces were imaged using scanning electron microscopy (SEM; FEI XL30

SEM-FEG; Hillsboro, OR). The samples were sputter coated with Pt/Pb target for 40s
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(Sputter coater 108 Auto, Cressington, UK). For cross-sectional images, the membranes
were frozen in liquid nitrogen and fractured, then affixed onto SEM stubs with copper tape.
Contact angle measurements were performed with a contact angle goniometer (Attension,
Linthicum Heights, MD) using the captive bubble method in DI water. Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR; Thermo Scientific;
Waltham, MA) was performed on PANI-CNT and PVA-CNT ECMs to identify chemical
bonds in the membrane structure. Membrane conductivity was measured with a four-point
conductivity probe (Veeco; Plainview, NY) in sheet resistance mode. ECM surface
roughness measurements were performed using atomic force microscopy (AFM, Asylum
Research MFP-3D). All AFM measurements were performed in air, at room temperature
and constant 30% relative humidity. An estimation of pore sizes through the membrane’s
conducting network was performed using image processing software (Imagel version

1.46r) analyzing SEM images of the ECM surface.

4.2.4 Membrane Stability under Anodic Conditions

The ECM’s stability under anodic electro-oxidation was evaluated for both PANI-
CNT and PVA-CNT materials using cyclic voltammetry (CV) and linear sweep
voltammetry on an electrochemical workstation (CHI600E, Austin, TX). An Ag/AgCl
electrode was used as the reference electrode with a titanium sheet used as counter
electrode, and the ECM used as the working electrode. For the stability experiments, either
10 mM KCI solution or 10 mM phosphate-buffered saline was used as the supporting

electrolyte. During linear sweep experiments the anode potential was step increased by 1
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V from 0 to 3.0 V at 10 min intervals and during CV a scan rate of 10 mV s was used at
a potential range of 0 to 3.5 V (vs. Ag/AgCl). To evaluate stability, steady state currents
were recorded at set time intervals and total organic carbon (TOC) and total nitrogen bound
(TNp) readings were taken from of the solution in which the ECMs were immersed while

applying steady state current (TOC; OI Analytical, College Station, TX).

4.2.5 Membrane Chlorine Stability

The PANI-CNT ECMs tolerance to chlorine exposure was evaluated by changes of
membrane electrical conductivity. Membrane sections were immersed into a solution of
500 ppm sodium hypochlorite. Samples were removed at 3, 6, 12, 24 and 36 hours, washed
with DI water, dried at room temperature for at least 72 hours and stored dry for resistance
measurement using a four-point conductivity probe. In addition, samples were tested using
FT-IR (Thermo Scientific; Waltham, MA) to evaluate any changes in the chemical

structure of PANI over time.

4.2.6 PANI-CNT Membrane Performance Evaluation

A custom-built flat sheet cross-flow membrane module (Appendix Figure C-1A),
which was designed to apply an external electrical potential to the membrane surface, was
used to evaluate the ECMs. A titanium counter electrode (flat sheet) was situated 4 mm
above the membrane surface. The active area of the membrane was 40 cm?. Molecular
weight cut off (MWCO) measurements were taken for four solutions, 50 ppm each of PEG

20 K, PVA50 K, PVA 100 K, and PVA 150 K. The feed and permeate samples were taken
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after 150 ml of permeate had been collected for each MWCO experiment. Rejection data
for each membrane was calculated based on TOC measurements of feed and permeate

samples (TOC; Ol Analytical, College Station, TX).

4.2.7 Methylene Blue Electrooxidation

MB transformation was measured in batch and continuous flow-through system. In
the batch system, MB was added to 40 mL of DI water (final MB concentration of 5 ppm).
A flat sheet ECM (PVA-CNT or PANI-CNT) and a titanium sheet were used as an anode
and cathode, respectively. The size of the membrane was about 4 cm? and a range of
electrical potentials (0-3 V) were applied on the whole cell. Samples of the solution were
taken at several time points and the MB concentration was measured using a
spectrophotometer (Beckman Coulter DU 800) and measuring absorption at a wavelength
of 665 nm [150,181]. Prior to the application of the electrical potential, the ECMs were
soaked in the MB solution for one hour. In the flow-through experiments (Appendix Figure
C-1B), an ECM was placed in the flow cell with a titanium sheet counter electrode, with 3
V applied to the membrane and counter electrode (membrane as anode). Experiments were
done at a constant flux of 70 LMH with a pressure of 1.5 psi. MB concentrations in the

permeate were evaluated as described in the batch experiment.

4.2.8 Electrochemical In situ Membrane Cleaning
ECMs (PANI-CNT and PVA-CNT) were placed in the crossflow cell and compressed

with DI water at 10 PSI overnight (Appendix Figure C-1C). Initially, each membrane was
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fouled by 100 ppm of BSA (in a 10 ppm sodium chloride solution) until reaching
approximately 30 % of the initial flux (35 LMH to 10 LMH at about 1 psi). Fouled
membranes were imaged using SEM. Next, several different cleaning scenarios were
investigated:

(1) Cleaning by cross-flushing with a 10 ppm NaCl solution.

(2) Repeatedly back washing of the membrane with permeate (10 ppm NaCl) for 5 minutes.
(3) Applying an anodic potential (3 V whole cell potential) to the membrane (either PANI-
CNT or PVA-CNT) under a cross flow regime (10 ppm NaCl solution); this process was
repeated three times (i.e. membrane fouling followed by electrochemical cleaning). The
ECM’s conductivity was measured after each cleaning cycle. All cleaning experiments
were followed by washing with DI water and drying for 24 hours at room temperature

before imaging by SEM.

4.3 Results and Discussion

PANI-CNT ECMs were compared to PVA-CNT based membranes in terms of
physical properties, separation properties and anodic stability [60,129,130]. PVA-CNT
membranes were previously prepared in our lab and serve as a reference ECM. However,
their stability under oxidative anodic conditions was not previously investigated. In terms
of visual difference (Appendix Figure C-3), the fabricated PANI-CNT ECMs had a
greenish hue as a result of the electropolymerization reaction, while the reference

membranes (PVA-CNT) were black due to the CNT layer (results are similar to previously
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reported data concerning the fabrication of PANI on conductive layers under similar
conditions (i.e. acidic conditions and anodic electrical potential [182,183].)
4.3.1 Impact of Acidic Dopant

The acid dopant mixed with aniline influences the PANI electropolymerization
process [184,185]. PANI-CNT ECMs were evaluated for the influence of the dopant on
the electropolymerization process in terms of surface properties, membrane separation and

electrical properties.

4.3.1.1 Surface Characterization and Physical Properties

Following fabrication, ECMs were imaged by SEM (Figure 21, top and middle
images) and characterized by AFM for surface roughness (Figure 21, lower image). Cross-
sectional images of the ECMs (Figure 21, top row) reveal the composite nature of the
membrane structure, with the polysulfone support layer on the bottom, and a CNT-polymer
composite resting on top. The electropolymerized PANI coating can clearly be seen in the
top-view images of the PANI-CNT ECMs, when compared to the PVA-CNT ECM (Figure
21, middle row); in these images, the spacing between the CNTs is reduced through the
addition of the PANI layer coating the CNT network. Our SEM results agree with previous
observations made of PANI-coated CNTs, where the PANI can be seen forming a
continuous layer coating the CNT network [177,178,186]. The choice of the acid dopant
impacts the overall porosity of the PANI-CNT network; using image analysis (Appendix
Figure C-4) it was observed that while sulfuric acid PANI-CNT and PVA-CNT

demonstrated very similar porosity values (25.52+0.45 % and 27.67+1.10 %, respectively,
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p<0.05), oxalic and hydrochloric acid doped PANI-CNT showed significantly lower
porosity values (17.33+£1.31 % and 18.41+0.73 %, respectively, p<0.05). The porosity
measurements are in agreement with measured permeate flux values (Table 1), with PANI-
CNT ECMs based on the sulfuric acid dopant showing the highest flux (438 liters m? hr”
' (LMH)), which is similar to the PVA-CNT ECM (40+4 LMH), while the ECMs fabricated
using the hydrochloric and oxalic acid dopant exhibiting very low flux (4+2 LMH and
2+0.5 LMH, respectively). High magnification SEM images of the membranes surface
(Appendix Figure C-5) indicate that the oxalic and hydrochloric acid based ECMs have a
denser looking surface, which corresponds to the lower calculated porosity values for these
membranes. While the observed drop in porosity for the oxalic and hydrochloric acid doped
PANI is not as dramatic as the drop in flux, we speculate that the low fluxes observed in
these ECMs is a result of a dense PANI layer growing within the CNT network, which
reduced the membrane’s permeability. Our results are in agreement with the trend
described in the literature indicating that using sulfuric acid dopant results in a less dense
PANI layer over the CNT network with higher permeation rates [176,177]. However, an
exact reason for the observed differences in PANI morphology is unclear, and a detailed
investigation into this issue is beyond the scope of this research.

Membrane roughness measured using AFM showed that the root mean squared
roughness was also acidic dopant dependent. PANI-CNT ECMs fabricated with sulfuric
acid proved to be the least rough (20 = 2 nm), demonstrating a decrease of 56% in
comparison to PVA-CNT ECMs (46.37 £ 2.37 nm) (Table 6 and Figure 21 lower panel).

PANI-CNT ECMs based on oxalic acid also showed a significant decrease in roughness
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(25 £ 2.5 nm), while hydrochloric acid-based ECMs were very similar to the PVA-CNT
ECMs (43 + 4 nm). Contact angle measurements showed an increase in hydrophlicity for
all PANI-CNT ECMs in comparison to the reference PVA-CNT ECM, with the highest
improvement measured for PANI-CNT membrane fabricated using sulfuric acid (19.4° +
1.2 for PANI-CNT vs. 32° £ 2.8 for PVA-CNT) (Table 6). These results are in line with
previous reports describing PANI-CNT networks [187,188]. The increased hydrophilicity
of membranes has been shown to reduce the attachment of bacteria, proteins, and other
organic foulants due to the hydration layer formed at the membrane-water interface, and is
a critical aspect of anti-fouling surfaces. [165-167]

The electrical resistance of the PANI-CNT ECMs was significantly reduced in
comparison to the PVA-CNT ECM (Table 6). The largest decrease in electrical resistance
was detected for PANI-CNT ECMs fabricated using sulfuric acid (56 =2 Q cm™ for PANI-
CNT vs. 1132 £+ 32 Q cm? for PVA-CNT). Overall, all of the PANI-CNT membranes
exhibited excellent electrical conductivity, with the highest electrical conductivity being
8928 =307 S m™ for the sulfuric acid doped ECMs. As PANI has low electrical resistance
when it is in the emeraldine form [182,189] (typical electrical conductivity of 10> S m™),
we speculate that the drop in electrical resistance observed after the PANI is
electropolymerized onto the CNT network is a result of the PANI effectively bridging the
gap between neighboring CNTs, leading to a more efficient percolation network. Due to
the thinness of the PANI layer (Figure 21), we do not believe that the additional thickness
provided by the electropolymerized PANI significantly adds to the overall conductivity of

the PANI-CNT network.
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Figure 21: ECM structure and surface morphology. (Top) Cross-sectional images of

ECMs. (Middle) Top-view of ECM surface. (Bottom) ECM surface topography by atomic
force microscopy. Scale bars for all SEM images are 2 um

Table 6: ECM physical characterization

Root Mean Squared
46.3+2.4 2042 43 £ 4 25425
Roughness (nm)

Resistivity (Q sq™?) 1132 +32 56 +2 92+3 77+ 4
Conductivity (S m?) 883 £ 24 8928 + 307 5434 + 171 6493 + 320
Contact Angle (°) 32+£28 194+1.2 21.1+£1.9 27.1+22

Flux (LMH/psi) 40+ 4 43+ 8 442 2£0.5
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Based on their physical characterization, MWCO, flux and electrical resistance
results, it was decided that the PANI-CNT ECMs fabricated from the sulfuric acid solution
were the best candidates for water treatment applications, and therefore, all further
experiments were performed on these and compared to PVA-CNT ECMs.

Figure 22 shows representative FTIR spectra of PVA-CNT and PANI-CNT (sulfuric
acid dopant) ECMs. The FTIR spectrum of all PANI-CNT ECMs showed the presence of
similar chemical bonds regardless to the dopant used for fabrication (Appendix Figure C-
6). The characteristic peaks at 1557 and 1455 cm™ are associated with the stretching
vibration of the quinoid ring and benzenoid ring, respectively. The bands at 1200-1300 cm™
! correspond to C-N stretching vibration of aromatic amines. In addition, two bonds, which
indicate the presence of the “emeraldine” form of PANI when they appear simultaneously,
were detected - the nitrogen-hydrogen bond (2" amine) at 1035-1095 cm™ and the nitrogen-
carbon double bond at 1650 cm™ (Figure 22) [188]. Thus, the FTIR spectrum confirms the

formation of the conducting emeraldine form of PANI on the surface of the CNT network.
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Figure 22: Representative FTIR scans of PVA-CNT and PANI-CNT ECMs. Arrows
indicate the 2’ amine (1035-1095 cm™) and the nitrogen carbon double bond (~1650 cm™)
typical of the emeraldine form of PANI; the chemical structure of the emeraldine form of
PANI can be seen in the upper right corner of the figure.

4.3.1.2 Impacts of Current Density on Structure of Electropolymerized Membrane

The influence of the applied current on the structure of the PANI coating during its
electropolymerization on the CNT network (with sulfuric acid dopant) was evaluated by
electropolymerizing PANI using three current densities (Figure 23A-D). In these
experiments, the total deposition time, membrane area, and acid dopant (sulfuric acid) were
kept constant. The lowest current density of 0.25 mA cm™ (Figure 25B) yielded a thin,
homogeneous and smooth PANI coating without any significant decrease in the CNT
network porosity, as determined by SEM image analysis. However, increasing the current

density resulted in a thicker PANI layer and a reduction of the CNT network porosity by
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up to 24% (27.67+1.10 % for PVA-CNT and 28.52+1.08 %, 25.52+0.45 %, and 21.77+4.1
% for PANI-CNT with applied currents of 0.25, 0.9, and 1.5 mA cm?, respectively).
Additional images and image analysis examples are presented in Figure Appendix Figure
C-7. A similar trend was described by Benson et al. (2013) who electropolymerized PANI
on CNTs in a hydrochloric acid medium, and reported that higher current densities
increased PANI thickness and decreased surface porosity [177]. Furthermore, Gloukhovski
et al. was able to fabricate dense nanofiltration membranes by electropolymerizing a PANI

coating on an electrically conductive support layer at high current densities (3.78 mA cm”

2) [175].

Figure 23: Representative images of PANI-CNT ECMs surfaces fabricated using different
current densities. Membranes were electropolymerized using sulfuric acid as the acid

dopant. Scale bars for all SEM images are 500 nm. (A) Bare CNT; (B) PANI-CNT 0.25
mA cm? ;(C) PANI-CNT 0.9 mA cm?;(D) PANI-CNT 1.5 mA cm?

90



4.3.1.3 Membrane Rejection Proper

The ECMs rejection properties (i.e. the MWCO) were evaluated by testing the
membrane’s rejection of a range of polymers with different molecular weights (Figure 24).
Membranes showed low rejection to small molecules up to 50 kDa and 70-90 % rejection
of larger (100 kDa) molecules; at this size range, the highest rejection was for the sulfuric
acid based ECMs and the lowest was for the PVA-CNT based ECMs (89+6 % and 70+5
% rejection, respectively). All membranes rejected the larger molecules (150 kDa). The
MWCO is defined as the MW at which 90% of the molecules are rejected by a membrane.
Therefore, the MWCO for all membranes was determined to be somewhere between 100-
150 kDa (approximately 18-21 nm assuming spherical particles) [190]. Based on image
analysis of SEM images of the ECMs surface (Appendix Figure C-8) the typical pore sizes
of the CNT network (assuming circular pores) were 125 nm, 120 nm, 90 nm and 73 nm for
PVA-CNT, sulfuric, hydrochloric and oxalic acid dopants, respectively. All results indicate
that the pore sizes are larger than the detected MWCO. Therefore, it can be assumed that
the separation properties of the membranes (i.e. the MWCO) are defined by the supporting
UF membrane (made from polysulfone) used for the CNT deposition and not by the PANI-

CNT or PVA-CNT layers.

91



T T T r
B PANI-CNT-Sulfuric acid
I PANI-CNT-Hydrohloric acid
100+ mEEE PANI-CNT-Oxalic acid
B PVA-CNT

=
S 501
©
2
L)
x

0

20 50 100 150
Molecular Weight (kDa)

Figure 24: Rejection of polymers by different ECMs ; Rejection data of PEG 20 kDa, PVA
50 kDa, PVA 100 kDa and PVA 150 kDa for PANI-CNT ECMs made in H2SO4 (black),
HCI (red), oxalic acid (blue), and PVA-CNT (green) ECMs.

4.3.2 Membrane Stability
4.3.2.1 Chlorine Tolerance

A membrane’s tolerance to chlorine exposure is of critical importance, as commercial
membranes are typically cleaned by chlorine solutions for organic and biofilm removal
[49]. Commercial membranes manufacturer’s cleaning manuals recommend a cleaning
process for UF membranes that includes a daily 30 minute rinse with a chlorine solution
(150 ppm) [191]. Membrane chlorine cleaning typically occurs at relatively high pH (pH
> 8) to assist in the degradation of deposited organic matter [192]. In our experiment, the
initial pH of the solution containing the membrane coupon upon the addition of NaOClI
was 10.6, which declined to pH 8 after 36 hours of exposure. CNT-based materials (i.e.

composite membranes) are prone to damage from exposure to chlorine containing
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solutions, leading to functionalization of the CNTs and changes in their physical and
chemical properties [193—195]. Tolerance to chlorine was evaluated by measuring any
changes in the ECM’s conductivity and chemical structure [196]. Figure 25 shows results
from chlorine tolerance experiments. Overall, ECMs doped with sulfuric acid showed the
best stability, with an electrical resistance increase of 27+2.3 % after 18,000 ppm-hr of
exposure. However, there was some variability in the electrical resistance of these
membranes over time, with no clear trend visible. The same was true for other ECMs, with
only the PVA-CNT and the hydrochloric acid doped ECMs showing a consistent trend
(47£1.06 and 62+1.06 % increase in resistance, respectively), with electrical resistance
increasing throughout the exposure period. Huang et al. demonstrated that PANI
membranes fabricated by chemical oxidation are sensitive to chlorine exposure [197] (250
ppm for 2 hours) and suffer from a decrease in rejection. Although our method did not
evaluate rejection, we speculate that changes in the mechanical structure of the membranes
would influence the electrical conductivity significantly. Thus, based on the relatively
small changes in electrical resistivity experienced by the sulfuric acid doped ECMs, we
can assume that these membranes will be stable under the significantly lower chlorine

concentrations and exposure times used during membrane cleaning activities.
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Figure 25: Stability of ECMs in response to chlorine exposure (500 ppm sodium
hypochlorite solution), expressed as normalized changes in membrane electrical resistance

over exposure time. Color bars represent membrane resistivity of each membrane type.
Error bars represent 95% confidence intervals.

In addition to electrical conductivity changes, the influence of chlorine on sulfuric
acid doped PANI-CNT membranes was evaluated using FT-IR (Appendix Figure C-9).
Results indicate that both peaks which represent the Emeraldine structure (a nitrogen
hydrogen bond (2° amine) at 1035-1095 cm™ and a nitrogen carbon, double bond at 1650
cm™) are still visible after exposure to chlorine, even after exposure to 18000 ppm-hr which

is equivalent to 240 recommended cleaning cycles.
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4.3.2.2 Membrane Stability under Anodic Potentials

One of the concerns arising from using CNT-based membranes for electrooxidation
reactions is the degradation of the CNTs under anodic conditions, which leads to the loss
of electrical conductivity and eventually to membrane breakdown [151]. PANI-CNT
ECMs were evaluated for electrochemical stability by measuring changes in current and
the material’s electrical conductivity under a range of anodic conditions. Figure 26 A shows
representative CV scans of PANI-CNT and PVA-CNT ECMs at anodic potentials ranging
between 0 and 3.5 V vs. Ag/AgCl. Each CV test consisted of twenty cycles at a scan rate
of 10 mV s in a 10 mM NaClOy solution. As can be seen, the PVA-CNT ECM showed a
significant and rapid decrease in current with increasing CV cycles, with the final CV
cycles displaying virtually no current; this finding indicates a drop in the electrical
conductivity of the membrane, which is likely a result of CNT oxidation and breakdown.
In contrast, PANI-CNT ECM showed enhanced current stability over time, with the current
dropping by 0.27 mA (~ 6.3% decline) over the 20 cycle period. The higher currents
measured using the PANI-CNT ECM in comparison to PVA-CNT ECM when similar
potentials were applied are a result of the higher conductivity of the PANI-CNT material.
To further probe the material’s ability to withstand anodic conditions, a constant potential
was applied to the membrane surface for 10 minutes, with the current continuously
measured (the ECMs were immersed in a PBS buffer at pH 7.2); the potentials applied
were 3 and 5 V vs. a Ag/AgCl reference electrode for PVA-CNT ECMs and 2, 2.5, 2.8, 3
and 5 V vs. a Ag/AgClreference electrode for PANI-CNT ECMs (Figure 26 B). PBS buffer

was used to control the pH of the solution as low pH values impact the PANI structure,
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making it more susceptible to electrooxidation [184]. When a continuous anodic potential
of 5V (vs. Ag/AgCl) was applied to the ECMs, a rapid drop in current was observed on
the PVA-CNT material, while the decline in current on the PANI-CNT material was
significantly lower, with the total current decline for PANI-CNT and PVA-CNT at 5 V
being 16 % and 52 %, respectively. When a 3 V potential was applied, the PANI-CNT
material displayed a relatively stable current (5% decline), while the current measured from
the PVA-CNT material continuously declined over time (overall a 14.4 % decline).
Additional measurements at lower potentials showed lower decline rates (a decline of
1.1+1.4, 1.73£2.1 and 2.87+1.6 %, for the 2, 2.5, 2.8 V vs. Ag/AgCl, respectively).
However, the minor decline in current for the 2.8, 2.5, and 2 V cases were not statistically
significant, as determined by the average rate of current decline (slope of the fitted line,
Figure 26 B, Appendix Table C-1). Therefore, it can be concluded that PANI-CNT ECMs
are far less prone to degradation by anodic oxidation at neutral pH values, and may be
completely stable at potentials as high as 2.8 V vs. Ag/AgCl at neutral pH. Additional long
term experiments (3 hours) at 2.5 and 2.8 V vs. Ag/AgCl indicate that the PANI-CNT
ECMs are stable with a negligible decrease in current (<5 %) in comparison to PVA-CNT
ECMs, which lost all current (Figure 26C). In addition to changes in current, changes to
the electrical resistance of the ECMs in response to the application of anodic potentials
were evaluated. The electrical resistance of the ECMs was measured after they were
exposed to a range of anodic potentials for 10 minutes. Results show a rapid increase in
resistance for PVA-CNT ECMs, with resistance increasing from 1132+32.7 Qsq! at 0 V

to 2556+42.2 Q sq! at 3 V vs. Ag/AgCl (a 125 % increase) (Figure 26D). In contrast,
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PANI-CNT ECMs exhibited a mild increase in resistance, with resistance increasing from
98.8+12.2 Qsqlat 0 V to 159+6.1 Q sq!at 3 V vs. Ag/AgCl (a 60.8 % increase) (Figure
26D). At a low anodic potential of 1 V, the electrical resistance of PANI-CNT ECMs was
constant in contrast to an increase in electrical resistance of PVA-CNT ECMs (3% and
63% increase in PANI-CNT and PVA-CNT, respectively). Figure 26E shows digital
camera images of the membranes after 20 minutes of applied anodic potential (3.5 V vs.
Ag/AgCl) in PBS buffer; results reveal that PVA-CNT membranes suffer from CNT
degradation expressed as a removal of a CNT section from the membrane’s surface (the
white area indicates the absence of CNT), while the PANI-CNT membrane showed no
visual difference when subjected to similar conditions. Importantly, the degradation of the
PVA-CNT material seems to occur at the water/air interface, suggesting that oxygen plays
arole in CNT degradation.

The degradation of the membranes was also evaluated by measuring the TOC and
TNy values of solutions containing PVA-CNT and PANI-CNT ECMs after applying 1, 2,
and 3 V (vs. Ag/AgCl) to the membranes’ surface; in these experiments, the membranes
were subjected to an electrical potential for 20 minutes in 40 ml of PBS (Figure 26E).
Results were calculated as the percentage of mass electro-degraded in relation to the initial
deposited mass (as CNT or PANI). The percentage of mass degraded increased with
increased applied potential for PVA-CNT membranes (3.07, 3.47 and 4.41 % for 1, 2 and
3 V vs Ag/AgCl, relatively) while staying almost constant for the PANI-CNT membrane
(0.5,0.47 and 0.41 % for 1,2 and 3 V vs Ag/AgCl, relatively) indicating a higher stability

for the PANI-CNT membrane. When comparing the TNy values, both membranes revealed
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an increase in the degraded percentage with increasing potential, although a lower
percentage was detected with the PANI-CNT membrane. The presence of nitrogen in the
PVA-CNT is assumed to be a result of the CNT Functionalization process which involves
the use of nitric acid [198]. These results are expected as the degradation rate of PVA-CNT
ECMs was rapid in comparison to PANI-CNT ECMs. Overall, the concentrations of TOC
and TNy detected from the PANI-CNT ECMs were extremely low.

SEM images of the membrane’s surface after applying anodic potentials of 1 V, 2 V
and 3 V (vs Ag/AgCl) for 10 min in a PBS buffer solution (Appendix Figure C-10 and C-
11) revealed a difference between the membranes as a function of the applied potential.
PVA-CNT ECMs appeared to become more porous and less dense with thinner CNTs when
higher potentials are applied, with porosity increasing from 28.66+1.74 % at 0 V to
32.54+1.72 % when 3 V were applied. PANI-CNT ECMs showed little change in porosity,
with values increasing from 28.73+1.33 % at 0 V to 29.26+1.02 % at 3 V. Based on the
observed enhanced resistance to anodic oxidation of the PANI-CNT membranes, it was
determined that these ECMs are promising materials capable of enhancing membrane-

based water treatment processes.
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Figure 26: PANI-CNT membrane stability under anodic conditions. (A) CV scans of
PANI-CNT and PVA-CNT membranes (20 cycles); scan rate was 0.01 V/s in a 10 mM
NaClOs solution. PVA-CNT voltammogram is shown in red, PANI-CNT in black. The
total surface area of the anode was 4 cm?. (B) Normalized current changes when a constant
anodic potential of 2, 2.5, 2.8, 3 and 5 V (vs. Ag/AgCl reference electrode) was applied to
PANI-CNT ECMs and constant anodic potentials of 3 and 5 V (vs. Ag/AgClI reference
electrode) were applied to PVA-CNT ECMs; the reaction time was 10 min in a PBS buffer
(10 mM NazHPOQOg4, 1.8 mM KH2POg4). The total surface area of the membrane anode was
8 cm?. (C) Normalized current changes when a constant anodic potential of 2.5, 2.8 V (vs.
Ag/AgCI reference electrode) was applied to PANI-CNT ECMs and constant anodic
potentials of 2.8 V (vs. Ag/AgCl reference electrode) was applied to PVA-CNT ECMs; the
reaction time was 180 min in a PBS buffer (10 mM NaxHPOQOj4, 1.8 mM KH2POs). The total
surface area of the membrane anode was 8 cm?. (D) Changes in resistance for PVA-CNT
(black line) and PANI-CNT (red line) ECMs after applying 1, 2 and 3 V (vs Ag/AgCl) to
the membrane’s surface for 10 min in 80 ml of in PBS buffer (10 mM Na>HPOg4, 1.8 mM
KH2POs). (E) Images of the ECMs after exposure to 3.5 V (vs. Ag/AgCI) for 20 min. (F)
TOC and TNy, degradation percentage of PVA-CNT and PANI-CNT ECMs after applying
1, 2 and 3V (vs. Ag/AgCl) to the membrane’s surface for 20 min in 40 ml of PBS buffer
(10 mM NazHPO4, 1.8 mM KH2POu).
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4.3.4 Membrane Cleaning

As PANI-CNT ECMs prepared in sulfuric acid proved to be more stable under anodic
oxidative conditions, and due to their high electrical conductivity, two possible future
applications were explored; in all cases, PANI-CNT ECM’s performance was compared to
PVA-CNT ECMs. Inthe first application, the ECMs were tested for their ability to perform
in situ electrochemical membrane cleaning after the membrane was fouled with a protein
(BSA). The ECM’s ability to restore flux was evaluated and compared to traditional
cleaning methods. In the second application, ECMs were studied for their ability to
electrochemically oxidize a model water soluble organic molecule (MB) at relatively low
potentials (up to 3 V on the whole flow cell or 1.7 V vs. Ag/AgCl on the ECM’s surface

see Appendix Figure C-12).

4.3.4.1 Electrochemical Cleaning of Fouled Membranes

While typical membrane cleaning processes involve some form of chemical addition
(e.g. chlorine, sodium hydroxide) to the feed solution[199], PANI-CNT ECMs cleaning
experiments were designed to evaluate their capacity for in situ electrochemical cleaning
via electrooxidation, without any external chemical addition. To induce fouling, PANI-
CNT ECMs were exposed to 100 ppm of BSA (in 10 mM NaCl) to reduce the initial flux
from 35 to 10 LMH (Figure 27A).

No change in permeate flux was observed when the ECMs were washed with
permeate in the cross-flow configuration (linear velocity of 10 cm s™) or when backwashed

for 1 hour with permeate (Figure 27A). In addition, no flux recovery was observed when
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1.5 V were applied to the PANI-CNT ECM (data not shown). In contrast, excellent flux
recovery (93%) was observed when 3 V of anodic potential (whole cell) were applied to
the freshly fouled PANI-CNT ECM surface for 20 min (Figure 27B). Once cleaned, the
membrane was re-fouled with BSA and a second electrochemical cleaning was applied (20
minutes at 3 V). However, only 84% of the flux was recovered in the second round of
cleaning; a third round of fouling/cleaning yielded an 81% flux recovery (Figure 27B);
membrane electrical resistance remained unchanged throughout the experiment. We
speculate that small organic fragments resulting from BSA breakdown were lodged in the
polysulfone support pores, and the membrane would require more extensive cleaning to
fully recover. A similar fouling-cleaning cycle with a PVA-CNT ECM resulted in
significantly lower flux recovery (62% in the first fouling cycle). Importantly, the
membrane electrical resistance spiked to SkQ sq! after the first cleaning cycle, resulting in
a negligible electrical current, which led to the membrane losing its electrochemical
properties and its ability to be self-cleaned (Figure 27B). It should also be noted that to
achieve a recovery value of 62% for the PVA-CNT ECM, the membranes had to be
subjected to anodic potentials for 60 min (in comparison to 20 minutes for the PANI-CNT
ECM). Critically, when electrochemical cleaning was attempted in the absence of NaCl,
no flux recovery was observed (data not shown). Based on the fact that no cleaning was
observed in the absence of chloride, we conclude that indirect oxidation (driven by the
electrochemical oxidation of chloride to chlorine) of the BSA-fouled surface is responsible
for the observed cleaning results (Equations 2-4). SEM images of the fouled membrane

surface at different steps of the experiment (Figure 27C) indicate that backwashing was
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able to partly remove the BSA layer from the membrane surface, although the
corresponding permeate flux did not change, as BSA fouling in UF membranes is initially
dominated by pore blocking and/or pore constriction, followed by cake formation on the
membrane surface during long-term fouling [200]. When anodic electrical potentials were
applied, flux recovery results are in correlation with SEM images, which show a
completely clean ECM surface (Figure 27C). Thus, it is likely that the electrochemical
cleaning of the PANI-CNT ECMs led to BSA removal from the membrane’s pores. These
results support the theory of indirect oxidation (through Cl, generation) as the primary
foulant removal mechanism. As the selectivity of the membrane has been shown to be
determined by the polysulfone support membrane and not the PANI-CNT deposited above,
the observed flux decline is likely a result of polysulfone pore fouling. Therefore, if the
cleaning mechanism involved direct oxidation, it would produce hydroxyl radicals, which
have a very short lifetime (approximately 10~ seconds [201]) and a low probability of
reaching the polysulfone layer. In contrast, active chlorine, which was electro-generated as
a result of indirect oxidation, has a longer life span and could reach the UF support layer
based on the calculated residence time (0.2 s). Thus, in situ membrane cleaning via
electrooxidation processes is a viable cleaning method that has the potential of significantly

simplifying membrane-based water treatment processes.
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Figure 27: Electrochemical cleaning of fouled membranes (A) PANI-CNT ECM flux
recovery under different flow condition. The blue line represents the initial flux of the
unfouled membrane, the gray line represents the fouled membrane flux at crossflow
conditions and the black line represents membrane flux after 5 min backwashing cycles
with permeate (orange circles mark the backwashing events) (B) Flux recovery at three
cycles of continues BSA fouling and electrochemical cleaning 3V for PANI-CNT ECMs
(black) and PVA-CNT ECMs (red), initially membranes were fouled until flux reached
about 30% of initial flux; (C) SEM images of membrane surface (1) Membrane fouled by
100 ppm BSA (2) BSA fouled ECM cleaned by back washing, (3) BSA fouled ECM
cleaned by applying 3V (membrane as anode) to the membrane surface. Scale bars for SEM
images are 2 um

4.3.4.2 Electrooxidation of a Model Organic Compound — Methylene Blue

Oxidation of organic compounds from the feed solution was evaluated using MB as a
model compound. The current work did not investigate the transformation pathways of
MB, instead focusing on whether an ECM is capable of electrochemically transforming the
MB, which was detected through changes in the UV-vis absorption spectrum of the
molecule [202]. A detailed description of the theory behind the electrooxidation process as
well as a detailed description of our experimental results can be found in the Appendix
(Appendix Figure C-13). In short, we demonstrate that the PANI-CNT ECM out performs
the PVA-CNT ECM in both batch, and effectively transforms MB in single pass flow-
through (filtration) experiments. In batch mode, PANI-CNT material transformed 32% of

the MB after 60 minutes, compared to 20% for the PVA-CNT material, when 3 V were
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applied to the membrane/counter electrode (Appendix Figure C-13). In the flow-through
experiments, the PANI-CNT ECM transformed 84.1 £1.7 % of MB in a single pass through

the membrane (3 V, 1 um thick membrane, <0.2 S membrane residence time).

4.4 Conclusions

PANI-CNT ECMs were fabricated through a process of electropolymerization of
aniline monomers using different acidic dopants, with CNT networks deposited on a
polymeric membrane support serving as an electrically conducting substrate for the
electropolymerization process. After the electropolymerization process, the electrical
resistance of the material decreased significantly in comparison to electrically conducting
PVA-CNT ECMs previously used in different membrane applications [129,203]. It was
determined that PANI-CNT ECMSs fabricated using sulfuric acid as the dopant exhibited
the best transport, electrical, and stability characteristics, making them ideal for water
treatment applications. PANI-CNT ECMs were found to have enhanced resistance to
anodic oxidation, with little degradation observed up to an anodic potential of 3 V (vs.
Ag/AgCl) under neutral pH conditions. Thus, these membrane materials are promising
candidates for electroactive membrane materials suitable to participate in electrooxidation
reactions.

The application of electrical potentials to the ECMs coupled with the advective
transport characteristic of membrane separation processes offers a promising enhancement
to existing membrane-based water treatment processes. We tested the PANI-CNT

membrane’s ability to degrade a model organic contaminant (MB) as well as facilitate the
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in-situ cleaning of a fouled membrane surface (with BSA). Results demonstrate that the
application of an anodic potential to the ECM surface facilitated the electrochemical
transformation of MB (90% transformation in a single pass) as well as resulted in the
almost complete removal of the organic foulant (obviating the need for additional chemical
cleaning agents).

In terms of power consumption, the electrooxidation of 5 ppm of MB on PANI-CNT
ECMs required only 2.5 kW m™, with a contact time <1 s. In contrast, photocatalytic
treatment processes used for MB degradation have been reported to consume 40 kW m™,
and require a contact time ranging between 30-60 minutes [204,205]. Thus, PANI-CNT
based membranes have promising properties that make them attractive candidates for
multiple water treatment applications such as wastewater treatment and pre-treatment

membranes for RO.
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Chapter 5

Summary and Conclusions
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The overall goal of this research was to investigate the electrical and operational
conditions of need for fouling prevention using CNT-based electrically conductive
membranes. To that end, we explored how electrically conducting CNT — polyamide RO
membranes prevent and remove CaSO4 and CaCOs; mineral scaling (Chapter 2), how
electrically conducting UF and NF membranes implemented in series prevent fouling while
treating anaerobic sequencing batch reactor effluent (Chapter 3), and how anodically stable
polyaniline coated CNT UF membranes remove aqueous dyes and recover through in situ

membrane cleaning (Chapter 4).

5.1 Electrochemical Mineral Scale Prevention and Removal on Electrically
Conducting Carbon Nanotube-Polyamide Reverse Osmosis Membrane

In Chapter 2, various electrical potentials were applied to the membrane surface while
filtering model scaling solutions with high saturation indices. A fully automatic RO system
was built and controlled using the Python program platform. Scaling progression was
monitored through flux measurements and was evaluated by SEM after each experiment.

Several key findings can be drawn from the work presented in Chapter 2. First, the
pH sensitive CaCO3 scale was efficiently removed from the membrane surface through the
intermittent application of 2.5 V to the membrane surface when the membrane acted as an
anode. At such high voltage, water oxidation occurred at the anode, leading to proton
formation and resulted in the dissolution of deposited CaCOjs crystals. During the descaling
stage, it is important to reduce the pressure in the flow cell to minimize crystal re-

deposition. Second, pH insensitive CaSO4 scale formation was significantly retarded
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through the continuous application of 1.5 V, below the water splitting potential, to the
membrane surface when the membrane was operated as an anode. The continuous
application of a sufficient electrical potential to the membrane surface leads to the
formation of a thick layer of counter ions along the membrane surface. This forced CaSO4
crystal formation away from the membrane surface, allowing the newly formed crystals to
be carried away by the cross-flow.

Third, a simple model was developed, based on a modified Poisson—Boltzmann
equation, to sufficiently explain our observations. The thickness of the EDL increased
when sufficient electrical potential was applied to the membrane surface, resulting in a
significantly higher stoichiometric anion and cation ratio. As a result, the crystal nucleation
rate in EDL layer is significantly slower near the membrane than in the saturated bulk
solution.

Overall, the results in chapter 2 illustrate potential benefits that electrically conducting
membrane offer to RO treatment of high saturation index brackish inland groundwater.
Results indicate that the implementation of this technology could significantly reduce the
use of anti-scalants and acid in the treatment of brackish groundwater. These changes
would also lengthen membrane lifetime and significant reduce system down time, resulting
in reduced costs for the entire RO water treatment process.

Although these conclusions offer significant potential improvement for RO treatment,
several future research questions arise from the work presented in Chapter 2. In order to
fully characterize the usability of this technology, further studies could be done to

determine the effects of negative potential on scaling behavior, the effects of membrane
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surface potential on anti-scaling chemicals, and the effects of interfering ions on scale

prevention.

5.2 Treating Anaerobic Sequencing Batch Reactor Effluent with Electrically
Conducting Ultrafiltration and Nanofiltration Membranes for Fouling Control

In Chapter 3, an anaerobic sequencing batch reactor coupled to electrically conducting
UF and NF membranes in order to treat high-strength industrial wastewater containing high
concentrations of benzyl alcohol, a commercial paint stripper, was studied. Anaerobic
wastewater reclamation is very challenging due to limited membrane fouling prevention
methods. This work has offered a robust way to reduce membrane organic fouling while
treating anaerobic effluent.

The results presented in Chapter 3 contain four key findings. First, the HPLC results
demonstrated that an anaerobic process can be used to successfully degrade benzyl alcohol,
and identified that the major degradation product is benzoic acid. After 21 hours in the
aSBR, an overall COD removal of approximately 86% was achieved.

Second, these results indicated that the application of negative 5V to the ultrafiltration
membrane surface results in the best fouling prevention, compared with 0 and negative 3V.
In order to achieve 90% fresh water recovery, 1 minute of back washing with UF membrane
permeate was necessary every half hour in order to efficiently prevent membrane fouling
and allow for longer and higher operational fluxes during the treatment of complex

wastewater streams.
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Third, the application of 1.5V positive potential to the membrane surface during back
washing, which was originally intended to kill bacteria [44,202], increased membrane
fouling dramatically. This may be due to the remaining aromatic organic benzoic acid
polymerizing on the membrane CNT structure and restricting the passage of water. Similar
observations have been reported for other aromatic organic compounds [112].

Fourth, negative electrical potential applied to the NF membrane surface had no
impact on fouling prevention, while positive potential applied to the membrane made the
fouling worse in addition to hindering the cleaning and recovery of the NF membranes.

Overall, in Chapter 3, the feasibility of using electrically conducting membranes to
prevent membrane fouling during the treatment of anaerobic reactor effluent at high
operational fluxes was investigated. These observations have significant implications for
the future treatment of complex anaerobic wastewater streams that are not suitable for
traditional membrane treatment. Water supplies that were previously considered
inaccessible due to a lack of treatment options may become usable through this new
technology.

In this research, a bench scale anaerobic batch reactor which only treated benzyl
alcohol has been specifically investigated. However, there are a wide variety of emerging
contaminants of significant concern for wastewater reclamation whose removal might be
improved by using electrically conducting NF membranes. The conclusions in Chapter 3
have relatively limited implications for the removal of contaminants in general, but the
technology may be generalizable. Future studies could determine the effectiveness of this

technique on a variety of similar contaminants to determine if they can be degraded
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similarly to benzyl alcohol. In addition, using electrically conducting UF may offer a

method for deactivating antibiotic resistance bacteria during treatment.

5.3 Enhanced Anodic Stability of Polyaniline-Coated Carbon Nanotube
Ultrafiltration Membranes and Their Applications

Electrically conducting membranes (ECMs) have been reported to be efficient in
fouling prevention and the destruction of aqueous chemical compounds. In Chapter 4, we
reported a fabrication method for highly conductive and anodically stable composite
polyaniline-carbon nanotubes (PANI-CNT) ultrafiltration (UF) ECMs. PANI-CNT UF
membranes were made through a process of electropolymerization of aniline on a CNT
substrate under acidic conditions. The resulting PANI-CNT UF ECMs were characterized
by scanning electron microscopy, atomic force microscopy, a four-point conductivity
probe, cyclic voltammetry, and contact angle goniometry.

The analysis of the membranes in Chapter 4 revealed three key findings. First, the
coating of polyaniline on the CNTs significantly increased the electrical conductivity of
the membrane. The PANI coating works like a conductive glue to firmly bridge CNTs
together, enhancing the electron transfer between CNTs. The PANI coating also increased
membrane surface hydrophilicity without sacrificing membrane selectivity or
permeability.

Second, the anodic stability of the CNT membrane was greatly improved by the PANI
coating. The membrane’s anodic stability was evaluated in a pH controlled aqueous

environment under a wide range of anodic potentials using a three-electrode cell. The
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results indicate a significantly reduced degradation rate for the PANI CNT ECM in
comparison to a CNT-poly (vinyl alcohol) ECM under 2.5V anodic potentials.

Third, this anodically stable membrane can be used as a flow through electrode to
oxidize organic compounds. A model organic compound (methylene blue) was
electrochemically transformed at high efficiency (90%) in a single pass through the
anodically charged ECM. It also served as an in sifu self-cleaning membrane via the
application of indirect oxidation. A positive 3V potential was applied to efficiently clean
membranes fouled with bovine serum albumin.

Overall in Chapter 4, a robust anodically stable electrically conducting PANI-CNT
UF membrane via an electro-polymerization technique has been successfully developed.
The membranes are highly conducting and stable in a large range of anodic potentials.
These observations have significant implications for the future of water treatment for
wastewater reuse. It offers a possible new treatment technology which can integrate
membrane separation and advanced oxidation. This can significantly reduce current water
treatment footprints. Optimally, this hybrid system could change current centralized water
treatment strategies to more remote and decentralized water treatment systems to fulfill the
requirements of our future sustainable development.

Although these conclusions offer significant potential improvement for water
treatment, one question arises from the work presented in Chapter 4. The PANI-CNT ECM
membrane is sensitive to pH. At low pH, PANI can lose its conductivity dramatically.
When the membrane is operating above the water splitting potential or oxidizing chemical

compounds, which usually involves proton generation, it is critical to have a proton
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acceptor present to control pH. In this research, we used a PBS buffer to control pH, but
ultimately a pH insensitive material is preferred. In the future, it is important to develop a
new material with high conductivity, inert to pH change, which has a high oxygen

revolution potential.
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Appendix

Appendix A: Supporting Information for Chapter 2
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Figure A-1. System diagram: solid lines represent water flow; dotted lines
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Figure A-2. Membrane surface potential (as anode or cathode) vs. a Ag/AgCI reference
electrode as a function of applied electrical potential; the red line represents the applied
potential; the green line represents the surface potential when the membranes is an anode;
the red line represents the surface potential when the membrane is used as a cathode.
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Figure A-3. Impact of electrical potential on CaSO4 scale formation, when an in-line 0.5
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Figure A-4. Impact of electrical potential on CaSO4 scale formation, when no in-line 0.5
um filter was used.
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Figure A-5. CaCOs Scaling experiment: the first red cycle indicates when 2.5 VV DC were
applied for 10 minutes; the second red circle indicates when the voltage was turned off.
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Figure A-6. CaCO3 scaling experiment: the first red cycle indicates decrease pressure to
400 psi (operation pressure of scaling experiment is 550 psi in the beginning of the
experiment, up to approximately 240 min.) together with rinsing with deionized water,
which resulted in very little flux recovery. The second circle indicates the point where 2.5
V DC were applied to the membrane surface for 10 minutes (membrane as anode).

119



Nomalized Flux

1500

Time{min)

Figure A-7 CaCOs scaling experiment: the 1% and 3" red cycle indicated applied 2.5V DC
on the membrane surface, the 2" and 4™ stop applied the voltage. The cross flow is 4 cm/s
in cell and pressure is 400 psi.
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Figure A-8. Three different zones were evident after CaSO4 scaling experiment; an area
near the inlet where no scaling were evident, likely due to turbulent conditions, a transition
zone, and a heavy scaling zone. The image above was taken from one of the control
experiments, where no electrical potential was applied to the membrane surface.
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Appendix B: Supporting Information for Chapter 3
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Figure B-1. Membrane module used in experiments; modules were constructed from
acetylplastic. The Figure depicts the two halves of the module with the membrane resting
on thebottom half. A buna O-ring isolates the feed stream from the side electrodes that
provide theelectric charge to the membrane surface. The membrane coupon used in the cell
is large enough to allow contact with the side electrodes beyond the borders of the O-ring.
A titanium counter electrode sits 4 mm above the membrane surface, and is in contact with
the feed stream. The counter electrode has a surface area nearly as large as the membrane
surface. Feed water flows in to the module, with some of the feed passing through the
membrane to generate the permeate; the retentate flows out of the module.
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Figure B-2. Images generated using the contact angle goniometer of (a) a water drop in
contact with the UF membrane, and (b) a water drop in contact with the NF membrane
surface. In these experiments, 6 v | of DIW was dropped onto the membrane surface and
allowed to equilibrate for 1 minute before the contact angle was measured. All
measurements were done in triplicate.
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Appendix C: Supporting Informations for Chapter 4

Figure C-1. Experimental systems; (A) Flow through membrane module used in advanced
application experiments;(B) Methylene blue degradation in flow-through filtration PANI-
CNTs system; (C) Electrochemical in situ membrane cleaning

PVA-CNT membrane PANI-CNT membrane

Figure C-2: Digital camera images of the fabricated membranes, (Left) PVA-CNT
membrane (Right) PANI-CNT membrane. The lines on the PANI-CNT membrane are a
result of the electrical connector between the membrane and the power source.
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Figure C-3: Cross section of CNT Iayer deposited on a polysulfone UF support. Typical
thickness of the CNT layer was about 2 um. The average permeability of the CNT
membrane was about 40 LMH/psi. Scale is 2 um.

Flgure C 4: Porosny analysis using |mageJ (A) PVA CNT membrane; (B) PANI- CNT
sulfuric acid dopant; (C) PANI-CNT hydrochloric acid dopant; (D) PANI-CNT oxalic acid
dopant. Scale bars for all SEM images are 2 um

I'kvw\ St 10

Flgure C- 5 nghmagnlflcatlon SEM |mages ofthe PANI CNT membranes (A) Sulfurlc
acid based PANI-CNT; (B) Hydrochloric acid based PANI-CNT; (C) Oxalic acid based
PANI-CNT. Scale bars for all SEM images are 1 um
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Figure C-6. Representative FTIR scans of PANI-CNTs membranes based on all acidic
dopants.

All membranes show a nitrogen hydrogen bond (2" amine) at 1035-1095 cm™ and a
nitrogen carbon, double bond at 1650 cm™.[188,206] Thus, indicating the presence of the

conductive form of PANI, “emeraldine” on the CNTs network.
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Frgure C-7. Porosrty and pore size analysis using |mageJ (A) Orrgrnal membrane surface
image; (B) Binary Image; (C) Output of imageJ drawing of pores used for calculation of
pores area. Scale bar is 500 nm.

Average pore size:

According to image analysis the average pore area for sulfuric acid based membranes
was about 14396 nm?, assuming round pores (i.e. average roundness coefficient of 0.75),
the typical pore diameter is about 120 nm.

Average Porosity:

According to images analysis the typical porosity was calculated by dividing the sum

of pore areas by the total area in the image.
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Figure C-8: FTIR scans of PANI-CNTs membranes after exposure to chlorine (500 ppm-
hr). Even after exposure to chlorine, membranes show a nitrogen hydrogen bond (2" amine)
at 1035-1095 cm™ and a nitrogen carbon, double bond at 1650 cm™ (both peaks are marked).
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Figure C-9. PANI-CNTSs porosity as a function of applied current density quantified using
imageJ. Left panel: original SEM images; right panel: binary output of imagelJ. (A) PANI-
CNTs 2.5 mA cm™ ;(B) PANI-CNTs 9 mA cm?;(C) PANI-CNTs 15 mA cm™

129



Control

Flgure C- 10 SEMlmages of PVACNT and PANI CNT membranes aﬂer applylng 1V,
2 Vand 3 V (vs Ag/AgCl) for 10 min in a PBS buffer solution; Top panel: PVA-CNT
membrane; Lower panel; PANI-CNT membrane. Scale bars for all SEM images are 500
nm.
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Figure C-11. SEM images of PVA-CNT and PANI-CNT membranes after applying 1 V,
2V and 3 V (vs Ag/AgCl) for 10 min in a PBS buffer solution; Top panel: PVA-CNT
membrane; Lower panel; PANI-CNT membrane. Scale bars for all SEM images are 500
nm.
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Figure C-12. Applied electrical potential compared to the real potential on the membrane
versus a Ag/AgCl reference electrode.
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Table C-1. Normalized current decline slopes - first order rate constants (corresponding to
Figure 7 B)

2.0 -24+45-1075
2.5 -3+4.5-107°
2.8 -4+3.5-107°
3.0 -6+5-107°
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