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ABSTRACT OF THE DISSERTATION

Enhancement of Membrane Filtration Processes via Nanomaterial Coatings for the
Generation of Electrostatic Forces, Oil Barriers, and Joule Heating

by

Alexander Vladimirovich Dudchenko

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

Water scarcity exasperated by global climate change and growing population is a
growing challenge for many regions of the world. The water shortages are prompting
regions to look for new water sources to supplement their dwindling water supplies ranging
from wastewater reuse to saline ground water desalination. Membrane filtration is one of
the few technologies that can treat these water sources but suffers from fouling, and
complicated system designs. Herein we present methods to address problems faced by
membrane filtration through use of nanomaterial-based thin films that actively address key
problems faced by membrane filtration processes.

Organic contaminants commonly found in surface water, ground water, and
wastewater rapidly foul membranes, leading to decline in their performance. We
demonstrate that application of electrical potentials to electrically conductive and robust

carbon nanotube (CNT) thin films deposited on UF membranes allows for generation of
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strong electrostatic repulsive forces. We demonstrate that these artificially generated
electrostatic forces can reduces membrane fouling during treatment of synthetic
wastewaters and model organic foulants, with the results being qualitatively explained by
the solution of modified Poisson-Boltzmann equation. Although our results demonstrate
electrostatics forces are effective at preventing organic fouling, their efficacy suffers in
saline waters such as produced, flow back, and industrial waste waters. These waters can
contain oil emulsions made up of small and stable oil droplets that can rapidly foul
membranes. We take advantage of the nano-magnetite properties, which cause the nano-
particles to form a film at the water-oil interphase. The nano-magnetite films create a
physical barrier that prevents oil droplets from interacting with the membrane surface or
coalesce during filtration. The fouling prevention is explored as a function of nano-particle
and membrane hydrophilicity with a developed theoretical framework qualitatively
explaining our experimental results. Finally, we demonstrate that the previously prepared
CNT films when deposited on hydrophobic membranes can be used to drive membrane
distillation (MD) process via Joule heating effect. We explore the stability of the CNT films
using electrical impedance spectroscopy (EIS) under different frequencies and salinities
and demonstrate that they can be used to achieve exceptionally high single pass recoveries

in MD.
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Chapter 1 Introduction



1.1 Water Scarcity

Water scarcity exacerbated by population growth, climate change, and pollution is
one of the largest global challenges impacting coastal and inland regions of the world. The
increase in global population is leading to increased demand for food requiring large
quantities of irrigating waters. The increased water demand is in turn straining local water
resources which require construction of complex and expensive water distributions systems
such as the water projects in California.! Unfortunately, current distribution systems are
designed around the water storage capacity of snow packs in the mountain ranges. The
snow packs form during fall and winter, capturing precipitation and storing it until spring
and summer. The increased temperatures in spring and summer lead to snow pack melting
which provides a steady supply of fresh water to local regions such as California where
this water is distributed throughout the state via the water projects. However, global
warming is increasing temperatures leading to later snow fall in the year and reduced
snowpack sizes, but also to earlier melting and runoff in the spring.?® These impacts result
in lower quantity of water being stored in the snowpack, with later snow formation leading
to larger amount of runoff in the fall, which at the moment cannot be effectively captured
without large infrastructure changes. Furthermore, the earlier start of the runoff leads to
additional water losses, as the runoff is not captured leading to lower water availability
during the summer month caused by earlier depletion of snowpacks. Finally, the water
scarcity issues are complicated by fact that large number of waters are contaminated with
nutrients (which lead to algal blooms), chemicals, and pharmaceuticals all of which are

difficult to treat, especially using current water treatment technologies. These unfortunate



consequences are forcing water suppliers to look for better water treatment methods so they
can access water source that have not being previously used such as seawater, saline ground
water, and wastewater.

Membrane filtration has been looked as the ultimate solution to water shortages,
with seawater desalination via Reverse Osmosis (RO) being looked to as a never-ending
freshwater supply. Membrane filtration is one of the few processes that can potentially treat
waters with high salinity while removing pollutants ranging from bacteria to dissolved
solids, allowing for access to previously unused water sources. However, membrane
filtration process is not a trivial or low cost solution as compared to traditional water source,
such as clean ground water or pristine surface waters (i.e. lakes and rivers). Membrane
processes for water treatment face many challenges, including moderate to high energetic
costs due thermodynamic limit of the separation process, which are exacerbated by
membrane fouling caused by buildup of contaminants on the membrane surface, and finally
by complicated system designs. Regardless of these shortcomings membrane filtration has
become a de-facto standard for sea water desalination, and is looking to become a standard

installation in wastewater treatment plants, and potable reuse processes.

1.1.1 A Brief History of Membrane Filtration

The history of membrane filtration is a long road of painstaking research that started
in early 1900s and took over 70 years to reach a point of commercialization. The first
carefully documented pressure driven filtration process was not reported until 1907 by
Bechold.* Bechold prepared a membrane with graded porosity made of a filter paper

impregnated with acetic acid colloid. This was one of the first ultrafiltration (UF)



membranes reported, a classification Bechold is given credit for creating. The membrane
field until end of 1930s used celluloid, collodion, cellophane and rayon to synthesis
membranes, which limited the control of membrane porosity, pore size and permeability,
leading to overall field stagnation that prevented its commercialization.

The membrane field did not advance until the development of modern polymer
science in 1937 with synthesis of a synthetic polyamide by Carothers. ® The creation of
new polymers allowed for development of the first modern RO membranes in 1950s with
synthesis of dense polymeric membranes. These membranes were prepared out of cellulose
acetate and could achieve high salt rejections (<98%), but unfortunately had very poor
permeability which prevented their commercialization. ® The development of asymmetric
or Loeb-Sourirajan membranes in 1962 addressed the issue of low permeability in filtration
membranes.”® The Loeb-Sourirajan membrane had a unique asymmetric structure even
though the membrane was casted from the same starting material but was composed of two
distinct regions, the dense selective skin which dictated the rejection properties of the
membrane, and a highly porous support structure, which did not hinder the permeation of
water. These membranes demonstrated a significant improvement in permeability, while
maintaining same rejection properties as the dense membranes. Furthermore, through
control of solvent conditions it was possible to have a good control over membrane pore
size allowing for synthesis of membranes with rejection properties ranging from reverse
osmosis to ultrafiltration. The development of these membranes was the turning point for

membrane filtration processes, with two major chemical companies, DuPont and Dow



Chemical, starting the development of large-scale membrane systems for seawater

desalination and beginning a promise of never ending fresh water.

1.2 Fundamentals of Membrane Filtration

Membrane filtration is a flexible physical separation process that utilizes a semi-
permeable membrane that only allow constituents of choice to pass (e.g. water), while
preventing everything else from passing (e.g. dissolved solids, bacteria, or organics).
However, the mechanisms of separation are not simple and the membrane performance
while can be well quantified in an idealized test environment can rapidly change with
environmental conditions, where the interactions of membrane chemistry, operational
mode, and solution composition define final membrane performance. In the following
sections the fundamentals of membrane separation mechanics, synthesis and operational
modes are discussed. The forces in membrane filtration and fouling mechanisms are
complicated topics warranting an in-depth discussion in section 1.3 and 1.4.
1.2.1 Membrane Rejection Mechanisms

The membrane rejection properties (i.e. the ability to remove certain contaminants)
are dependent on the membranes primary mechanism of separation and can be either
sieving, diffusion or a mixture of the two. The sieving mechanism relies on physical size
exclusion of contaminants from water, where the contaminant is physically too large to
pass through the pores of the membrane. The second mechanism is diffusion and relies on
the difference in diffusion rates of constituents through the membrane, where one of the

constitutes (e.g. water) can readily diffuse through the membrane but the contaminant



being rejected (e.g. salt ions) diffuse at a slower rate, leading to their separation. These
rejection mechanisms are readily tuned by either changing pore size of the sieving
membranes, or the chemical composition of the membranes that utilize the diffusion
mechanism. This has led to formation of four classes of water treatment membranes, which
are based on their ability to remove contaminants of certain size from water. Microfiltration
(MF) can remove contaminants larger than 100 nm, ultrafiltration (UF) can remove
contaminants in size range from 10 nm to 100 nm, nanofiltration (NF) can remove
contaminants from 10 nm to 1.5 nm, and reverse osmosis (RO) can remove contaminants
down to 0.1 nm in size (Fig.1.1). Furthermore, two new processes have been developed
and added to the overall water membrane filtration family, specifically forward osmosis
(FO) and membrane distillation (MD). FO is a recently developed technology that has
similar separation characteristics as RO (diffusion separation mechanism with similar salt
rejection properties). MD is an emerging technology that utilizers a hydrophobic MF
membrane, which allows for water vapor (and any constitutes that can vaporize) to pass
through the membrane, but prevents any liquid water (and anything dissolved in it) from
passing through the membrane achieving similar and in most cases better dissolved solid

rejection then RO.
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Figure 1.1: Classification of membranes based on size and type of separation
mechanism, including classical and newly developed filtration processes. The list
under the processes show examples of contaminates that can be removed.

1.2.2 Synthesis and Morphology of Filtration Membranes

The synthesis of the filtration membranes is probably one of the crucial aspects that
defines their performance, including permeability, rejection, and fouling resistance. The
goal of a successful membrane synthesis is to attain control over structural morphology,
membrane pore size, and material chemistry. The structural morphology is the crucial
aspect that makes modern membranes effective at water treatment, where the distinct
asymmetrical structure allows these membranes to achieve high permeability. The
importance of pore size control cannot be understated, as it dictates the kind of
contaminants the membrane can remove, and defines the minimum expected permeability.
Finally, the chemical composition of the membrane defines its surface chemistry, stability,
and chemical resistance. Bellow we will briefly discuss some of the most common

membrane synthesis methods.



1.2.2.1 Phase Inversion or the Loeb-Sourirajan Synthesis

The Loeb-Sourirajan membranes or more commonly known as asymmetric
membranes were developed in 1962 using cellulose acetate, and form the basis for
synthesis of the asymmetric membrane structures today. 8 In original Loeb-Sourirajan work
a trial and error method (still used today) was used, where cellulose acetate polymers with
different acetylation and polymer chain length were used to cast membranes. The polymers
were dissolved in acetone making a viscous solution, which was then casted on a glass
plate with a doctor blade (Fig. 1.2A). The film was then dried for short period and then
immersed in ice water that contained magnesium perchlorate which acted as a pore
swelling agent. The immersion of the film in water resulted in diffusion and mixing of
acetone (a cellulose acetate solvent) with water (where cellulose acetate is not soluble)
leading to critical concentration build up and precipitation of cellulose acetate (Fig. 1.2B).
The nonhomogeneous mixing of acetone and water lead to formation of cellulose acetate
rich areas (which precipitate) and cellulose acetate poor areas (which form pores). The
diffusion-limited mixing of water and acetone resulted in formation of distinct concertation
gradients of cellulose acetate and water across the thickness of the polymer film. The
concertation gradient lead to formation of large pores at the top of the polymer film (the
surface directly in contact with the water solution), with pore size decreasing with polymer
depth where the polymer in contact with the glass formed a dense film, that could contain
very small pores or none at all. The final polymer film was removed from the glass and
either dried in air or soaked in water to remove excess solvent and ensure complete

precipitation. This process typically referred to as a phase inversion synthesis can be



extended to any polymer that can be dissolved in a solvent and be brought in contact with

a non-solvent and where the solvent and non-solvent solutions are miscible.
A Formation of Polymer Film B Polymer Precipitation C Formed Asymmetric Membrane
— " .
fﬁ(“/”‘/\ -g Water or precipitation bath Final Membrane
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Dense Polymer Film | Rejection Layer

Figure 1.2: Synthesis of asymmetric polymeric membranes: (A) A uniform film is
formed on glass plate surface by doctor blade method, where the doctor blade is
dragged over the film removing excess polymer solution. (B) The film is immersed in
precipitation bath forming porous membrane structure, where white is the polymer
rich phase and the blue is water rich phase. (C) The membrane is removed from the
glass plate and washed/dried forming the final asymmetric membrane.

Viscous Polymer/Solvent Film
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Today the most common membranes prepared with the phase inversion method are
polysulfone (PS), polyethersulfone (PES) and polyacrylonitrile (PAN) membranes.
Furthermore, to improve control of pore sizes, structural integrity, and chemical
composition of the membranes additives such as polyvinyl pyrrolidone (PVP) or
polyethylene glycol (PEG) are added into the polymer solution before casting. The addition
of these polymers can significantly improve structural stability and hydrophilicity of the
final membranes even at low loadings (1-5 wt%). °
1.2.2.2 Interfacial Polymerization, the King of RO

The interfacial polymerization is probably one of the most crucial membrane
synthesis techniques in membrane filtration today, as this synthesis alone is responsible for
the growth of RO and seawater desalination. Although Loeb was able to synthesis reverse

osmosis capable membranes using cellulose acetate and the phase inversion approach,
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these membranes had low permeability. Furthermore, the cellulose acetate used for these
membranes is bio degradable, which meant that bacteria would literally consume the
membranes during desalination, which adversely affected their performance. *° Although
other polymers were used to prepare RO membranes via the phase inversion method, they
were unable to achieve high permeability and salt rejection making it clear that a new
approach was required to prepare commercial RO membranes.

The answer to high permeability and salt rejection came in a form of interfacial
polymerization synthesis, which was developed independently by Cadotte and Riley at the
same time. 1112 The interfacial polymerization is similar to the phase inversion process,
with key difference being that the precipitation solution and polymer solution are
immiscible, with polymer precipitation occurring at the solution interphase due to
monomer/polymer crosslinking. The most common synthesis of RO membranes grows a
thin polyamide film on top of a support membrane (such as PS asymmetric membrane
described above). The synthesis starts with soaking of support membrane with an aqueous
solution containing m-phenylenediamine (MPD). The soaked support is immersed into a
hexane solution that contains trimesoyl chloride (TMC) (Fig. 1.3A). The TMC and MPD
are highly reactive and start to form a polyamide thin film at the interphase between the
hexane and water layer, making the RO rejection layer (Fig. 1.3B.) The prepared polyamide
thin film membranes (TFC) have shown excellent salt rejection and permeability qualities,

making them the gold standard in RO, and NF processes.
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Figure 1.3: Interfacial polymerization of polyamide thin films A) Showing the bulk
configuration, with an asymmetrical membrane filled with water + TMC solution,
and a TMC + Hexane solution on top of the membrane rejection layer. B) The close
up look of interfacial polymerization where TMC (shown in red) and MPD (shown in
black) diffuse to the Hexane/Water interface and react, forming the polyamide thin
film structure (shown in the red tinted area).

1.2.2.3 Stretching, the Application of Brute Force to Membrane Synthesis

Stretching is a commonly used methods to make filtration membranes, although it
IS not as elegant as that of Loeb-Sourirajan or the interfacial polymerization method, this
method does not require the use of solvents. Furthermore, this method made it possible to
prepare membranes out of polypropelyne (PP) and polytetrafluoroethylene (PTFE) which
cannot be readily dissolved in solvents (PTFE is insoluble, while PP requires highly
elevated temperature and harsh solvents (decalin and xylen at temperatures above 80-
100°C)), making most synthesis discussed above impractical.

The stretching technique was developed in 1970s by Celgard for production of
polyethalene (PE) and PP membranes for energy storage applications, but quickly found
its way into water treatment field. ** The stretching process is simple, but requires proper
understanding of polymer structure to form membranes with uniform porosity. The

stretching synthesis typically starts by extrusion of a polymer film out of desired polymer
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material. The film is then stretched in one direction in a cold state to nucleate (initiate pore
formation) the pores, after which the polymer is heated up and stretched again in
perpendicular direction to the first (cold) stretching direction, forming the final pore
structure (Fig. 1.4). 141 The formation of pore structure is reliant on the polymers ability
to form crystalline regions (i.e. where polymer chains have an ordered structure), which
provide the structural strength to keeps the polymers chains together (e.g. similar to a knot),
while the amorphous regions stretch forming the porous structure. Extended studies on the
impact of polymer molecular weight, stretching, and temperature impacts on membrane
structure and porosity have been performed using PP, polyvinylidene fluoride (PVDF), and
PTFE. %20 In general increased polymer weights leads to improved uniformity and
interconnectivity of the membrane pore structure, which has been largely attributed to
improved distribution of crystalline regions. The improvement in crystalline region
formation is further controlled by proper annealing (e.g. the polymers have to be heated
and cooled at controlled rates in order to induce polymer crystallization) of the materials
especially in the case of PP. ¢ Stretching has been a very useful method of membrane
synthesis, and is widely used in industry today to prepare membranes for application

ranging from gas purification, to water separation.
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Figure 1.4: Formation of porous films using stretching. (A) A hypothetical polymer
film with uniform distribution of crystalline regions (shown as diamonds) and
amorphous regions (shown as gray space). (B) First cold stretch (blue arrow) is
applied where pores (black lines) are nucleated. (C) Second hot stretch (red arrow)
(applied perpendicular to first cold stretch) is used to form final porous structure with
formation of additional pores.

1.2.2.4 Track Etching

Track etching is a commonly used technique to produce membranes with precise
pore structure and density, which are important parameters for biological, or medical
applications, but leads to overall high membrane cost. The strength of track etching is its
precise control over pore size formation which ranges from nanometers to microns in size,
and pore density which can range from a few to 10° pores/m?. The process is accomplished
by irradiating a polymer film with energetic heavy ions, which are bombarded at the
membrane material forming pores (Fig. 1.5 A). The control of pore size is dependent on
the ion source used, if single-ion scheme is used, then precise control of pore size can be
achieved through proper adjustment of aperture, where porosity is controlled by detecting
ion penetration, disabling the ion source, and moving the membrane sample to the next

13



pore position effectively printing the pores one by one. The single ion scheme allows for
precise pore structure and density control but can be very slow. Broad ion irradiation can
be used to speed up the process, where the ion beam is scattered and bombards the whole
membrane sample with pore size and density being controlled by irradiation time and
temperature.?1?2 The track etching process is sensitive to the polymers being used, where
polycarbonate (PC) and polyethylene naphthalate (PET) are the materials of choice, as they
are not resistant to strong oxidizers, while material like PVDF (resistance to strong

oxidizers) are rarely used due to long etching times.?%

A Single lon-Irradiation Setup B Electro Spinning Setup
Aperture
=z Polymer
D) = .
Eho o3| I Solution
3 | B
=
[g]
High Voltage Power
I Supply (1-100kV)

Figure 1.5: lon-irradiation and electrospinning setup diagrams. (A) The single ion-
irradiation setup used to make controlled single pores in a membrane, here an ion
source generates an ion beam, where an aperture is used to reduce this beam down to
individual ions, which then bombard the membrane forming the pore, once the ions
fully penetrate the membrane they are detected by the ion detector and the ion source
is switched off. (B) A typical electrospinning configuration, where a high potential is
applied between a metal needle that’s injecting polymer solution and grounded
collector surface, on which the fiber mat is formed.

1.2.2.5 Electrospinning
Electrospinning is a modern technique that can be used to produce highly porous
membranes.®2"2¢ The electrospinning process is simple in theory with most common

configuration using a metal injection needle to deliver polymer solution to a collector
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surface, where the needle is attached to a high voltage power source, and the collector is
grounded (Fig. 1.5B). Application of high electrical potential between the needle and
collector forms a strong electrical field, which forces the flow of the charged polymer
solution out of the injection needle and onto the collector forming a polymeric fiber matt.
The control of the polymeric fiber morphology (thickness, porosity, and structural
integrity) is accomplished through control of the applied electrical field, injection rate of
the polymer solution, solution viscosity, chamber temperature, and humidity. 2° The precise
control over the fiber morphology has attracted allot of interest in applying these
membranes for water filtration applications, ranging from microfiltration to membrane
distillation. 2839-3% Unfortunately, these membranes are in fact non-woven type matts,
where the fiber packing density controls the pore structure of the membrane, making it
difficult for synthesis of tight ultrafiltration membranes. However, these fibrous mats have
been found to be ideal for use as support membranes during interfacial polymerization for
preparation of TFC membranes (e.g. RO,NF and FO). %
1.2.3 The Driving Force in Membrane Filtration, and Operational Modes

The laws of thermodynamics govern all processes that have been developed today,
including membrane filtration. The separation of contaminants and water requires a driving
force that would drive the permeation of water through the membrane, while leaving
behind a concentrated waste. Classical membrane filtration has utilized a pressure gradient
across the membrane (i.e. trans membrane pressure) to force water permeation through it,
leading to development of dead-end and cross flow filtration operation. Recent introduction

of advanced water treatment processes (FO and MD) has introduced osmotic pressure and

15



thermal driving forces that lead to separation of water and contaminants, while introducing
a new operational mode where dual crossflow channel operation is typically used.

The membrane filtration process has multiple resistances to water flow. The first and most
obvious resistance is the hydrodynamic resistance to water flow through the membrane,
which is due to the presence of a torturous and constricted water path through the
membrane pore structure. The membrane porosity, pore size, and structure define the
minimum pure water membrane permeability which dictates how much water can flow
through the membrane at certain applied transmembrane pressure. The next important
resistance is the osmotic pressure difference between the feed and the permeate. The
osmotic pressure arises due to the presence of ions, organic molecules and/or colloids in
the feed water, and in general increases exponentially with their concentration. The
osmotic pressure will only impact the membrane process if the ion/molecules are being
rejected by the membrane and generate a difference in osmotic pressure between the feed
and permeate streams. The osmotic pressure difference then drives water flow from the
permeate to the feed channel, thus to force water flow from the feed to the draw a greater
pressure then the osmotic pressure difference must be applied. The osmotic pressure
difference generally impacts RO and NF processes the most as they generate large salt
concertation difference between the feed and the draw. The UF or MF process can be
affected by osmotic pressure as well when treating high concentrations of organic
molecules or colloids which can generate osmotic pressure. The osmotic pressure
difference is further exacerbated by formation of concentration polarization layer which

arises due to rejection of contaminants, and their limited diffusion back to the feed, in effect
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increasing their concentration at the membrane surface which further increases the osmotic
pressure difference. Finally, any buildup of organic and inorganic contaminants on the
membrane surface creates additional hydrodynamic resistance to water flow, requiring
higher operating pressures. These resistances have driven development of different
operational modes aimed at reducing the overall resistance to water flow.

The first and simplest operational mode is the dead-end operation typically seen in
MF processes, here the water or feed to be treated is forced through the membrane, leaving
any contaminants as a cake layer on the membrane surface, while allowing the treated water
or permeate, to permeate through the membrane entering the permeate channel (Fig 1.6A).
The dead-end operation is trivial to implement in theory, but leads to significant bottle neck
in operation as the buildup of contaminants on membrane surface leads to rapid decline in
performance, requiring either membrane replacement or cleaning step. Thus, dead-end
operation is typically used in very clean streams, with very loose membranes (MF), or
where the contaminants are a desired product (e.g. food products, medicine, etc).
Furthermore, dead end filtration is strongly impacted by osmotic pressure difference and
formation of concentration polarization layer which further reduces its efficiency.

The second operational mode typically used in UF, NF and RO is the cross-flow
operation. Herein, the feed is pumped across the membrane surface through the feed
channel which is generally pressurized and forces water permeation through the membrane
generating the permeate and leaving any rejected contaminants in the feed channel which
concentrate (Fig. 1.6B). The concentrated feed is referred to as a retentate (as it retains any

of the contaminants and untreated feed) and flows out of the feed channel to be further
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treated or disposed of. The clear advantage of cross-flow operation is ability to achieve a
steady state operation as contaminants do not accumulate on the membrane surface (i.e.
where no cleaning or interruptions in the process will occur allowing for continuous water
treatment), unlike dead-end filtration where eventually the process must be shut down due
to accumulation of contaminants. Furthermore, through use of high cross-flow velocities it
is possible to induce mixing of the concentration polarization layer and reduce its impact
on the process.

The third operational mode is result of recent development of the FO and MD
processes. Unlike the previous two mode of operation, these processes utilize two channels
with cross-flow configuration. The first channel is used for the feed as done in a standard
cross-flow filtration, except it is not pressurized. The second cross-flow channel is used for
a draw solution, which carries the permeate away from the membrane and is not
pressurized. The driving forces in these processes are also different from classical
membrane filtration. Forward osmosis utilizes osmotic pressure gradient between the feed
(low osmotic pressure) and draw (high osmotic pressure), due to the membrane being water
permeable (typically a TFC polyamide membrane with RO rejection properties is used)
water can diffuse through the membrane permeating from low osmotic pressure to high
osmotic pressure region (i.e. from dilute solution to concentrated solution) entering the
draw channel and diluting it. The dilution of the draw reduces its osmotic pressure and thus
it is crucial to quickly replace the diluted draw with a concentrated draw, which is
accomplished with a cross-flow. The advantage of FO is a simple process setup as no high

pressure pumps are required, and the use of a proper draw solution allows for treatment of
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feed with high salt content that RO is unable treat. The MD process requires a draw for
similar reasons, although there it is to maintain a constant temperature gradient across the
membrane and remove water vapor from the draw channel, with the details of this process

discussed in section 1.8.
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Figure 1.6: Operational modes of membrane filtration. (A) Dead end operation. (B)
Cross-Flow Operation. (C) Counter-crossflow operation (typically used for FO and
MD systems). The brown shaped objects represent contaminants.

1.3 Forces in Membrane Filtration, from Drag to DLVO and Beyond

The particulates, organics, and inorganic materials that are present in feed water
experiences larger number of forces during filtration, and these forces dictate if the
membrane will foul and at what rate. The most common forces that these fouling agent’s

experiences are fluid drag, electrostatic, van der Wall, and hydrophobic/hydrophilic forces.
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1.3.1 Fluid Drag Forces

The fluid drag forces arise from the fluid flow in the membrane module, for the
simplification of discussion we only going to consider here a cross-flow filtration unit. The
basic fluid dynamics dictate that any material in a moving fluid will experience a drag force
due to the material hydrodynamic radius and surface friction, where magnitude of the drag
is directly proportional to the particulate or macromolecule size. The fluid drag force is
ultimately a vector force, and can be split into the fluid force acting along the membrane
surface, and fluid drag force acting toward the membrane surface (Fig. 1.7A). The force
that is acting toward the membrane surface is responsible for membrane fouling as it
controls the foulant trajectory in the channel and how the foulants will interact with the
membrane surface. The particulate that is near the membrane surface is further impacted
by shearing force that is generated due to non-linear velocity gradient of water at the
membrane surface, which attempts to shear off and lift the particle in to the bulk flow
counteracting the drag force. These forces have been derived as early as 1965 by Saffman
and improved by many others throughout the years developing simple relationships for the
calculation of the drag and lift forces in filtration process. *¢-*° The shear force is typically
very weak unless a very high cross-flow velocity is used and thus the interaction force
between the membrane and a foulant are dominated by drag forces, electrostatic forces,

van der Wall forces, and hydrophobic/hydrophilic interactions.
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Figure 1.7: A) The fluid forces acting on particle in the filtration process, where Fadrag
is the fluid drag force, Fiitt is the shearing lift force. B) The electrostatic double layer
build up on charged surfaces, where their interaction leads to elevated ion
concentration and high osmotic pressure compared to the bulk solution, which leads
to repulsion.

1.3.2 The Classical DLVO

The interaction force theory that describes interaction between a colloid and a
surface has been developed by Derjaguin, Landau, Verwey, and Overbeek (DLVO) in early
1940s, and has become the cornerstone for predicting particulate and organic attachment
in transport processes, ranging from particulate transport in sand columns, to fouling in
membrane filtration systems.*-*° The basis of the DLVO lies in combining the electrostatic
and van der Wall forces. The electrostatics in water arise from the charged functional
groups (e.g. carboxylic groups which dissociate giving it a negative charge), which most
organics, colloids and surfaces have. The negative charge leads to ion build up on the
surface which attempts to neutralize the surface charge (following the electro-neutrality
principle) resulting in local increase in ion concentration (referred to as the electrostatic
double layer (EDL)) as well as leading to an electrical potential drop, which has classically

been modeled with Poisson-Boltzmann equation.
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The Poisson-Boltzmann (PB) equation attempts to predict the electrical potential
distribution near a surface by assuming that ions behave as point chargers, which
accumulate near the charged surface in an exponential manner, until the sum of all point
chargers (ions) neutralizes the surface charge. The PB equation has been shown to be an
adequate approximation for surfaces with low surface charges. However, it fails completely
once the surface charge approaches 200 mV where the point charge approximation begins
to predict that ions will occupy the same space, which is physically impossible. The size
effect has been accounted for with various version of modified Poisson-Boltzmann (MPB)
equation which accounts for the steric size of ions. °®>% The solution of PB or MPB
equation allows for prediction of ion concentration distribution near the charged surface
which is required for calculation of the electrostatic repulsion force.

The electrostatic repulsion occurs if two similar charged surface start to approach
each other, when the two surfaces are far apart and EDL layers are not interacting there is
no repulsive force. However, when the two surfaces approach each other and their EDL
layers interact it results in a local elevated salt concertation and osmotic pressure (Fig.
1.7B). The increase in osmotic pressure results in a force that tries to push the two surfaces
apart (e.g. high osmotic pressure leads to a driving force that pushes water molecules
between the surfaces leading to their repulsion). Thus, the electrostatic force is strongly
affected by the ionic strength (i.e. salt concentration) of the solution, where high ion
concentrations reduces the overall osmotic pressure difference leading to a reduced
repulsive force. One of the most common forces that counters the electrostatic repulsive

force is the van der Waals attraction force.
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The J.D. van der Waals in 1873 postulated that there are residual attractive and
repulsive forces that lead to interaction between atoms and molecules. The van der Waals
forces arise from quantum interactions, and are typically due to presence of a permanent
dipole (i.e. Keesom force), forces between a permeant dipole and an induced dipole (i.e.
Debye force), and force between instantaneously induced dipoles (i.e. London dispersion
force). The van der Waals forces are short length interaction forces, but are very strong at
nanometer separation distances and dictate if adhesion would occur. One of the most
commonly used equation for predicting van der Waals force of attraction between particles
has been derived by Hamaker and is commonly used in DLVO calculations.>® This
additional force is the second force in classical DLVO theory, however it does not account

for the hydration or hydrophobic forces that are unique to aqueous solution.

1.3.3 The Hydration and Hydrophobic Forces

The DLVO theory has been successful at describing interactions at long separation
distances, but it fails to account for near surface interactions where separation is less then
several nanometers. Furthermore, the classical DLVO theory does not account for effect of
hydrophilicity and hydrophobicity, which have been shown to be important factors in
membrane fouling.

The salvation (or hydration force) and hydrophobic force arise due to the surface
chemistry and its interaction with the solution on molecular level. The hydration force is
the most controversial force of the two, as currently no explicit mechanism has been agreed
on. The basic concept of salvation force emerged when forces between neutral lipid bilayer

membranes were observed, with DLVO being unable to explain these forces. *°° The
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hydration force is assumed to occur due to formation of ordered molecular layers at a
material surface made of water molecules, which must be pushed out of the way when the
two surfaces come in contact. The physical mechanism however is still being disputed,
some have suggested that it is due to anomalous polarization of water near the interface,
leading to formation of a water layer. 62 However, other authors have suggested that the
repulsion is due to thermally excited molecular groups that protrude from the surface,
leading to steric repulsion 84 The hydration force however is an important part of foulant
adhesion to surfaces, especially in systems where electrostatics and van der Waals forces
are negligible.

The hydrophobic force is probably one of the most commonly considered forces in
membrane filtration, as most membrane surfaces are quite hydrophobic which has
prompted allot of work aimed at increasing their hydrophilicity. The hydrophobic force
arises due to hydrophobic surfaces not having polar or ionic groups, which prevents the
surface from hydrogen bonding with water. Water always tries to form hydrogen bonds in
order to minimize its energetic state, however the water layer near a hydrophobic surface
is unable to form hydrogen bonds with the surface. The inability of water to form hydrogen
bond leads to local high free energy state of water, compared to the bulk. Thus, when two
hydrophobic surfaces start to come close together the increased free energy state of water
in the gap promotes the water to flow out into the bulk in order to minimize its energetic
state, leading to an attractive force that “pulls” the two surfaces together. The presence of
hydrophobic force has been experimentally measured with long interactions extending up

to 10 nm. %7 Currently there is no complete theory for hydrophobic forces, but several
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have been created based on overlapping solvation zones, or coalescence of vacuum gaps.

68,69

1.3.4 The Steric Forces

Steric forces are different in nature from all the forces described previously as they
arise from a physical (mechanical) interaction between molecules. Surfaces in water can
be coated with molecular chains which will either be strongly adsorbed to the surface, or
attempt to move away from the surface and freely “dangle” in the media, minimizing their
entropy. When two surfaces coated with such dangling molecular chains start to approach
each other and the chains begin to interact their movement becomes confined and increases
their entropy. The increase in entropy then will lead to a consequent repulsive force as the
chain will try to push the two surfaces apart. The magnitude of the repulsive forces depend
on a surface coating density, type of molecular chains, and solvent interaction with the
surface and polymer chains.’”® The complex relationships between these variables has made
it challenging to develop comprehensive theory, although several theories for surfaces with

low and high coverage of molecular chains have been considered. /%74

1.4 Fouling in Membrane Filtration

Fouling is one of the crucial problems that membrane filtration faces today, and has
been studied since the inception of the modern membrane filtration process in 1960s.
Membrane fouling is in effect an issue that cannot be solved with a single approach and
requires multi-faceted solutions, where membrane chemistry, operational conditions, and

feed water modifications are required to achieve good performance. However, even after
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development of large number of membrane materials, modifications, and process
optimizations the operation in real water conditions (e.g. industrial applications) will result
in inevitable membrane fouling requiring membrane cleaning and eventual replacement.
Thus, ultimately the goal of all fouling control methods is to slow down fouling rates,
reduce the frequency of cleaning cycles, and increase membrane lifespan. However, before
these methods are presented it is of utter importance to understand the basics of membrane
fouling, which is indisputably a complicated process, however large number of careful
studies have been performed extracting the primary mechanisms of membrane fouling

which will be briefly covered bellow.

1.4.1 Pore Blocking and Constriction

Pore blocking and constriction are the first fouling events and the most frequent
fouling modes that affect porous membranes (e.g. UF and MF). ">" Pore Blocking occurs
when a fouling agent such as colloid, bacteria, or organic molecule will physically deposit
on membrane surface leading to complete or partial pore closure (Fig. 1.7A). However,
pore constriction occurs due to adsorption of fouling agent to the pore wall, leading to pore
diameter reduction, where the adsorption is driven by either or combination of electrostatic,
van der Waal, chemical (e.g. chemical bonding) or physical interactions (Fig. 1.7A). The
pore blocking and pore constriction fouling events primarily occur on membranes that are
treating fouling agents with similar size scale as the membranes pore structure. Thus, pore
blocking and constriction can be prevented by utilizing membranes with pores that are
much smaller than the fouling agents leading to overall lower fouling rates, although this

can lead to enhanced cake layer formation and gel layer formation discussed below. It
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should be further noted, that all membranes have a pseudo-porous structure, even dense
TFC membranes such as RO have nano-sized pores (<1.5 nm in diameter) which can
experience pore blocking with small organic molecules (as shown by poor rejection of
NDMA and other non-charged organics). However, these impacts have been typically
ignored as most studied organics have much larger size then the pores in RO or NF

membranes. 880

A Pore Blocking and Constriction water | B Cake Layer Formation
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Figure 1.8: Pore blocking and cake layer formation. (A) From left to right, partial
pore blocking, complete pore blocking and pore constriction. (B) Cake layer
formation showing the torturous water path. (C) Filter-aid formation, where the inert
foulant layer prevents active foulants from interacting with membrane surface
(shown on left), making it easy to remove the cake layer with a simple back flush
(shown on right). (D) Over-clogging of the cake layer which further increase
tortuosity of the cake. Inert foulants are shown as blue spheres, and active foulants
are shown as brown blobs.

1.4.2 Cake Layer Formation
The cake layer formation occurs in all membrane filtration processes where
colloidal or particulate material is being removed. During filtration, particulate will build

up on the membrane surface and start to accumulate forming a cake layer until an
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equilibrium is reached. The equilibrium is reached when the fluid flow shearing the
particles of the cake layer becomes greater than the force that pulls the particulate to the
membrane surface. Regardless if the equilibrium is reached or not, the formation of the
cake layer creates a resistive and torturous pathway for water flow (typically called the
cake layer resistance) and results in lower permeate fluxes. The cake layer formation is
further affected by the type of foulants that form it. The cake layer formation can act as a
“filter-aid”, where the first particulate layer that deposits on membrane surface is inactive
(i.e. the foulants do not interact with or irreversibly attach to membrane surface) preventing
“active” foulants (i.e. those that can irreversibly attach to membrane surface, or chemically
alter it) from interacting with membrane surface, making it easy to remove the fouling layer
during cleaning with high cross-flows, or back flushing (where water is forced backwards
through the membrane) (Fig 1.8C). 81%2 However, the filter-aid does not always form as
most real waters (e.g. surface waters, waste waters, etc) contain both active and inactive
foulants randomly mixed in and thus the cake can become irreversibly attached due to
deposition of active foulants first.83# Furthermore, in most real waters over-clogging can
occur, where small fouling agents can penetrate the porous structure of the cake layer,
clogging the open pores and increasing the cake layer density and resistance to water flow
(Fig. 1.8D). ® The cake layer formation is one of the most prevalent fouling mechanisms
in membrane filtration, regardless if its MF or RO, leading to increased operating pressures

and reduced permeate fluxes.
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1.4.3 Gel Layer Formation, Macromolecules and lon Bridging

The gel layer formation is caused by buildup of macromolecules near a membrane
surface, and impacts all membranes process that are removing macromolecules from the
feed. During filtration macromolecules build up near the membrane surface forming a
concertation polarization layer. 8 Once the critical concentration is reached the
macromolecules can form a gel layer which has very low water permeability. The gel
formation point is directly related to the permeate flux where a clear fouling event can be
observed at a “critical flux point” (i.e. bellow the critical flux the system can operate with
no change in permeability for extended periods of time, but once the critical flux is
surpassed rapid permeability loss is observed). The gel formation can be intensified by the
presence of divalent ions (Ca*?) in the solution, as they can effectively crosslink the
macromolecules, or lead to “bridging”, where macromolecules are chemically bonded to
membrane surface via the divalent ions.®-°° The ion bridging can lead to rapid and almost
irreversible membrane fouling, forming dense and cohesive gel layers. The most common
macromolecules that participate in gel formation and bridging are natural organic matter
(NOM), extracellular polymeric substances (EPS), sodium alginates, and humic acids
which are also most common substances that are found in surface waters and wastewater

sources.
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1.5 Fouling Prevention of Organic Molecules Using Hydrophilicity and Surface
Charge

Membrane modification is probably one of the most commonly researched methods
for fouling control with primary goals being focused on increasing membrane surface
hydrophilicity and surface charge. °**° The UF and MF membranes are commonly made
from PS, PVDF, PAN and PTFE which are in general hydrophobic and due to their low
surface energy water cannot strongly bind to the surface allowing for hydrophobic foulants
to easily adsorb. Studies performed on a modified PS membranes with different
hydrophilicities have shown that the membrane fouling increases with decreasing
hydrophilicity (i.e. increase in the water contact angle with membrane surface). *® This
observation has led to a large effort to increase membrane hydrophilicity through various
methods ranging from polymer modification before synthesis, blending of polymers during
the membrane synthesis, or coating membrane surface with polymeric films. 91-%°

One of the most commonly practiced methods of modification on industrial scale
is blending, where a hydrophilic polymer is added to the casting solution. The most
commonly used polymer is PVP. The PVP is a highly hydrophilic polymer that acts as
micro pore forming agent during membrane casting.®”%® Although PVP readily solubilizes
in water, a small quantity of PVP gets trapped in the polymer matrix of the membrane,
increasing its hydrophilicity and improving fouling resistance. %1% Unfortunately, it has
been found that membrane treatment with bleach or sodium hypochlorite, which are

commonly used for membrane cleaning, leads to PVVP oxidation and results in eventual loss
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of surface hydrophilicity.1921%2 An alternative method to blending is surface coating, where
a polymer film is deposited on the membrane surface.

Surface coatings are a popular method of membrane modification as it is simple to
execute, readily scalable, and can be applied to most membranes post fabrication. The most
commonly used hydrophilic polymer is poly (vinyl alcohol) (PVA) as it is environmentally
friendly, readily coats and adsorbs to surfaces, and is highly hydrophilic. Although attempts
at making pure PVA membranes have been made with some success for application
ranging from MF to RO, their industrial implementation is limited by PVA swelling which
results in reduced permeate fluxes and changes in rejection properties. 1% However, PVA
has found wide application as an antifouling coating applied to membranes ranging from
MF to RO demonstrating reduction in fouling of proteins (e.g. BSA) and natural organic
matter (e.g. humic acids, or real waters). 1% The success of PVA coatings can be
attributed to the simple modification process, where simple dip-coating of PVA can lead
to adsorption of PVA film on a membrane surface. The PVA layer can be readily
immobilized (as it can solubilize in water) through simple heat cycling which crystalizes
the PVA (making it insoluble in room temperature water), or through chemical crosslinking
with glutaraldehyde or formaldehyde leaving a robust film on the membrane surface.
103,109.110 The simplicity and success of the process has prompted PVA coating utilization
in industry, primarily for RO and NF membranes, 11113

Fouling resistance of membranes can be further improved through control of
surface charge. Most organics and colloids in waters are negatively charged due to presence

of carboxylic groups which dissociate in water. The negatively charged foulants in water
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can then be repulsed by a negatively charged membrane surface preventing fouling.1t417
. These observations have prompted allot of work focused on increasing membrane surface
charge, and specifically giving them a negative charge. 1'81%* The typical approaches
include use of charged polymers during membrane synthesis such as sulfonated PS, where
the sulfonate group provide a negative charge, or modification of polymer such as PAN
with a charged functional group such as styrenesulfonate before casting. 11812°
Alternatively the membranes can be dip coated with a charged polymer and then
crosslinked, as has been done with PS membranes that were coated with propane sultone
and propylene oxide following a crosslinking process to immobilize the charged groups.
119121 The most commonly researched technique today is polymer grafting where a
membrane surface is “activated” through irradiation with a UV light or plasma treatment
allowing for a crosslinking of a negatively charged monomers to the membrane surface. 122
In all cases the increase in negative surface charge reduces membrane fouling with charged
proteins, and organics typically found in water. However, the negative charge can increase
fouling with positively charged compounds, a case which can occur in industrial waste
waters. Fortunately the same techniques as described above can be used to give membranes

a positive charge using functional group such as trimethyl ammonium. 12

1.6 Electrokinetic Fouling Prevention
The electrokinetic fouling control method is probably one of the first active fouling
control methods developed in membrane filtration. 12’130 The novelty of the electrokinetic

method is application of an external force that pushes foulants away from the membrane
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surface, preventing their adhesion and consequent fouling. The electrokinetic fouling
control relies on electrophoresis, where an electrical field applies a force on a charged
molecule or particle causing it to move in water. The electrical field is generated by placing
two electrodes in parallel and on opposite sides of a membrane. Application of a DC
potential across the electrodes generates an electrical field that pushes the foulants away

from the membrane surface, preventing fouling (Fig 1.9).

Positive

Retentate
Out

Permeate Out
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Figure 1.9: Electrokinetic fouling control configuration with positive (red plate) and
negative (black plate) electrodes placed in parallel with the membrane surface,
generating an electrophoretic force perpendicular to the membrane.

The electrokinetic fouling control saw great success at preventing fouling of
colloids and organics such as TiOg, juice, and bacteria. 27131713 However in almost all
cases to reduce fouling strong electrical fields had to be applied on order of 10-200 V/cm
for colloidal foulants, and on order of 100-1000 V/cm for organic foulants. 127131134135 The
application of such high potential fields resulted in high current demand, although
generally power consumption data was not presented, earlier papers reported power
consumption on order of 5-20 kw/m?. 127131 Fyrthermore, if the electrodes were not
properly insulated the application of large potentials lead to formation of anodic and

cathodic reactions that could lead to rapid electrode degradation. One of the outliers of
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electrokinetic process was fouling prevention in bioreactors in which application of small
electrical fields (<6 V/cm) improved system performance by preventing adhesion of
activated sludge to the membrane surface. *213 The significant improvement in these
systems was attributed to better electrode placement configuration, and impact of electrical
field on the activated sludge behavior.

The primary challenge electrokinetic filtration faces is the configuration of
electrodes and high power demand. The electrophoretic force is directly related to the
magnitude of the applied electrical field which is controlled be the electrode separation
distance and magnitude of the applied electrical potential. The membrane thickness and
required space for water flow in the feed and permeate channel results in a minimum
electrode separation of roughly 1 cm and thus to generate a 100 V/cm electrical field a 100
V potential difference between electrodes would have to be applied. The high potential
results in high energetic consumption as the electrodes can participate in electrochemical
reactions. The resulting complexity of the design and high energetic cost in the end have
prevented implementation of the electorkinetic fouling control methods for industrial and
general water treatment applications. However, the electrokinetic fouling control has
shown to be effective during pilot scale studies of biopolymer and concentrated slurry

separation, application where water treatment is especially challenging. 136137

1.7  Treatment of Oil Emulsions
Oil emulsions are probably one of the most challenging contaminants to remove

from water. Although in general oil is thought of being immiscible in water it can form
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small oil droplets (i.e. oil emulsions). The oil droplets are stabilized through presence of
naturally occurring surfactant agents, that give the oil droplets both electrostatic charge,
hydrophilic surface (i.e. surfactants), and/or provide a steric hindrance that prevents their
coalescence. Crude oil emulsions that are commonly present in produced water and flow
back water generated during drilling operations are stabilized through presence of
asphaltenes, carboxylic acids, and napthanic acids that contain both hydrophilic charged
groups and hydrophobic groups. ¥ In general the hydrophobic groups partition into the
oil phase, while the hydrophilic groups remain on the oil droplets surface preventing their
coalesce or aid in attachment to hydrophilic surfaces. Furthermore, the oil droplets range
in size from tens of nanometers to microns, and can remain uniformly distributed
throughout the solution for extended periods. Thus, water that contains oil emulsions
require extensive treatment before it can be discharged in to the environment.

The treatment of oil emulsions and their removal from water is not trivial and is
typically dictated by the size of the oil droplets and water chemistry. %141 The large oil
droplets (>150 um in size) can be removed using classical API gravity separator, while the
midsize droplets (150-10 um) require use of advanced and energy intensive processes such
as induced gas floatation (drop size >25 um) or a hydrocyclone (drop size >10 um).
Droplets with size bellow 10 um require use of centrifugation, mesh coalescence or media
filters, and out of the three only centrifugation can remove droplets with size near 2 um.
The largest drawback of all these technologies is their inability to guarantee permeate
quality, as the removal efficiency is strongly affected by the feed water quality (e.g.

salinity, surfactants, temperatures) and proper unit operation (e.g. prone to operator errors).
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Membrane filtration is the only technology that can guarantee removal of all oil droplets
with a certain size and achieve desired permeate quality, where membrane pore size
dictates the size and efficiency of oil drop removal. Unfortunately, filtration membranes
experience rapid fouling during treatment of oily waters, resulting in irreversible loss of
membrane permeability and requiring aggressive cleaning or entire membrane
replacement.

Oil fouling in membrane filtration is an issue with no single solution, as the fouling
is dependent on both the oil drop-membrane interaction and the oil drop-oil drop
interactions, where the membrane properties and feed water properties dictate how the
membranes fouls. The oil fouling mechanisms are further complicated by the fact that oil
drops can behave as particulate foulants and transition to behaving as a liquid (e.g. similar
to gel-layer fouling). Oil droplets in the initial stages of filtration and/or when they are
particularly stable exhibit pore constriction, pore blocking, and cake layer fouling
mechanisms.1*2 These fouling mechanisms are further complicated by the fact that the oil
drops are liquid, allowing them to deform, spread, and coalesce (where two oil drops
combine to from a larger drop). The oil droplets that contact the membrane surface (after
overcoming the repulsive forces) will naturally wet it so as to minimize the oil drops
surface energy. %3144 The wetting of the membrane surface with oil can lead to oil diffusion
into the membrane polymer structure as most membranes made from PS and PAN are not
chemically crosslinked. Thus, the wetting can result in irreversible change of membrane
hydrophobicity, chemical structure, and lead to pore blocking. Furthermore, the stabilizing

agents such as napthanic acids and ashpaltenes can act as surfactants allowing oil to interact
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even with oleophobic and hydrophilic membranes leading to their wetting and irreversible
loss of permeability.

The challenges of treating oil does not end with oil drop-membrane surface
interaction. The filtration of oil droplets leads to a formation of a cake layer on the
membrane surface, which can transform into an oil film due to coalescence. The cake layers
are initially made up of individual oil droplets and behave similarly to colloid cake
layers.®® The cake layer however can go through a transition where the oil droplets
coalesce.'*® Coalescence of oil is driven by the pressure drop across the cake layer, van der
Waal, and hydrophobic attraction forces that push the oil droplets together, while
electrostatic and steric interactions keep the oil droplets apart. Once the electrostatic and
steric forces are overcome the oil droplets come in contact and coalesce to minimize their
surface energy (e.g. the surface area per volume of oil will decrease with each coalescence
event reducing their surface energy (due to reduction of the number of oil molecules
interacting with water)). The coalescence of the oil droplets results in a formation of an oil
film, which is impermeable to water flow and leads to a rapid decline in permeate flux. The
formation of the oil film can further lead to complete membrane oil wetting, an event that
generally requires complete membrane replacement.

Oil fouling prevention has been primarily approached via control of membrane
surface properties to increase their resistance to oil wetting and adhesion. The primary
approaches have been focused on increasing membrane oleophobicity and hydrophilicity
using either blending or surface modification approaches. PVDF membranes have good

resistance to sorption of oil and can be readily casted using the phase inversion process
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allowing for their modification via blending. Large number of polymers have been used to
modify membranes ranging from simple polymers such as poly(methacrylic acid) (PMMA)
and sulfonated poly(carbonate) (SPC) to exotic amphiphilic copolymers. 147-14° Blending
with simple polymers such as PMMA and SPC yielded membranes with good hydrophilic
surface and contact angles with water on order of 40-50 degrees. However, these polymers
have poor compatibility with PVDF leading to inhomogeneous polymer distribution and
allowing for partial membrane fouling. The use of amphiphilic polymers attempts to solve
the problem of inhomogeneity as these polymers have compatible hydrophobic groups that
partition in PVDF and hydrophilic groups that partition on membrane surface,
demonstrating improved fouling resistance to oil. Surface modification has also been
utilized, with most approaches been focused on grafting either polymer groups with low
surface energy, or zwitterionic polymers which yielded increased resistance to oil adhesion
and fouling. 0151

The final group of membranes have been prepared from novel polymers and
nanomaterials that exhibit super-oleophobic and super-hydrophilic properties. The super-
oleophobicity and super-hydrophilicity are only attainable through synthesis of membranes
with proper materials and micro-structured surfaces which amplify their hydrophilic and
oleophobic properties.!®® There are two accepted models that describe the super
hydrophilicity/oleophobicity of a surface. The Wenzel model where the microstructure is
in full contact with the wetting fluid, and Cassie-Baxter model where the wetting fluid is
suspended over the surface by the microstructures. The amplification of the

hydrophilicity/oleophobicity is due to increased surface area of the material and inclusion
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of physical “locks” that lock the fluid in place preventing it from spreading across the
surface. In either cases the microstructure must be ordered and well defined to exhibit these
super-oleophobic and super-hydrophilic states. Finally, it should be noted that it is
significantly easier to prepare an underwater super-hydrophilic and super-oleophobic
surface then in air due to the large difference in surface tensions between water and air.
Regardless of these challenges many super-hydrophilic and/or super-oleophobic materials
have been prepared with aim to remove oil emulsions from water.

Majority of super-oleophobic and super-hydrophilic membranes prepared to-date
are large microporous meshes, which although exhibit incredible hydrophilic and
oleophobic properties cannot reject real oil emulsions with droplet size bellow several
microns. Such meshes were prepared by growing silicon nano-wires on meshes, oxidizing
copper meshes, coating of meshes with polyacrylamide hydrogels and various other
materials deposited or grown on mesh substrate.’®2-1%¢ Electrospinning has shown some
promise at synthesizing membranes with sub-micron pore structures and producing true
MF membranes for oil-water separation. Through electrospinning of polyvinylidene
fluoride-co-hexafluoropropylene it was possible to create a super-oleophobic membrane
that showed good results at removing micron sized oil droplets from water and showing
limited fouling, achieving removal of up to 99% of corn oil, gasoline and motor oils.
Unfortunately, this membrane was not able to effectively treat crude oil emulsions with
rejection of only 90%.%7 Alternative method of preparing super-oleophobic membranes
was demonstrated by forcing formation of microstructures in the polymer during the

casting process. One such instance was demonstrated through addition of ammonia to
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PVDF casting solution, which caused local microphase separation during the phase
inversion casting process resulting in formation of PVDF spherical clusters. **® These
membranes demonstrated high fluxes and good separation of surfactant stabilized oils
achieving separation of up to 99%, however even these membranes showed slow loss of
permeability. Even though large number of membranes have been prepared for oil
separation over the last two decades, to this date none of the membranes could solve the
issue of oil fouling, which alone highlights the challenge of treating oily waters with
membranes and promoted interest in use of magnetic Pickering emulsions as an alternative
treatment method.

The Pickering emulsion formation has been observed as early as 1903 when it was
found that fine particles would assemble at water and oil droplet interface, leading to oil
drop stabilization.*® Since then Pickering emulsions were prepared for a large number of
applications using variety of nanoparticles ranging from silica to magnetite. 16165 The
Pickering emulsion formation is driven by the solvation and hydrophobic forces, where a
nanoparticle that has both hydrophobic and hydrophilic groups minimizes its energy state
by partitioning to the oil/water interface. % This driving force leads to spontaneous
formation of Pickering emulsions when nanoparticles are added to oil emulsions making
them simple to prepare. The simplicity of Pickering emulsion preparation and the low cost
of magnetic nanoparticles has attracted allot of interest in their utilization for oil emulsion
treatment. The general concept is to use magnetic nanoparticles to coat oil droplets in water
and then concentrate them using a magnetic field. 163164166167 Fyrthermore, sufficiently

strong magnetic fields can separate the nanoparticles from the oil allowing for their re-use.
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186 However, magnetic Pickering emulsions for oil/water separation have seen limited
industrial application due the rapid decay in magnetic field strength away from magnetic
surfaces. This limitation has made it challenging to collect the Pickering emulsions from
vast quantities of oily waters and thus limited their application. Furthermore, the magnetic
Pickering emulsions treatment process just like the classical separation processes does not

guarantee complete oil removal.

1.8 Treatment of Saline Brines with Membrane Distillation

The global climate change is reducing the availability of water in many regions,
causing extended droughts. The water shortages have prompted allot of areas to consider
treating non-conventional waters such as saline produced waters (e.g. produced water for
Marcellus shale) and brine waste from seawater desalination. Furthermore, land locked
regions are starting to look at treating saline ground water, where discharge of brines can
be a challenge. Although RO is a de facto treatment technology for seawater it is unable to
treat high salinity brines as the osmotic pressure rapidly increases with salt content, 168169
This has promoted allot of interest in developing thermally drive membrane distillation

process, which is not strongly affected by salt content.

1.8.1 Membrane Distillation Operation

The membrane distillation process utilizes a hydrophobic membrane as a vapor
forming interface, which typically separates the hot feed and cold draw solutions, where
the difference in temperature between the two solutions drives water vapor formation and

transport. 1’° The difference in temperature is required to maintain vapor transport through
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the membrane, where the water vapor forms at the hot feed/membrane interface, diffuses
through the membrane and condenses at the cold draw/membrane interface. During the
operation, the hot feed cools down due to the enthalpy of vaporization of water, and due to
conductive heat transfer through the membrane, while the cold draw warms up due to water
condensation and conductive heat transfer. These heat transfer processes result in thermal
polarization in both the direction away from membrane surface and along the membrane
surface, leading to reduced vapor pressure and permeate flux. To combat these thermal
losses multiple modes of operation have been developed, where simplicity is sacrificed for
reduction in thermal losses and increased permeate flows.

The direct contact membrane distillation (DCMD) is the simplest and most
commonly utilized operational mode, herein the hot feed water flows through the feed
channel and is in direct contact with the membrane, while a cold water draw solution flows
in counter current configuration through the draw channel and is also in direct contact with
the membrane surface. The water vapor forms at the hot feed/membrane interface and
diffuses through the pores where the vapor condenses at the cold water/membrane
interphase and is carried away by the draw water. To maintain high performance, typically
high cross flow velocities are used for both feed channel and the draw channel leading to
reduced thermal polarization. Although DCMD is simple to configure its suffers from heat
loss by conduction. To reduce thermal losses due to conduction sweeping gas membrane
distillation (SGMD) configuration can be used. Herein the draw water is replaced by inert
gas that sweeps the vapor away from the membrane, and the vapor is condensed outside

the cell. The SGMD requires high gas flow rates to maintain low water vapor concentration
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in the feed channel, which maintains high vapor diffusion rates through the membrane.
However, this leads to the need for high area condensers to remove the vapor from the gas
stream which can be expensive to operate.

The air gap membrane distillation (AGMD) is designed to reduce thermal losses
due to conduction. Herein the feed operates in same manner as in DCMD and is in direct
contact with the membrane. However instead of a water draw solution there is an air gap
between the membrane and a cooling plate. The vapor still forms at the hot feed/membrane
interface but now it diffuses through the membrane and the air gap and then condenses on
the cold plate where the condensate flows out by gravity. This configuration however
suffers from diffusion limitation as the vapor must diffuse through the membrane and
stagnant air, leading to strong vapor concentration polarization effect and reduced permeate
flows. An alternative configuration is vacuum membrane distillation (VMD), where the
draw channel is put under vacuum, removing the water vapor from the draw channel, with
the vapor being condensed outside the cell similar to SGMD. The VMD operation solves
the vapor diffusion limitation present in AGMD operation, the vapor polarization in
SGMD, and conductive heat transfer losses present in DCMD. However, the VMD process
is highly dependent on applied vacuum pressure which can promote membrane wetting (as
liquid water can be pulled through the pores of the membrane) and the cost of vacuum

operation can make the overall process expensive.
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1.8.2 Membrane Distillation Challenges

MD is a very promising technique for treating saline waters, however it must
overcome many challenges before being used successfully on industrial scale, including
fouling, membrane wetting and scale up problems.
1.8.2.1 MD Fouling and Wetting

MD faces same fouling problems that typical membrane filtration faces ranging
from pore blocking to cake layer formation. Furthermore, MD membranes must be
hydrophobic as to prevent water entry into the pores and thus they have very little to no
electrostatic charge leading to high fouling rates when treating water with colloidal and
organic foulants. The adherence of foulants to the membrane surface, pore blocking and
cake layer formation leads to reduced water vapor flux due to reduced number of open
pores. 11 Furthermore, the buildup of the cake layer adds additional thermal resistance,
which reduces the temperature at the vapor-forming interface, leading to lower permeate
fluxes. 12 One further problem MD faces during fouling is membrane wetting. Adsorption
of organic molecules to MD membrane pores can lead to membrane hydrophilization,
which can result in water entering the membrane pores (i.e. pore wetting). The pore wetting
results in loss of rejection as dissolved salts and contaminants can pass through the
membrane, as well as lead to reduced permeate fluxes.!’® Finally, the biggest challenge for
MD is that the membranes cannot be modified using classical methods as the pore structure
has to be hydrophobic thus fouling prevention is limited to feed pretreatment, or using

materials that have such low surface energy that foulants cannot irreversibly attach.
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1.8.2.2 Scale up Challenges

MD is an energetically intensive process due to high enthalpy of vaporization of
water. The thermal energy in MD is delivered through pre-heating of the feed and is reliant
on the heat capacity of the water to transfer the energy from the heating unit to the actual
vapor forming interface inside the membrane module. The vapor formation and the
conductive heat transfer through the membrane lead to rapid cooling of the feed water and
loss of the thermal driving force, which results in reduced vapor formation rate.
Furthermore, this leads to rapid heating of the draw, especially in DCMD and SGMD
operational modes, which requires use of high cross-flow velocities to maintain the
temperatures gradient across the membrane module. Due to the high cross flows in MD
large quantities of thermal energy get trapped in feed and draw outflow streams, requiring
use of heat exchangers to recover the heat from the warm draw and transfer it to the cool
feed. Furthermore, the high cross flow velocities result in low single pass recoveries, with
theoretical maximum being 6.5%, but in practice, the actual recoveries can be much lower.
174 This has led to complicated MD plant designs, which leads to high capital and
operational costs.

The goal of MD process is to treat highly saline brines, and recover as much water
from the saline brines as possible, thus the overall recovery rates of at least 50% should be
archivable, but cannot be accomplished with a simple single pass process normally used in
membrane filtration. The low single pass recoveries of MD can be overcome with a batch
or psudo-batch operation. The batch MD process utilizes complete recirculation of the feed,

which is recirculated until the desired recovery has been achieved, upon which the
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concentrated feed is disposed of and replenished with the fresh feed. The pseudo-batch
operation is performed by recirculating the feed, but allowing it to concentrate until desired
recovery rate is achieved, upon which some of the feed gets bled off, and replenished with
new feed in a steady-state manner allowing for continuous operation. Regardless both
processes imply that all the feed modules, pipes, pumps and heat exchangers operate at
final recovery salt concentration (e.g. if the desired recovery is 50% and the starting feed
salt concentration is 50g/L then the final recovery salt concentration is 100 g/L). The high
salt concentrations and elevated temperatures can lead to scaling, increased fouling rates
and rapid corrosion of metals, requiring use of Nickle Alloys, which increase the overall
process capital costs. 1”® An alternative configuration that can achieve higher recovery rates
is cascade configuration where the feed is passed through multiple membrane modules in
series, with a heat exchanger and heater in between every module unit.}’® The advantage
of cascade operation is that not all modules and heat exchangers would be operating at final
recovery salt concentration, but instead salt content will increase from one unit to the next.
However, since multiple heat exchangers and heating units would have to be used the
construction and operation of such process will be much more complicated than the
pseudo-batch type operation. The high capital and operational costs have so far limited the

implementation of MD on industrial scale.

1.9 Summary of Dissertation
The dissertation presents synthesis and application of nanomaterial based thin-film

coatings for enhancement of membrane filtration processes. The goal of the thin-film is to
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actively address or take advantage of a mechanism that can improve the overall membrane
filtration process. It is demonstrated that via careful selection of proper nanomaterials and
their assembly into a thin-film it is possible to actively control the membrane fouling
behavior and the driving forces in the membrane filtration processes. The performance of
the nanomaterial based thin-films is explored using experimental filtration systems, where
the results are explained through theoretical models that quantitively or qualitatively
predict observed experimental results.

Chapter 2 presents the application of conductive carbon nanotube (CNT) thin-films
for fouling prevention of charged organic molecules. The CNT films were prepared
through pressure deposition of CNTs onto UF membranes, and crosslinked with PVA,
forming highly conductive and stable films. It is shown that application of low electrical
potentials to CNT film prevents membrane fouling when treating high concentration of
sodium alginate solutions and synthetic wastewaters. The solution of modified Poisson-
Boltzmann equation demonstrates that high electrostatic forces are generated at applied
potentials and qualitatively explain the observed experimental results. Furthermore, the
fouling was prevented with applications of low electrical potentials leading to low power
consumption of 10x10° kwh/m? which is orders of magnitude lower then classical
electrokinetic based approaches

Chapter 3 explores the coupling of Pickering emulsions to ultrafiltration processes
and allowing treatment of high concentration crude oil emulsions. The Pickering emulsions
are prepared with magnetite nanoparticles which form a thin-film on oil drop surface. The

nanoparticle film prevents oil-coalescence and membrane wetting by forming a physical
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barrier between oil droplet and membrane surface. Through coupling of the Pickering
emulsion to CNT-PVA coated membranes, which exhibit under water super-oleophobic
properties, it was possible to treat high concentration oil emulsions (10 g/L) without
fouling. Furthermore, a theoretical framework is presented that predicts critical flux point
at which membrane fouling would occur based on nanoparticle and membrane
hydrophilicity.

Chapter 4 presents how CNT films deposited on hydrophobic membranes can be
used as joule heaters generating the thermal driving force in MD process while treating
highly saline brines. This is the first time that such operation is shown to be possible, where
application of AC potentials at moderate frequencies is used to prevent surface charging of
the CNT films and their degradation. Electrical impedance spectroscopy is used to study
the relationship between applied AC frequency and CNT degradation, from which an
equivalent circuit is developed to show electron flow through the immersed CNT films.
Using the equivalent circuit, it is demonstrated that the AC frequency directly controls the
number of electrons that can participate in CNT degradation reactions. Long term reactions
confirmed that CNT joule heaters can be operated for extended periods of time at moderate
frequencies between 10 kHz and 100 Hz. Finally, it is demonstrated that CNT joule heaters
can be used to drive the MD process, achieving single pass recoveries that far exceed the
theoretical limit of 6.5%.

Finally, chapter 5 presents the main conclusions of the presented dissertation, and
their implication for membrane filtration processes. Furthermore, we present potential

future work and broader impacts of the developed nanomaterial thin-films.
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2.1  Summary

Robust and electrically conductive thin films (2500 S/m) made of cross-linked
poly(vinyl alcohol) and carboxylated multi-walled carbon nanotubes (PVA-CNT-COOH)
were synthesized via a sequential deposition and cross-linking method. The PVA-CNT-
COOH modified membranes were then used in an electrofiltration cell in which the effects
of applied potentials on fouling of high concentrations (3-5 g/L) of alginic acid (AA) were
studied. It was demonstrated that after 100 minutes of operation while applying -3 V and -
5 V, the change in operating pressure was reduced by 33% and 51%, respectively,
compared to application of no voltage. Increase in ionic strength resulted in overall higher
fouling rates, where the application of -5 V resulted in a pressure change reduction of 43%
compared to no application of potential. A modified Poisson-Boltzmann equation used in
a DLVO-type theory demonstrated that at the applied potentials, electrostatic interactions
produced significant repulsive forces between the membrane surface and the charged
organic foulant. Calculations at experimental conditions demonstrated the pure AA
aggregates would be strongly repulsed away from membrane surface. In synthetic
wastewater the repulsion force is greatly reduced, resulting in overall reduced fouling

inhibition.

2.2 Introduction
Ultrafiltration (UF) membrane technologies are commonly used in water treatment
and reclamation due to their high permeate flux at low transmembrane pressures, tunable

rejection properties and compact size. 1> However, UF membranes suffer from fouling,
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where organic and inorganic materials deposit on the membrane surface, blocking the
passage of water. UF fouling is a complex process that occurs by three distinct processes.
34 In pore constriction, fouling agents that can pass through the membrane adsorb onto the
pore walls, reducing their inner diameter and increasing hydraulic resistance to flow; in
pore blocking, pores get physically blocked at the membrane surface; in cake layer
formation a fouling layer made up of macromolecules and colloids forms a dense viscous
gel layer on the surface of the membrane, drastically increasing hydraulic resistance. Many
studies have investigated how solution conditions, membrane properties and flow
conditions affect the different mechanisms of membrane fouling.>** Typically, membranes
with rough surfaces, high hydrophobicity and large pore sizes suffer from high permeate
loss and a high degree of irreversible fouling during water treatment processes.*'?13 To
mitigate fouling in UF systems, high cross flow velocities, air scouring across the
membrane surface, and membrane surface modifications, such as polymer and nanoparticle
grafting, have been used to combat fouling. However these strategies suffer from several
disadvantages, including high energy demands and low durability 1%14-18

Fouling agents such as polysaccharides, commonly found in water, have a negative
charge, making them susceptible to electrostatic repulsion by a negatively charged
membrane surface; increased electrostatic repulsion between the membrane and the fouling
agent can reduce both pore blocking and surface gel formation. > Modification of UF
membrane surfaces through polymer grafting has been used to adjust their surface charge
and hydrophobicity with observed reduction in fouling rates. 242° An alternative method to

enhance the surface charge of the membrane is the use of an applied electrical field, a
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process called electrofiltration. Previous attempts at electrofiltration used an electrical field
applied perpendicularly to the membrane surface by placing electrodes on the permeate
and retentate sides of the membrane, imparting an electrophoretic force on charged
molecules and colloids. (Figure 2.1A) % The application of large direct current (DC) fields
has been shown to effectively reduce fouling rates and increase permeate flux rates in both
cross-flow filtration and dead end filtration systems. 26-33 However, these electrofiltration
systems suffer from high inefficiencies due to the placement of the electrodes on opposite
sides of the membrane, which acts as an insulator that drastically reduces the effect of the
electric field; this leads to high energy demands and undesirable Faradaic reactions as the
required electrical potential needed to impact fouling rates is greatly increased, with
potentials ranging from several volts to several hundred volts. 293334 A recent excellent
study demonstrated the application of a poorly conducting carbon nanotube (CNT) —
polyvinylidene fluoride mesh, which was placed over a UF membrane and operated as a
cathode, in fouling mitigation from low concentrations of organic molecules; the study
demonstrates that electrostatic forces are primarily responsible for the reduction in fouling
when the mesh was electrically charged.®*

An electrically conducting membrane could substantially increase the efficiency of
electrofiltration, producing a tunable charged membrane surface, which could repulse
charged particles and enhance fouling resistance. (Figure 2.1B) Conductive polymers have
been used to prepare and coat UF membranes, but require exotic reaction designs, suffer
from brittleness, low flux, roughness and poor separation performance. 33 Conductive

inorganic membranes have also been explored for electrofiltration of oily waters, organic
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molecules, yeast and titanium dioxide with promising results. However, these membrane
materials are expensive, difficult to produce, and impossible to package into the high
surface area modules necessary in membrane filtration. “°* Thus, to develop an effective
electrofiltration membrane for water treatment, a cheap, flexible and scalable technology
IS necessary.

Recent developments have drastically reduced the cost of carbon nanotubes
(CNTs), making it possible to develop affordable, permeable conductive thin films out of
functionalized multiwall CNTs, and poly(vinyl alcohol) (PVA).* Herein, we demonstrate
how to prepare robust conductive CNT-PVA UF membranes and demonstrate their
usefulness in fouling inhibition of extremely high concentrations of alginic acid (AA) when
charged with different electric potentials. AA is used as a negatively charged model fouling
agent in this study, as it was determined that polysaccharides are the primary fouling agent
in natural waters; polyethylene oxide (PEO) is used as a neutrally charged fouling agent.
52345 We demonstrate that at moderate applied cell potentials (3-5 V) and fields (9-15
V/cm), UF membrane fouling by AA can be greatly reduced, as well as demonstrate
through a theoretical model that at those potentials, high electrostatic forces are imparted

onto AA particles, explaining the observed fouling inhibition.
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Figure 2.1: A) Classical electrofiltration cell setup. B) Electrofiltration with conducive
membrane/thin film set up.

2.3 Experimental
2.3.1 Materials

50wt% Glutaraldehyde solution was purchased from Fisher Scientific and used as
received. 146,000-186,000 MW Poly(vinyl alcohol), Dodecylbenzenesulfonic acid
(DDBS), 120-190kDA Sodium Alginate, 200kDa poly(ethylene) oxide, sodium citrate,
ammonium chloride, Sodium Perchlorate, KH2PO4, CaCl,-2H.0, NaHCOs, NaCl, and
MgSO4-7H20 were purchased from Sigma Aldrich and used as received. PS-35
Polysulfone Ultrafiltration membranes were purchased from Sepro (Sepro Membranes
Inc., Oceanside, CA). Multi-Wall Carbon Nanotubes functionalized with Carboxylic
groups via Plasma treatment (CNT-COOH) were purchased from CheapTubes
(Cheaptubes Inc., Brattleboro, VT), and had reported outer diameter of 13-18nm, length of

3-30 um and purity of >99 wt%, with a functional group content of 7.0%.
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2.3.2 Synthesis

CNT-COOH powder was suspended in deionized (DI) water at 0.01 wt%
concentration with 1:10 ratio of CNT-COOH:DDBS, by sonication with a horn sonicator
(Branson; Danbury, CT). 1 wt% PVA in DI water was dissolved at 95-100 °C with stirring
for 1 hr. A 3:1 ratio of PVA-CNT-COOH (w/w) solution was pressure deposited
(Millipore; Billerica, MA) onto a PS-35 membrane support with CNT-COOH
concentration of 0.57 g/m?. The prepared membranes were then immersed into a
crosslinking solution consisting of 1 g/L of glutaraldehyde (cross linker) and 0.37 g/L of
hydrochloric acid (catalyst) and heated at 80 °C for 4 hrs. Membranes were removed from
the heated bath and dried at 80 °C for 5 min, after which they were cooled to room

temperature, and used without further modification.

2.3.3 Thinfilm Characterization

Membrane surfaces were imaged using scanning electron microscopy (SEM; FEI
XL30 SEM-FEG; Hillsboro,OR) with no further modifications. Cross sectional samples
were frozen in water at -80 °C and fractured, after which they were affixed onto SEM stubs
with copper tape, sputter coated with Pd/Pt, before being imaged with SEM. Contact angle
measurements were performed with a goniometer (Attension; Linthicum Heights, MD)
using deionized water. Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR; Thermo Scientific; Waltham,MA) was performed on membranes without
modification on non-reacted PVA-CNT-COOH membranes, CNT-COOH only coated

membranes, and CNT-COOH reacted with GA membranes. Membrane conductivity was
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measured with a four-point conductivity probe (Veeco; Plainview, NY) in sheet resistance

mode, with the membrane soaked for 24 hours in DI water before measurement.

2.3.4 Fouling System Design

A fully automated cross flow filtration system was developed for studying the effect
of electrofiltration on membrane fouling. The system was operated at a constant flux of
20+2 L/m? hr (LMH), with fluxes maintained using a PID cascade loop, which adjusted
transmembrane pressure to correct for membrane fouling. The system is capable of
performing membrane cleaning cycles, maintain bulk solution volume to £100ml, measure
current draw, check membrane resistance using a digital volt meter (BK5491B; BK
Precision; Yorba Linda, CA), collect samples from the permeate tank and change the
electrical conditions applied to the membrane surface using an arbitrary waveform
generator (DG1022;Rigol; Oakwood Village, OH). (Figure 4) A custom flow cell was
made of acetal with channel dimensions of 3.25 mm high, 40 mm wide, and 100 mm long;
a 316 stainless steel sheet was used as the counter electrode. A gear pump (Coleparmer;
Vernon Hills, IL) was used to provide flow and transmembrane pressure, and a peristaltic

pump was used for membrane cleaning (Coleparmer; Vernon Hills, IL).

2.3.5 Fouling Experiment Procedure

Transmembrane pressure was used as the fouling indicator, and all experiments
were performed at 0.1 m/s cross flow velocity, which corresponds to a Reynolds number
of 620. All membranes were compressed at 100 PSI for 17-20 hrs at -3 V for the first 10
hours, and completed at -5 V, with 5 minute back flushes performed every 1 hour to ensure

membrane was fully compressed (back flush pressure maintained at 5 PSI). Fouling
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experiments were performed in cycles, each cycle consisting of four runs, where each run
terminated after two hours, with a 10 minute back flush cleaning performed between each
run. Backflusing was performed with membrane permeate, with no additional cleaning
agents. During all voltage cycles, power was switched on at start of run, and would be
turned off during back flushing. To ensure that membranes were not permanently altered
during voltage experiment, a 0 V (no application of voltage) cycle would run in between
each voltage, unless noted. At the end of the third and fourth run in each cycle, a 15 ml
sample was collected from the permeate tank to measure rejection using a total organic
carbon analyzer (TOC; Ol Analytical, College Station, TX). In all figures, a moving
average of pressure measurements (over 180 seconds) is plotted with standard deviations,

unless noted.

2.3.6 Fouling Experiment Solutions

Three fouling solutions were studied: 5 g/L AA in DIW, synthetic wastewater with
3 g/L alginic acid (SW-AA) and 250 mg/L 200 kDa PEO in DIW. Synthetic wastewater
was prepared by mixing 1.16 mM sodium citrate, 0.94 mM ammonium chloride, 0.45 mM
KH2PO4, 0.5 mM CaCl2-:2H,0, 0.5 mM NaHCO3, 2.0 mM NaCl, and 0.6 mM
MgSQ4-7H20. In all experiments, 4 L of bulk solution were used, to minimize bulk
concentration variation. Zeta potential of the solutions was measured using ZetaPALS
(Brookhaven Instruments; Holtsville, NY) on as prepared solutions. The pH of all solutions
was measured with a digital pH meter (Thermo Scientific; Waltham,MA) and remained at
pH of 6.7+0.3 throughout all fouling experiments. The average hydrodynamic diameter of

the fouling agents was measured using dynamic light scattering (DLS; Brookhaven
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Instruments; Holtsville, NY); bulk solutions were diluted to 10-100 ppm concentration,
with each sample measured five times, at a 90° scattering angle. Electrochemical properties

of solution and membrane were quantified with CH Instruments (Austin, TX) potentiostat.
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Figure 2.2: Experimental cross flow filtration system flow diagram, solid lines
represent piping, dashed lines represent digital or power lines.
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2.4 Results and Discussion

Figure 2.3: A-C) Top view of thin films. D) Cross sectional views of PVA-CNT thin
film. (Scale bars 1 um, 5 um, 50 pum and 1 pm respectively)
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Figure 2.4: Surface of PVA-CNT thin film (Scan area 5.0 um by 5.0 um)
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Figure 2.5: Contact Angle images: A) PS-35 with contact angle of 49.2+0.9°, B) PS-35
coated with CNT-COOH with contact angle of 81.6+£3.2°, C) PS-35 coated with PVA-
CNT-COOH with contact angle of 32.0.+2.8°
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Figure 2.6 ATR-FTIR for CNT-COOH thinfilm and CNT-COOH thinfilm reacted
with GA. (CNT-GA-R)
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Figure 2.7:ATR-FTIR for non reacted PVA CNT-COOH thinfilm and PVA CNT-
COOH thinfilm reacted with GA (PVA-CNT-GA-R)
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241 PVA-CNT-COOH UF Membrane Characterization.

Conductive thin films made of PVA and CNT-COOH produced very smooth and
robust surfaces, with a highly porous percolating network of CNT-COOH (Figure 2.3 A-
C). The roughness of the PVA-CNT network was analyzed using AFM, with an overall
mean squared roughness, based on four 2.5 um by 2.5 pm segments, being 12.25+2.27 nm
(Figure 2.4), which is in agreement with reported roughness values of CNT based thin
films.*~%° The PVA provides a matrix that links the CNTs, holding them together through
the covalent bonding of hydroxyl groups on PVA molecules and carboxyl groups on the
CNT-COOH, created by the cross-linker GA. To verify the reaction of the cross-linking
agent GA, membrane surfaces were analyzed using ATR-FTIR. When GA reacts with
hydroxyl or carboxyl groups, a C-O-C bond is formed, which manifests as a decrease in
the absorption wavenumbers associated with O-H groups.>® This decrease was observed
when analyzing the cross-linked P\VA-COOH membrane (a decrease in absorption at 3200-
3400 cm™) (Figure 2.7) Additionally, the formation of C-O-C bonds in the crosslinked
CNT network was observed as an increase in at 1085-1150 cm™ (Figures 2.6-2.7). °-°3 To
verify that GA forms links with CNT functional groups, the ATR-FTIR absorption
spectrum was measured for a CNT-COOH network that was cross-linked with only GA
(no PVA). The peaks at 1660 cm™ and 1750 cm™ are associated with carboxylic groups,
and the reduction of absorption at these peaks is associated with the cross-linking of GA
with carboxylic groups present on CNT-COOH, indicating the GA is forming ester bonds
with the CNT-COOH,; in addition, a slight decrease in the absorption associated with O-H

groups indicates that some hydroxyls were consumed, which further indicates cross-linking
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(Figure 2.6-2.7). °*°° The crosslinking of the CNT-COOH and PVA results in a covalently
bound, robust percolating network, preventing the CNTs from desorbing and entering the
retentate or permeate streams. Furthermore, the small pore size of the UF support prevents
the passage of the CNTSs into the permeate, negating any possibility of CNTs entering the
permeate even if the covalent bonding fails.

The overall thickness of the PVA-CNT-COOH layer was determined to be
approximately 400 nm as shown in Figure 2D. The PVA-CNT-COOH layer exhibited an
electrical conductivity of 2412+97 S/m, attributed to the percolating network of CNT-
COOH, and is in-line with previous reports of PVA-CNT-COOH membrane
conductivities. ** However, soaking the membranes in water reduced conductivity to
1693+184 S/m; this reduction in conductivity is most likely due to the presence of PVA,
which is known to swell in water. ®2 The swelling would cause disruption in the percolating
CNT-COOH network, reducing the overall conductivity of the film.

The PVA-CNT-COOH films exhibited a contact angle which was 34% lower
compared to the PS-35 support. (32.0.£2.8° vs. 49.2+0.9° respectively, Figure 2.5). This
low contact angle is due to the high content of -OH groups on PVA, which makes it highly
hydrophilic, even after the GA cross-linking. This decrease in contact angle is unlikely to
be due to high porosity of the PVA-CNT-COOH network, as films composed solely of
CNT-COOH resulted in 65.6% higher contact angle compared to PS-35 (81.6£3.2° vs.
49.2+0.9° respectively, Figure 2.5). Rejection experiments performed in a stirred dead end
cell demonstrated no significant change in rejection of either 35 kDa and 200 kDa PEO, or

50 kDa and 150 kDa PV A with either PS-35 or PVA-CNT membranes. (Figure 2.8) This
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IS expected, as the amount of PVA in the PVA-CNT-COOH film is very small and is not
expected to reduce the overall CNT-COOH network porosity. Furthermore, SEM images
indicate that the PVA-CNT-COOH network is riddled with large pores ranging in
diameters between 10-100 nm; these pore sizes are significantly larger than the pore sizes
in the UF support. Thus, the overall rejection properties of the composite membrane is still
governed by the PS-35 support.

For the accurate modeling predictions of AA and SW-AA system, membrane
surface potential in each respective solution were measured at applied cell potentials of -3
V and -5 V vs. the Ag/AgCI reference electrode, with the actual surface potential being
found to be -1.519 V and -3.412 V, respectively. Cyclic voltammetry was used to determine
whether redox reactions were occurring on the surface of the membrane or stainless steel
counter electrode using 0.1 g/l AA in 50mM sodium perchlorate supporting electrolyte
solution. The cyclic voltammetry was run from 0 to -3.6 V (maximum achieved potential)
with membrane used as working electrode, and from 0 to 1.6 V with stainless steel
electrode, vs. the Ag/AgCI reference. (Figure 2.9A-B) No peaks that could be associated
with AA redox reactions were observed. The increase in current draw from -0.7V to -3.5V
and from 1.2V to 1.6V is due to water splitting reactions that are occurring on the

membrane and stainless steel electrodes, respectively.
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Figure 2.8: Rejection of PVA and PEO for PVA-CNT and PS-35 Membranes.
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Figure 2.9: Cyclic voltammetry of (A) membrane surface from 0.0 V to -3.5 V vs. the
Ag/AgCI reference electrode and (B) stainless steel electrode from 0 V to 1.6 V vs. the
Ag/AgCl reference electrode.

2.4.2 Modeling of Electrostatic Forces Acting on a Particle in Electrofiltration
An electrostatic repulsive force arises from the surface potential present on particles
and the membrane surface. The standard Poisson-Boltzmann (PB) equation, which is

typically used to calculate potential distributions away from a charged surface, and which
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forms the basis for the interaction energy calculations employed in the DLVO model, is
only valid at low ionic strengths and low surface potentials, and is not appropriate in the
current experimental conditions. "% Thus, for the experimental conditions explored in
this study, the calculation of potential profiles was performed by employing a Modified
Poisson-Boltzmann (MPB) equation (Equation 2.1-2.2).%! This equation takes into account
the finite volume of hydrated ions, as opposed to the standard PB equation that assumes
point charges. The MPB equation was solved numerically, where e is the elementary
charge, ¢ is permittivity of solution, Na is Avogadro’s number, k is Boltzmann constant, T
is absolute temperature, zjis valance, and ci” is bulk concentration, p is ion packing density,
Ri is hydrated ionic radius, v is potential, and x is distance away from surface. Once the
potential distributions away from the surfaces are known, Equation 3 can be used to

calculate individual ion concentration after potential profiles are obtained. *°

A2 1 eNaZizic{”exp( kLbTII‘J)

dx? c
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In an attempt to maintain electroneutrality, counter-ions accumulate along the

electrically charged surfaces, requiring a certain amount of free energy to move from the

bulk solution to the concentrated layer. As two objects are brought together into close
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vicinity, the ions between the objects have to be moved out due to spatial constraints. The
removal of the counter-ions requires the same amount of free energy it took to accumulate
those counter-ions. It is this free energy that is responsible for the increase in electrostatic
forces between like-charged particles. In oppositely charged particles, the process is
different. The opposite surface potentials will cancel each other out as they are brought
closely together, and the counter-ions leave the area between the particles. The loss of the
counter-ions, leads to reduced local free energy (same as osmotic pressure) compared to
free energy formed by the double layer on the outside of particles, which pushes the
particles together. This process also occurs in similar charged particles. If two particles are
brought very closely together the concentration of ions between the particles drops below
the concentration of ions on the outside of the particles, resulting in lower free energy
between particles than on the outside, and the particles will be pushed together.

Modeling of the free energy between two charged objects (such as a particle and
plane) begins with the calculation of individual potential profiles away from the plate and
particle (Equation 2.1). The profiles are then superimposed, producing a potential profile
between two plates. Once the potential profiles are known, ion concentrations as a function
of distance from the membrane surface can be calculated using Equations 2.2 and 2.3. Next,
the free energy (F) between two parallel plates is calculated through the Gibbs adsorption
isotherm. ®2 This approach uses a coupling constant integration, where the ion
concentration between the parallel plates is brought from zero to the excess ion
concentration created by surface potentials (Equation 2.4) where L is plate-plate separation.

The final free energy is calculated by subtracting the free energy at an infinite plate
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separation, from the free energy present between the plates at selected separations

(Equation 2.5).6364

Yc

CiOEX) ~Ddxde  (2.4)

F(e) = fo kTN, fo K

F=F(c)—F(co) (2.5

The electrostatic force Fes acting on a particle can finally be found through the use
of the surface elementary integration method (equation 2.6), where 6F%/x is the derivative
of the Free energy function at a separation distance x, where a is a constant partial radius,
and r is the variable radius, over which integration is performed . % This method allows for
the conversion of the parallel plate assumption to the desired particle-plate interaction. The
electrostatic force model presented here produces results for interaction forces that lie
within the range of values previously reported in the literature for theoretical calculations,

as well as experimental measurements performed by AFM. 53.66-69

e
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The Van der Waals force for a particle plate geometry can be used to calculate the
attraction force of a particle toward a surface (Equation 2.7), where A is the Hamaker

constant, r is particle diameter, and z is ratio of separation distance to particle diameter
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(x/d). ™ The overall electrostatic force balance can then be performed on the particle by
summing all the forces together, with repulsive forces giving a positive force, while the
attractive forces produce a negative force (Equation 2.8).

A 2 1 2

Fogw = —
vaw 12r G 2 z+1 (z+1)2

) (27)

Fiotar = Fes + Fyaw (2.8)
The electrophoretic force acting on a particle of a given size can be calculated using
Equation 2.9, where d is particle diameter, 1 is dynamic viscosity, A is a correction factor,
u is electrophoretic mobility and E is the electrical field.

F,, = 3mdnAuE (2.9)

2.5 Fouling Experiments and Model Results

2.5.1 Experimental Results

Fouling experiments were performed on both the PS-35 support (no CNT layer)
and PVA-CNT-COOH films cast on PS-35, with the system operating in a constant flux
mode (20 LMH), and pressure increase indicating fouling. Fouling tests with 250 mg/L of
PEO, a neutral fouling molecule, demonstrated that PS-35 fouled at a faster rate than the
PVA-CNT-COOH membranes, with a final operating pressure of 25+1 psi vs. 17£2 psi,
respectively, after 100 minutes of operation (Figure 2.10). The fouling inhibition of PVA-
CNT-COOH films is due to their higher hydrophilicity, which has been previously
demonstrated to improve UF membrane fouling resistance.”* Furthermore, the

application of an electrical potential to the PVA-CNT-COOH membranes had no
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significant impact on PEO fouling, due to the near neutral charge of PEO (§ = -7.5 mV).
This charge is not significant, and it is not surprising that electrostatics had little to no
involvement in PEO-membrane interaction. Fouling tests using AA, a highly negatively
charged molecule (§ =-68.1 mV), at a concentration of 5g/L demonstrated higher fouling
rates of PS-35 compared to the uncharged PVA-CNT-COOH cast on PS-35, again due to
the increased hydrophilic nature of the PVA-CNT-COOH membrane (16x1 psi vs. 21+1
psi after 100 minutes; Figure 2.11). The application of -3 V and -5 V to the membrane
surface resulted in significantly lower pressures needed to maintain a flux of 20 LMH with
final pressures change after 100 minutes of operation being 7.8 psi, 5.2 psi and 3.8 psi for
the 0 V, -3V, and -5 V, respectively representing a reduction 33.7%, and 51.1% vs. no
potential condition (Figure 2.11).

The Effect of salts typically present in wastewater were tested with a SW-AA
solution with AA concentration of 3g/L. Fouling of PS-35 was not significantly worse than
that of PVA-CNT-COOH films cast on PS-35 (Figure 2.12). The low impact of
hydrophilicity on fouling of SW-AA was likely due to the different fouling nature of the
solution. The synthetic wastewater contains Ca*? ions, which are known to cause
complexation of AA, forming aggregates that induce colloidal, cake-like, fouling behavior
and can form bridging elements between the foulant and membrane charged groups such
as carboxylic acid groups. > This would result in a lower effect of hydrophilicity on
fouling, as aggregates of AA would deposit on the surface, in addition to pore blocking and
the formation of a gel layer, resulting in high fouling rates when compared to highly

concentrated AA solution. When a potential of -3 V was applied to the membrane surface
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no improvement in fouling inhibition was observed. A moderate fouling inhibition was
observed at the application of a -5 V potential, with a reduction of 43% in the operating
pressure change was observed, compared to the 0 V condition (11.5psi vs. 6.5psi
respectively; Figure 2.12).

Experiments with applied positive potentials were performed to verify the impact
of membrane potentials on fouling rates. Due to the negative charge of the AA molecule,
it was expected that the membrane would experience increased fouling rates. Positive
potentials of 1 V and 1.5 V DC were applied to a membrane that was treating a solution of
0.5 g/L AA, with the flux held constant at 40 LMH; the experiments were done in
triplicates, and lasted 60 minutes each. The system pressure increased from 5.9+0.15 PSI
at 0 V t0 6.3£0.1 PSl at 1 V and 6.6x0.1 PSI 1.5 V. (Figure 2.13) It was further observed
that the application of a positive potential resulted in irreversible membrane fouling. Higher
anodic potentials (> 1.5 V) were not attempted as CNT networks experience degradation
at those levels. """® However, low potential experiments yielded expected results that agree
with electrostatic fouling mechanisms.

2.5.2 Modeling Discussion

During the ultrafiltration experiments the hydrodynamic conditions arising from
membrane roughness, surface groups, fluid flow, and flow channel dimensions were
constant throughout all the fouling experiments. The only parameter that was changed
during electrofiltration experiments was the magnitude of the electrical potential applied
to the membrane surface. Therefore, qualitative analysis of the electrostatic forces should

provide evidence for an electrostatic fouling inhibition mechanism. Importantly, the model

84



used here is not meant to capture the full range of forces that AA or a fouling molecule
would experience. The electrophoretic force was also found to be significantly smaller then
the electrostatic forces, with values 2.32e-6 nN and 3.86e-6 nN, at the application of -3 and
-5 volts, respectively, for AA in DIW, and 2.7e-4 and 4.5e-4nN for SW-AA solution. These
forces suggest that electrophoretic forces are insignificantly small in our system, and can
be neglected in estimating the overall impact of electrical charge on the membrane surface.

The electrostatic force calculations employed the MPB equations, which take into
account hydrated ion size, valance, and overall packing density. Based on the electric
potential profiles produced by the MPB equations, the calculation of the free energy
between the membrane surface and an alginate particle was made possible. Elevated
counter-ion concentrations near an electrically charged surface are needed to maintain
electroneutrality. However, due to the finite volume of a hydrated ion, only a finite number
of hydrated ions can be packed into a given volume (a fact not captured by the standard PB
equation). These elevated ion concentrations between the electrically charged membrane
surface and charged particle create an osmotic force that must be overcome for the particle
to approach the surface and deposit.5 In effect, this suggests that the electrostatic force is
present due to osmotic pressure, and its strength would be largely affected by ion size,
valance and concentration vs. bulk ion concentrations. Thus, at similar surface charges, the
overall force would be higher when only small monovalent ions are present due to their
higher packing density and lower ability to satisfy electro-neutrality, compared to larger
divalent ions. Alternatively, large divalent ions would satisfy electro-neutrality at lower

concentration, resulting in lower ion excess, which leads to lower osmotic forces and
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hence, lower repulsive forces. This would result in faster particle aggregation and
deposition, which has been observed by a multitude of studies. 7982

Experimental results are qualitatively consistent with model calculations, and
demonstrate that electrostatic repulsive forces have a significant impact on AA fouling. A
surface potential of -0.1 V was used to model the case when no potential was applied to
the membranes surface. Numerous publications have demonstrated that membrane surfaces
containing carboxyl and hydroxyl groups placed in near-neutral pH water assume a
negative surface charge due to the dissociation of a proton from the carboxylic acid group.
838 The AA in DI water was modeled with a particulate size of 5.0 nm (literature value,
DLS measurement were unreliable) and surface potential of -68.1 mV, with solution
conditions shown in Table 2.1.2° The ionic strength of the 5 g/L AA solution in DIW was
estimated based on the molar concentration of AA and assuming one charged group per
AA monomer with a sodium ion to balance the charge; here, we assumed an AA ion activity
of one, packing of 0.64 and Hamaker constant of 18.6 kT.8¢

Modeling results demonstrate that a strong electrostatic force is present when
membrane surface potentials of -1.519 V and -3.412 V vs. the Ag/AgCl references
(Application of -3 V and -5 V to the system, respectively) are applied. When only AA is
added to DI water, a maximum repulsive force of 1.12 nN is attained at -1.519 V and only
the position of the force maxima changes with increasing surface potential. (Figure 2.14)
The force maxima is a result of the finite volume of hydrated ions that can accumulate at
the charged surface; this leads to a maximum number of ions that can fit into a given

volume, effectively capping the ion concentration and consequently, capping the maximum
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repulsive force. However, increasing surface potentials will extend the maximum repulsive
force away from the membrane surface, into the bulk fluid. The electrostatic force
effectively acts as a fouling inhibitor, extending from the lower bound of surface
roughness, making those areas impermeable to fouling agents. At -1.519 V, the maximum
force would cover 36% of surface roughness and be located at 4.37 nm above surface,
preventing some of the fouling. (Table 2.2) At a surface potential to -3.5 V, nearly 48% of
the surface roughness would be covered by maximum repulsive forces, resulting in
significant fouling inhibition, as experimentally observed.

Modeling of AA in synthetic wastewater demonstrated a highly reduced
electrostatic repulsive force. (Figure 2.15) The ionic strength of the solution was calculated
by adding the ionic strength of the synthetic wastewater with the ionic strength associated
with 3.0 g/L of AA; the lower ionic strength of the SW-AA solution vs. the AA solution
stems from the fact that there is much less AA in the SW-AA solution (3.0 g/L vs. 5 g/L),
hence fewer ions. However, the presence of divalent ions, and in particular Ca*? ions, is
associated with enhanced aggregation and deposition of AA, as well as decreased
electrostatic forces. The repulsive force maximum was reduced to 33 nN located 4.16 nm
above the membrane surface. This large force compared to AA only max force is a result
of the larger particle size of 292.8+53.4nm as measured by DLS, which allows for stronger
interaction of the particle with the electrostatic field. The larger particle size (stemming
from aggregation of AA molecules in the presence of divalent ions) would also mean that
convective forces will now dominate its transport, and thus the maximum electrostatic

forces should not be directly compared here. However, in the presence of synthetic
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wastewater, the electrostatic forces do not extend as far into the solution; this is due to the
presence of divalent ions (as mentioned above). The overall force maxima at -1.519 V is
located at 3.14 nm above the surface resulting in only 25.96% of surface roughness
coverage, which, based on our experimental results, appears to be insufficient to prevent
fouling. At -3.5 V, nearly 34.4% of the surface roughness is covered by the maximum
force, which results in partial membrane surface protection, and the observable fouling
inhibition. The overall reduction in fouling inhibition is mostly due to reduction in distance
over which the force is felt away from the membrane surface. Thus, the model calculations

qualitatively explain the observed experimental fouling results.
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Table 2.1: Modeling Parameters for AA in DI water and Synthetic Wastewater. lon

sizes are found from following references. &

Alginic Acid in DI Water

lon ¢ Valance Radii
(mMol) (nm)
Alginate 25.36 -1 5.0
Na 25.36 1 0.45
Alginic Acid in Synthetic Wastewater
lon ¢ Valance Radii
(mMol) (nm)
Sodium Citrate | 1.03 -1 0.45
Na 16.61224 | 1 0.45
NH4 0.317 1 0.306
Cl 1.7389 -1 0.33
PO4H2 0.32 -1 0.375
K 0.129 1 0.53
Ca 0.263 2 0.46
Mg 0.121 2 0.421
SO4 0.4788 -1 0.37
HCO3 0.363 -1 0.45
Alginate 15.22 -1 5.0
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Table 2.2: Maximum repulsive force positions, and percentage of surface roughness

that is affected by the maxima force. (NA-no experimental run at given potential)

Solution Experimental | Surface Force Peak rP(i:;ﬁrr]ltglsgse of
potential (V) | Potential (V) Position coverage (%)
NA -0.1 1.497 12.37
SW-AA | -3 -1.519 3.14 25.96
-5 -3.412 4.16 34.39
NA -0.1 1.841 15.21
AA -3 -1.519 4.37 36.07
-5 -3.412 5.82 48.07
1.5
1.0} |
= f
c .‘
o 0.5 J
Y f
(@] |
= |
0.0} |‘
|
|
— L. ‘ .
0-3 5 10 15 20

Distances (nm)

Figure 2.14: Overall force acting on an AA particle in a DIW solution containing 5
g/L AA at various distances from the surface and applied potentials at ionic strength

of 25.36 mM.
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Figure 2.15: Forces acting on an AA particle in a synthetic wastewater solution
containing 3.0 g/L AA at various distances from the surface and applied potentials at
ionic strength of 18.87 mM.

2.6 Conclusion

Electrically conductive, robust and permeable PVA-CNT thin films have been
coated onto ultrafiltration supports, and have been demonstrated to be cross-linked with
GA. Coated membranes demonstrated lower fouling rates compared to standard PS-35
supports in high concentrations of AA solutions as well as AA solution in synthetic
wastewater. When no electrical potential was applied to the membrane surface, fouling
inhibition was attributed to the higher hydrophilicity of the coated membranes, which was
primarily due to presence of PVA, rather than CNT-COOH. Under all solution conditions,
the application of increasing voltages led to significant fouling inhibition. This fouling
inhibition was demonstrated to be due to electrostatic repulsion through the use of the MPB
equation. According to the model, an electrostatic repulsive force could provide partial

surface roughness coverage, preventing alginate from interacting with the surface, resulting
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in reduced fouling rates. The model predictions are in qualitative agreement with our
experimental results. The power consumption during these experiments was low, at only
1.65 Watts/m? at -3 V, and 10 Watts/m? at -5 V (or, 1.65x103kWh/m?and 10x102 kWh/m?,
respectively), for both AA and SW-AA solutions. As of December of 2013, the price of 1
kWh of electricity for industrial applications in CA was $0.099. Thus, the additional
operating cost of applying -3 V or -5 V to a UF system would be $16.3x10>/m? and $99x10°
°/m?, respectively. These membranes have the potential of significantly reducing the
fouling of UF treatment processes, which would lead to simpler operational conditions and

lower operating costs.
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Chapter 3 Coupling Underwater Superoleophobic Membranes
with Magnetic Pickering Emulsions for Fouling-Free
Separation of Crude Oil/Water Mixtures: An Experimental

and Theoretical Study
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3.1  Summary

Oil/water separations have become an area of great interest, as growing oil
extraction activities are increasing the generation of oily wastewaters as well as increasing
the risk of oil spills. Here, we demonstrate a membrane-based and fouling-free oil/water
separation method that couples carbon nanotube - poly(vinyl alcohol) underwater
superoleophobic ultrafiltration membranes with magnetic Pickering emulsions. We
demonstrate that this process is insensitive to low water temperatures, high ionic strength,
or crude oil loading, while allowing operation at high permeate fluxes and producing high
quality permeate. Furthermore, we develop a theoretical framework that analyzes the
stability of Pickering emulsions under filtration mechanics, relating membrane surface
properties and hydrodynamic conditions in the Pickering emulsion cake layer to membrane
performance. Finally, we demonstrate the recovery and recyclability of the nano-magnetite
used to form the Pickering emulsions through a magnetic separation step, resulting in an

environmentally friendly, continuous process for oil/water separation.

3.2 Introduction

Over the last 30 years the demand for fossil fuels has dramatically increased, with
growing demand projected to increase well into the future. 2 The extraction of crude oil
leads to a potential for large oil spills, such as seen during the Deepwater Horizon disaster.
% Furthermore, modern extraction processes generate large volumes of complex oily
wastewater, known as produced water, which contain oil (free and emulsified), surfactants,

and minerals. * The free oil and oil emulsions that are present in produced water, as well
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as generated during oil spills, pose a significant hazard to the environment. >® This hazard
has created a pressing need to develop an effective method of treatment, with the majority
of recent work exploring novel materials that exhibit
superhydrophobicity/superoleophilicity or superhydrophilicity/underwater
superoleophobicity. 19

Superhydrophilic/underwater superoleophobic membranes and meshes have been
developed to physically separate oil from water, with the goal of minimizing membrane
fouling and increasing oil rejection. ** Membrane fouling from oil, where oil clogs
membrane pores, is a common problem in membrane separation of oil emulsions. 202
Although some filtration techniques have demonstrated excellent oil removal, the majority
of studies do not present fouling data or demonstrate whether the membranes suffer from
fouling. 1! Superhydrophobic/superolephilic foams and meshes have been synthesized
for chemical and physical sorption of oil from water, showing good separation and sorption
performance, but they still have to overcome scale-up challenges, use of costly materials,
and complicated fabrication procedures. *° Magnetic Pickering emulsions have also
been proposed for oil/water separation. Here, oil emulsions are stabilized with magnetic
nanoparticles (NPs), which are removed from the water through the application of a
magnetic field. 222> However, the use of magnetic fields poses a big challenge for
scalability, as the magnetic field strength drops with an inverse cubed law, thus requiring
a large magnetic surface area to effectively treat the vast volumes of fluids collected during

oil spills.
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Herein we describe a novel method of oil/water separation by coupling carbon
nanotube - poly(vinyl alcohol) (CNT-PVA) underwater superoleophobic ultrafiltration
(UF) membranes to magnetic Pickering emulsions. In this approach, the Pickering
emulsions are used to prevent oil coalescence in the cake layer that forms on the membrane
surface during filtration, while underwater superoleophobicity prevents membrane wetting
and consequent fouling. We demonstrate how water contaminated with large amounts of
crude oil (up to 10% by volume) can be effectively treated with UF membranes without
the extreme fouling typically observed in this process while producing a permeate stream
with less than 15 ppm of total organic carbon (TOC) (regardless of the oil concentration in
the feed). We further develop a theoretical framework that describes the interaction of NP-
stabilized oil (i.e. a Pickering emulsion) with a porous surface (i.e. a UF membrane) under
filtration mechanics. The framework considers the interaction energy between the oil/NPs
and oil/surface as a function of pressure gradients typical in membrane separation
processes. Furthermore, we demonstrate how the NPs can be magnetically recovered from
the concentrated Pickering emulsions, allowing for their reuse in another round of oil/water
separation. The robust and sustainable water treatment process described here is insensitive
to crude oil concentrations (tested with concentrations up to 10% v/v oil/water),
temperature, ionic strength and species, and can be used for the separation and recovery of

oil from wastewater and during oil-spill remediation activities.
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3.3 Results and Discussion

3.3.1 Characterization of Oil and Pickering Emulsions

We have developed a novel method of oil/water separation using Pickering
emulsions coupled to underwater superoleophobic ultrafiltration membranes. Crude oil
emulsions were prepared by using a simple blending process, which formed polydisperse
oil droplets with a majority of droplets having a diameter bellow 6 um (Figure 3.1 a, c).
The small, emulsified crude oil droplets are potent foulants; during filtration they can
coalesce to form oil films on the membrane surface and/or deform and penetrate into the
membrane pores, which results in irreversible membrane fouling and rapid performance
decline. 22627 Qil coalescence can be prevented via Pickering emulsions, which have been
of great interest as they are capable of stabilizing large concentrations of oil in water. 2428~
32 Pickering emulsions were prepared with Fe3Os nanopowder (FeNPs) and
polyvinylpyrrolidone-coated Fe3O4 nanopowder (FePVP) that had a water contact angle of
40°+3 and 6.8°+1, respectively (Figure A3.1). FeNP and FePVP both had a primary particle
size of 20-40 nm. However, due to their ferromagnetic qualities, these particles form
aggregates with a diameter of 608+7 nm and 727+40 nm, respectively, as determined by
dynamic light scattering (DLS). The Pickering emulsions were prepared via a simple
mixing process where 10 g/L of FeNPs or FePVPs were added to 10 ml/L of emulsified
crude oil and mixed with a paddle mixer for 1 and 3 hours, respectively (Figure 3.1b, c).
The longer mixing time was needed for FePVP due to their very hydrophilic nature (water
contact angle of 6.8°+1) that leads to a small energy well for entering the water/oil interface

(165 kT) compared to FeNPs that had a contact angle of 40°£3 and an energy well of
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~1.8x10° KT (calculated for surface tension 0.05 Nm™ and an oil drop with a radius of 3.3

um) (Figure A3.1, A3.2).
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Figure 3.1: Images of oil and Pickering emulsions. (a) Image of a typical (non-
stabilized) crude oil emulsion. (b) Image of FeNP Pickering emulsions. (c) Size
(diameter) distribution of oil and Pickering emulsions; (Inset) vial contents are from
left to right: 10 ml/L crude oil emulsion, 10 ml/L Pickering emulsion, gravity
separated 10 ml/L Pickering emulsion, and UF permeate with <15 ppm TOC. (d)
SEM image of NP-stabilized oil drop. (e) Higher resolution image of magnetic NPs on
the surface of the oil drop.

The FeNP and FePVP- stabilized oil droplets had a similar size distribution
compared to the unstabilized crude oil emulsion, the FePVP-stabilized oil is slightly
smaller, with nearly 60 % of droplets having a diameter bellow 3 um (Figure 3.1b, c). The
formation of larger droplets that are not observed in the pure crude oil emulsions is
attributed to the ferromagnetic properties of NPs, which aggregate smaller droplets.
Scanning electron microscopy (SEM) image analysis further confirms the presence of a
dense FeNP coating on the surface of the oil droplets, which form a protective layer at the
oil/water interface (Figure 3.1d, e). The Pickering emulsions were extremely stable, and
did not phase-separate into oil, water and NP phases even after several months of storage
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at room temperature. After prolonged periods, a large fraction of the NP — stabilized oil
settles out, with a smaller fraction remaining suspended at the top of the aqueous phase,
likely due to creaming (Figure 3.1c inset); the aqueous phase had no visible oil, witha TOC
of 13+7 PPM (as measured with a TOC analyzer), which further demonstrates that all of

the oil was trapped in a Pickering emulsion.

500KV 30 20529x 16.5

Figure 3.2: Underwater contact angles of crude oil drops with the membrane surface
after 20 minutes on (a) PS35 with contact angle of 100+2°, (b) PAN with contact angle
of 130£2°, (c) PVA-CNT with contact angle of 168+2°, and (d) PS35 with FeNP-
stabilized crude oil drop and contact angle of 155+2°. (e) Cross sectional SEM image
of PVA-CNT membrane on PS35 support. (Inset) Top surface of the PVA-CNT layer
showing the overall smoothness of the membrane.

3.3.2 Oil/Water Separation

The fouling propensity of the NP — stabilized oil drops was investigated on a range
of membrane materials that had different hydrophilic surface properties. The membrane
materials included two commercially available UF membranes made of polysulfone (PS35)
and polyacrylonitrile (PAN), and two modified UF membranes with poly(vinyl alcohol)
carbon nanotube coating (PVA-CNT) on PS35 (PS35-CNT) and PAN (PAN-CNT). The

PVA-CNT coating deposited on the PS35 or PAN support governs the membrane surface
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properties, including hydrophilicity, but does not influence their rejection properties or
permeability, as demonstrated by Dudchenko et al. (2014) (Figure 3.2¢). 3* The tendency
of the membranes to become wetted by oil was measured by allowing a crude oil drop to
contact the membrane in a water-filled inverse cell, and measuring the contact angle over
a 20 minute period. After 20 minutes, the contact angles were 100°+2, 130°+2, and 168°+3,
for the PSF, PAN, and PVA-CNT membranes, respectively, with smaller angles
corresponding to a more hydrophobic surface that is more readily wetted by the oil (Figure
3.2a, b, c and Figure A3.3). The high contact angle of the PVA-CNT membranes with oil
demonstrates their underwater superoleophobic properties; however, their contact angle
with oil in air was below 30°. When an FeNP coated oil drop was allowed to come in
contact with the hydrophobic PS35 membrane, the contact angle increased from 100°+2
(the bare oil drop on the PS35 membrane) to 155°+2 (Figure 3.2d and Figure A3.3), which
clearly demonstrates that a coating of FeNPs greatly reduces the ability of an oil drop to
wet a surface by preventing physical contact between the crude oil and the membrane
surface.

Although  PVA-CNT membranes demonstrate  excellent  underwater
superoleophobicity, they are still prone to a high degree of fouling when filtering pure oil
emulsions (0.5 ml/L of crude oil in deionized water (DIW)) (Figure A3.4). Under these
conditions, flux step experiments -7 demonstrate that when the membranes operate at
fluxes below 30 I/m? hr (LMH) the membranes experienced fouling rates of 2-5 psi/hr;
when operated at higher fluxes, the membranes rapidly fouled with flux declines exceeding

10 psi/hr (Figure A3.4). These fouling results indicate that even at low permeate fluxes and
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oil concentrations, the membrane rapidly fouls, demonstrating that underwater
superoleophobicity is not sufficient to treat water contaminated by emulsified crude oil.
This finding demonstrates the complexity of treating water contaminated with crude oil,
and indicates that underwater superoleophobic membranes alone are not capable of
preventing membrane fouling.

To overcome the limitations imposed by the extreme fouling observed during the
filtration of pure crude oil emulsions we use Pickering emulsions to improve system
performance. We performed fouling experiments at a constant permeate flux of 50 LMH
and 100 LMH with a cross flow velocity (CFV) of 15 cm/s, using FeNP and FePVP
stabilized Pickering emulsions. In the first set of experiments, crude oil in DIW (10 ml/L)
was stabilized with 10 g/L of NPs. At a constant permeate flux of 50 LMH, FeNPs —
stabilized oil emulsions formed in DIW demonstrated no fouling, regardless of the
membrane used (Figure 3.3a). In contrast, the use of FePVPs — stabilized oil in DIW
resulted in rapid fouling (Figure 3.3a). At a constant permeate flux of 100 LMH, the FeNPs
— stabilized emulsions in DIW were able to foul the PS35 and PAN membranes. However
the PVA-CNT coated membranes continued to demonstrate excellent performance, with
limited observable fouling over a period of 48 hours (Figure 3.3b). Not surprisingly, the
FePVP — stabilized oil in DIW rapidly fouled the membranes at a flux of 100 LMH (Figure
3.3b). In all cases, the TOC content in the membrane permeate was below 15 ppm,
indicating an oil removal efficiency exceeding >99.7 %.

The stability of the Pickering emulsions (10 ml/L of crude oil stabilized with 10

g/L of FeNPs) and the fouling resistance of PVA-CNT membranes was further challenged
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with high ionic strength conditions, using a synthetic produced water (SPW) with an ionic
strength of 2.24 M. # This water contained the most common ions present in produced
waters, including a high loading of the divalent cations Ca*? and Mg*?, with a molar
concentration of 0.171 M and 0.169 M, respectively. It was hypothesized that these divalent
ions would lead to the complete collapse of any repulsive electrostatic forces between the
NPs and oil drops, and possibly allow for bridging between the membrane surface and the
Pickering emulsions, leading to rapid fouling. However, even after continuous operation
for 48 hours at a permeate flux of 50 LMH and 180 hours at permeate flux of 100 LMH,
no fouling was observed (Figure 3.3a, b). The lack of membrane fouling even under these
harsh conditions indicates that electrostatic forces do not play a significant role in the
stability of this system, and that divalent ionic bridging does not occur.

Since oil becomes more viscous at lower temperatures, and considering the
increased probability of arctic oil drilling (and hence the increased probability of an arctic
oil spill), the effect of temperature on system performance was also explored. Experiments
were performed in synthetic seawater (SSW) at a temperature of 2°C. Long-term
experiments were performed with a crude oil loading of 10 ml/L and 100 ml/L on a PS35-
PVA-CNT membrane (CFV 25 cm/s). The reduced temperature had no impact on
membrane performance, with no membrane fouling observed even at the high oil loading
of 100 ml/L over a period of 80 hours (Figure 3.3c). Finally, concentration experiments
were used to determine the maximum water recovery possible, where a Pickering emulsion
with a concentration of 10 ml/L of crude oil was concentrated to 100ml/L of crude oil using

PS35-PVA-CNT membrane (Figure 3.3d, CFV 10 cm/s). In this experiment, membrane
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permeate was not returned to the feed tank, and the concentration of crude oil in the feed
was allowed to increase. The PVA-CNT membranes again demonstrated excellent
performance, and no fouling was observed at 90% recovery, with the observed pressure
increase correlating nearly perfectly to the increase in crude oil concentration. These
fouling experiments demonstrate that Pickering emulsions coupled to a UF treatment
system provide a highly effective method for the treatment of oily waters. Excellent
performance was observed regardless of the ionic strength, ionic species, temperature, or
oil concentrations (within the limits of our testing), demonstrating the robustness of the
treatment method even under highly challenging conditions, with excellent oil removal
rates (>99.7 % and >99.9 % rejection at 10 ml/L and 100 ml/L crude oil loading,
respectively).

The impact of the FeNPs on the structural properties of the oil and Pickering
emulsion droplets was explored through force probing using an atomic force microscope
(AFM). The results indicate that the stiffness of the crude oil drops does not change
significantly with the addition of FeNPs, as implied by the near identical slopes of the force
line generated during the retraction of the AFM probe (Appendix Section 3.6.2). *® The
AFM study did reveal the presence of a layer of FeNP at the oil/water interface, and it was
further found that the FeNPs seem to rearrange as the tip is used to repeatedly probe the
surface of the drop, indicating a mobile NP layer (Appendix Section Al, Figure A3.7a, b).
These results suggest that under pressure the NP-stabilized oil drops will deform similarly
to uncoated oil drops, and that the stiffness of the NP-stabilized oil drop does not impact

membrane fouling, as demonstrated by the fouling experiments.
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The deposition and attachment of NPs to the membrane surface can also lead to
fouling. 3! The lack of fouling during the filtration of FeNP stabilized oil (with DI or
SPW waters) indicates that the FeNPs do not deposit or sorb to the membrane surface.
However, the FePVP stabilized oil did foul the membrane, which could be attributed to the
FePVP particles themselves adsorbing to, and blocking, the membrane surface. Particles
coated with PVP have been previously shown to preferentially attach to non-PVP coated
surfaces under moderate ionic strength conditions. “> However, membranes used during the
FePVP stabilized oil separation experiments were made of PAN, which has PVP added to
it during their manufacturing process. 444 Thus, the presence of PVP coating on PAN
membranes and the low ionic strength during the FePVP experiments (DIW) would prevent
preferential sorption of FePVPs to the membrane surface, and mitigate attachment of the
FePVP particles to the membrane surface. Since fouling still occurred during these
conditions, it can likely be attributed to oil coalescence. This information indicates that
under the current experimental conditions, membrane performance when filtering
FeNP/FePVP - stabilized oil is controlled by permeate flux, membrane oleophobicity, and
NP contact angle, and not by specific interactions between the NPs and the membrane

surface.
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Figure 3.3: Membrane performance while treating NP-stabilized crude oil. (a)
Membrane performance at 50 LMH with a cross-flow velocity of 15 cm/s. (b)
Membrane performance at 100 LMH with a cross-flow velocity of 15 cm/s. (c) Fouling
of PS35-PVA-CNT membrane in SSW at 2°C with a cross flow velocity of 25 cm/s
with two crude oil concentrations (10 and 100 ml/L). (d) Concentration experiment
on PS35-PVA-CNT membrane at 100 LMH in SSW at 2°C with a cross flow of 10
cm/s; the blue line is water recovery (%), the black line is crude oil concentration in
(ml/L), and the red line is the system pressure.

3.3.3 Theoretical Analysis of Experimental Results

Our experimental results demonstrate that oil droplets stabilized with FeNPs will
not foul the membranes under our reported experimental conditions. The NPs prevent
direct oil-oil interaction between adjacent oil drops as well as oil-membrane interactions,
which prevents drop coalescence as well as membrane wetting by the oil. 222° The

theoretical framework we developed connects the force that holds the NPs at the oil/water
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interface to forces resulting from the crossflow filtration of the emulsion (detailed
explanation in Appendix Section 3.6.3). The force that holds the NPs at the oil/water
interface of a Pickering emulsion is a result of surface energy minimization (i.e. interfacial
energy) (Equation A3.1). > The interfacial energy can be used to calculate the force that
holds the particles in place (Figure 3.4a) (Appendix Section 3.6.3.2, Equations A3.2-3).
This allows us to perform a force balance, which determines if the particle will remain at
the interface under various forces acting on the system during filtration (e.g. pushing,

pulling or rolling force) (Figure 3.4b).
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Figure 3.4: (a) The model uses a single NP at the oil/water interface to calculate the
force required to either pull the NP out of the drop (Fiw) (blue arrow) or push the NP
into the oil drop (Fio) (yellow arrow). (b) The shearing forces acting on the NPs in the
cake layer are shown; the fluid flow through the cake layer generates a rolling torque
that acts on the particles (Tg), with an adhesive torque (Ta) (holding the particle in
place) preventing the particle from rolling off the oil surface. (c) The flow through the
cake layer results in a non-linear flow path, which exerts a drag force (Fs) on the
surface of the Pickering emulsion drops. The drag force transfers from the top layer
to the bottom layer, leading to a force (Frg) that has to be supported by the lowest
Pickering emulsion drops in the cake layer. (d) The drag force (Fr) pushes the oil
drop into the NP, and the interfacial force (Fio) acts against it, preventing oil from
coming in contact with the membrane. (€) When the drag force (F+) is stronger than
interfacial force (Fio), the NP enters the oil phase, allowing oil to come in contact with
membrane. (f) When oil comes in contact with membrane it wets the surface to the
oil’s natural contact angle with the membrane surface. (g) The oil spreads due to the
drag force (Frd), leading to a higher contact angle than the natural contact angle,
which leads to further membrane wetting and fouling.

The model first considers the stability of the Pickering emulsion in a cake layer that
formed on the membrane surface during cross-flow filtration. The cake layer is a
complicated structure that generates a large number of forces that act on the Pickering

emulsion and membrane surface. We first consider the forces that prevent oil coalescence,
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as coalescence would lead to membrane fouling. The force profiles acquired from the AFM
study demonstrate that the NP layer on the oil drop surface is mobile, and moves under the
application of an external force (Supplemental Section S1). Thus, forces resulting from
fluid flow through the cake layer could potentially cause NP movement along the oil drop
surface, which can lead to oil from neighboring drops to coalesce and lead to fouling. The
model then assumes the presence of two NPs that are placed between two oil drops,
preventing the oil in adjacent drops from interacting (Figure 4b). The fluid drag through
the cake layer would result in a rolling torque (Tq) that would try to roll the particle off the
oil surface (Equations A3.4, A3.8-A3.10). #/°! An interfacial force (Fiw) that holds the NP
at the oil/water interface generates an adhesive torque (Ta) that prevents the particle from
rolling off the surface (Equations A3.5-A3.7). 449 If the particles were to roll off the oil
drop surface, the oil in neighboring drops would be exposed, which would lead to
coalescence and fouling. Thus, a simple torque balance allows us to determine if
coalescence would occur. In our model, if a coalescence event occurs then we assume the
membrane will foul. A detailed procedure for the calculation of the torque balance is
presented in Appendix Section 3.6.3.3.

The fluid flow through the porous structure of a cake layer leads to a drag force
(Fra), which has to be supported by the Pickering emulsion structure, and in particular, by
the bottom layer of the Pickering emulsion that is in contact with the membrane (Figure
3.4c¢). The fouling here is mitigated by a layer of NPs that prevent oil from coming in
contact with the membrane surface. A force balance is then performed around a single NP

that separates the oil drop from the membrane surface (Figure 3.4d). The interfacial force
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(Fio) that holds the particle at the oil/water interface has to resist the drag force acting on
the cake layer, preventing the particle from entering the oil phase (Equations A3.3b,
A3.11). If the drag force through the cake layer is lower than the interfacial force holding
the particle at the oil/water interface, then the membrane will not foul. Otherwise, the oil
can come into contact with the membrane, and we must consider the susceptibility of the
membrane material to wetting (Figure 3.4e). A detailed procedure for calculating the forces
acting on a particle separating the oil from the membrane is presented in Appendix Section
3.6.3.4.

The drag force acting on the cake layer can force the oil drops to be exposed to the
membrane surface and come directly in contact with it. The oil can then wet the membrane
surface to its natural energetic minimum (i.e. its measured contact angle); further
membrane wetting requires an external force to be applied to the drop (Figure 3.4f, g). In
the cake layer, a drag force (Frg) provides this external force, which acts against the
membrane natural resistance to wetting (Fwr); if Fra > Fwr then the oil is forced to spread
further across the membrane surface (Figure 3.4g) (Equations A3.11-A3.14). > We assume
that to completely wet the membrane, a contact angle of 90° is required, since at this angle
oil from adjacent drops would come in contact at the edges, which would then lead to
coalescence and fouling. A detailed procedure for calculating the force balance and
determining oil spreading is presented in Appendix Section A3.6.3.5.

The overall model can then be solved in several steps (Figure 3.5a) if the following
information is known: the contact angle of the NPs with oil and water; the contact angle of

the membrane with oil; the permeate flux and pressure drop across the cake layer (Figure
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3.5a). The first step in the model is to determine if coalescence in the cake layer would take
place. If coalescence does occur then the membrane will foul under the specified
conditions. If coalescence does not occur, then it is determined if the drag force through
the cake layer is sufficient to push the NPs into the oil drop, which leads to the oil coming
in contact with the membrane surface. If the oil does not come in contact with the
membrane surface then no fouling occurs. If the oil comes in contact with the membrane
surface, then it has to be determined if the membrane will be wetted with oil, which would
lead to membrane fouling. This simple theoretical framework allows for the determination
of the important operational conditions under which the membrane could foul. A detailed

description of this process is presented in Appendix Section A3.6.3.6.
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Figure 3.5: (a) Theoretical framework flow chart. (b) Model results demonstrating
the relationship between the critical permeate flux (y axis) and membrane and NP
contact angle (x axis): the interfacial (green) line shows the solution to the force
balance for the fluid drag force (Fi) and the interfacial force (Fio), while the shear
(red) line represents the torque balance between the fluid drag torque (Tq) and the
torque of adhesion (Ta). Both lines are showing a solution for the critical flux vs. NP
contact angle. The wetting (blue) line shows the force balance between the fluid drag
force (Ft) and the membrane wetting resistance (Fwr), solved for the critical flux vs.
membrane contact angle. The PVA-CNT, PAN and PS-35 arrows point to the
membrane contact angles, and the FePVP and FeNP arrows point to the NP contact
angles.
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3.3.4 Model Results

The theoretical framework developed for this work successfully captured the
relationship between Pickering emulsion stability, membrane oleophobicity, and permeate
flux. Experimental results demonstrate the significant difference between the FeNP and
FePVP-stabilized oil drops under filtration conditions (Figure 3.3a, b), which prompted the
investigation of the stability of the NPs at the oil/water interface. Thus, the first step is to
understand the relationship between NP contact angle and Pickering emulsion stability
when exposed to the shear forces found in the cake layer accumulated on the membrane
surface, with the goal of finding the flux point where membrane fouling would occur (i.e.
the critical flux). Model results (generated using Equations A3.1-A3.10) indicate that NPs
with water contact angles <10° readily shear off the oil/water interface, leading to oil drop
coalescence and membrane fouling, at fluxes above 40 LMH. Thus, the FePVP particles
(with a contact angle of 6.8°) shear off at fluxes exceeding 26 LMH (critical flux of 26
LMH) (Figure 3.5b). In contrast, the FeNP particles, having a water contact angle of 40°,
are very resistant to shear forces, requiring a flux of 1840 LMH to be sheared away from
the oil/water interface. (Figure 3.5b) To verify the framework results additional
experiments were performed using y-Fe2O3 (y-FeNP) and polystyrene sulfonate modified
v-FeNP (FePSS) nanoparticles with contact angles of 10+2° (critical flux of 76 LMH) and
<5° (critical flux of 12 LMH), respectively. (Figure A3.1, and A3.5) The experiments
revealed that FePSS stabilized oil fouled in a very short time when operating at 50 LMH,
while the y-FeNP stabilized oil began fouling at operating flux of 80 LMH, demonstrating

the reliability of the proposed theoretical framework. Thus, during filtration experiments it
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is likely that the shear forces in the cake layer stripped the FePVP from the oil drops,
allowing the membrane to foul (Figure 3.3a). However, these forces were insufficient to
remove the FeNPs from the oil/water interface, which leads to the conclusion that another
mechanism is responsible for the observed fouling at 100 LMH on the relatively oleophilic
PS35 and PAN membranes (Figure 3.3b).

Using Equations A3.1-A3.3 and A3.11, it was found that the pressure drop across
the cake layer in our system would cause the FeNPs separating the oil from the membrane
to be “pushed” into the oil drop itself, and allow the oil to come into contact with the
membrane, when fluxes exceeded 48 and 46 LMH for the FePVP and FeNP, respectively
(Figure 3.5b). The slightly higher critical flux for FePVP is due to their higher
hydrophilicity, which increases the energy barrier preventing the FePVP particle from
partitioning into the oil drop. The relatively small change in the critical flux is due the fact
that the total difference between the energy barriers is relatively small compared to the
overall energy barrier (1.346e7 KT vs 1.365e7 KT for FeNP and FePVP respectively, Figure
A3.1). This higher energy for partitioning into the oil also leads to a smaller energy barrier
existing for the particle to be pulled out of the oil drop. However, this difference is very
significant with the energy barrier being 165 kT for FePVP and 1.83e5 kT for FeNP (Figure
A3.1). Equations A3.11-A3.14 were used to determine whether the membrane material,
once in contact with the crude oil (if the NPs at the oil/membrane interface are pushed into
the oil drop itself), would wet. To do so, Fwr was compared to the force experienced by the
bottom-most oil drop in the cake layer (derived from the pressure drop across the cake

layer — Ftq). The results of the model demonstrate that the critical flux for the PVA-CNT
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membranes is 131 LMH, which would lead to no fouling at fluxes of 50 and 100 LMH, as
was experimentally observed (Figure 3.5b). The critical flux for PAN and PS35 was found
to be 105, and 50 LMH respectively, with experimental results demonstrating fouling at
100 LMH for both membranes (Figure 3.3a, b).

Finally, the results of the various model components can be compared to our
experimental results using the theoretical framework described in Figure 5a, for the
purpose of understanding the mechanisms responsible for the observed fouling
phenomena. Since the PAN membrane fouled when treating the FePVP-stabilized oil at 50
LMH but not when treating the FeNP-stabilized oil, it is likely that the fouling mechanism
involved the shearing of the FePVP particles from the oil/water interface, as predicted by
the model (Figure 3.3a, b). At higher fluxes (100 LMH), the PS35 and PAN membranes
both rapidly fouled, in contrast to the PVA-CNT membranes, which are significantly more
oleophobic, that did not foul, (Figure 3.2, 3.5b). The model predicts that the relatively
hydrophobic PS35 and PAN membranes will become wetted by the crude oil if the oil
comes into contact with the membrane surface at fluxes of ~100 LMH. Furthermore, the
model predicts that at a flux of 100 LMH, the force acting on the cake layer is sufficient to
push the NPs into the crude oil drop, thus allowing contact between the oil and membrane
surface. Therefore, the mechanism responsible for the fouling of the PS35 and PAN
membranes at 100 LMH is wetting by the oil. Additionally, the mechanism responsible for
the fouling of the PVA-CNT membranes when filtering the bare oil emulsions (no NPs;
Figure A3.4) is the lateral coalescence of oil drops in the cake layer, since there are no NPs

separating neighboring drops.
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3.3.5 Nanoparticle Recovery and Reuse

The magnetic properties of the NPs used to prepare the Pickering emulsions provide
an opportunity to recover the NPs from the concentrated crude oil in the membrane
concentrate stream, through the application of an external magnetic force. It has been
previously demonstrated that Pickering emulsions prepared with micron-sized particles
could be easily separated from oil using a strong magnetic force. 22 However, it was also
found that NPs adhere strongly to the oil/water interface and do not undergo spontaneous
separation like their larger counterparts. 2 We found that the Pickering emulsion can be
readily separated from the aqueous phase using a strong magnet (N48 rare earth magnet).
Following exposure to air the oil readily seeps out under gravity, leaving the NPs attached
to the magnet (Figure 3.6a). However, gravity separation was found to be insufficient for
FeNP reuse due to significant amounts of oil remaining in the FeNP slurry (70-80 %),
which prevented their effective dispersion in water. Thus, a wicking step was added to the
separation and recovery process, where the oil was wicked out of the FeNPs using blotting
paper (Figure 3.6b, ¢). This approach reduced the oil content in the FeNP slurry to 31+6 %
of the initial crude oil weight, producing a nearly dry FeNP powder that readily formed
new Pickering emulsions (Figure 3.6d). The process of recovery and reuse was repeated
three times, with no apparent drop in the FeNP’s ability to form new Pickering emulsions.
The recovery and reusability of FeNPs allows for the development of a continuous,
membrane-based and fouling-free oily water treatment process. Such a process would
stabilize oil emulsions with FeNPs, forming Pickering emulsions that would be

concentrated with UF, producing oil-free water. The concentrated Pickering emulsions
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would then go through a magnetic separation process producing a FeNP slurry that could
be reused (i.e. form new Pickering emulsions), and a highly concentrated oil stream (Figure

3.6€).

Total Emulsionrecovery
system:
Permeate with <15PPM TOC
Oil as a single phase

Figure 3.6: Magnetic NP recovery process: (a) after recovering the Pickering
emulsion from water and exposing to air, oil readily seeps from the NPs. (b) Blotting
paper used to wick oil from the NPs. (c) Oil that was wicked out of FeNPs is shown
on the blotting paper. (d) Recovered nano particles are seen in their dry-like state. (e)
Complete oil emulsion treatment system - starting from the top left, oily water enters
a mixer with FeNPs to form a Pickering emulsion; the Pickering emulsion enters the
UF system, where it is concentrated to produce an oil-free permeate stream, and a
concentrated stream; the concentrated Pickering emulsion is passed into a magnetic
separator, which separates water and FeNPs from oil, producing an oil stream and
an FeNP slurry that is reused for the formation of a new Pickering emulsion (brown
dots are FeNPs and large yellow dots are oil droplets).

3.4 Conclusions

The coupling of Pickering emulsions to underwater superoleophobic UF
membranes allows for a rapid and robust oil/water separation method (up-to 100 LMH) for
water contaminated with large quantities of crude oil (up-to 100 ml/L) with minimal
fouling. The novel process reported here is insensitive to solution ionic strength (>2 M),
temperatures (2-25°C), and produces treated water with a TOC content <15 ppm regardless

of oil concentrations in the feed. The 15 ppm threshold is critical, as this is the level
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considered acceptable for environmental discharge for treated water. 3 The developed
theoretical framework and model explain our experimental results, indicating that fouling
inhibition is due to the non-coalescing nature of Pickering emulsions as well as membrane
underwater superoleophobicity that prevents oil wetting of the membrane surface.
Importantly, our work demonstrates that an underwater superoleophobic membrane alone
is insufficient to prevent membrane fouling under realistic conditions. Finally, we have
demonstrated that crude oil could be separated from FeNPs using an external magnetic
field coupled to a wicking process, which allows for their recovery and reuse.

The process developed here has significant implications for oily water treatment,
as it allows for rapid handling of concentrated oil streams, while producing very high
quality treated water, without experiencing membrane fouling. The advantage of UF over
other oil/water separation techniques is the tight membrane pore size, which guarantees an
oil-free permeate that can be easily reused or disposed of. The fact that the system does not
foul will prevent excess costs associated with UF cleaning and process interruption.
Membrane fouling leads to increased power demands with the expected power usage for
non-fouled membranes being less than 0.2 kwWh/m® or $0.013/m® (based on average
industrial power cost in the USA in 2014). > The addition of CNTs to fabricate the
underwater superolephobic membranes used in this study incurs a relatively minor
additional cost of $2.21/m?, which amounts to an 11 % increase compared to the cost of
the PS35 polysulfone membrane material. Finally, we estimate that the energetic cost of

magnetic separation would only be 0.00411 kWh/m? (0.000275 $/m?), amounting to less
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than 2 % of total energy consumption (based on MSK-300 magnetic separator (PRAB,
Kalamazoo, Michigan)).

3.5 Methods

3.5.1 Materials

FeNPs were purchased from SkySpring Nanomaterials, Inc. (Houston, TX) and had
a black appearance and a reported diameter of 20-40 nm. The FePVP particles were
purchased from US Research Nanomaterials, Inc. (Houston, TX), had an orange
appearance, a reported PVP loading of 1 % and a diameter of 20-40 nm. The y-FeNP
particles were purchased from US Research Nanomaterials, Inc. (Houston, TX), had an
orange appearance and reported diameter of 20-40 nm; these NPs were used as-is.
Polystyrene sulfonate sodium salt with Mw of 70,000 was purchased from Scientific
Polymer Products(Scientific Polymer Products, inc, Ontario, NY). FePSS particles were
prepared by mixing 20 grams of y-FeNP and 15 grams of PSS in 1 L of DI water. The pH
of the suspension was adjusted to 4.0 using HCL, and was then sonicated in a sonication
bath, while being mixed with an immersion mixer for 30 minutes. The solution was then
mixed for additional 18 hrs, after which the FePSS particles were removed from the
suspension using vacuum filtration and a polyethersulfone membranes (100 nm)
(Membrana, Tokyo, Japan). The particles were then flushed with 3 L of DI water with
mixing, and then dried at room temperature for 48 hours before being used. The SPW was
made with 1.27 M NaCl, 0.165 M MgClI2, 0.018 M KCI, 0.17 M CacCl, and 0.004 M
MgSO4, while SSW was prepared with 0.68 M NaCl, 0.03 M MgCl2, 0.013 M CacCl, and

0.019 M MgSO4 all acquired from Fisher Scientific (Thermo Fisher Scientific Inc,
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Waltham, MA); the salts were all ACS grade. The Crude Oil was purchased from Texas
Raw Crude (Midland, TX).PS-35, and PAN membranes were acquired from Sepro
Membranes (Sepro Membranes Inc., Oceanside, CA) and used as is. The PVA-CNT
membranes were synthesized using a method described elsewhere. 34 Briefly, a solution of
1 % 146,000-186,000 MW PVA (Sigma-Aldrich) and multi-wall carbon nanotubes
functionalized with carboxylic groups (Cheaptubes Inc., Brattleboro, VT) was prepared in
a 3:1 w/w ratio. The mixture was pressure filtered (Millipore; Billerica, MA) onto either a
PS35 or PAN support with a final CNT loading of 0.63 g/m2. The composite membrane
was then cross-linked in a heated bath (90°C for 1 hour) containing 1 g/L of 50 wt%
Glutaraldehyde and 0.37 g/L hydrochloric acid (Thermo Fisher Scientific Inc, Waltham,
MA), followed by a drying step in an oven (90°C for 10 minutes).
3.5.2 Sample Preparation

Crude oil emulsions were prepared by adding crude oil to 1.5 L of water (DI, SPW
or SSW) followed by vigorous mixing using a blender (Oster, Sunbeam Products, Inc.
USA) set at maximum speed for 10 minutes. The temperature of the solution during the
blending was maintained at room temperature using an immersed cooling coil. The
prepared emulsion was used as is, unless it was used for the Pickering emulsion
preparation. The Pickering emulsion was prepared by adding FeNPs or FePVP particles to
the oil emulsion in a 1:1 (vol/w) ratio, followed by mixing with an immersion mixer (built

in house) for 1 or 3 hour respectively.
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3.5.3 Material Characterization

FeNP and FePVP aggregate size was measured by preparing a 10 mg/L solution in
DIW, and measuring the size using a DLS instrument (Brookhaven Instruments; Holtsville,
NY) with the detector angle set at 90°. The oil emulsion and Pickering emulsion sizes were
measured using optical microscopy images (Thermo Fisher Scientific Inc, Waltham, MA)
and image analysis software (ImageJ); a 0.01 mm calibration slide (AmScope, Irvine, CA)
was used to ensure accurate size measurements, with at least 150 oil/Pickering emulsion
drops measured. The PVA-CNT films were imaged using SEM (SEM; FEI XL30 SEM-
FEG; Hillsboro, OR). SEM samples were attached to an aluminum stub using copper tape.
Cross sectional SEM images were acquired by freezing membranes at -80°C and then
fracturing the surface. Membranes were then sputter coated with Pt/Pd for 30 seconds. The
SEM image of the Pickering emulsion was acquired by placing drops of Pickering emulsion
solution onto the aluminum stub and allowing the sample to dry at room temperature
overnight, the samples were then sputter coated with Pt/Pd for 40 seconds. Crude Oil
Contact angle measurements were taken using a contact angle goniometer (Attension;
Linthicum Heights, MD) equipped with a polycarbonate inverse cell, where the membrane
was attached using Scotch double sided tape (Scotch, Minneapolis, MN), and immersed in
DI water for 5 minutes before allowing a 10 pL oil drop to come in contact with the
membrane surface. FeNP and FePVP samples for contact angle measurements were
prepared using a method modified from Potapova et al. %¢-%8 In short, 0.1 g/L of FeNP, y-
FeNP, FePSS and FePVP powder were added to 500 ml of DIW and sonicated for 30 min

using a horn sonicator (Branson; Danbury, CT). The suspension was then pressure
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deposited onto a PS35 support at 50 psi and dried at room temperature overnight. The
contact angle of the prepared sample was measured with a 0.6 uL water drop in air

(Attension; Linthicum Heights, MD).

3.5.4 Filtration System and Fouling Experiments

The filtration experiments were performed with a fully automated membrane
filtration system described in more detail elsewhere. >° Briefly, a cross flow filtration cell
was used, the permeate flow rate (flux) was measured using a scale, and was maintained
by adjusting system pressure via an electronically controlled valve. Due to the abrasive
nature of the NPs being used, different pumps had to be used as they failed over time, with
a diaphragm pump (Hydra-Cell, Wanner Engineering, Inc, Minneapolis, MN) and a
progressive cavity pump (Moyno, Springfield, OH) proving themselves as the only viable
options for long-term operations. Other pumps used for short periods included a gear pump
(Coleparmer; Vernon Hills, IL), and a rotary vane pump (McMaster-Carr, Chicago, IL).
For low temperature experiments, an immersion coil attached to a chiller (Thermo Fisher
Scientific Inc, Waltham, MA) was inserted into the solution tank, and a custom PID
controller (Arduino) with a temperature probe in the solution tank was used to maintain
constant feed temperature to + 0.25°C.

All membranes were compressed with DIW at 100PSI for 12-48 hours until
constant flux was achieved before experiments began. During the filtration of the Pickering
emulsions, the system was operated continuously for 12 hours at which point a five minute
cross-flush cleaning event with the feed water (no pressure) was performed; following the

cleaning event, the experiment was resumed. Unless otherwise stated, membrane permeate
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was returned to the feed tank to maintain constant feed concentrations. During the
concentration experiments, the permeate was not returned to the feed and the concentration

of the oil was monitored by measuring the volume of permeate produced.

3.5.5 NP Recovery and Reuse

For the FeNP recovery experiments, the Pickering emulsions were prepared by
adding 100 ml/L of crude oil to 30 ml DIW in a 40 ml glass vial followed by sonicating in
a bath (Thermo Fisher Scientific Inc, Waltham, MA) for 10 minutes. A 1:1 (v/w) ratio of
FeNPs was then added to the vial and vigorously mixed using a vortex mixer (Thermo
Fisher Scientific Inc, Waltham, MA) for 1 minute. The solution was then transferred to an
aluminum boat (42 ml volume, Fisher Sci.) and placed on top of a cylindrical 1” x 1 N48
neodymium magnet (CMS Magnetics, Garland, TX). The magnet and boat were tipped
over perpendicular to the bench, allowing the draining of the water and crude oil, leaving
behind a FeNP cake. The FeNP cake was then mixed with a spatula, and Kimwipes
(Kimberly-Clark Worldwide, Inc.) were softly pressed against the cake to absorb residual
moisture and crude oil, with the wicking process repeated 4-5 times. The alumina boat was
then weighted, and a 0.1 g sample was removed and placed on a different aluminum boat,
which was then dried at 50 °C for 30 minutes, weighed, and placed on the N52 magnet
once again. Crude oil was then extracted from the 0.1 g sample using 3 consecutive washes
with 10 ml of Hexane (99% Hexanes, Fisher Sci.). The sample was then allowed to dry at
50°C for 10 minuets and was weighed one last time, the difference between the dried
sample weight, and the weight after the hexane wash was used to calculate entrapped oil

content in the FeNPs. The reusability of the FeNPs was tested by using the recovered
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FeNPs (described previously) to stabilize a fresh oil emulsion solution. The same process
was followed as above, however, the volume of oil emulsion was adjusted such that the
total oil volume of oil emulsion + oil remaining in the NPs would result in a 1:1 (vol/w)
ratio. The same FeNPs were reused for a total of 3 times, and the overall procedure was
duplicated with fresh FeNPs. The oil stabilization was tested by measuring the TOC in the
recovered water after magnetic separation, and was always bellow 15 ppm, indicating full
stabilization.
3.5.6 Atomic Force Microscopy

Samples for AFM probing were prepared by vortex mixing 0.003 ml/L oil emulsion
in a glass vial for 5 minuets. A glass slide was then held parallel to the bench surface, and
1 ml of the oil emulsion was deposited (using a pipette) on the underside of the glass slide,
with the oil emulsion forming a small water drop on the bottom of the glass slide. The slide
was allowed to stabilize for 5 minutes while the oil floats towards the top of the slide and
attaches to the glass surface. Then, the slide was carefully inverted and the emulsion
solution was replaced with DI water and placed onto the AFM stage (Asylum Research,
Santa Barbara, CA). The FeNP stabilized oil droplets were prepared by first coating the
slide in oil droplets as described above, and then replacing the DI water with a 0.1 g/L
FeNP suspension that had been sonicated with a horn sonicator (Branson; Danbury, CT)
for 10 min. The FeNP suspension was allowed to settle onto the oil-coated glass surface
for 10 minuets, and was then flushed out with DI water. For the force probing, triangular
tipless tips were used (NP-O10, Bruker, Camarillo, CA) with a reported stiffness of 0.12

N/m. For force measurements, the tips were immersed into a 10 g/L dopamine solution for
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10 minutes before use. The tips were then calibrated by first acquiring the slope from
probing the glass surface, (getting the VV/nm sensitivity) and then by performing a thermal
tuning step (measured stiffness values being 0.10£0.01 N/m). To probe the oil drop surface,
the tip was aligned over the oil drop using an optical microscope, and then manually
lowered onto the surface until the tip engaged. A force profile was then taken with a trigger

point being set at 35 nN at a rate of 250 nm/s.

3.6 Appendix

3.6.1 Additional Data Figures

Fe304'PVP

Figure A3.1: Water contact angle images of FePVP (a), FeNP (b), y-FeNP (c), and
FePSS (d).
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Figure A3.2: Energy wells for FeNP (contact angle of 40°) and FePVP (contact angle
of 6.8°) entering (dashed lines) and leaving (solid line) the water/oil interface.
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surfaces.

132



35

30

25| 40
LMH
201
15 30 f
LMH
10/ 20
LMH
4—# PS-PVA-CNT |

0.5 1.0 1.5 2.0 25
Time (hrs)

Pressure (PSI)

Figure A3.4: Required pressure to maintain a set flux was recorded for a system
containing 0.5 ml of crude oil in 1 | of DIW, Starting at 20 LMH and increasing in 5
LMH steps (cross flow 10 cm/s)

>

ﬂZS

501 & PAN w/y-FeNP in DIW |H PAN w/y-FeNPs in DIW
&—¢ PAN w/FePSS in DIW
20

—_— 40 —_
N 0
o 215
" 30( o 100 LMH
2 2
8 20f g 10
o a 65 LMH

104 5

0 ‘ r___ ‘ 0

0 10 20 30 40 0 20 40 60 80 100 120 140 160
Time (hrs) Time (hrs)

Figure A3.5: Membrane performance while treating with FePSS and y-FeNP

stabilized crude oil at 50 LMH (a) and fouling of y-FeNP at 65, 80 and 100 LMH (b)
with a cross flow velocity of 15cm./s.

3.6.2 AFM Force Curves:

Based on the theoretical framework, the key to fouling inhibition is the prevention
of oil drop coalescence and oil drop wetting of the membrane surface. In an attempt to

understand the behavior of an FeNP-stabilized oil drop during filtration conditions, which
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expose the stabilized drop to forces acting on the oil drop surface, an AFM tip was used to
exert a force on the oil drop surface. During the probing of the crude oil drop it was found
that the approach and retraction curves were identical, and no significant hysteresis was
observed indicating no adhesion of oil to tip surface (Figure A3.6). Probing the crude oil
drop in SPW was impossible due to the oil drop adhering and wetting the probe. This
drastic difference is explained by the presence of an electrostatic repulsive force that
prevents the tip from being wetted in DI water. However, in SPW, the electric double layer
around the oil drop and the tip collapse, which allows the tip to come in contact with the
oil followed by wetting. The FeNP coated oil droplets revealed significantly different
approach and retraction curves (Figure A3.6). The approach force curves of the coated oil
droplets reveal jagged-like features, which are not found in non-coated oil droplets. These
jagged features are due to the movement and rearrangement of the FeNP coating as the tip
approaches the oil drop surface. % Unlike the uncoated crude oil droplet that we were not
able to probe in SPW, we were able to probe the oil droplets coated with FeNPs, as the tip
was physically separated from the oil drop, which prevented wetting. In SPW, the approach
curves once again revealed a clear jaggedness, indicating that there is some rearrangement
of the FeNPs on the surface of the oil drop.

To study the rearrangement of the NPs at the oil/water interface, the NP-stabilized
drops were repeatedly probed (for a total of 16 times). It was observed that the approach
profiles for FeNP coating in DI water changed with each probing, with the jaggedness
continuously reduced, indicating a more stable packing of the FeNP layer (Figure S7a).

The repeated probing of the FeNP coating in SPW water does not exhibit a significant
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change in overall jaggedness of the approach curve when compared to DI water results
(Figure S7b). This seems to indicate that the FeNPs in SPW water do not readily rearrange,
with this lack of rearrangement likely due to strong aggregation of the FeNP particles at
the oil/water interface due to the collapse of the electrostatic repulsive forces between the

particles; this aggregation then leads to reduced FeNP mobility, which prevents their

repacking.
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Figure A3.6: Force curves for a crude oil droplet, and final probed curves for FeNP-
stabilized oil droplet in DI and SPW waters
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16th probing in (a) Di water and (b) SPW.
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3.6.3 Theoretical Background and Details

Figure A3.8: Forces in cake layer along membrane surface. (a) In the cake layer, the
total drag of fluid through the cake is the total cake layer force acting on the lowest
layer of oil droplets. (b) The forces acting on NPs stabilizing an oil drop.

3.6.3.1 Theory overview

During cross-flow filtration, compounds in the water (e.g. Pickering emulsions)
that cannot pass through the membrane will accumulate, forming a cake layer on the
membrane surface (Figure A3.8a). %12 In a cake layer composed of a Pickering emulsion,
oil drops are coated with NPs that prevent the oil from coalescing. 22 In addition, the NPs
also prevent the oil from coming in contact with the membrane surface itself (Figure
A3.8Db). In an idealized system, a single oil drop has two NPs on its surface, one separating
the drop from the membrane surface, and another on the side of the oil drop, which prevents
neighboring oil drops from coalescing (Figure A3.8b). As the NP that is on the side of the
oil drop is responsible for preventing oil drop coalescence, its removal would result in
coalescence, film formation and consequent membrane fouling. Similarly, if enough force
is applied to the top of the oil drop, the NP that is separating the oil drop from the membrane
surface will be pushed into the drop itself, allowing oil to come into contact with the

membrane surface, which could lead to the oil wetting the membrane surface and to
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membrane fouling. In this theoretical framework, the forces acting on the NPs and oil drops
are calculated, and a force balance approach is used to determine the point at which
membrane fouling occurs.
3.6.3.2 Interfacial force

The interfacial force (Fi), which holds the NPs at the oil/water interface, prevents
the NP from being pulled out of/pushed into the oil drop. To calculate this force, the
interfacial free energy of a particle entering the oil/water interface (fi) is calculated (A3.1a-
d): 45,46

fi = 2wy, [r?2(1 £ cos(a))cos( B,,,) — R4 (1 — cos( )] (A3.1a)

a = arcsin (g) (A3.1b)

B = arcsin (Ri”) (A3.1¢c)

TRy sin(6)

x = (A3.1d)

\/r2+R121+2rRH cos(6)

where yow is 0il surface tension, fow is the particle contact angle with the oil (in radians), r
is particle radii (average NP aggregate radius of 325 nm was used FesOs4 nanopowder
(FeNPs) and polyvinylpyrrolidone-coated FesO4 nanopowder (FePVP)), Ry is the oil drop
radii (3.3um diameter found from optical microscopy imaging), and the sign in the
parenthesis is [-] for Gow < 90° and [+] for fow > 90°. Using the particle immersion depth
(pa) calculated from Equation A3.4, the interfacial force (F;) which holds the particle at the
oil/water interface can be found using numerical methods by taking the derivative of the

interfacial free energy vs. particle immersion depth in the oil phase (A3.2):
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afi
F, = ﬁ (A3.2)

The force needed to push the NP into the water phase (Fiw), or into the oil phase
(Fio) can be found by calculating the difference between the interfacial free energy holding
the NP at its preferential partitioning contact angle (preferential NP immersion depth) and
the free energy at a contact angle at 0° (complete release of NP from oil surface) or 180°
(when the NP is pushed into the oil phase), respectively (A3.3a, b):
Fyw = Fi(6,) — F;(0) (A3.33)
Fi, = F;(180) — F;(6,)  (A3.3b)
3.6.3.3 Shear forces in the cake layer
In the cake layer formed during the filtration of a Pickering emulsion, oil
coalescence is prevented by NPs that are placed between neighboring oil drops. Since water
is flowing through the cake layer (Figure A3.7a), these NPs will experience a drag force
that is pulling them away from the oil/water interface. This force can be used to calculate
the torque of drag (Tq) that will try to roll the particles off the oil droplet, while the adhesion
torque (Ta) will try to keep the particles at the oil/water interface. "% T4 can be calculated
using the following equation (A3.4) %, where r is the NP radii, and Fq is the force of drag:
T, = 1.4F;r (A3.4)
The interfacial holding torque (Ta) can be calculated from Equation A3.5 7

T,=(F,, —F)I (A35)
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where Fiy is the interfacial force to the water phase (A3.11a), Fi is the lift force, and I is
the NP and oil drop contact area that can be found from the classical Johnson, Kendall, and

Roberts theory (Equation A3.6) 4°:

% Py (A3.6)

1
e
r Rpj

I =

where Ry is the oil drop radii, and pq, the particle immersion depth in oil, can be calculated
from the following equation (Equation A7) °:

pa =11+ cos(6,4)) (A3.7)
where 6w is the particle contact angle with oil. The lift and drag forces (Fi and Fuq,
respectively) can be found from equations (A3.8) and (A3.9), respectively %8 :
3
81.2ur3(3)?

— ar.

F=—2a) (A38)

v2
F, = 10.2057u (%)ﬂ (A3.9)
where p is fluid dynamic viscosity, v is kinematic viscosity, and dv/dr is the shear rate,

which can be calculated using constricted pore theory (A3.10a-f), where the flow through

the cake layer can be represented by constricted pores: 48:50°1

d
dv _ Npore 4_(72_7-)

o (a F

(A3.10a)

where Q is fluid flow rate through the pore and d; is the pore diameter at the center of the

pore (A3.10b-d):

d, =2 <% + (4 (&- %))) (A3.10b)
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dc
deff = m (A37C)

Aoy = d.2.141 (A3.10d)
where dc and det are the constriction diameter, and effective pore diameter, respectively

(A3.10c, d). Npore is the number of pores in the cake layer (A10e):

Ae
N. e a—
pore I3
(Z)dgffctive

(A10e)

where A is area of the cake layer, and ¢ is cake layer porosity (assumed to be 0.26 for a

perfectly packed bed of spheres).

3.6.3.4 Fluid drag in the cake layer

The cake layer is supported by the lowest layer of oil droplets in contact with the
membrane surface. Thus, this layer has to support the cumulative fluid drag force created
by water flowing through the cake layer. Using Darcy’s law, and assuming laminar flow
conditions, the cumulative fluid drag force is equivalent to a pressure drop created by the
cake layer, and can be used to calculate the force acting on single oil drop (Frq). Using
equation (A3.11), the pressure drop across the cake layer (4P) can be converted to a force
acting on a single droplet, where A is the area of the membrane surface, #drops is the
number of oil drops supporting the cake layer, and F is the force of fluid drag created by

the cake layer.

A _Ffd A

Frq = AP % (A3.11)

#drops T oA #drops

In this model, we used the results from our experiments to calculate the cake layer
pressure drop, and do not attempt to simulate the cake layer formation process. The

idealized linear relationship between the cake layer pressure drop and permeate flux was
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calculated from the average operating pressures from which pressure drop due to
membrane resistance was subtracted. The average cake layer pressure was found to be
1+0.5 PSI and 3.95+0.2 PSI at 50 and 100 LMH, respectively.
3.6.3.5 Membrane wetting resistance

Finally, the membrane’s ability to resist wetting by the oil (Frw) is considered. Due
to physical constraints, we assume that the full wetting contact angle of oil drops on a
membrane surface is limited to 90°, as smaller angles would result in oil drop overlap and
coalescence in the tightly packed cake layer. Thus, this calculation is only valid for
conditions where oil droplets are prevented from coalescing, as when a Pickering emulsion
is forced onto the membrane surface. The free energy of wetting (fw), as derived by
Schrader et al. (1995) from the Young-Dupre equation, can be found using equation

(A3.12a): %2

fir = 202 Vow K 2 ) — al (A3.12a)

sin(6)3
where rqc is the contact radius of the drop with the surface, yow is the oil/water surface
tension (assumed to be 0.05 Nm™ average surface tensions of alkanes in water %), and € is
the contact angle of an oil drop with the membrane surface, which can be calculated using

equation (A3.12b):

a=—— cos(0) (A3.12b)

o 1+cos(0)

where the contact radius can be found from equation (A3.13) where Vjq is the drop volume

(based on a radius of 3.3um, found using optical microscopy for NP stabilized oil):
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1

— 3Vg 3
Tac = Sln(e) (n((l—cos(@))z(2+cos(9))) (A3'13)

The resistance force to wetting (Fwr) can then be found by calculating the difference
between the derivative of the free energy function vs. change in contact radius at 90° and
the membrane-oil drop contact angle (A3.14):

er — dfwet(goo) _ dfwet(e) (A3.14)

drdc dec

3.6.3.6 Theory solution flow.

The theoretical framework can then be solved via a step-wise force comparison, as
demonstrated in Figure 5a. The first step in the framework is to input a given permeate
flux, membrane contact angle, and NP contact angle (parameters governed by the choice
of materials and operating conditions). Once these values are known, it is possible to
calculate the torque of drag (Tq) and interface holding torque (Ta); if Tq > Ta then the NPs
will be stripped from the oil droplets, exposing them and leading to coalescence. If Tq < Ta
then the interfacial force that holds the NP in the oil phase (Fi) must be considered relative
to the fluid drag force created by the cake layer (Fra). If Fra <Fio then there is no fouling
(since the NPs are not pushed into the oil phase), and the oil drop will not come in contact
with the membrane surface. However, if Fq > Fio, then membrane susceptibility to oil
wetting must be considered; if Fi>Frw. then the membrane will become wetted by the oil
and foul. Otherwise, the membrane will not become wetted by the oil and will not foul (for

a given flux).
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Table A3.1: Description of symbols used in the model

Symbol Description

#drops The number of oil drops supporting the cake layer

] Fluid dynamic viscosity

A Avrea of the cake layer

dc The constriction diameter

et Effective pore diameter

dv/dr The shear rate

d; Pore diameter at the center of the pore

Fd Force of fluid drag

Fra Force generated by fluid flow through the cake layer

Fi Force holding a particle at oil/water interface

fi Interfacial free energy of placing NP into oil/water interface

Fio Force required to push NP out of oil/water interface into oil phase
Fiw Force required to push NP out of oil/water interface into water phase
Fi Lift force

Frw Force resisting membrane wetting

fw Free energy of wetting

| NP and oil drop contact area

Npore Number of pores in the cake layer

Pd Particle immersion depth

Q Fluid flow rate through a pore

r Particle radii

Fdc The contact radius of the drop with the surface
Ri Oil drop radii

Ta Adhesion torque resulting from interfacial force
Tq Torque of drag due to shear flow

V4 Drop volume

Yow Oil surface tension

AP Pressure drop across the cake layer

€ Cake layer porosity

0 The contact angle of an oil drop with the membrane surface
Oow Particle contact angle with the oil (in radians)

v Kinematic viscosity
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Chapter 4 Frequency Dependent Stability of CNT Joule
Heaters in lonizable Environments: Implications for

Desalination
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4.1 Summary

Water shortages and brine waste management are an increasing challenge for
coastal and inland regions, with high salinity brines (such as produced water or reverse
osmosis waste brines) presenting a particularly challenging problem. These high-salinity
waters require the use of thermally driven treatment processes, such as membrane
distillation (MD), which suffer from high complexity and cost. Herein, we demonstrate
how controlling the frequency of an applied alternating current at high potentials (20 Vpp)
to a porous thin-film carbon nanotube (CNT)/polymer composite Joule heating element
can prevent CNT degradation in ionizable environments such as high-salinity brines. Using
electrical impedance spectroscopy, we show that electrooxidation of CNTs is a strong
function of the applied frequency and ion concentrations in the CNT’s immediate
environment. Application of high frequencies (>100 Hz) results in electrons preferentially
charging the electrical double layer (EDL), while at low frequencies electrons in the fully
charged EDL can participate in CNT-degrading electrochemical reactions. By operating at
sufficiently high frequencies, these porous thin-films can be directly immersed in highly-
ionizable environments and used as flow-through heating elements. Finally, we
demonstrate that porous CNT/polymer composites can be used as a self-heating
membranes for desalination. These self-heating membranes are used to directly heat high
salinity brines at the water/vapor interface of the MD element, making it possible to achieve
exceptionally high single-pass recoveries that approach 100%, far exceeding the classical

MD theoretical limit of 6.5%.
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4.2 Introduction

Coastal and inland regions are struggling to address water shortages caused by
population growth, urbanization, and climate change. * Although reverse osmosis (RO) is
the de facto standard technology for desalination, RO is not capable of treating fluids with
high osmotic pressures, such as produced water, and RO-generated waste brines. 23
Thermal desalination processes, such as membrane distillation (MD), are the treatment
method of choice for these brines, due to their relative insensitivity to salinity (Fig. 4.1a).
% In the MD process, a temperature gradient across a hydrophobic membrane (hot brine and
cold distillate) drives the transport of water vapor across the membrane, while liquid water
and dissolved salts are prevented from passing through. > Unfortunately, these hot, high-
salinity brines are highly corrosive, which makes heat management (i.e. heat exchangers)
in these systems prohibitively expensive due to the need for corrosion-resistant metals,
such as Nickel alloys.® Providing the thermal energy needed for water evaporation directly
at the membrane/brine interface could significantly reduce the energy intensity and
simplify material choice and system design of MD-based desalination processes. A thin,
porous and electrically conducting carbon nanotube (CNT) film deposited on the
membrane surface, in direct contact with the brine, could be used as a Joule heater to drive
the MD desalination process (Fig. 4.1b, ¢). While CNT-based Joule heaters have been
previously demonstrated, they were always used in non-ionizable environments, e.g.
embedded in a shielding medium (polymer or glass) or used in air.”*2 In these past
demonstrations, direct current (DC) was used to provide the energy to the CNT surface.

However, the large electrical potentials needed to generate the power necessary for heating
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can lead to the rapid electrochemical degradation of CNT films in an ionizable medium,
which has limited their use. Thus, a porous thin-film Joule heating element able to function
in a highly corrosive and ionizable environment without impeding the performance of the
membrane material itself could transform thermally-driven separation and catalytic
processes such as MD-based desalination, pervaporation, and hydrocarbon
hydrogenation,3-18

The Joule heating effect occurs when the resistance of a conductor to electron flow
leads to the conversion of the electron’s kinetic energy to thermal energy. Previously
reported thin-film Joule heaters used materials such as indium tin oxide, CNTs, and metal
nanowires.!! These films were demonstrated in various applications, such as window
defrosting and thermochromic displays.”® The relative low cost and the ability to form
conductive and porous films makes CNTs an ideal material for use as a Joule heating
element in thermally driven separation processes.?®?> However, to the best of our
knowledge, all reported CNT Joule heaters have been demonstrated in low-ionizable
conditions, where the application of the high voltages (10 — 20 Vpp) required to power the
element did not ionize the surrounding media, which ensured the CNTs maintained their
stability and heat-transfer properties.”32 However, in ionizable mediums, such as high
salinity brines, the application of even low anodic potentials (<2 VDC) to the CNT film
can lead to surface charging, water splitting, and rapid degradation.?>2°> Although polymer
coatings could be used to shield the CNTs from the environment, these coatings block the
porous structure of the film and form an additional thermal barrier between the heated CNT

network and the fluid. Thus, a method that prevents CNT degradation while maintaining
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the CNT porous structure and maximizing thermal transport between the heating element
and the fluid would be highly desirable.

In this study, we report on the fabrication of porous thin-film CNT Joule heaters,
and their stable operation in highly ionizable environments. By using alternating currents
(AC), where the polarity of the applied potential is rapidly switched, we provide power to
the porous CNT film and demonstrate that CNT joule heaters can operate for extended
periods of time in high salinity environments with no degradation. Utilizing electrical
impedance spectroscopy (EIS) we study the stability of the CNT structure under the
application of AC potentials at different frequencies and use this data to develop an
equivalent circuit that captures the electron pathways through the CNT structure and
surrounding saline water as a function of the applied frequency. Finally, we demonstrate
that high frequency AC can be used to heat the CNT films, generating the needed thermal
driving force at the water/vapor interface in an MD process for desalinating high salinity

brines.
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a Classical MD b Direct Surface Heated MD

Figure 4.1 | Comparison of classical and directly heated membrane distillation. a,
Diagram of a classical MD process where a hot feed (brine) flows over one side of a
hydrophobic membrane and a cold distillate stream flows over the other side, leading
to a vapor pressure gradient across the membrane that drives water vapor from the
hot, salty feed to the cold distillate. b, Direct surface heating of a composite MD
membrane composed of a porous CNT-based Joule heater and a hydrophobic porous
support. The cold feed (brine) is heated on the membrane surface, which drives water
vapor transport across the hydrophobic support into the distillate stream, leaving
dissolved ions behind. ¢, Zoomed-in rendition of the thin-film CNT joule heater
structure on an MD membrane surface showing electron flow and heating.

4.3 Results and Discussion

4.3.1 Self-heating and stable CNT/polymer composite MD membranes

We developed a method that uses layer-by-layer spray coating of carboxylated
CNTs and polyvinyl alcohol (PVA) to construct a highly conductive, hydrophilic, and
porous thin film deposited on a hydrophobic porous membrane support (Fig. 4.2a-d). The
spray coating process aerosolizes a CNT suspension and prevents the CNTs from entering
the support membrane’s pore structure during deposition; this preserves the support
membrane’s separation properties (porosity, hydrophobicity, pore size). The CNT layer is
immobilized by cross-linking the CNT’s carboxyl and hydroxyl surface groups with PVA,
forming a hydrophilic and robust conductive thin film.?! Using this approach, we deposit
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CNT-PVA films onto large (450 cm?) hydrophobic 0.2 um polytetrafluoroethylene (PTFE)
membranes, with a CNT film thickness of 15+2 um, electrical conductivity (in water) of
1700£200 S/m, and a highly hydrophilic surface (air contact angle of 160+4°) (Fig. 4.2b-
). While MD processes require a hydrophobic membrane that prevents liquid water (and
dissolved ions) from passing through, the distinct dual-layer structure of these composite
hydrophilic/hydrophobic membranes allows them to function as standard MD membranes,
where the vapor formation occurs at PTFE/CNT interface, achieving salt rejection in excess

of 99%.

PP

Surface T (C)

5 10 15 20 25 30 35 40
Time (min)

Figure 4.2 | Spray coated CNT/PVA porous self-heating films on PTFE supports. a,
Scanning electron microscope (SEM) image of CNT/PVA film surface. b, SEM image
of CNT/PVA cross section on PTFE support, with inset showing zoomed-in structure
of CNT cross section (scale bar 2 pm). ¢, SEM image of free standing CNT/PVA film
cross-section. d, Image of a large spray coated membrane (size 30 by 15 cm, scale is
in inches) e, contact angle of air with PTFE surface (angle of 70°). f, Contact angle of
air with CNT/PVA coated PTFE membrane (angle of 160°) g, Direct heating of the
CNT structure under convective air flow with the application of electrical power.
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The application of a DC potential across a membrane coupon (4 cm?) under
convective air cooling resulted in immediate surface heating, with an increase in applied
power leading to higher surface temperatures (Fig. 4.2g). In air, the surface temperature
reached 95°C when 5.5 W were applied to the membrane surface (1.375 W/cm?). However,
the application of a DC potential also leads to the formation of a potential gradient across
the membrane with anodic and cathodic regions (Fig. 4.3a).® When the CNT film is
immersed in a difficult-to-ionize medium (e.g. air), the electrons will only flow through
the CNT film, leading to heating. However, if the CNT film is immersed in an ionizable
solution (e.g. salt water) the electrons can flow through two pathways - through the CNT
structure, where the majority of the energy is dissipated as heat, or through the ionized
solution, leading to surface charging and electrochemical reactions commonly observed in
electrochemical cells (Fig. 4.3b). In CNT-based anodes, it has been observed that the
application of anodic potentials (>1.2 V) in ionizable solutions leads to rapid
electrooxidation of the CNT network.?®?* However, to achieve high surface temperatures,
high electrical potentials (>10 V) must be applied across the CNT network, making DC
potentials not appropriate for operation in ionizable environments.

In a typical electrochemical cell, the application of an electrical potential forces
electrons to flow from the cathode to the anode, with the electrons flowing through the path
of least resistance.?’ This is a multi-step process, where first the electrons form an electrical
double layer (EDL) (surface charging), followed by electrons participating in
electrochemical reactions. For EDL formation, the electrons only have to overcome the

resistance of the electrode material, which is typically orders-of-magnitude lower than that
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of the media, leading to charge accumulation on the electrode surface (negative on cathode
and positive on anode).?® Once the EDL is fully formed (i.e. the charge is balanced by
counter ions in the solution), and if sufficient potential is applied, electrons/holes can
participate in electrochemical reactions, including electrooxidation of the CNT network on
the anodic side of the cell.?*2* Thus, if the EDL layer can be prevented from fully forming,
it would be possible to prevent electrooxidaiton of CNTs.

EDL formation can be controlled through rapid switching of the applied polarity
(i.e. AC potential) that leads to swift charging and discharging of the EDL layer. 2 The
overall charge of the EDL decreases with increasing frequency, which potentially prevents
electrochemical reactions. Measuring the phase shift between the applied potential and the
current (using EIS), allows for the determination of the real and imaginary impedance of
the system.®® The real impedance describes the resistance of the system to electron flow
(i.e. resistive behavior), while the imaginary part describes the resistance to change in
electron flow (i.e. inductive or capacitive behavior). Spray-coated CNT/PVA films were
immersed into NaCl solutions (10 — 100 g/lI), and an AC potential (20 Vpp) was applied at
different frequencies (0.3 — 10,000 Hz). The Nyquist plot generated under different solution
concentrations revealed a classic semi-circle shape with negative imaginary impedances
attributed to capacitive charging. (Fig. 4.3c) The increase in the size of the semi-circle and
the negative imaginary impedance with salt concentration is indicative of increasing
capacitance. (Fig. 4.3c) These results are in line with standard EDL formation theory that
predicts increasing capacitance in the presence of increasing electrolyte concentrations.3!

A bode plot of EIS data demonstrates that decreasing operating frequencies led to an
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increase in the absolute impedance of the system (|Z|), indicating that electrons have to
flow through a path of higher resistance as the frequency decreases (Fig. 4.3d). This
increase in absolute impedance is the result of the EDL formation at low frequencies
(indicated by increasing phase shift, i.e. capacitive charging), which forces electrons to
participate in redox reactions. (Fig. 4.3d) Thus, the formation of the fully charged EDL can
be prevented through the application of sufficiently high AC frequencies, with the onset of
EDL formation being dependent on the solution ionic strength (higher salt concentrations
leads to onset at higher frequencies). By eliminating the formation of the EDL, CNT-
degrading electrochemical reactions can be prevented, which is reflected by the minimized
|Z| values at sufficiently high frequencies (Fig. 4.3d).

The oxidation of the CNTs can be understood by following the electron pathway
through the CNT network immersed in a saline solution, which we described using an
equivalent circuit (Fig. 4.3e). The circuit is composed of two parallel sub-circuits in series
with a dry CNT contact resistance RCT (resistor). The first sub-circuit describes the
electron pathway through the immersed CNT network, where RM (resistor) describes the
dry CNT resistance in series with a constant phase element (CPE-Qm, non-ideal capacitor)
that describes pseudo capacitance of the CNT network, in parallel with the wet CNT
resistance (RMS, resistor), which is the result of CNT hydration and disruption of the
percolating network. The second sub-circuit (Fig. 4.3e, surrounded by dashed red line)
describes the electron pathway through the solution, where RS (a resistor) describes the
solution resistance, which is in series with a constant phase element (CPE-EDL, non-ideal

capacitor) describing EDL formation in parallel with a polarization element (RP, a resistor)
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that describes the resistance to charge transfer (i.e. electrochemical reactions) (Fig. 4.3e).
The developed circuit was fitted to the acquired EIS data and the fits are presented with
solid lines on the Nyquist and Bode plots, where the goodness of the fit was judged by the
R? value acquired from fitting of real and imaginary impedance data, with R? > 0.92 for all
fits. (Appendix Section 4.5.1)

In the proposed circuit, electrons can charge the surface (i.e. lead to EDL formation
(CPE-EDL)) or transfer from the CNT network to the solution and participate in
oxidation/reduction reactions (i.e. pass through the RP circuit element), similar to a
Randle’s circuit (Fig. 4.3e). 3 Thus, for each frequency tested, the ratio between the current
flowing to the polarization element and the current flowing to the EDL can be used to
gauge the CNT degradation rate, with higher ratios (i.e. more electrons participating in
redox reactions) corresponding to increased CNT degradation rates and lower ratios
corresponding to more effective surface heating. Using the values acquired from the
equivalent circuit, we calculated the current transfer ratio between the RP element and EDL
element. (Appendix Sec. 4.5.2) The current transfer ratio is a strong function of operating
frequencies and a moderate function of salt content, where an increase in frequency leads
to a rapid reduction in the current ratio, while increase in salt content raises the ratio (Fig.
3f). For example, the ratio at the low frequency of 0.1 Hz (10 g/l) is 4/1 implying that for
every electron used to charge the EDL layer, four electrons passed through the polarization
element, potentially participating in an electrochemical reaction. In contrast, at 1 kHz, the

ratio reduces to 1/10,000 (Fig. 4.3f). Thus, through use of AC potentials with moderate
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frequencies to power the CNT joule heating elements it is possible to significantly reduce,
or even prevent the degradation of the CNT network.

Time studies were performed to confirm the results of the EIS analysis, where an
increase in real impedance over time was used as an indicator of CNT degradation. The
application of an AC potential with a frequency of 10 kHz and 20 Vpp to a CNT network
immersed in 100 g/l of NaCl showed no degradation after 125 hours of continuous
operation (Fig. 4.3g). At 1 kHz and 100 Hz no increase in real impedance was observed,
although a phase shift of -0.7° and -4.4° was measured, respectively. At these frequencies,
partial surface charging resulted in current transfer rations of 3/200 and 3/2000,
respectively (Fig. 4.3f). Importantly, these long-term studies demonstrated that at these
current ratios, redox reactions are either insignificant or reversible due to the constantly
switching polarity (oxidation <> reduction). When the frequency was further reduced to 10
Hz the phase shift increased to -11°, indicating large EDL formation and the charge transfer
ratio increased beyond 1/10 (Fig. 4.3g). Under these conditions the real impedance (i.e. the
electrical resistance of the CNT network) increased by 50% after 24 hours due to severe
CNT network degradation. Operating at 1 Hz lead to nearly complete CNT network failure
in less than an hour (Fig. 4.3g). These results are in agreement with EIS measurements
which predicted large EDL formation and high current transfer ratios at low operating
frequencies (<10 Hz) leading to rapid CNT degradation. Furthermore, the EIS
measurements showed that EDL formation and current transfer ratios can be significantly
reduced when operating above 100 Hz where no CNT degradation was observed during

the time studies. These results demonstrate that CNT films can be directly heated in highly
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ionizable environments using moderate frequency AC and remain stable for long periods

of time.
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Figure 4.3 | Stability of CNT films under different electrical conditions. a, Electron
flow through a CNT network under DC conditions in a non-ionizable environment.
b, Electron flow through a CNT network under DC conditions in an ionizable
environment. ¢, Nyquist plot of real and imaginary impedance showing an increase
in capacitive charging with increased salt content (markers are measured values, solid
lines show the fitted equivalent circuit); the applied frequency increased from right
(0.3 Hz) to left (10 kHz). d, Bode plot of absolute impedance (|Z|) and phase shift vs.
the applied frequency for immersed CNT networks in different salt solutions
(markers are measured values, while solid lines show the fitted equivalent circuit). e,
Equivalent circuit describing electron flow through CNT films and surrounding
ionizable media during the application of AC current. The red dashed lines designate
the electron path describing the degradation pathway of the CNT structure, with the
red dashed box showing the circuit that was used to calculate the current transfer
ratio between RP and EDL. f, Charge transfer ratios between polarization resistance
and EDL calculated from fitted values at different salt concentrations. g, Time
dependent degradation of CNT/PVA films under different applied frequencies at 100
g/l of NaCl; an increase in real and imaginary impedance (the units for both are ohms)
indicates degradation, while phase shift indicates surface charging.
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4.3.2 Porous CNT Joule Heating in Membrane Distillation

Direct heating of the feed stream in MD systems can be accomplished through the
application of an electrical potential across the feed channel, where the conductive saline
solution or the CNT network can be used as the Joule heating element (Fig. 4.4a,b).
Although saline water could be used as the heating element for direct feed heating, the
application of a potential to the electrodes lead to their rapid corrosion, making this method
unsuitable for long-term operations (Appendix Sec. 4.5.3). Furthermore, using saline water
as a heating element does not allow for the direct delivery of thermal energy to the
water/membrane interface, resulting in energy losses to the bulk feed. 334 Using a custom-
built MD cell, we directly heated the feed stream inside the module using either titanium
electrodes, or CNT/PVA membranes. The application of electrical power (50 W) to the cell
resulted in a rapid increase in permeate flux and an increase in feed outflow temperatures
when treating a high concentration brine (100 g/l) (Fig. 4.4c,d, Appendix Sec. 4.5.4); salt
rejection in these experiment exceeded 99%. Cross-flow velocity had a strong impact on
single pass recovery rates, with the system achieving a recovery rate of 14%, 4.8%, and
1.6% at 1.5 mm/s, 3.3 mm/s and 6.6 mm/s, respectively (Fig. 4.4c). Importantly, these
recoveries were achieved over a path-length of 10 cm. Thus, in longer path-lengths
typically used in real-world applications (1 m), extremely high single—pass recoveries
could be achieved. When the velocity was set to zero, 100% theoretical recovery could be
achieved. By decoupling heat delivery from the flow rates, single pass recoveries using

self-heating membranes far exceed the theoretical maximum single-pass recovery (6.5%)
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in classic MD systems. 333433 Direct heating with the CNT structure resulted in higher
permeate fluxes at moderate cross flow velocities of 3.3 and 6.6 mm/s demonstrating
20+5% and 35+5% improvement over the bulk feed heating using Ti plates alone (Fig.
4.4c). The higher permeate flux achieved with the CNT/PVA structure is the result of direct
surface heating, which reduced the thermal losses to the bulk feed and maintained a higher
quanta of thermal energy for vapor formation resulting in lower feed out-flow temperatures
(Fig. 4.4c,d). Simulations of the heat generation and transfer process within the MD cell,
done using a finite element method (FEM), agreed with experimental results,
demonstrating that direct surface heating using the porous CNT/PVA structure resulted in
higher permeate fluxes, membrane surface temperatures, and lower out-flow temperatures
(Fig 4.4e,f). The results from MD experiments and FEM simulations demonstrate that a
CNT/PVA joule heating element coupled to a hydrophobic MD membrane allows for direct
heating of water at the membrane surface even in highly saline solutions, achieving high

single pass recoveries, and maintaining thermal energy at the vapor forming interface.
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Figure 4.4 | Demonstration of direct surface heating for brine desalination using MD.
a, Direct heating of feed solution using titanium electrodes, with the brine acting as a
heating element. b, Heating of CNT/PVA porous network deposited on hydrophobic
MD membrane using AC power (here both CNT and Ti plates are immersed in brine).
c-d, Permeate flux and feed outflow temperature data for different cross flow
velocities with brine concentration of 100 g/l NaCl. e, FEM simulation results showing
the difference in permeate flux and outflow temperatures (units in K) vs. increasing
cross-flow velocity of direct (CNT/PVA) heating (red line) and solution heating (blue
line). f, FEM simulation showing the difference between membrane surface
temperatures for a direct solution heated system (left) and a system heated using the
CNT/PVA porous network (right) at a cross flow velocity of 6.6 mm/s and 100 g/L of
NacCl



4.3.3 Conclusions

We have fabricated porous CNT/PVA Joule heaters and demonstrated that they can
be directly heated in highly corrosive and ionizable environments, while showing no
degradation in performance even when exposed to very high potentials (20 Vpp). The
CNT/PVA Joule heater was then used to desalinate high-salinity brines using an MD
process. The stability of the CNT/PVA network was studied using EIS, which revealed that
the formation of a fully-charged EDL can lead to electrochemical reactions and CNT
degradation. The EIS results demonstrated that EDL formation and overall system
impedance is a strong function of the AC frequency, where operation at frequencies >100
Hz (at NaCl concentrations of 100 g/I) will limit the charging of the EDL and mitigate CNT
electrooxidation. EIS data was used to develop an equivalent circuit for current flow
through a CNT network immersed in a saline solution, from which the current transfer ratio
between electrochemical reactions and EDL charging was determined. The ratios were
predicted to be greater than 1/10 at frequencies below 10 Hz, and rapidly decreased below
1/100 when frequencies exceeded 100 Hz, indicating that an insignificant number of
electrons were utilized for electrochemical reactions at elevated operating frequencies.
Extended time studies agreed with the EIS measurements and the predicted current transfer
ratios, demonstrating that no CNT degradation occurred after 125 hours of continuous
operation at 10 kHz and 24 hours at 100 Hz. However, rapid CNT degradation was
observed when frequencies dropped below 10 Hz, when current transfer ratios approached
unity. Finally, the developed CNT/PVA joule heaters were used in an MD-based

desalination process, demonstrating direct feed heating at the membrane surface and
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achieving exceptionally high single-pass recovery of up-to 100%, which exceeds the 6.5%
theoretical maximum predicted for standard MD processes. The developed porous
CNT/PVA joule heaters have demonstrated great potential for the treatment of highly
saline brines, potentially leading to simpler MD system designs, and allowing for
significant improvement of most thermally driven processes in reactive, ionizable

environments by eliminating the need for bulk feed heating.

4.4 Methods

CNT films were prepared via sequential spray deposition of CNT and PVA
solutions onto a porous polymeric membrane surface. The CNT suspension was prepared
by suspending 1 g¢/L of multi-wall CNTs functionalized with carboxylic groups
(Cheaptubes Inc., Brattleboro, VT) and 10 g/L of Dodecylbenzenesulfonic acid (DDBS)
(Fisher Sci, Hampton, NH) in deionized (DI) water. The suspension was sonicated with a
horn sonicator (Branson; Danbury, CT) for 30 minutes in an ice bath and then centrifuged
at 11,000 RCF for 10 minutes, after which the supernatant was collected and used as is.
The PVA solution was prepared by first dissolving 1 wt% PVA (Fisher Sci, Hampton, NH)
in DI water at 95 C°, followed by dilution to 0.1 wt% with DI water before spray deposition.

Spray coating was accomplished using an in-house built spray coater with two axis
of movement: a roll stage that moved the substrate (a 0.2 um PTFE microfiltration
membrane (Sterlitech, Kent, WA)) at a rate of ~1 mm/s, and a spray-head stage equipped
with two spray nozzles that moved across the membrane at rate of 400 mm/s, and was

elevated 10 cm above the membrane surface. The spray nozzles (Harbor Freight,
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Calabasas, CA) were air driven using house air at 20 PSI. The injection of CNT or PVA
solution into the air stream was controlled with an injection needle. The CNT and PVA
solution were delivered to the nozzles from graduated cylinders using centrifugal pumps,
allowing for precise monitoring of the volume utilized during the spray coating. The
substrate surface was heated to 60 C° using an air heater to facilitate solvent (water)
evaporation. The 0.2 um PTFE membrane substrate were sprayed with 2.9 ml/cm? and
0.015 ml/cm? of CNT and PVA solution, respectively. The membrane was then rinsed with
DI water for an hour removing excess DDBS. The CNT-PVA network was crosslinked in
0.5 vol% glutaraldehyde (Fisher Sci.) and 1 vol% of hydrochloric acid (Fisher Sci.)
solution, and heated to 70 C° for 1 hour. Finally, the membrane was dried at 90 C° for 15
minutes and used as is.

The membrane surface was imaged using an SEM (Tescan USA, Inc., Warrendale,
PA and (FEI, Hillsboro,OR), and air bubble contact angles were measured using a
goniometer with an inverse cell (Ramé-hart Instrument Co., Succasunna, NJ). Wet
membrane conductivity was measured by first soaking the membrane in DI water and then
measuring conductivity with a four-point conductivity probe (Veeco; Plainview, NY). The
EIS experiments were performed by placing the membranes into an in-house built
electrochemical cell. Titanium electrodes were placed at the ends of a 2 X 1 cm membrane
coupon, and were sealed with vacuum grease and plastic covers. The resulting cell had an
active area of 100 mm? and was immersed into the salt solution. The power to the cell was
supplied using a Rigol DG1022 waveform generator, while the voltage and current were

measured using Rigol DS1054z oscilloscope (RIGOL Technologies Inc. Beaverton, OR).
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The waveform generator as well as the oscilloscope were controlled using custom software
that could perform standard EIS measurements, acquiring waveforms with 300k data points
during EIS measurements and 30k data points during time studies. In all experiments, 10
oscillation periods were recorded and a 20 Vpp AC sine wave was used. The fitting of the
developed circuit was accomplished using non-linear least square regression (Details in
Appendix Section. 4.5.1)

The MD experiments were performed using a fully instrumented and automated
system operating in vacuum-assisted air-gap mode. A modified MD cell with a classical
layout for feed (10 cm L, 4.5 cm W, 1.0 mm H) and distillate channels (10 cm L, 4.5 cm
W, 4 mm H) were used. Feed was pumped through the system using a peristatic pump
(Greylor Company, Cape Coral, FL), while the air (on the distillate side) was pumped at a
rate of 30 L/min with applying a vacuum pressure of less than 0.5 inHg using a vacuum
pump (Cole-Parmer, Vernon Hills, IL). Salt rejection was measured using a conductivity
meter (Thermo Fisher Scientific Inc, Chino, CA). Power to the feed channel was delivered
through two titanium shim electrodes (0.005-inch-thick) placed in parallel with the fluid
flow, and were sealed with a gasket protruding 0.1 mm into the feed. The power to the
electrodes was delivered using an in-house built power source that used a digital DC power
supply (Shenzhen Korad Technology Co, Shenzhen, China), an in-house built H-Bridge,
and a DG1022 waveform generator. The H-Bridge was built with IRF640 and IRF9630
MOSFETSs, and was switched using DG1022 waveform generator with a square wave at
10 kHz. The power delivery to the cell was controlled through custom-written software

that monitored voltage and current delivery to the cell using the DS1054z oscilloscope.
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The software adjusted the voltage supplied by the DC power supply to the H-bridge,
maintaining constant power delivery regardless of operating conditions. The surface
temperature of a CNT coated membrane was measured with an IR thermometer (Testo Inc,
Sparta, NJ), the membrane was placed 10 cm away from a fan flowing air at 125 cubic feet
per minute (Thermo Cool Corp, San Jose, CA) with power being supplied by same set up
as discussed above

FEM simulations were carried out using the FENICS project software package. *°
The calculations simulated conditions inside the feed channel with dimensions identical to
the experimental flow cell. The mesh used for calculations was made up of 24,453 vertices
and 121,860 cells. The simulation was split into three calculation steps: 1) A solution for
electrical potential distribution in the cell using Eq. 4.1, where V is the voltage and ois the
electrical conductivity of the media.®® 2) Following the solution to the potential
distribution, the classical incompressible Navier-Stokes equation (Eq. 4.2) was solved,
where p is density of the fluid, u is velocity of the fluid, x is fluid viscosity and p is the
pressure.3” 3) Once the potential distribution and velocity profiles were known, a
conductive and convective heat transfer equation (Eq.4.3) with a Joule heating source was
solved.®® Here, the k is the conductive heat transfer coefficient, T is the surface temperature,
C, is the heat capacity of fluid, and o*| "V/?| is the Joule heating term.

V(e *VV) =0Eq.4.1
p*xulVu —uAu+Vp =0 Eq.4.2

kV?T 4+ Cpx pxuxVT =0 % |VV?| Eq.4.3
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The simulations assumed that the CNT film was a solid structure, which had the
same thermal properties as water and uniform electrical conductivity of 1700 S/m?. This
assumption is valid since a large fraction of the volume of the CNT/PVA structure is
occupied by water.2® The Navier-Stokes calculations assumed that the distillate flux would
have negligible impact on the velocity profile and thus, no slip conditions were used on all
channel walls, except at the inflow and outflow. The heat transfer calculations assumed
that the thermal conductivity of the membrane did not change and had a value of 0.03 W/(m
K®), vapor permeability of 0.3 LMH/AC, and thickness of 150 um. It was further observed
during experiments that the distillate channel temperature did not significantly change and
thus, a constant temperature of 293 K* was used. The thermal conductivity, heat capacity,
and enthalpy of vaporization correlations were acquired from Shargawy et. al (2010), and

accounted for impact of salinity and temperature.

45 Appendix

45.1 Fitting of Values to EIS Data calculation:

EIS data was fitted to the proposed equivalent circuit using nonlinear least square
regression.® The fitting was constrained by measuring RM, RCT and RMS before the EIS
measurements and limiting their variation to £10 % during the fitting process. The RM,
RCT and RMS were found by measuring total resistance of the CNT membrane in air,
which allowed for the calculation of RCT (resistance under electrode covers) and RM
(resistance of membrane in the channel) (i.e. the electrode covered length was typically 10

mm while the length of the channel was 13 mm, thus, if the total dry resistance is 100 ohms,
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10+23

then RCT =

* 100 ohms = 43 ohms, and in the same manner RM would be 57

ohms). The RMS value was found by immersing the cell in deionized water and measuring
the new cell resistance, after which it was assumed that any increase in resistance was a
result of CNT hydration, which breaks the CNT network percolation resulting in an
increased resistance (i.e. increase from 100 ohms in air to 130 ohms in DI water meant that
RMS was 30 ohms). The CPE element was solved for by using equation A4.1, where Q is
the pseudo-capacitance, j is an imaginary number, w is frequency, and n is the correction
value (and has a value between 0 and 100); the fitted values are shown in table A4.1. 303°

1
Zepe = Q * (j * w)n/100

eq.A4.1

Table A4.1 | Values acquired from the fitting of EIS data to the equivalent circuit

Membrane Properties Solution Properties
Salt (g/L) RM (Q) RCT (Q) | RMS (Q) |CPE-Q,, (WF)| np RS (Q) RP (Q) | CPE-EDL (uF) N
10.00 66.00 47.00 39.15 0.02 0.00 381.56 3163.37 457.47 72.26
25.00 54.50 40.06 37.53 23.44 20.00 179.37 2253.48 454,99 75.78
50.00 51.89 28.33 34.19 199.99 21.74 100.43 893.21 514.59 74.61
100.00 81.00 33.00 37.00 254.93 85.29 80.64 350.78 591.40 81.09

4.5.2 Current transfer ratio calculation:

The current transfer ratio between EDL and RP were calculated for the circuit
consisting of an EDL (ideal capacitor) and RP (resistor) elements in parallel. First, a
sinusoidal voltage V(t) was generated at a given frequency using equation A4.2, where V,
is peak to peak voltage, w is frequency in radians/s, and t is time. The current through the
RP element at a given time was then found from equation A4.3, where Irp(t) is current

flowing through a resistor at time t, and V(t) is voltage across the resistor at time t, with Rp
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being the resistance of the RP element. The current through the EDL was calculated using
equation A4.4, where IepL(t) is the current flowing through the capacitor at time t, V(t) is
voltage across the capacitor, and C is the capacitance of the EDL layer. The capacitance
for the EDL layer was calculated using equation A4.5, where Q is the charge of a non-ideal
CPE element, wmax is frequency (rad/s) at which the imaginary impedance maxed out, and
n is the non-ideal correction value. Finally, the current transfer ratio is found from equation
A4.6, where integration is performed over a single voltage oscillation period. The values
used for the calculations are shown in table A4.2.
V(t) = V,sin(w  t) eq.A4.2

70
IRP(t) el qu43
Rp

w * V, * Cppy, * cos(w = t) * V(t)

Igp (t) = eq.A4.4

V, * sin(w * t)
C = Q(Wyg)" 1 eq.A4.5

RP fot Irp(t) dt
= e
EDL fot Igp, (D)dt

q.A4.6

Table A4.2 | Values used for current transfer ratio calculations (FQmax (Hz) is
equivalent to Wmax (rad/s))

Salt(glL) | Rp () | FQma(H2) | Ceot (WF)
10.00 3163.4 35 194.1
25.00 2253.5 5.0 197.4
50.00 893.2 6.5 200.6
100.00 350.8 9.0 275.8
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45.3 Titanium Electrode degradation and additional MD data:

Titanium (Ti) electrodes were used in the MD cell to deliver the power to the CNT
coated membrane (membrane heating) or directly to the saline solution (solution heating).
It was observed that even when operating at 10 kHz the Ti electrodes started to degrade as
there was no short circuit available to prevent surface charging. When the Ti electrodes
delivered power to the CNT network, no degradation was observed. SEM images revealed
that Ti plates operating with CNT structure showed no pitting, which is a clear indication
of surface oxidation. (Fig A4.1) However, when no CNT structure was present, the Ti
plates showed heavy pitting. Analysis of the pitted Ti surfaces using energy dispersive X-

ray spectroscopy found elevated oxygen content, reduced Ti content, and the presence of

Cl, all indicating formation of Titanium Oxides and Titanium Chlorides. (Fig. A4.2a,b)

Figure A4.1 | Edge section of the Ti plate that was operated with CNT coated
membrane showing no pitting or degradation, and average content of oxygen Ti,
Silicon and Nitrogen.
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Figure A4.2 | Titanium plates that were operated without CNT coated membrane. a,
The SEM and EDS images of the titanium electrode edge showing pitting marks and
elevated oxygen content of the pitted areas b, The SEM image of the titanium plate
surface with the EDS of inner part of the electrode (Red box shows area on which
EDS was performed) showing clear signs of surface pitting, elevated oxygen content,
reduction in Ti content and presence of Cl.

4.5.4 Additional MD data:

Membrane distillation experiments were performed at 25 g/L and 100 g/L (100 g/L
data in main text). Under both conditions, the application of power to the membrane
resulted in a rapid increase in permeate flux and outflow temperatures (Fig. A4.3).
Operation with the CNT/PVA heated membranes at 25 g/L resulted in higher permeate
fluxes compared to the operation with Ti plates alone, or operating at 100 g/L (Fig. S3).
The lower salt concentrations also resulted in higher water recovery rates of 16%, 5.2%
and 1.7% at 1.5, 3.3 and 6.6 mm/s cross flows, respectively (Fig. A4.3a). The improved
recoveries were due to lower impact of salt on permeate flux (e.g. lower salt concentration
resulted in higher water vapor pressures). Similar to results at 100 g/L, the CNT/PVA

heated membranes also experienced lower outflow temperatures, compared to Ti heated
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system, further indicating that CNT/PVA films are able to deliver more thermal energy to

the membrane/vapor forming interface compared to bulk heating with Ti plates (Fig.

a ! | | .7 b T 1 T
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Figure A4.3 | Flux and temperature data for different cross flows operating with feed
of 25 g/L NaCl. a, Permeate flux data and single pass recoveries. b, Outflow
temperature data.
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5.1 Summary

The dissertation has presented application of carbon nanotube and nano-magnetite
based thin films for improvement of membrane filtration processes. The CNT-PVA thin
films were synthesized on variety of membranes including PS, PAN and PTFE. The
synthesized CNT-PVA thin films have demonstrated high electrical conductivity,
hydrophilicity and underwater super-oleophobic properties which were used to enhance
membrane filtration processes. We demonstrated how application of electrical potentials
to the membrane surface can generate strong electrostatic forces repulsing charged organic
molecules and significantly reducing fouling rates. We then demonstrated that coating of
oil droplets with nano-magnetite thin films (i.e. forming Pickering emulsions) made it
possible to prevent oil coalescence and membrane fouling. Finally, it was demonstrated
that through application of AC potentials across CNT-PVA films deposited on membrane
surface it was possible to use them as Joule heaters and drive the MD process.

Herein we revisit the conclusions of the presented work and discuss some of the

broader impacts.

5.2 Conclusions

The primary objectives of the presented dissertation were to explore synthesis of
nanomaterial based thin films and their applications in membrane filtration processes. The
application of CNT-PVA thin films for generation of strong electrostatic forces has been
presented, showing improved membrane fouling resistance. It was demonstrating that the

nano-magnetite thin films that coated oil-drops formed a physical barrier that prevented oil
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coalesces and membrane fouling. Furthermore, it was demonstrated that the CNT-PVA
films could be used as joule heaters, generating a thermal driving force in MD process and
treating high salinity brines. Following are the primary conclusions that were deduced
from experimental and theoretical work presented in each chapter:

Chapter 2 demonstrated that the CNT-PVA thin films could be used to generate
strong electrostatic repulsive forces preventing fouling in UF with charged organic
molecules. The CNT-PVA thin films were synthesized using the pressure deposition
process followed by crosslinking with GA. The crosslinking between PVA and the CNTs
was confirmed through ATR-FTIR, which showed reduction in absorption of the COOH
and OH peaks indicating formation of covalent bonds. The prepared CNT-PVA films
exhibited high electrical conductivity of 2500 S/m in air but immersion in water resulted
in conductivity reduction to 1700 S/m. The conductivity reduction was caused by hydration
and swelling of the PVA which partially broke the percolating CNT network reducing
number of electron pathways through it. The membranes coated with the CNT-PVA films
were then used to treat uncharged PEO and charged AA under application of different
electrical potentials. The application of potentials reduced fouling rates when treating the
charged AA, but had no impact on fouling with uncharged PEO. These results
demonstrated that the application of electrical potentials lead to repulsion of charged
organic molecules and prevented their interaction with the membrane surface which
reduced fouling rates. The observed results were further supported by the solution of MPB
equation which showed that strong electrostatic repulsive forces extend close to 5 nm away

from the membrane surface and the extension increased with the magnitude of the applied
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potentials, qualitatively explaining experimental results. However, both experimental
results and solution of MPB equation have demonstrated that the addition of salt reduces
the electrostatic forces and their impact on fouling prevention, which can make this process
unsuitable of fouling control in high salinity environments.

In Chapter 3 we demonstrated that nano-magnetite could be used to form thin films
on the surface of oil droplets (i.e. forming Pickering emulsions) preventing membrane
fouling in a highly saline environment, where the electrostatic forces are significantly
compromised. The nano-magnetite films were shown to act as physical barriers that
prevented the oil drops from interacting with the membrane surface as well as other oil
droplets. The prevention of these interactions effectively stopped oil coalescence and
membrane oil wetting, which are the two primary oil fouling mechanisms. The
experimental results further demonstrated that the membrane and nanoparticle properties
played an important role in fouling prevention. The magnetite nanoparticles that had
moderate hydrophilicity showed best Pickering emulsions stability, while the CNT-PVA
coated membranes which exhibited under water super-oleophobicity demonstrated
exceptional antifouling performance. However, the nanoparticles that were very
hydrophilic and the membranes that were hydrophobic showed poor fouling resistance.
These observations were qualitatively explained by the developed theoretical framework
that explored the impact of nanoparticle and membrane hydrophilicity on the critical flux.
The theoretical framework showed that nanoparticles that were too hydrophilic did not
sufficiently stabilize oil droplets and could be readily removed from the oil surface

allowing for coalescence, while hydrophobic membranes were shown to get readily wetted
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once the nanoparticle barrier failed. The results from experimental and theoretical frame
work demonstrated that Pickering emulsions that were prepared with nano-magnetite could
be an effective method at preventing oil coalescence and oil interaction with the membrane
surface preventing membrane fouling.

Chapter 4 presented application of the CNT-PVA thin films as Joule heating
elements which could be used to drive the MD process. Although the CNT films have
previously been used as Joule heaters they have never been demonstrated to function in
ionizable environments (e.g. salt water) due to rapid degradation of the CNTs under DC
potentials. The EIS studies demonstrated that degradation of the CNT-PVA films could
be prevented through frequency control of applied AC potentials. The EIS studies revealed
that the CNT degradation rate was a strong function of applied frequency, and a moderate
function of salinity. The CNT degradation rate was found to be driven by formation of the
EDL layer which forced electron flow through the ionizable solution leading to
electrochemical reactions. Application of moderate AC frequencies prevented the
formation of the EDL layer and consequently prevented the electrochemical reactions
which degraded the CNT structure, with long term studies confirming these findings. This
chapter also presented the spray deposition method of preparing the CNT-PVA films on
hydrophobic membranes used in MD. The spray deposition method prevented the CNT or
PVA penetration into the membrane pores producing a binary membrane structure, where
the MD support retained its hydrophobicity while the CNT-PVA exhibited high
hydrophilicity. The water/vapor formation occurred at the CNT/membrane interphase

allowing these membranes to achieve high salt rejections. Finally, it was demonstrated that
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the CNT-PVA films can be directly heated using the Joule heating effect and drive the MD
process. The experimental results clearly demonstrated that direct surface heating
prevented thermal energy loss to the bulk feed achieving higher permeate fluxes compared
to the bulk feed heating. The results further demonstrated that the direct surface heating
could be used to achieve high single pass recoveries approaching 100% and far exceeding
the theoretical limit of 6.5%.

The work presented in here demonstrated the application of nanomaterial based thin
films and their application in enhancement of the membrane filtration processes. The
primary focus of the dissertation was on fouling prevention, arguably the biggest challenge
in membrane filtration. The presented work clearly demonstrated that by taking advantage
of the nanomaterial properties it is possible to effectively and efficiently prevent fouling.
The electrical conductivity of CNT-PVA films made it possible to generate very strong
artificial electrostatic forces that cannot be achieved with standard membrane modification
techniques (such as blending or polymer grafting of charged groups). The generation of
the electrostatic forces then allowed us to prevent organic fouling even when operating in
waters with high organic loadings. We further took advantage of the nanoparticles with
semi hydrophilic/hydrophobic properties which forced them to enter the oil/water interface
coating the oil droplets. The nanoparticle coating created a physical barrier that prevented
oil coalescence and membrane wetting during filtration. Finally, we presented how the
conductive properties of CNT-PVA thin films could be used to generate thermal energy
through the Joule heating effect. The CNT degradation was prevented through application

of AC potentials with moderate frequencies which prevented surface charging of the CNT
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network and limited the number of electrons that could participate in electrochemical
reactions. Furthermore, it was demonstrated that direct heating of the CNT-PVA films
resulted in lower thermal losses to the bulk fluid which lead to higher permeate fluxes and
exceptionally high single pass recoveries. The presented findings have thus demonstrated
that nanomaterial based thin films possess unique properties that can be used to drastically

improve the membrane filtration processes.

5.3 Broader Impacts

The presented work addressed key challenges facing membrane filtration today and
has the potential of greatly increasing the applicability and efficiency of filtration
processes. The fouling mitigation that was achieved with electrostatic forces presented in
Chapter 2 have great range of application from waste water treatment to drinking water
purification. Wastewater recycling is being looked as one of the most promising methods
for regions to increase their local water supply. In most wastewater recycling plans
secondary or tertiary wastewater is treated by MF or UF and then finally purified by NF or
RO coupled to advanced oxidation process producing high purity water. The UF and MF
take the brunt of the fouling and the treatment as wastewaters contain large quantities of
organics, NOM, EPS, and bacteria which rapidly foul the membranes. The application of
electrostatic forces generated on the CNT-PVA films could significantly improve the
filtration process reducing the amount of time lost to cleaning and reducing energetic costs
by reducing operating pressures. Water recycling is probably one of the most important

steps that must be taken to achieve water sustainability as old water sources such as

186



aquifers, surface water, and ground water are being depleted and are not replenished due
dropping precipitation levels caused by global warming. Furthermore, reducing the cost of
water treatment must be one of the key aspects of newly developed techniques, as water
must be affordable and readily available to all.

The presented application of the nano-magnetite which encapsulated the oil drops
and stopped oil fouling during membrane filtration can have large implications for oil spill
management, and treatment of produced and flow backwaters. Current oil spill
management techniques rely on sorption or dispersion which stop working in cold
environments such as the arctic, where large number of drilling operation have begun. We
have demonstrated that the nano-magnetite stabilization process still works in 2 °C water,
which means this process could work in the Arctic. Furthermore, the fact that UF can be
used directly with this process could allow for construction of small and compact systems
with high throughput allowing direct installation on ships. Since the UF permeate has been
shown to contain less than 15 PPM of oil it can be directly returned to the environment
allowing for the ships to operate for extended periods of time during clean-up operations.
Similarly, the compact size of the proposed oil treatment system would allow for it to be
installed on a trailer rigs and be readily moved around oil drill sites, treating produced and
flow back waters directly as they leave the well. The treatment onsite would remove the
need to store and transport the waste water from the drilling site, and thus remove the key
risks associated with oil production making these processes significantly cleaner and safer.

Thermally driven processes are extremely common and are used in processes

ranging from simple household water heating to the separation and purification of fuels via
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distillation. These processes in general suffer from high energetic costs and complex
designs which attempt to optimize energy management to reduce operating costs but lead
to high capital costs. The developed CNT Joule heating processes could be used to simplify
allot of different thermally driven processes, as they can operate in ionizable environments
(e.g. water, hydrocarbons, and air) without degradation. Furthermore, large quantities of
thermal energy can be delivered directly to the solution or interface where heating is
required such as the surface of MD membranes, chemical reactors, and water heating units
(e.g. flow through heating of water). These processes can lead to significant simplification
of many thermally driven process making it possible to reduce their operational and capital
costs. Furthermore, since this process uses electrical energy it can easily interface with
renewable energy sources which produce electrical energy rather than hydrocarbons which

are typically burned to generate thermal energy.
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