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Abstract

Forward osmosis (FO) is the term given to osmosis in water filtration applications.
FO has many advantages to conventional membrane filtration processes. The lack of
external pressure needed to force solvent through the membrane is dramatically decreased
in FO, resulting in a lower cost of operation compared to reverse osmosis. Lower external
pressures also result in decreased fouling on the membrane surface and improved permeate
flux. Fouling is one of the foremost challenges within the membrane filtration industry and
is one of the biggest contributors to operating costs. While FO results in less fouling than
RO, fouling remains a major concern and results in significant expenses to operate FO.
Many techniques exist to combat fouling, such as back washing, flushing, and chemical
cleaning, however these techniques can be cost intensive and harmful to membrane
integrity and performance. As a result, there is great interest in less intrusive cleaning
techniques such as acoustic cleaning or electric fields that can be applied to mitigate fouling
without compromising the membrane. Electric cleaning has shown great promise as an in-
situ cleaning method, offering increased performance in membrane flux.

Electric field membrane cleaning involves applying an electric field perpendicular
to the membrane surface, resulting in the movement of charged particles towards the
electrodes at either side of the filtration channel, reducing the occurrence of fouling. Most
electric field membrane cleaning techniques use a direct current (DC) electric field to cause
this motion, called electroosmosis. DC cleaning has various drawbacks, such as electrolysis
at the electrodes, corrosion of the electrodes, and further damage to the membrane surface
which hinders DC cleaning performance. There is currently limited literature involving the
use of alternating current (AC) fields for membrane cleaning. The aim of this study was to
examine the feasibility of AC fields as an in-situ cleaning technique in FO application.
Flux performance was assessed using bovine serum albumin (BSA) and sodium alginate
as model foulants. Flux was measured over a 6 to 8-hour filtration period using a pulsed
AC field applied every 2-hours, and a continuous AC field applied over the duration of
filtration. Sodium chloride was used as a draw agent.

Results from these experiments indicate that AC electric fields are an effective
method for in-situ organic fouling mitigation in FO process. Continuous and pulsed fields
of various frequencies, conducted with foulant material in the feed solution, have
demonstrated to improve flux retention to levels comparable to clean water flux conditions
with no foulants. Normalized flux in the presence of foulants was raised from as low as
40% of initial flux at the conclusion of the trial to as high as 90% of initial flux with the
application of electric field. Pulsed AC field application appeared to be more effective than
continuous field, both in terms of fouling mitigation and lower energy input requirement.
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Chapter 1: Introduction

1.1 Problem Statement

Global water scarcity is one of the most critical issues that engineers and scientists face
in the 21% century. Limited access to usable and potable water sources affects billions of
people worldwide, leading to strain on the earth’s existing water systems and causing
massive displacement among populations [1]. As a result, there is a dire need to develop
low-cost methods for producing usable water such as medical grade saline, particularly
through the recycling and recovery of water from contaminated sources [2]. One such
method for this extraction is forward osmosis (FO), a low energy membrane filtration
process that relies on naturally occurring phenomenon to separate water from various
solutions.

Forward osmosis is defined as the diffusion of water across a semi-permeable barrier
due to the thermodynamic concentration gradient between two solutions; one of high solute
concentration and one of low solute concentration [3]. In this diffusion, water will move
from low solute (e.g., salt) concentration side to high concentration, bringing the system
towards equilibrium. This water transport across the FO dilutes the solution of high solute
concentration, and the system will move towards equilibria. As FO is driven by the
concentration gradient, the applied transmembrane pressure (TMP) is not necessary. The
lack of TMP requirement makes FO an economical and sustainable compared to reverse
osmosis (RO), because less energy input means lower operational cost. Pressure ranges in
RO vary from 125 to 1,200 psi, depending on the contaminant to be removed, which can
lead to incredibly high operating costs [4]. FO was also shown to make up only 2-4% of

the energy consumption of an FO-RO hybrid system, indicating that, when used in tandem,



the major energy requirement comes strictly from RO [5]. However, a direct cost analysis
between FO and RO still needs to be done. FO membranes do not have pores, relying

exclusively on diffusion and molecular transport for separation [6].

Direction of Flow

Pure

Water Membrane Salt Water

Direction of Flow

Figure 1: Schematic of Forward Osmosis principle. Water from the feed solution permeated into the

draw solution across the concentration gradient, diluting the draw solution.

While FO is a highly promising alternative to future water treatment, there are still
drawbacks to this process. The main drawback to FO is fouling in the long-term [6, 13,
16]. Foulants will slowly adsorb and adhere to the membrane surface, and then

conglomerate and form layers on the membrane. This build up on the surface reduces the



transport pathways, and thereby reduces the water permeation rate through the membrane
[6, 8, 13, 15, 16, 18].

In conventional membrane filtration, fouling occurs due to the contact between foulants
and the membrane surface, as well as through compression onto the surface by the applied
pressure. As foulants are pressed against the membrane surface, the adsorption and build-
up of the foulant layer is accelerated. When the foulant layer completely blocks the
transport of water, cleaning of the membrane is required. Membrane cleaning methods
generally involve chemical cleaning and/or by flowing water at a high velocity across the
surface, called shear flow cleaning, and flowing water across the membrane in the reverse
direction, called backwashing [6, 7, 13].

The externally applied TMP is minimal in FO system. This leads to a much lower
occurrence of fouling in the FO, as well as less compression of the foulant layer onto the
membrane surface [8]. This in turn generally makes FO systems easier to clean through
shear flow forces. The effect of fouling, however, is still prominent in FO and leads to
significant flux decline, and therefore raises operating cost and increases downtime. There
is a great need for development of a non-chemical based anti-fouling technique that can
mitigate fouling while enhancing FO performance. FO is a highly promising technique
especially for water recovery from wastewater streams because it has low propensity for
fouling. [12]

Despite the advantages provided by FO, fouling is still a major concern that threatens
to hamper the development of FO processes. A novel technique that uses of electric fields
to remove fouling in-situ has shown to be promising [12]. In most applications, a direct

current (DC) field is applied to induce electroosmosis, or the movement of charged



constituents within a bulk solution [14]. Limited research has been presented on the use of
AC fields, however, since a paper in 1997 which presented the possibility for AC electric
cleaning in ultrafiltration [15].
1.2 Summary of Research Contributions
The primary contribution this research will make in the field of membrane separation
technologies stems from initially demonstrating the feasibility for AC fields as a viable
method for FO fouling mitigation. Retaining high levels of flux over extended periods of
operations is crucial for the advancement of membrane processes. This will increase both
the usable lifetime of the membrane and productivity in the absence of blockage of water
flow paths via fouling. The results from this research demonstrate the effectiveness of AC
fields in mitigating fouling from model foulants, including bovine serum albumin (BSA)
and sodium alginate (Alg), both in the presence and absence of a calcium chloride as the.
background electrolyte.
Experiments were conducted for three different electrical field settings: 10 kHz,
100 Hz, and 1 kHz in both continuous and pulsed AC fields. The permeate water flux in
the presence of foulants were measured. Both membrane and foulant layers were
characterized. For this research, a custom device FO system has been designed and
fabricated. The main objective of this research is to establish a proof-of-concept for the
feasibility of AC fields for mitigating organic fouling FO system. Based on the results thus
far, several recommendations are included to help guide future experiments and improve

upon these initial trials.



1.3 Thesis Outline

This thesis is organized into eight chapters. Chapter 2 is intended to serve as a thorough
literature background exploring the current state of forward osmosis (FO) technology, an
introduction to the fouling process in FO, the motivation for studying anti-fouling methods,
and common measurement techniques for FO performance. Chapter 3 describes the testing
methods used to quantify and monitor flux performance throughout separation trials.
Chapter 4 is used to describe the foulants used in the study, as well as the composition of
the feed and draw solutions used. Chapter 5 is a summary of the laboratory procedure and
methods utilized in this research to explore flux performance under various conditions.
Chapter 6 and Chapter 7 review the flux behavior under various foulant concentrations and
electrical frequencies, and the membrane performance characterization under experimental
conditions. Chapter 8 serves as a conclusion to this thesis with an overall summary of
findings and recommendations. Chapter 9 contains a list of the references used in writing
this thesis. Chapter 10 details the standard operating procedure and raw data used in the

writing of this document.



Chapter 2: Literature Review

2.1 Forward Osmosis in Desalination and Fluid Recovery

Today, the increase in global water demand is driven by rising world population,
climate change, expanding industry, and aging infrastructure [1, 16]. Due depleting quality
of freshwater resources around the world, areas with access to sea or brackish waters have
started utilizing desalination as a means of meeting the region’s water demand. The global
water demand has been projected to exceed 36 billion cubic meters worldwide by 2025
[16, 17]. Desalination is a significant contributor to the overall water treatment and
management market, being valued at $12.8 billion USD in 2019, and is projected to
continue to grow through 2027 [18]. Desalination techniques generally employ reverse
osmosis (RO) for extracting potable water from saline sources, however RO desalination
process energy intensive and expensive to operative [17]. Furthermore, RO plants may
have negative impact upon the surrounding marine environment due to the discharge of
highly concentrated brine that could disrupt entire ecosystems near the plant [19].

Forward osmosis (FO) has been investigated as an alternative method for
desalination [5, 6, 13, 16, 17]. FO is a promising technique in the field of desalination since
its driving force is the thermodynamic concentration gradient that exists between two
solutions separated by a semipermeable barrier. Due to minimal pressure requirement, FO
exhibits a lower propensity for fouling compared to RO, while maintaining a high salt
rejection [16]. However, standalone FO systems are currently not developed enough to be
used as a standalone desalination process. Some studies have shown FO to be more
expensive in energy and operational cost due to the need to recover draw solutes to generate

an end product [6, 16, 17]. FO does still have great contemporary promise as either an



auxiliary step or a pretreatment step in current RO plants, where the addition of the FO
process has been shown to decrease the energy demand for the system by up to 1 kWh/m?®
[5, 6, 17].

FO is also gaining traction and popularity in the general field of water reuse and
fluid recovery. When used in tandem with membrane bioreactors (MBR), FO has been
shown to be an effective method for the removal of organic matter from wastewaters in
municipal and industrial treatment, and operates at a higher removal efficiency than
traditional MBR [20, 21]. FO has been used to recover water from sewage [22]. FO has
been explored for potable water production. For instance, NASA has tested a FO Bag
which relies on glucose as a draw agent and urine as a feed solution for emergency water
supplies aboard the international fire station (I1SS) as recently as 2017.FO desalination plant
in Oman has the treatment capacity up to 200 m®day [21]. FO has been used in tandem
with RO for the treatment of landfill leachate, wherein 80% - 90% of the contaminants
removed and 90% of water recovered from the leachate [21]. Furthermore, other
applications of FO include oil and gas, pharmaceutical, food and beverage industries
among others [21]. FO is also currently being investigated for usage in the recovery of
nuclear waste materials [23].

2.2 Fouling in Forward Osmosis Technologies

In pressure-driven membrane processes, a fluid is pressurized across a membrane
to separate unwanted chemicals, particles, and/or solids from the product. These unwanted
constituents may deposit and adhere to the membrane surface, potentially blocking the flow

paths of water and thereby causes fouling [13].



One of the main advantages of FO as a fluid separation technology is the naturally
occurring driving force from a concentration gradient. As mentioned previously, feed and
draw solution are separated by a semipermeable barrier wherein the concentration gradient
drives water to flow from feed side to draw side, and the second law of thermodynamics
causes the system to work towards equilibrium. Thus, no transmembrane pressure is
required for the FO operation. The lack of this applied pressure causes FO to have a lower

propensity for fouling [6, 13, 16, 20].
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Figure 2: Comparison between fouling behaviors in reverse osmosis (RO) and forward osmosis (FO),
demonstrating the effect of applied pressure on foulant layer. Higher applied pressures cause more
severe fouling due to compaction of the fouling layer.

Fouling in FO generally occurs through three processes. First, hydrodynamic drag

is generated by permeating water, pulling foulants within solution towards the membrane



surface. The resulting physical contact between the foulant and membrane surface can lead
to adhesion or attachment of the foulant. Chemical interactions between the foulant,
membrane, and other ions within the feed solution can further accelerate the fouling
process by strengthening bonds between the foulant-foulant and foulant-membrane surface
[6, 13, 24]. The build of foulants on the membrane surface leads to a dramatic decline in
flux [25]. In addition, the membrane structure and properties can have a significant effect
on flux performance. For instance, fouling propensity of a membrane increases with
surface roughness [13]. The active layer of the membrane is smoother and does not have
as many ridges or areas for the foulant to deposit, leading to a lower propensity for fouling
through physical interactions [13]. The extent of fouling also depends on the surface charge
of the membrane [20]. Absence of surface on membranes leads to minimal binding between
the foulants and the surface [20]. Furthermore, hydrophobic membrane surfaces are prone
greater fouling then the hydrophilic surfaces [20].
2.3 Anti-Fouling Methods and Practices in Forward Osmosis

2.3.1 Traditional Practices

Fouling poses one of the main threats to the advancement and implementation of
membrane processes due to the drastic effect it has on flux performance and water recovery
[6, 13, 16, 26]. A critical area of study within FO research has focused on methods for
removing foulants from the membrane surface in order to extend membrane lifetime.
Traditional membrane cleaning processes include physical and chemical cleaning methods
[6, 13, 16].

There are a variety of physical membrane cleaning techniques. The most commonly

used method is hydraulic flushing, where the crossflow velocity of the system is increased



to generate shear forces along the membrane surface and flush foulants out of the system
[6, 7, 8, 13, 15, 16, 17, 23]. Osmotic backwashing, the process of reversing the
concentrations of the feed and draw solutions to have water permeating in the opposite
direction of operational permeation, has also been utilized as an effective method for the
removal of colloidal particles trapped within the membrane structure [6, 7, 8, 13, 15, 16,
17, 23]. Sonic frequencies and the production of air bubbles near the membrane surface
have also been explored as an in-situ method for the physical removal of foulants from the
membrane surface [6, 15]. However, these methods are unable to remove all the foulants
present on the membrane, and thus chemical methods are used for more severe fouling (i.e.,
irreversible fouling).

Chemical cleaning of membranes includes the use of acids, bases, and alcohols in
order to scrub the membrane clean of specific foulants [6, 7, 8, 13, 15, 16, 17, 23].
Chemicals such as hydrochloric acid, citric acid and sodium hydroxide have all been
utilized in various applications for the cleaning of membranes after fouling [6, 23]. While
chemical cleaning is an effective method of foulant removal, there are several drawbacks
that make it a non-ideal method. Constant exposure to harsh chemicals can cause damage
to the membrane, rendering it unusable for future filtrations [15]. Furthermore, the
replacement of the membranes along with the acquisition of these chemicals can increase
the overall cost of the membrane processes. Recently, a few novel techniques including
direct current (DC)- and alternating current (AC)-electric fields have been explored as an

alternative method for the removal of foulants [REFs].
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2.3.2 Electric Field Membrane Cleaning

The use of electric fields has been explored in filtration technologies to either
improve the efficiency of the process or inhibit blocking of filtration paths since 1926 [15].
It was further built upon by researchers in 1967, who used electrical fields in tandem with
ultrafiltration to separate clay suspensions in feedwater [27]. In electric field applications,
membrane is sandwiched between two electrodes to allow the field to propagate across the
surface [15]. When the electric field is turned on, the charged species in the solution
migrate towards the electrode with opposite charge via a process called electrophoresis
[15]. In addition, the electrical field can induce electroosmosis, wherein water flux and
ionic species are mobilized in the direction of the field [28].

DC electric fields as an anti-fouling method have been explored to induce an
electrophoretic effect on uniformly charged particles (foulants) [6]. Moulik et al., first
observed this effect in their experiments with clay particles, noticing the clay being
removed from the filter under the effect of the DC field [27]. Research in this field has
focused mainly on the manipulation of membrane materials into an electrode [14, 29]. The
effects of DC field on fouling mitigation have been shown to be effective with 90% of
initial flux retention under fouling conditions using humic Acid [14]. However, the
drawbacks [15] of DC fields include (1) electrolysis at the electrode surfaces, potentially
producing lethal chlorine gas within the draw solution; (2) dramatic shifts in pH have also
been observed under these operating conditions, which can damage the membrane surface
and leave it impractical for further use; (3) corrosion of the electrode and high voltages can

cause heating of the overall system as well as further damage to the membrane.
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One application for electrical field membrane cleaning that is yet to be explored is
the utilization of AC in lieu of DC. AC fields were first explored by Zumbusch et al., as an
anti-fouling strategy during ultrafiltration of bovine serum albumin (BSA) as a model
foulant [15]. Overall, a 40% improvement in flux retention was observed under a 25 Hz,
80 V/cm AC field under BSA fouling conditions, providing a strong indication that the
fields were effective in reducing the occurrence of fouling in this experiment. However,
since this publication, there is little to no further work conducted using AC as a means of
in-situ electric field fouling mitigation. Due to newer methods of grafting and machining
electrodes that can be thinner, and therefore experience smaller electrical resistance
through the electrode, further exploring these effects will help to bridge the knowledge gap
in the area of AC field-based antifouling mitigation methods.

2.4 Measuring Forward Osmosis Performance

The performance in FO systems is measured by quantifying the flux of the
membrane, or the volume permeated per time per area of the membrane [23, 24, 30, 31].
In fouling experiments, permeate flux trend is used to study the effect of foulants on the
FO performance. Flux decline is also a representation of the drop in osmotic pressure
during FO operation.

m =iMRT [1]

Where 7 is osmotic pressure, i is the van Hoff’t constant, M is molar concentration,
R is the universal gas constant, and T is temperature in Kelvin. Flux across the membrane
is defined using the difference in osmotic pressure between the draw (mq) and feed (m)

solutions across the membrane area, as well as the water permeability, A [13].
Jw = A(T[d - T[f) [2]
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The volume of water collected is measured at specified intervals throughout the
experiment duration. By plotting and examining the flux profile throughout the duration of

the trial, it is possible to discern the percent retention of clean water flux obtained by the

system during operation. This is referred to as normalized flux, and is represented by

v =+ [4]

Where Jn is referred to as normalized flux, the percentage of flux as a ratio to
maximum flux, J is the flux obtained at any specific time point, and Jw is the clean water
flux at time zero (maximum flux). By plotting the normalized flux versus time for each
individual trial consisting of either no foulant in the feed, foulant solution as the feed, and
foulant solution as the feed with electrical field, it is possible to draw conclusions regarding

the electric fields ability to improve flux retention in the presence of foulant material.
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Chapter 3. Testing Methods Employed in Research

3.1 Introduction

Flux is the most commonly used parameter to express the membrane performance
in terms of permeation rate and water recovery. Measuring flux, the volumetric flow rate
per unit membrane area, allows researchers to track and monitor the quantity of water being
extracted from the feed solution during operation. Normalized flux (Jn) further enables
researchers to compare different trials more accurately, particularly as the initial flux may
vary with usages of different membrane coupons [20, 24, 26, 31]. Traditionally, fouling
experiments are performed under various conditions of the feed solution to quantify the
effects of different foulants on membrane performance through flux. For this research,
fouling experiments were performed with and without foulant solution to gauge the effect
on fouling in traditional FO experiments. Fouling experiments were then replicated using
the foulant solution and AC electric fields. These trials were compared in order to gauge
the effect of the AC electric field FO flux.

Clean water flux (Jw), the flux loss in the presence of feed solution with no foulants,
enables the quantification of flux decline as water permeates from the feed into the draw
solution, and thereby the natural loss of osmotic pressure across the membrane. As water
permeates through the membrane from the feed solution containing foulants into the draw
solution, the concentration of the salt in draw solution decreases, and the concentration
contaminants in feed increases. Comparing these clean water and fouling trials allows for
the quantification flux loss during FO process [20, 24, 26, 31].

Experiments with and without foulants in the presence and absence of AC fields

were conducted to evaluate the effect of the electric field on fouling in FO. Fouling was
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studied in the presence of a low-frequency, low-voltage oscillating electric field to gain
mechanistic insights into foulant-membrane interactions. In these experiments, the AC
electric field is simply turned on and studied fouling under two different modes: 1)
continuous field and (2) pulsed field for the entire duration of the trial. In the pulsed filed
mode, the field was turned on only for a brief period at specified timepoints throughout the
trial, following the procedure reported in Zumbusch et al. [15, 32]. These experiments were
performed in order to gauge any effect the electric field would have on the fouling behavior
in terms of flux performance.
3.2 Testing Device

This research employed traditional FO flux procedures employed by a variety of
researchers [5, 6, 7, 8, 10, 12-14, 16, 17, 19, 22-26, 29-31, 37]. Typically, a crossflow
filtration unit is used consisting of two halves of a module: one for the feed and the other
for the draw solution. A membrane is sandwiched between the two halves, and the module
is then sealed. The feed and draw solutions are pumped into their respective parts of the
FO filtration cell under crossflow conditions. The concentration gradient between the two
feeds across the membranes causes water to permeate into the draw solution. The
membrane material used in this research consisted of a cellulose triacetate (CTA) polymer
provided by FTSH-O, formerly HTI (Albany, Oregon). These membranes are widely used
in the field of FO science due to their low fouling propensity and high chlorine tolerance
of up to 2 parts per million in wide pH range of 3-7 [33, 34].

Many companies sell commercial FO modules for use in the lab setting [34], but at
this stage they have not been developed to apply electric fields. Consequently, we have

fabricated a custom-made filtration module that can apply electric fields on demand during
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the FO process. The cell was fabricated out of Delrin plastic, or polyoxymethylene, a
material that is chemically resistant with a high stiffness. The cell was made with a filtration
channel consisting of 7 cm x 17.5 cm x 1 cm on either side of the module, with inlet and
outlet ports lining either side of the feed and draw modules. This cell consisted of two
separate O-ring channels used to create a seal within the filtration channel and prevent
leakage. Prior to each test, the cell was calibrated using mass balance approach to ensure
volume lost by feed solution is gained by draw solution. The cell also was tested for leaks
at various times throughout each trial, ensuring a closed loop within both feed and draw

solution.

O-Ring
Channel

Electrode
Wire Port

Feed Channel / Bolt Holes
Electrode Location

Figure 3. Top view of filtration cell produced for use in this study.
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Figure 4: Side view of filtration cell produced for study, showing location of inlet and outlet ports.

To propagate the electric field across the membrane, a small hole was drilled into the
surface of either cell to allow a 24-gauge platinum wire to pass through into the filtration
channel. These wires were then attached to a carbon paper electrode procured from the fuel
cell store (Sigracet 29 BC, Fuel Cell Store, Bryan, Texas), and oriented so that the direction
of the electric field was always perpendicular to the membrane surface. The wires were
connected to a function generator (Siglent, SDG1025, Solon, Ohio) and an oscilloscope
(Tektronix, TDS2012, Beaverton, Oregon) used to apply and control the electric field,

respectively.
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Figure 5. Schematic drawing of experimental set up. Feed solution (left) provides water to permeate
into the draw solution (right). A power supply is hooked up to the electrodes, and the electric field is

applied in the direction of permeating water, perpendicular to the membrane surface.

The feed and draw solutions resided in separate Nalgene containers (volume), and
Ismatec ISM184 eight-channel pumps heads (Cole-Palmer) were used to create flow in
both feed and draw solution channels. The draw solution tank was placed on an OHAUS
AX8201/E Adventurer scale connected to a computer, where water weight readings were
recorded every 15 seconds. The weight measurements were then converted to volume for
flux calculations. Future research possibilities based on the improvement of this device are

included in Chapter 8.
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Chapter 4: Foulants, Feed and Draw Solution Composition, and

Membrane Material

4.1 Introduction

The model foulants used in this study were bovine serum albumin (BSA) and
sodium alginate. They were employed in two different types of solution with calcium
chloride as an electrolyte to accelerate chemical bonding between foulant-foulant and
foulant-membrane. Tests were also conducted without an electrolyte to examine
hydrodynamically driven fouling. Both BSA and sodium alginate are model protein and
polysaccharide, respectively, foulants commonly used to model organic fouling and
biofouling in FO [5, 6, 7, 8, 10, 12-14, 16, 17, 19, 22-26, 29-31, 37]. The fouling from BSA
and alginate were studied in the presence and absence of electric fields in order to
determine the critical fields at which fouling could be mitigated.

4.2 Bovine Serum Albumin

BSA is a hydrophobic globular protein used in various industrial processes
including vaccine production, food and pet food manufacturing, and drug delivery
applications as well as protein studies [36]. BSA is a commonly used model foulant in a
variety of membrane studies, generally used to represent proteins in water and wastewaters
[37]. Proteins in general make up a large fraction of nitrogen and carbon present in
wastewater effluents and influents, are generally present in many environments abundant
with vertebrae and other organisms [38, 39]. Furthermore, proteins are a major constituent
of organic matter in wastewater influents and effluents, making proteins such as BSA a

favorable choice for representation of organic matter in membrane processes [25, 40]. BSA
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has a molecular weight of around 66 kilodaltons, and is generally found in a pH range of

5.2 7 [41].

Figure 6. Representation of the BSA molecule, obtained from the Royal Protein Database [42].

Several studies have suggested BSA fouling is mostly dominated by hydrodynamic
forces near the membrane surface [24, 25, 37]. In the presence of an electrolyte (e.g., 0.5
mM CacCl.), no major change in the loss of flux was observed in FO experiments conducted
by Mi et al., [24]. Instead, BSA fouling is mostly driven by adsorption or attachment to the
membrane surface, followed by further interactions between the BSA molecules.
Furthermore, adhesion forces measured through atomic force microscopy by Mi et al.,
indicated similar levels of adhesion between BSA and the membrane surface with and
without the presence of an electrolyte. This was attributed to the relatively low presence of
carboxylic groups in BSA, which would allow for a reduced level of chemical complexes
to form between BSA and the membrane.

4.3 Sodium Alginate
Sodium alginate is a naturally occurring polysaccharide commonly derived from

brown algae and seaweeds. It is widely used in the food and pharmaceutical manufacturing
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process due to its ability to retain water and form a gel in aqueous solutions [43]. As a
naturally occurring substance in many natural waters, alginate is widely used as a model
foulant to represent natural organic matter [25]. It is abundantly present in wastewaters and
identified as one of the major organic foulants of concern in various membrane operating
facilities [44]. Sodium alginate has a molecular weight of 216.12 g/mol and is highly

soluble in water [45].

Figure 7. Chemical structure of the sodium alginate molecule, obtained from the National Library of
Medicine [45].

As a foulant, hydroxyl groups on sodium alginate will form chemical bonds with
the carboxylic groups on the membrane surface via cations present in the background
electrolyte in a process called chemical bridging [13, 24, 25]. As a result, alginate fouling
tends to be very severe, but can be removed through periodic cleaning using physical
methods [44]. When severely fouled, alginate forms a dense gel layer that causes dramatic

flux decline in FO [24, 25, 41, 44].
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4.4 Feed Solutions

In a FO process, first, feed solution typically with low solute concentration is
exposed to a draw solution with high solute concentration through a cellulose triacetate
(CTA) membrane. The concentration gradients between the solutions drives water from
feed to draw solution causing feed to lose volume while draw to gain weight. Foulants in
the feed gradually accumulate and adhere to the membrane surface resulting in fouling.

Feed solutions used in this research were chosen based on similar feed solutions
used in previously published research [24, 26, 31, 44]. The feed solution used for clean
water experiments consisted of strictly ultrapure water. For initial fouling experiments, 1
g/L BSA was used as a feed solution to study severity of fouling in the presence and
absence of electric fields. In addition, experiments in the absence of electrolyte were also
conducted to study effect of electric fields on BSA fouling due to hydrodynamic drag
forces. Similar to BSA experiments, alginate fouling tests with and without electric fields
were also conducted. The feed solution consisted of 200 mg/L sodium alginate with and
without 0.5 mM CaCl: as background electrolyte. Lastly, experiments were also conducted
using 200 mg/L BSA with 0.5 mM CaCl: as the background electrolyte to further
investigate a potential difference in the ability of the electric field to mitigate fouling in the
presence of chemically accelerated fouling. The composition of feed solutions used in

different test are summarized in Table 1.
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Table 1: Summary of composition of feed solutions used in this research.

Test Concentration
Clean Water Ultrapure water
No foulant present
BSA Fouling Ultrapure water
1 g/L BSA
BSA Fouling Ultrapure Water
with CaCl; 200 mg/L BSA

0.5 mM CaCl,

Alginate Fouling

with CaCl,

Ultrapure Water
200 mg/L Alginate

0.5 mM CaCl,

4.5 Draw Solution

The draw solution is the concentrated salt solution used to generate the
concentration gradient against feed solution to generate forward osmosis. In this study, a 1
M sodium chloride solution was used as the draw solution to generate a concentration
gradient. After the first set of trials using this draw solution were concluded, it was decided
to replace this solution with a 1.5 M NaCl solution for the draw in order to generate higher
values of initial flux, and higher rates of initial fouling. Furthermore, this concentration

was chosen to represent twice the salt content of seawater, which is generally estimated to

be 0.7 M NacCl.
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4.6 Cellulose Triacetate Membrane

The FO membrane material used in this study made of the polymer cellulose
triacetate (CTA) with an embedded polyester mesh for mechanical strength. CTA was first
synthesized and commercialized by Hydration Technologies Inc. now FTSH.O (Albany,
OR), in 2006 as a low fouling membrane material [46]. CTA membranes are classified and
defined per US patent US7445712B2 as an asymmetric membrane comprising of a skin
layer made of a polymeric material serving as a rejection surface, a porous layer of the
same material as the rejection surface serving as a scaffold for the rejection layer, and a
hydrophilic support fabric [46]. The thickness of CTA membranes is approximately 50 um

[6-8, 10, 12-14, 16, 17, 19, 22-26, 29, 30, 31, 37].

Figure 8: Chemical structure of cellulose triacetate, obtained from the National Library of Medicine

[61].
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Chapter 5: Laboratory Methods to Induce Fouling

5.1 Introduction

The method used to induce membrane fouling by BSA and sodium alginate on the
cellulose triacetate (CTA) membrane is described in this section. For all of the FO
processes with and without foulants, the fouling is to occur for an 8-hour period both in the
presence and absence of electric fields. The FO fouling was studied at three different
frequencies including 100 Hz, 1 kHz, and 10 kHz at 20 V,-, [Chapter 6]. The membranes
were then examined using a surface electron microscopy (SEM) and through atomic force
microscopy (AFM) [Chapter 7]. In addition, foulants on the membrane surface were
analyzed using Fourier transform infrared (FTIR) spectroscopy for changes in composition
[Chapter 7].

5.2 Method Explored
In this research, the FO experiments were performed with a bench-scale set up

depicted in Figure 9.
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Figure 9. Lab scale set up utilized for this research. Draw solution (left) is placed on a scale to monitor

changes in volume. Feed solution (right) is continuously stirred to ensure the solution is well mixed.

The following steps were implemented for each experiment. First, the CTA
membrane was placed within the filtration unit with the active layer facing the feed
solution. Next, 1 L of ultrapure water (resistivity 18 MOhm) and 500 mL of ultrapure water
were added to the draw and feed tanks, both placed on a digital scale, respectively. The
pumps were used to pump the liquids in a closed loop, going from the solution tanks,
through the two-channeled membrane unit, and back to the tanks, for 8 hours to ensure
proper hydration of the membrane, remove any air bubbles from either closed loop, and
allow for stabilization of flows within the filtration system. At this point, stock solution of
3 M NaCl was added to the draw solution tank in proper quantities to bring the NaCl
concentration of the draw solution to 1.5 M. At this point, the data collection program was

started to record weight changes by a computer in real time to determine permeate water
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flux. In the clean water flux trials, FO experiments were conducted using 1 M NaCl for 1
hour to determine the maximum initial flux as well as stabilized flux after osmotic dilution.
In fouling experiments, stock solution of foulant solution was added into the feed solution
to reach pre-determined concentrations (1 g/L BSA and 200 mg/L sodium alginate), and
the FO process was carried out for a period of 6-8 hours. Temperature was monitored using
a handheld probe at the beginning and conclusion of each trial to ensure temperature
remained constant during the experiment.

All of the FO fouling experiments in the presence of electric fields were conducted
following the steps described above. For these trials, the platinum wires were connected to
the feed and draw solution channels of the FO cell via alligator clips to the function
generator. The platinum wires attached to the electrodes were sealed in the feed and draw
solution cells using a chemically and thermally inert epoxy glue. The electric field trials
were conducted in two modes: constant field and pulsed field. Constant field trials were
conducted by turning on the function generator output immediately after mixing the foulant
stock solution with the feed solution, and the field was kept on for the duration of the trial.
Pulsed field experiments were performed by turning on the function generator for 2-minute
intervals spaced between 2-hour intervals of no field. This process repeated until the
conclusion of the filtration trial. The FO performance in the presence of foulants and
electric fields were evaluated. Specifically, the effect electric field frequencies 100 Hz, 1
kHz and 10 kHz at constant strength 10 VV/cm on BSA and alginate was investigated.

The field was also monitored going into the cell by using a voltmeter on the draw
and feed solution wires connecting into the cell to ensure proper conduction into the flow

channels. Each electrode was also tested during the conduction of each trial to ensure the
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field was being propagated. In the event an electrode did not register on the voltmeter, it
was removed, the area where it was occupied was cleaned with an ethanol rinse and
replaced with a new electrode. If an electrode ceased to register on the voltmeter during an
electric field trial, the experiment was stopped, and the electrode replaced.

Baseline experiments, denoted as clean water flux trials, were also performed in
order to gauge flux decline based purely on osmotic dilutions. These trials followed the
same protocol as described above, with no fouling solution added to the feed stock. The
fouling trials were conducted immediately after clean water trials in order to ensure similar
performance of the cell was achieved. The cell was cleaned using a 70% ethanol solution
in between each trial and rinsed with ultrapure and deionized water to ensure no outside
contamination was present. All tests were performed in triplicate. The normalized flux data
versus time were plotted to examine the behavior of flux throughout the duration of each
experiment.

5.3 Advantages and Limitations of the Method Explored

The expansion of this research using different types of membrane materials, such
as, would help to improve the understanding of the effect of electric fields on a broad range
of materials, as well as help to improve this area of study in general. Furthermore, the
results from a crossflow flat sheet FO membrane module may differ from results obtained
from a different membrane module, such as a spiral wound or hollow fiber membrane set
up. Further research in this area using various membrane modules and materials would
greatly benefit the overall knowledge in this field.

An additional set back that must be acknowledged is the shutdown of the University

sponsored lab in which this research was conducted during COVID-19. The original intent
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of this research was to also include foulants such as bacteria and viruses in the study for a
more complete view of biofouling behavior in the presence of AC electric fields. The
shutdown limited the time allowed in the lab, and this additional research was unable to be
obtained. For this reason, several trials including BSA with CaCl, were performed as single

experiments instead of triplicates.
Chapter 6: Antifouling Experiments with Electric Field

6.1 Introduction

Methods to explore flux performance in the presence of foulant material were
utilized in order to compare obtained results to similar tests in published literature. The
tests performed FO experiments with no foulants present, BSA at 1 g/L and no electrolyte
as a foulant, alginate at 200 mg/L with 0.5 mM CaCl: as a background electrolyte, and
BSA at 200 mg/L with 0.5 mM CaCl:> as a background electrolyte. These tests were then
repeated in the presence of a 100 Hz, 1 kHz, and 10 kHz electric field at a voltage of 20
volts AC in both a continuous and pulsed setting as described in Chapter 5. All tests were
performed in triplicate, with the exception of some BSA in combination with CaCl; tests,
which were performed in single trials due to time constraints associated with COVID-19.
All filtration trials were averaged and plotted versus time to examine the behavior of flux
throughout the duration of each experiment. All testing procedures used are described in
Chapter 5 of this document.

6.2 Results and Discussion

6.2.1 BSA Fouling in Absence of Electrolyte

Initially, several trials were conducted in order to calibrate the FO cell used in this

research. After confirming the integrity of the device, triplicate experiments were
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performed to yield an average normalized flux drop across each set of trials. The clean
water flux profile served as a baseline for comparison with conditions under fouling. In
total, triplicate experiments were conducted for BSA fouling under (1) no field, (2) a
constant oscillating field, and (3) a pulsed oscillating field applied for 2-minute intervals
after 2 hours of no field. These trials were all conducted using a 1 kHz, 20 Vpp electric
field to establish an initial proof-of-concept for this research. Figure 10 below demonstrates

flux behavior obtained in each of these trials.
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Figure 10: Normalized flux for BSA fouling conditions for 1 g/L concentration and no CaCl. with 1
kHz 20 V- electric field. Clean water (blue) experienced a 10% loss in initial flux. BSA fouling with
no field (orange) lost 25% of flux performance over the course of the filtration. Continuous field
(yellow) application in fouling conditions decreased the percentage of flux lost, with a 10% of flux loss
over the duration of the trial. Pulsed field (grey) in fouling condition trials saw an improvement of flux

performance compared to clean water, losing only 5% of flux over 8 hours.

In the absence of foulants, an overall 10% clean water flux loss due to osmotic
dilution of 1.5 M NaCl? draw solution was observed at the end of 8 h. This flux loss is due
to the loss of concentration gradient as water molecules permeate across the membrane

surface from the feed solution. In the presence of BSA with no electric field, 22.5%
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cumulative flux loss was observed at the end of 8 h. In the presence of BSA and constant
electric field, set to 1 kHz frequency and 20 VV AC, the flux loss was only 10%, which is
similar to the clean water flux loss. In the presence of BSA and pulsed fields (1 kHz
frequency and 20 VV AC), the overall flux loss was only 5%, which is lower than the clean
water flux. This result suggests that water recovery is significantly higher than both clean
water flux and BSA with constant field. Overall, both trials conducted in the presence of
an electric field and BSA at 1 g/L as a foulant demonstrated an increased flux retention
when compared to traditional BSA fouling conditions.
6.2.2 BSA Fouling in Presence of Calcium Chloride Electrolyte

Following the conclusion of experiments using 1 g/L. BSA with no electrolytes
present, it was determined prudent to also include an examination of BSA at 200 mg/L
with 0.5 mM calcium chloride present. This decision was made in order to accelerate BSA
fouling via chemical bridging of BSA-BSA and BSA-membrane via calcium ions. These
tests took place after the reopening of the lab post COVID-19 related shutdowns within the
University. All tests were conducted in triplicate. Data from some of the trials had to be
discarded due to various errors that occurred with the FO cell operation. Mainly, blockage
within the draw and feed solution loops was found within the pressure regulators which
would build up throughout the duration of fouling trials, causing erratic and unreliable flux
behavior and data collection. These tests were all discarded, and a full cleaning of both
feed and draw loops was implemented using a 50% ethanol solution over a 24-hour period.
After several tests to ensure proper performance of the FO cell were carried out, data
collection resumed. However, this unexpected delay caused several problems in data

collection. Mainly, the timeframe in which this additional research was to be conducted
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closed, and each test was only able to be performed with a single replicate, which created
difficulty in drawing concrete conclusions from the data. Furthermore, only constant field
trials were able to be performed in this setting, preventing any conclusions from being
drawn with this fouling solution in tandem with the pulsed field application. The constant
field trials are presented in their singular results compared to the data obtained from fouling
of BSA at 200 mg/L with 0.5mM calcium chloride as well as the corresponding clean water

flux yielded from the baseline experiments in each trial in Figures 11-13.
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Figure 11: Normalized flux for BSA fouling conditions for 200 mg/L concentration and 0.5 mM CaCl:
at 100 Hz 20 Vpp electric field. Clean water (blue) experienced a 10% loss in initial flux. BSA fouling

with no field (orange) lost 19% of flux performance over the course of the filtration. Continuous field
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(green) application in fouling conditions decreased the percentage of flux lost, with a 11% of flux loss

over the duration of the trial.
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Figure 12: Normalized flux for BSA fouling conditions for 200 mg/L concentration and 0.5 mM CacCl2
at 1 kHz 20 Vpp electric field. Clean water (blue) experienced a 10% loss in initial flux. BSA fouling
with no field (orange) lost 19% of flux performance over the course of the filtration. Continuous field

(grey) application in fouling conditions decreased the percentage of flux lost, with a 9% of flux loss

over the duration of the trial.
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Figure 13: Normalized flux for BSA fouling conditions for 200 mg/L concentration and 0.5 mM CacCl:
at 100 Hz 20 Vp-p electric field. Clean water (blue) experienced a 10% loss in initial flux. BSA fouling
with no field (orange) lost 19% of flux performance over the course of the filtration. Continuous field
(yellow) application in fouling conditions decreased the percentage of flux lost, with a 15% of flux loss

over the duration of the trial.

Based on data obtained from these trials (Figures 11-13), clean water flux using a
1.5 M sodium chloride solution exhibited flux loss of 10% on average over 6 hours due to
osmotic dilution of the draw solution. In terms of BSA fouling at a concentration of 200
mg/L with 0.5 mM calcium chloride present, flux loss was similar to the case using 1 g/L

and no CaCly, with a flux decline of 19% vs. 22.5% on average. These findings are
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consistent with the results published by Mi et al., which observed the difference in fouling
behavior of BSA at 200 mg/L both with and without the presence of CaCl; [24]. This is
attributed to BSA fouling being dominated by hydrodynamic forces, and limited chemical
interactions between the BSA and membrane surface.

Data from the single constant field trials once again yielded improved flux decline
compared to the BSA fouling with no field present, which is also similar to clean water
flux. Under a 100 Hz field, an overall flux loss was observed to be 11% under the single
trial conducted. Flux loss under 200 mg/L BSA with 0.5 mM CacCl; in the presence of a 1
kHz field demonstrated a 9% loss in flux in the single trial performed. Lastly, flux behavior
in experiments using BSA at 200 mg/L and 0.5 mM CacCl; in tandem with a 10 kHz
constant field presented a flux decline of 15% after the conclusion of the FO trials.

6.2.3 Alginate Fouling

Experiments were conducted to study alginate fouling in the presence of an AC
electric field using 200 mg/L sodium alginate with 0.5 mM calcium chloride, referred to in
this section as the alginate solution. These experiments were performed following the
initial calibration of the filtration cell and proof-of-concept BSA data. All trials were
performed in triplicates, and the average normalized flux decline was used for analysis. All
values obtained for normalized flux for each experimental condition are presented in

Figures 14-16.
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Figure 14: Normalized Flux for Alginate fouling conditions under a 100 Hz Field. Clean water (blue)
lost 15% of flux during filtration. Alginate fouling with no field filtration (orange) lost up to 55% of
flux. Continuous field application under Alginate fouling (grey) lost 19% of flux. Pulsed field
application under alginate fouling (yellow) demonstrated similar performance to clean water filtration,

losing 30% of flux throughout the trial. Insert Alginate and CaCl2 concentration.

Results obtained from alginate fouling trials under 100 Hz electric field conditions
are shown in Figure 14. Clean water flux values presented in this graph are a representation
of an average of all clean water baseline trials conducted prior to alginate fouling trials. On
average, osmotic dilution of the draw solution during these trials accounted for 15% of

initial flux loss. FO fouling due to alginate trails were performed in triplicate. The results
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showed a flux decline of 55% to 45% of initial flux at the conclusion of the trial. This
decline was attributed to alginate fouling. The 100 Hz constant field improved flux
retention in the presence of alginate fouling when all trials were averaged together. The
flux retention was improved by 20% with 100 Hz constant field flux during alignate
fouling. The 100 Hz pulsed field application improved flux retention when compared to
traditional alginate fouling, with flux declining by 30% of initial flux across an average of
all trials conducted, as compared to the 55% to 45% observed in the control group (normal
fouling conditions). In both cases, with 100 Hz electric field, an improvement in membrane

flux retention was observed.
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Figure 15: Normalized Flux for Alginate fouling conditions under a 1 kHz Field. Clean water (blue)
lost 15% of flux during filtration. Alginate fouling with no field filtration (orange) lost up to 55% of
flux. Continuous field application under Alginate fouling (grey) lost 24% of flux. Pulsed field
application under alginate fouling (yellow) demonstrated similar performance to clean water filtration,

losing 14% of flux throughout the trial.

Experiments conducted using a 1 kHz electric field are shown in Figure 15. Clean water
and alginate fouling experiments are the same as shown in Figure 14, as both are derived
from an average of all trials conducted with the alginate fouling solution. Flux decline for
clean water and alginate fouling with no field in these settings was observed to be 15% and

55%, respectively. In the 1 kHz setting, the constant field experiments showed a flux
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decline of 24% of initial flux on average. Pulsed field trials using 1 kHz AC field showed

a flux decline of 14% of initial flux when averaged across all trials.
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Figure 16: Normalized Flux for Alginate fouling conditions under a 1 kHz Field. Clean water (blue)
lost 15% of flux during filtration. Alginate fouling with no field filtration (orange) lost up to 55% of
flux. Continuous field application under Alginate fouling (grey) lost 13% of flux. Pulsed field

application under alginate fouling (yellow) demonstrated similar performance to clean water filtration,

losing 19% of flux throughout the trial.
Experiments using 10 kHz electric field are shown in Figure 16. Prior to conducting
these trials, an extensive clean of the operating system was performed due to construction

that had occurred in the lab prior to the start of these experiments. To ensure there was no
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debris within either loop of the membrane, a 50% ethanol solution was passed through each
loop at a pressure of 10 psi for a period of 48 hours. A new tubing material was also used
at the inlet and outlet of the pump used to generate flow through the feed solution, as the
previously used material experienced several ruptures at the onset of these trials. Therefore,
a different set of clean water experiments was presented in these trials in order to more
accurately compare the clean water baseline experiments to the field experiments. Alginate
fouling trials shown in these trials remain the same as presented in Figures 14 and 15.

The results showed that clean water flux decline due to osmotic dilution was
observed to account for a 10% loss of initial flux. Alginate fouling resulted in a 55% loss
of initial flux. Constant field trials conducted using the 10 kHz field demonstrate a loss of
flux of 13% across an average of all three replicates. Pulsed field experiments at frequency
of 10 kHz exhibited a flux loss of 19% on average after conclusion of filtration trials.

6.3 Conclusions

Across all trials performed, flux loss observed during the baseline clean water
experiments was found to range from 10% - 15%. This flux loss due to osmotic dilution is
unavoidable in experiments where the draw solution is not continuously replenished and
follows a similar trend to published results using similar draw solutions [24, 44]. At 1 g/L,
BSA fouling was observed to cause flux to decline by 22.5% over the duration of the trial,
compared to 19% when the solution composition was changed to 200 mg/L with 0.5 mM
calcium chloride. It should be noted that the 200 mg/L BSA with CaCl: trials were only
conducted in duplicate, however both flux decline values are comparable and similar to
published literature using BSA [24]. Alginate fouling was observed to cause flux to decline

by 55% when used at a concentration of 200 mg/L with 0.5 mM calcium chloride present
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as a background electrolyte. This obtained value is also comparable to similar studies on
the behavior of alginate fouling [24, 31].

Experiments with the electrical field overall demonstrate an improvement in flux
retention in the presence of fouling material across all trials performed. Electrical fields at
1 kHz and 20 Volts peak to peak used in tandem with 1 g/L BSA solution cause a decrease
in flux loss, or an increase in flux retention, from 22.5% up to 10% and 5%, respectively.
In both cases, flux retention is improved to values similar to clean water flux, or flux
behavior as if there was no foulant present in the feed solution. An increase in flux retention
was observed in the presence of 200 mg/L BSA solution with 0.5 mM calcium chloride in
tandem with the field across all trials. In experiments conducted using 100 Hz 20 V electric
field, a constant field flux loss values decreased from 19% to 11%. Compared to the clean
water flux loss of 10%, it is once again observed that the electric field improved flux
retention under fouling conditions. Under 1 kHz constant field, it is observed that flux
retention improved from 19% under fouling conditions to 9%, once again demonstrating
performance similar to clean water trials. The 10 kHz constant field was also found to
improve flux retention, with a 15% loss of flux being observed in the presence of the field
versus 19% with no field present.

Fouling experiments using sodium alginate with calcium chloride present as a
background electrolyte further demonstrate the effect of an electric field to improve flux
retention, or decrease the magnitude of flux decline, across all trials performed. In these
trials, alginate fouling was found to reduce flux by 55% on average. Starting with 100 Hz
experiments under alginate fouling conditions, it can be observed that both constant field

and pulsed field applications improved the flux performance, with flux loss values of 19%
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and 30%, respectively. Flux performance under 1 kHz frequency electric fields also
demonstrated an increased retention of flux, with constant and pulsed electric field
applications improving flux loss from 55% to 24% and 14%, respectively. 10 kHz trials
also followed this trend, with flux loss values decreasing from 55% to 13% and 19% under
a constant and pulsed field application, respectively.

Across all trials, the data demonstrates that an AC field application increased the
retention of flux under fouling conditions. In general, under 100 Hz and 10 kHz
applications, the constant field application resulted in a higher magnitude of flux retention.
Under the 1 kHz application, in both BSA and alginate conditions, it can be observed that
not only was the pulsed field application more effective in terms of flux performance under
fouling conditions, but also demonstrated improved performance compared to clean water
trials. This could be explained several ways. First, it can be observed that the actual
variation in values of flux retention between pulsed and clean water applications are
minimal, and therefore are insignificant when compared. A second explanation could be
found by investigation of the hydrodynamic conditions near the membrane surface under
application of the field. Increased turbulence of the feed and draw solution near the
membrane surface caused by oscillations induced by the electric field could increase
mixing and reduce the degree of concentration polarization. Concentration polarization
occurs in the osmotic process as water permeates across the membrane. The water
molecules build up at the boundary layer of the membrane on the draw side, decreasing the
concentration at the boundary layer. Conversely, on the feed solution boundary layer, the
concentration is at a higher concentration than the bulk solution due to constant dehydration

and permeation of water molecules [47]. This phenomenon contributes to a significant
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amount of flux decline in FO, however, was not the main topic of this study. The
investigation of any effects an AC electric field may have on concentration polarization is
an area of further research that should be investigated. A comprehensive suggestion of

future research in this direction is included in Chapter 8.
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Chapter 7: Membrane Characterization

7.1 Introduction

Common methods for the characterization of the bare membrane and membrane
with fouling material was performed as part of this research. These methods include SEM
imaging, AFM imaging, and Raman Spectroscopy. Several replicates of each type of
material were provided. Only SEM images of the bare membrane were able to be obtained,
as the procedure for examining the CTA membrane under SEM required dehydration by
freeze drying in liquid nitrogen. This caused any fouling material on the membrane to be
removed. However, a cross section of the CTA membrane is still beneficial for the purpose
of background and explanation of fouling occurrence. AFM images were obtained of the
foulants on the membrane. Due to a major backlog in the AFM lab caused by COVID-19,
some samples were unable to be sampled multiple times. In the AFM imaging obtained of
the fouled membranes with foulant present, no image was able to be obtained by the
microscope, and as a result these images were not included in this report. Raman
Spectroscopy results were affected by a similar backlog and unavailability of the lab post
COVID-19 shutdown, however a full array of BSA fouling data (clean water, BSA fouling,
BSA fouling under 1 kHz field) was able to be obtained for this study.

7.2 SEM Imaging

Surface electron microscopy (SEM) is a method of imaging involving beaming a
concentrated electrons onto a surface, exciting the atoms on the surface [48]. The
microscope then registers and receives a signal based on the reaction of the atoms on the
surface being studied and is able to produce a high-resolution image. SEM is widely used

in membrane studies to examine and characterize the membrane surface [24, 49]. All
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images were obtained through the University of Vermont Health Science Research Facility.

SEM images obtained for this study are presented in Figures 17-20 below.

Figure 17: SEM image depicting top view and cross section of CTA membrane at 1mm resolution.
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Figure 18: SEM imaging of CTA membrane cross section at 100-micron resolution. The rejection layer
can be seen on the bottom of the cross section as the smooth surface. Support and scaffolding layers

are present as the mesh like material present above the smooth rejection layer.
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Figure 19: SEM image of membrane cross section at 50-micron resolution.
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Figure 20: SEM imaging of membrane cross section further zoomed in at 50-micron resolution.
Greater detail is able to be seen in this image of both the rejection layer and support and scaffolding
layer.

Figure 17 depict a top view and cross-sectional view of the SEM membrane. As
described in Chapter 4.6, CTA membranes are characterized as an asymmetric membrane
comprising of a polymeric rejection layer supported by a porous scaffold layer made from
the same polymeric material. The rejection layer serves to reject all molecules but water or
solvent from permeating across the membrane, while the support layer serves as structural
support. Figure 18 shows the top view of the rejection layer, with the porous support layer

visible as the mesh-like material underneath, as well as the cross-sectional view. Figures
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19-20 provide higher resolution images of the cross section of the membrane, with the
rejection and support layers becoming clearly visible.
7.3 AFM Imaging

Atomic Force Microscopy (AFM) is a probing imaging tool that operates by
running a small (3-6 micrometer) tip with a 15-40 nanometer radius tip over an object [50].
As the probe is run over a sample, a cantilever moves the probe according to changes in
height detected on the surface. This results in a topographical image of the sample. AFM
can also be used to measure adhesion forces between objects and is greatly useful in the
area of membrane science for measuring adhesion between foulants and membrane
material [24]. All AFM analysis performed for this study was conducted at the University
of Vermont Health Science Research Facility. Samples tested for this study include bare
CTA, CTA fouled with BSA, CTA fouled with alginate, and both fouled membranes in the
presence of the field. Unfortunately, no conclusions can be drawn from the AFM analysis.
In the case of the BSA fouled samples, the CTA fouled with BSA without the field sample
was unable to be registered by the AFM microscope, and so a comparison between the
BSA fouled membrane with and without the field by AFM was not able to be performed.
For the alginate fouled membrane, both samples were unable to be detected by the probe,
so no data was able to be collected. Therefore, all AFM images collected were not included
in this study as no reasonable conclusions were able to be drawn from them.

7.4 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR operates by passing infrared light through a sample to a detector. The sample

will absorb some of the light passing through, allowing the rest of the light to pass to the

detector. Individual compounds will absorb a specific amount of this light, which can be
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used to identify species in a solution [51]. FTIR was used to ensure that there are no
electrolysis products forming at the electrodes in the draw or feed solution, as well as to
monitor any other biproducts that form during the application of the electric field. FTIR
analysis was only able to be performed on a bare CTA membrane, a CTA membrane
exposed to the field to detect any potential changes to the membrane surface itself by
exposure to the electric field, a CTA membrane fouled with BSA, and a CTA membrane
fouled with BSA exposed to a 1 kHz electric field. Alginate fouled samples were not able
to be tested due to a severe backlog of samples to be analyzed after the University shutdown
due to COVID-19. All analysis was performed by the University of Vermont Department

of Chemistry. Figures 21-25 depict analysis yielded by FTIR analysis of these samples.
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Figure 21: FTIR analysis of bare CTA membrane.
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Figure 22: FTIR analysis of bare CTA membrane exposed to 1 kHz, 20 Vp-p AC electric field.
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Figure 23: FTIR analysis of CTA membrane fouled with BSA at 200 mg/L with 0.5 mM CaClo..
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Figure 24: FTIR analysis of CTA membrane fouled with 200 mg/L BSA with 0.5 mM CacCl: treated

with a 1 kHz, 20 Vpp AC electric field.
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Figure 25: FTIR analysis of CTA membrane fouled with 200 mg/L BSA with 0.5 mM CacCl: treated

with a 1 kHz, 20 Vpp AC electric field.

Results from the FTIR analysis depict the absorbance of infrared radiation versus
the wavelength observed by the instrument. Figure 21 depicting the FTIR spectra of bare
CTA analysis is used as a baseline for this analysis. CTA FTIR analysis is identified by
several peaks occurring at wavelengths between 750 and 2000, followed by a broader peak
at around 3500. The analysis of the bare CTA membrane after exposure to the field yields
the same spectrum, indicating no significant chemical changes have occurred on the
membrane surface. All three CTA membrane samples fouled with BSA show similar

peaks, however at lesser intensity in terms of absorbance due to the CTA material being
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blocked by BSA foulant material. Limited conclusions are able to be drawn from this data
due aside from confirmation that no significant chemical changes have occurred to the
membrane material after exposure to the electric field. Furthermore, BSA spectra generally
yields intense peaks between 1000 and 2000 wavelengths, with absorbance readings closer
to 0.6. It is believed that the BSA foulant material could have not been fully detected by
the FTIR device, and therefore no conclusions should be drawn from the resulting analysis.
7.5 Conclusions

SEM, AFM, and FTIR analysis were used to characterize differences in foulant
layer composition and topography on the membrane surface. However, the procedure for
SEM imaging proved unfeasible for imaging of foulant material due to the process of freeze
drying via liquid nitrogen. AFM analysis samples were unable to be used due to
complications during the sampling and imaging process. Limited FTIR samples were
analyzed due to COVID-19 shutdowns. However, FTIR analysis did indicate that no
significant changes to the chemical composition of the membrane occurred, indicating the
effect of the electric field was mostly caused oscillation among the foulant molecules,

which resulted in organic fouling mitigation.
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Chapter 8: Conclusions

8.1 Summary of Data

Throughout this study, three different electrical fields were tested for the potential
of an in-situ fouling mitigation technique for organic fouling materials using commercially
available FO membranes. Bovine serum albumin and sodium alginate were used as model
foulants, and the field strengths used were 100 Hz, 1 kHz, and 10 kHz set at 20 V,-, for
each experiment. Clean water filtration with no foulant in the feed solution was performed
to serve as a baseline for all filtration trials. Fouling trials were conducted by allowing the
membrane to foul completely and was used as a comparison to experiments with the
electric field to test for the potential of fouling mitigation. Membrane characterization was
attempted using SEM, AFM, and FTIR Spectroscopy.

This work included designing a custom-made filtration device for the purpose of
propagating an electric field perpendicular through the filtration channel. This task was
successfully completed, and the cell calibrated for use in all filtration trials. Overall,
baseline filtration trials yielded similar results for clean water filtration and baseline fouling
trials to previously published literature.

Flux data from trials using 1 g/L BSA, 200 mg/L BSA with 0.5 mM CacCl, and 200
mg/L alginate with 0.5 mM CaCl; all provide indication that AC electric fields could be
used as an anti-fouling method in the forward osmotic process. Trials conducted with 100
Hz and 10 kHz indicate that at these specific frequencies and voltage, a constant AC electric
field has a stronger effect on the behavior of fouling in BSA and alginate than pulsed fields.
In the 1 kHz setting, however, the pulse field proved to be more effective for both BSA

and alginate. Data obtained from the FTIR comparing the bare CTA membrane to a bare
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CTA membrane exposed to the electric field provides an indication that the main effect of
the electric field is in the fouling material themselves, causing an oscillation in these
molecules that cause them to be removed from the membrane surface. No other reasonable
conclusions were able to be drawn from AFM or FTIR analysis.

8.2 Limitations in Research

This project experienced interruptions during the later phases of research due to
laboratory closures induced by the COVID-19 Pandemic. First and foremost, the laboratory
itself was closed for an extended period of time which prevented data collection for the
majority of 2020. In addition to the primary lab experiencing closure, other labs on the
University of Vermont campus were closed or had severely limited availability for testing.
This caused increased wait times for various procedures, or a lack of access to tests in
general.

The main affect of lab closures can be seen in the effort to run AFM and FTIR
analysis. Limited availability to these pieces of equipment resulted in some samples having
to wait extended periods before testing, which, in the case of membrane samples, caused
deterioration to the sample itself. Furthermore, some samples were inadvertently moved to
a cold storage unit with a temperature set point that resulted in freezing and cracking of the
membrane samples.

8.3 Future Research Possibilities

Further research working with AC fields as an anti-fouling method would benefit
the current state of forward osmosis. As fouling is one of the main obstacles for any
membrane process, the ability to mitigate this occurrence during operation provides a great

benefit for membrane operating systems in general. It should also be emphasized that this
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research mainly served as an initial investigation and proof of concept for this method of
AC electric field fouling mitigation. The device used was a crude and simple prototype,
and the collection of electric fields was limited. Furthermore, the foulants used represent a
small fraction of all foulants present in natural and industrial waters, and the effect of AC
fields on other foulants such as inorganic material or biological material should be
investigated. Lastly, the membrane material used was a commercially available.

Improving upon the current prototype used in this research could help to provide a
better working product to implement this process. Rectangular channel filtration cells are
not optimized for maximum flux production but are the simplest and easiest to produce for
lab scale studies. A hollow fiber or spiral bound membrane module designed to implement
this process would provide a better real-world prototype with which to test this product and
deliver maximum water recovery in tandem.

Expanding upon the foulant material used in this study would provide researchers
with a better idea of which real world processes this method could be implemented.
Studying a broader range of organic and biological foulants would give an indication on
the usefulness in municipal water treatment processes. Expanding this current research to
include biological material such as bacteria and viruses would also greatly benefit this area
of study for implementing this type of device as an emergency water recovery option in
developing countries. Applying this technique to inorganic foulants would mimic an
industrial waste process, an area where membrane filtration is widely implemented.

Lastly, it is heavily recommended this research be expanded to the process of

reverse osmosis. RO is already one of the most widely used membrane processes, but it is
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greatly inhibited by fouling. Studying the potential for AC fields to mitigate fouling in RO

would also greatly improve the area of membrane science in general.
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