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CHAPTER 1: INTRODUCTION

1.1. Brine Management and the Urgent Need for a More Practical Solution
Currently, over 2 billion people globally lack access to drinking water [1], and conflict over

water access has resulted in stricter environmental regulations on industrial water use [2]. In the
most severe cases, regulators have even called for cease of operations in industries like agriculture
to conserve water [3]. Considering global population is expected to increase by over 20%, and
industrialization is expected to follow in its footsteps, we need to adopt more efficient water
management strategies to proceed sustainably into the future [4]. While current water treatment
technologies can recover around 50% of freshwater from incoming wastewater streams, that final
50% of wastewater, often referred to as brine, is typically wasted when it could otherwise be
reused. Recovering 100% of freshwater from these wastewater streams, a process called zero-

liquid discharge (ZLD), will soon be the norm.

ZLD offers several solutions to the emerging water scarcity issue. For example, 100% recovery
of freshwater eliminates the need to supplement freshwater supply from increasingly scarce
freshwater sources. Likewise, eliminating wastewater disposal protects the environment and
reduces risk for hefty environmental fines and/or wastewater disposal costs. Complete separation
of freshwater from solid waste also offers potential for resource recovery and generation of a
secondary revenue streams [5-8]. However, ZLD and more generally, brine management, are
technically challenging due to the high level of salinity, or total dissolved salts (TDS), present in
wastewater stream. While the state-of-the-art, reverse osmosis (RO), is approaching the theoretical
minimum in terms of energy efficiency, it is practically limited to a maximum level of TDS due
to the dependence on osmotic pressure in the driving force for desalination [9]. As such,
downstream brine concentration and crystallization methods in ZLD treatment trains are limited

to evaporative techniques.

Evaporative brine management techniques are inherently energy intensive. Because the latent
heat of water is relatively high (> 650 kwWh m), evaporative processes consume five to ten times
more energy than the theoretical minimum energy required to concentrate and crystallize brine
(typically < 10 kWh m3). While state-of-the-art evaporative brine management techniques such
as multi-stage flash (MSF), multi-effect distillation (MED), and mechanical vapor compression

(MVC) employ latent heat recovery to reduce energy consumption down to 30-60 kwh m=[5,10],



there is still room for improvement with respect to energy consumption in brine management.
Furthermore, these state-of-the-art evaporative brine management techniques are extremely
capitally expensive, difficult to operate and maintain, and lack the modularity and scalability to
operate in small-to-mid-scale ZLD treatment trains [11].

Promising solutions that may extend the practical applicability of ZLD would utilize readily
available, low-cost energy sources, such as low-grade heat from the sun or waste heat from an
industrial process, rather than high-grade steam generated via electricity. Alternatively, emerging
brine management technologies that could avoid an evaporative separation altogether would
theoretically reduce energy consumption and promote the applicability of ZLD in industry.
Likewise, a more modular and scalable brine management process would extend the practicality
of ZLD for any water treatment capacity in remote regions where water is scarce, but freshwater

demand is relatively low.

1.2. Membrane Distillation
Membrane distillation (MD) is a membrane-based thermal desalination process that has

received extensive and growing research and development interests in the past few decades. While
MD has multiple configurations, each case involves the use of a nonwetted (typically
hydrophobic), microporous membrane to serve as an airgap that separates the feed and distillate
solutions from mixing. The transport of water vapor from the hot, salty feed solution to the cold
distillate is driven by a partial vapor pressure gradient. This partial pressure gradient is typically

induced by the temperature gradient and, in certain cases, enhanced by a partial vacuum [12-14].

The interest in MD has grown substantially in recent years due to the increasing demand for
modular systems capable of treating hypersaline water and ZLD [5,15-17]. MD is the most
promising modular (down-scalable) technology capable of treating high salinity feedwater using
low-grade thermal energy and, thus, has several unique advantages for treating hypersaline brine,
as compared to the state-the-of-art desalination process, reverse osmosis [12,18,19], or

conventional thermal distillation processes [12,20-23].

In both MD, the microporous membranes serve as not only a medium for vapor transport but
also a barrier to direct liquid permeation and, thus, must be maintained free from pore blocking
and wetting. However, the feedwater in many promising applications of MD often contains
constituents that promote fouling and wetting of conventional hydrophobic membranes. For



example, organic matter, such as proteins from the food and beverage industry or oil particles that
exist in oil- and gas-produced water, are potent foulants, especially for hydrophobic membranes
[15,24]. For MD used in treating hypersaline brine, an additional challenge is mineral scaling, that
is, the formation and/or accumulation of salt precipitates on the membrane surface that results in

significant flux reduction and, in some cases, even pore wetting [25-27].

These technical challenges, namely, scaling and fouling, constrain the practical adoption of
MD. In particular, these limitations pose a paradox for MD as an effective technology for
desalinating and concentrating hypersaline brines: on the one hand, MD is very promising for such
applications due to its (theoretical) capability of handling hypersaline brine using low-grade
thermal energy; on the other hand, concentrating brine inevitably increases the concentrations of
salts and foulants - whatever constituents that originally exist in the feedwater - and thus intensifies
the propensity of scaling and fouling and limits the (practical) applicability of MD for ZLD
[12,19,28-30]. It is therefore of paramount importance for the community to gain fundamental
understanding of these challenges facing MD to develop effective brine management and ZLD

solutions.

1.3. Electrodialysis
Electrodialysis (ED) is a well-established membrane-based desalination technique that has

been used to treat a wide range of wastewaters via electrical potential driving force [31]. In ED, a
series of anion and cation exchange membranes are arranged in an alternating pattern and
sandwiched between an anode and a cathode [32]. Typically, a saline feed stream flows into the
ED cell and is split into several channels flowing between the alternating ion exchange membranes.
Once an electrical potential is applied between the anode and cathode, cations transport through
the cation exchange membrane toward the cathode, and anions transport through the anode along
the electrical potential gradient [32]. Due to the alternating configuration of the ion exchange
membranes, one compartment will be diluted as the cations pass through the cation exchange
membrane toward the cathode and anions pass through the anion exchange membrane toward the
anode. However, in the adjacent compartments, cations are retained because they cannot pass
through the anion exchange membrane, and anions are retained as they cannot pass through the
cation exchange membrane [32]. Subsequently, typical ED operation splits an incoming feed

stream into two streams, a diluate and concentrated brine stream.



Traditionally, ED has been most widely used to convert brackish water into drinking water
[33,34]. However, treating high salinity water with ED has gained recent interest due to EDs
inherent advantages over other desalination processes. For example, ED is less prone to fouling
and thus requires less pretreatment to maintain robust operation [35]. While ion exchange
membranes represent the highest capital cost associated with ED, their fouling resistance and wide-
range of chemical compatibility prolongs their lifetime and reduces replacement and maintenance
costs relative to other membrane-based technologies [36]. Likewise, the capital cost for ED has
been shown to be lower than the state of the art evaporative technology, MVC [5,10]. When
concentrating high salinity brine, ED consumes only 7-15 kWh m™ while the state-of-the-art
evaporation technology, MVC, consumes around 20-40 kwWh m [5,10]. While ED has been used
for making table salts and has been investigated as a unit process in a ZLD treatment train for
further concentrating RO brine before MV C-based concentration and crystallization [37-44], ED
alone has not been used as the final step in a ZLD process to concentrate and crystalize a high
salinity brine. Herein, we discuss a novel application of ED to completely replace evaporative

brine concentration and crystallization steps in ZLD treatment trains.

1.4. Objectives and Hypotheses
The overall objective of this dissertation is to elucidate failure mechanisms and evaluate the

performance of novel brine management and ZLD technologies. With respect to MD, the main
objective is to elucidate fouling mechanisms as to develop novel and effective fouling mitigation
strategies. In the context of ED, the main objective is to develop and evaluate the practical

applicability of ED in a novel application for ZLD and mineral crystal recovery.

The first objective is to demonstrate the influence of surface wetting properties and the
interfacial gas layer charging on scaling kinetics. We produce interfacial gas bubbles on surfaces
with hydrophilic, hydrophobic, and superhydrophobic wetting properties to evaluate the degree of
interfacial gas layer charging for each surface and compare the effect of surface wetting property
and interfacial gas layer charging on the mineral scaling process. Our hypothesis is that the
entrained gas layer on superhydrophobic surfaces is essential to maintain the scaling resistance
observed with superhydrophobic surfaces. Without the entrained gas layer, we expect scaling

kinetics to increase with increasing surface energy and roughness.



The second objective is to systematically study the effect of surface wetting properties, i.e.,
surface texture and surface energy, on organic fouling. We constructed smooth and textured
surfaces that mimic surface properties of membranes used in desalination, then performed atomic
force microscopy (AFM) force spectroscopy measurements with model organic foulants to extract
insights for developing a framework for fabricating robust fouling resistant surfaces. Our
hypothesis is that the hydrophobic-hydrophaobic interaction will dominate the fouling process with
organic foulants and hydrophobic surfaces and that surface texture will enhance fouling, or
antifouling, properties similar to the effect of roughness on hydrophobicity and hydrophilicity,

respectively.

The third objective is to test the first hypothesis described above by comparing the
effectiveness of purging in maintaining the performance of hydrophobic and superhydrophobic
membranes subject to mineral scaling. We perform comparative MD experiments using a
hydrophobic and superhydrophobic membrane subject to a saline feed solution and compare the
scaling kinetics with and without periodic purging. Our hypothesis is that intermittent gas purging
will not only dislodge crystals that may precipitate on the surface of the superhydrophobic
membrane from the bulk, but also promote the long-term stability of the entrained gas layer on the
superhydrophobic surface, ultimately, promoting long term scaling resistance that is not attainable
with purging or superhydrophobic membrane alone.

The fourth objective is to demonstrate the novel ZLD and mineral crystal recovery process
termed electrodialytic-crystallizer (EDC). We concentrate single salt solutions with EDC utilizing
a small temperature swing crystallizer to produce and collect crystals and elucidate the role of
system operating parameters on crystallization kinetics and crystal size distribution. Our
hypothesis is that EDC will be capable of crystallizing salts without evaporation, but may be
limited to specific salts due to the undesired transport mechanisms inherent to electrodialysis.

1.5. Structure of Dissertation
This dissertation is organized into six chapters. Chapter 2 discusses the effect of surface

wetting properties and on the effectiveness of surface gas layer charging and their combined effect
on inorganic fouling, or mineral scaling kinetics. Chapter 3 discusses the effect of surface wetting
properties, i.e., surface energy and surface texture, on organic fouling adhesion properties. Chapter

4 employs the fundamental insights gleaned from Chapter 2 to demonstrate a novel mineral scaling



strategy for MD. Chapter 5 presents a novel, non-evaporative approach for achieving simultaneous
zero-liquid discharge and mineral crystal recovery. Finally, Chapter 6 summarizes the main

conclusions gleaned from the work in this dissertation and presents avenues for future work.



CHAPTER 2: MEMBRANE WETTING PROPERTIES AND THEIR ROLE IN INORGANIC
FOULING OF MEMBRANE DISTILLATION MEMBRANES

This chapter has been accepted for publication with minor revision in the journal ACS
Environmental Au as the following peer-reviewed manuscript: Horseman, T., Lin, S., Exceptional
Mineral Scaling Resistance from Surface Gas Layer: Impacts of Surface Wetting Properties and
Gas Layer Charging Mechanism. Accepted Environmental Au (2022).

2.1. Introduction
Mineral scaling, or inorganic fouling, is a phenomenon where mineral crystals precipitate out

of solution and accumulate on a surface. Mineral crystals can nucleate in the bulk solution and
deposit on the surface or nucleate directly on the surface. In either case, the formation and growth
of a mineral crystal layer on a surface can be detrimental in different applications, including
membrane separations, heat exchangers, and marine structures. For desalination membranes,
mineral scaling on membranes reduces water permeability as the crystal layer blocks the
membrane pores. In membrane distillation, specifically, mineral scaling can even lead to reduced
salt rejection as mineral crystal growth can damage and penetrate membrane pore structure [27,45].
Mineral scaling on heat exchangers reduces the efficiency of heat exchange between the two
process streams as the crystal layer adds heat transfer resistance [46—49]. On marine surfaces such
as ship vessels, formation of a mineral crystal layer adds hydrodynamic resistance, which reduces
fuel efficiency [50-52]. In addition to negatively affecting process efficiency, and ultimately
increasing operating costs, mineral scaling can also accelerate material corrosion or degradation
[53,54]. As scaling can compromise or even cause these processes to fail, the mechanism of

mineral scaling and its mitigation strategies have been extensively studied [20,55-63].

Common industrially relevant scalants such as gypsum (CaS0Os-2H20), calcite (CaCO3), and
silicates have been extensively studied due to their low solubility and thus high propensity to
precipitate and form a mineral scaling layer [45]. In the context of membrane distillation, it has
been shown that superhydrophobic membranes can significantly reduce mineral scaling via
decreasing the propensity for heterogenous crystal nucleation on the surface, reducing the
residence time for crystal nucleation, deposition, or growth in the boundary layer near the surface
due to slip boundary condition, and decreasing solid-liquid contact available for crystal nucleation
and/or deposition and growth on the surface [45,64,65]. More generally, the excellent scaling

resistance of superhydrophobic surfaces in the context of membranes [12,66—69], heat exchangers



[70-73], and marine surfaces [74] is associated with the Cassie-Baxter wetting state. However, it
has also been shown that the Cassie-Baxter states of many systems are metastable, i.e., these
system eventually transitioned to Wenzel state as the entrapped gas layer vanished via gradual gas
dissolution or mechanical perturbation [75-78]. Therefore, process optimization to maintain the
gas layer and prolong the stability of this Cassie-Baxter wetting state is critical to sustain long-

term scaling resistance.

In addition to superhydrophobic surfaces, which are not necessarily deployable in all contexts,
strategies for mitigating mineral scaling on smooth or even hydrophilic surfaces are also of great
practical interest. While the intrinsic effects of surface roughness and surface energy on mineral
scaling has been elucidated in previous studies [79-85], the impacts of the presence of surface
nanobubbles on scaling resistance has not been fully understood. It has been shown that surface
nanobubbles exist on submerged hydrophilic and hydrophobic surfaces, and that these bubbles are
stable there for days [86-95]. Can we leverage these stable nanobubbles to enhance the scaling
resistance of smooth hydrophilic and hydrophobic surfaces that do not intrinsically entrap a gas
layer?

In this study, we demonstrate the influence of surface wetting properties and the interfacial gas
layer charging on calcium carbonate (CaCOz3) scaling kinetics. We employ a well-established
solvent exchange process to produce interfacial gas bubbles [87,90,96-99] on quartz crystal
microbalance (QCM) sensor surfaces with hydrophilic, hydrophobic, and superhydrophobic
wetting properties. We evaluate the degree of interfacial gas layer charging for each surface and
compare the effect of surface wetting property on the effectiveness of interfacial gas layer
charging. After generating interfacial gas bubbles using solvent exchange, we expose the gas-
charged surfaces to CaCOz scaling solution to evaluate how the interfacial gas layer influences the
mineral scaling process. We characterize the scaling kinetics in long-term scaling experiments via
quartz crystal microbalance with dissipation monitoring (QCM-D) and characterize surface scale
morphology with scanning electron microscopy equipped with energy dispersive X-ray analysis
(SEM-EDX). Based on data obtained the QCM-D experiments and SEM-EDX characterizations,
we compare the effectiveness of CaCOs scaling mitigation between surfaces with different wetting

properties and gas-charging mechanisms.



2.2. Materials and Methods
2.2.1. Chemicals
Sulfuric acid (H2SO4, 96% aqueous solution) and hydrochloric acid (HCI, ACS grade, 12M)

were purchased from Fisher Scientific (MA, USA) and ethanol (200 proof) was purchased from
Decon Labs, Inc. (PA, USA). Acetone (ACS reagent-grade, > 99.5%), hydrogen peroxide (H20,
30 wt%), 1H, 1H, 2H, 2H perfluorodecyltriethoxysilane (FAS, 97%), methyltrichlorosilane (MTS,
99%), and toluene (anhydrous, 99.8%) were all purchased from Millipore Sigma (MA, USA).
Calcium chloride (CaClz, anhydrous, > 95%) and sodium carbonate (Na2COgz, anhydrous, ACS
Grade) were purchased from Research Products International (IL, USA).

2.2.2. Surface Fabrication and Characterization
All surfaces were created by modifying polished silicon dioxide (SiO2) coated substrates.

Specifically, quartz crystal sensors (QSense QSX 303 from Biolin Scientific, SE) were used for
QCM-D experiments, and 5 x 5 mm diced SiO> substrates (Ted Pella, Inc., CA, USA) were used
for SEM imaging. To obtain the hydrophilic surface, the SiO2 surface was rinsed with ethanol,
acetone, and deionized (DI) MilliQ water then placed in a UV/Ozone cleaner (M42, Jelight) for
10 minutes. The plasma cleaned surface was then transferred to a piranha solution (3:1 mixture of
H2SO4 and H20;) for 20 seconds. The surface was rinsed with DI water and blown dry with
compressed nitrogen gas and immersed in DI MilliQ water before experiments. This process was

repeated every time the hydrophilic surface was used.

To obtain the hydrophobic surface, the SiO> surface was first hydroxylated with the
hydrophilic treatment stated above. The hydroxylated surface was blown dry with nitrogen gas,
heated at 100°C for 10 minutes, then immediately placed in a closed petri dish with multiple drops
(10 pL) of 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (FAS). The dish was held at 70°C
overnight at negative 0.8 megapascal for coating the hydroxylated SiO, surface with FAS via

chemical vapor deposition.

To obtain the rough and superhydrophobic surface, a three-dimensionally rough hydrophobic
film was created by polymerization on the polished SiO» surface. First, the SiO> surface was
hydroxylated with the hydrophilic surface treatment detailed earlier. The surface was blown dry
with nitrogen gas and heated at 100°C for 10 minutes then immediately placed in toluene with 55
mM methy!l trichlorosilane. The reaction vessel was tightly sealed and gently mixed for 3-4 hours



at room temperature. The surface was then rinsed sequentially with ~25 mL of toluene, ethanol,

and DI water, blown dry with compressed nitrogen, and annealed at 100°C for 5 minutes.

We compared the wetting properties of the surfaces by measuring the static water contact angle
(CA) with an optical tensiometer (T114, Attension). The CA hysteresis was quantified by
measuring the sliding angle (SA), i.e., the critical tilting angle at which the water droplet de-pins
from its original location and slides down the substrate surface.

2.2.3. Solvent Exchange and Scaling Experiments.
A well-established solvent exchange method was applied on the three surfaces where a sudden

decrease in gas solubility was used to induce bubble nucleation (Figure 2.1A) [87,90,96-99]. First,
solution 1, held at 20°C and with dissolved gas solubility S, Was injected at 50 pL min? into
the flow cell that was held at 50°C. This solution injection is considered the start of the experiment
(i.e., t = 0). The sudden temperature change in the solution near the surface induces initial gas
bubble nucleation due to the gas solubility decrease associated with temperature [100]. After 10

minutes, solution 2 with bulk gas solubility Sy, ,, was injected also at 50 pL min?tinto the flow
cell at 50°C. Solution 2 has a lower gas solubility than solution 1 (Sy4s1/ Sgas2 ~ 10* — 10%) due

to the reduction in solubility by temperature and salinity, so the sudden change in gas solubility at

the mixing frontier resulted in more nanobubble nucleation on or near the sensor surface [97].

In the control experiment, both solution 1 and solution 2 were degassed (Figure 2.1B), so no
dissolved gas was present to nucleate on the surfaces, and thus, any frequency or dissipation
response during the solvent exchange were caused by changes in bulk solution properties
(discussed in more detail later). These values were subtracted from the surface bubble and bulk
bubble experiments to isolate the response due to nanobubble nucleation and/or adsorption. In the
reference experiment, solution 1 was ethanol while solution 2 was water. The ethanol/water solvent
exchange has been utilized extensively in literature to induce nanobubble nucleation including
fundamental studies using QCM-D [96,101]. The reference experiment served to validate the

protocol and observations in this study.
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Figure 2. 1. (A) Schematic diagram of the solvent exchange process employed to establish
interfacial gas layers in this study. Initially, the QCM cell is heated to 50°C and the crystal
resonances are found in degassed DI water at 50°C. Then solution 1, at 20°C with gas solubility,
Sgas,» 1S injected into the cell where the sudden change in dissolved gas solubility due to
temperature change induces bubble nucleation near the sensor surface. Next solution 2, at 50°C
with gas solubility, S, -, is injected into the cell. As the gas solubility of solution 2 is less than
that of solution 1, i.e., Sgu52 < Sgas1, due to temperature and salinity induced solubility

difference, the mixing of the two solutions induces dissolved gas nucleation at the mixing frontier.
(B) Description of the solutions used for solvent exchanges. (C) Schematic diagram of
experimental setup used to study the influence of interfacial gas layers on calcium carbonate
scaling kinetics with QCM-D.

The control, surface bubbles, and bulk bubbles experiments were strategically selected with
increasing propensity for bubble nucleation and adsorption, and thus surface bubble coverage
(Figure 2.1B). For example, both solution 1 and 2 in the control experiment were degassed, and
thus no dissolved gases were present for bubble nucleation, while in the surface and bulk bubble
experiments, the gas solubility ratio between solution 1 and 2 was on the order of 102 [102-104].
Furthermore, solution 2 in the bulk bubble experiment was aerated with nitrogen gas with a
nanobubble generator (25 nanoBoost with NPE pump, Moleaer Inc., NY, USA), giving the highest
propensity for bubble coverage as bulk bubbles may also adsorb to the surface from the bulk
[95,105,106]. The aerated solutions contained 1 + 0.2 x108 mL* of nanobubbles averaging 183 +
11 nm in diameter (Figure 2.2, Malvern Nanosight NS300, UK).
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Figure 2. 2. Nanobubble concentration and size analysis after 10 min bubble generation in the
Molear Boost supplied with 2.0 CFH nitrogen. The reservoir was allowed to sit at least 10 min
before samples were removed to allow larger bubbles to destabilize. Nanobubble size and
concentration was measured in deionized (DI) water at 50°C both with (light blue) and without
filtering (red). Filtering did not remove or significantly effect the size distribution or concentration
of nanobubbles. Nanobubble size and concentration in deionized water at 50°C after 7 hours and
filtration (brown). Bubbles were stable for the 7 hours with no change in bubble size distribution
of concentration. Nanobubble size and concentration in CaCOs3 scaling solution at 50°C (SI = 0.66)
after 7 hours and filtration (blue). There was no significant effect on bubble size distribution or
concentration.

In the control, surface bubble, and bulk bubble experiments, the solvent exchanges were first
conducted with the respective solutions listed in Figure 2.1B to establish gas bubbles (or the lack
thereof in the case of the control) on the surfaces. Immediately following the solvent exchanges,
and without removing solution from the cell, solution 2 continued to flow over the sensor surface
for a total of 7 hours to elucidate the effect of surface bubble coverage on mineral scaling. The
scaling solutions were prepared by mixing a solution of 3 mM calcium chloride (CaCl) and a
solution of 15 mM sodium carbonate (Na2COs). Prior to mixing, the water was degassed (control),
air equilibrated (surface bubbles), or aerated (bulk bubbles), held at 50°C and sealed from the
ambient environment. The solutions were pumped to a mixer just before the QCM-D cell to form
a saturated calcium carbonate scaling solution (SI = 0.66 calculated via PHREEQC v3.4, USGS)

that then flowed into separate QCM-D cells over the fabricated sensor surfaces (Figure 2.1C).

2.2.4. Quartz Crystal Microbalance Experiments.
The solvent exchange and scaling experiments were conducted using a quartz crystal

microbalance with dissipation monitoring (QCM-D, QSense E4 Analyzer, Sweden). After surface
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modification, the quartz crystal sensors were transferred to their respective flow cells, which were
held at 50°C. Degassed deionized MilliQ water, held at 50°C, was then injected into the cell at 50
uL mint for 10 min to equilibrate the sensor. After equilibration, the sensor’s resonant frequencies
were found using the QSense Dfind software and a stable baseline was established (< 2 Hz
frequency drift and < 0.2 x10°® dissipation drift). Sensors that cannot result in stable baseline were
replaced. After establishing stable baselines, the frequency and dissipation responses were
recorded over the entire solvent exchange and scaling experiments and analyzed with the QSense
Dfind software.

2.2.5. Mineral Scaling Characterization.
Polished SiO2 wafers (5 x 5 mm diced SiO2 substrates from Ted Pella, Inc., CA, USA) were

subject to identical surface fabrication procedures mentioned previously to produce hydrophilic,
hydrophobic, and superhydrophobic wetting properties. These wafers were then inserted into a
closed flow cell and subjected to the identical solvent exchange and scaling experimental
conditions. To analyze the morphology of the mineral crystal layer after scaling experiments, the
scaled surfaces were immediately removed from the flow cell and excess solution was blown off
the surfaces with compressed nitrogen. The surfaces were imaged via scanning electron

microscope fit with energy dispersive X-ray detector (SEM-EDX, Merlin, Zeiss, DE).

2.3. Results and Discussion
2.3.1. QCM-D response to gas layer formation and mineral scaling
In all experiments, QCM with dissipation (QCM-D) monitoring was used to evaluate the effect

of surface wetting properties and solution conditions on gas bubble surface coverage during the
solvent exchanges. After the solvent exchanges, scaling solution continued to flow over the quartz
crystal sensors and QCM-D was used to elucidate the effect of gas bubble surface coverage on
mineral scaling. For rigid mass coupling with the sensor surface, should it be liquid, gas bubbles,

or mineral crystals, mass adsorption follows the Sauerbrey relationship (Equation 2.1) [107].

Af, = —%Am 2.1)

where Af,, is the change in resonant frequency of the quartz crystal oscillator upon adsorption of
mass (in Hz), n is the overtone order relative to the first harmonic resonant frequency
(dimensionless), C is the mass sensitivity constant (-17.7 ng Hz* cm™ for the 5 MHz crystals used

in this work), and Am is the areal mass density (in ng cm~2) [108]. We note that the rigid film
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approximation, empirically limited to AD,, /Af,, < 1077 Hz~1 by the manufacturer, where AD,, is
the change in energy dissipation (dimensionless), is satisfied for all experiments. Thus, the rigid
film assumption that validates the Sauerbrey relationship holds for all surface mass
adsorption/desorption in this study [108,109]. In general, surface bubble nucleation and adsorption
cause a positive frequency shift as denser liquid mass is replaced by gaseous mass at the sensor
surface, while mineral scaling results in negative frequency shift as liquid/gaseous mass is replaced
by the denser mineral crystals at the sensor surface (Figure 2.3A). This is a commonly observed
phenomenon that can be well explained by the Sauerbrey equation (Equation 2.1)
[96,101,110,111].

Along with validating the rigid film approximation, dissipation monitoring provides insight
into the rigidity of the coupling between absorbed mass and the sensor surface [108]. In general,
mineral crystal nucleation and/or deposition on the sensor surface increased dissipation, indicating
an increasing non-rigid coupling between the mineral crystals and sensor surface (Figure 2.3B).
Interestingly, surface bubble nucleation and adsorption resulted in a negative dissipation shift,
indicating a “more rigid” coupling between the bubble covered surface and liquid. This
phenomenon is most likely caused by the significant reduction in frictional drag between the liquid
and sensor surface as nanobubbles displace water at the interface [96]. For a bubble-free liquid-
solid surface coupling with the hydrophilic and hydrophobic surfaces in this study, the non-slip
boundary condition tethers liquid to the sensor surface and results in positive dissipation due to
energy dissipation via viscous force. However, the presence of surface gas bubble reduces such
tethering and may even create a slip-boundary condition at the liquid-sensor interface that

minimizes viscous energy dissipation.
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Figure 2. 3 Representative QCM-D data including (A) frequency and (B) dissipation responses in
QCM-D scaling experiments. Initially the solvent exchanges from Figure 2.1B were conducted in
the first 10 minutes of the experiment, inducing positive frequency shifts as gas nanobubbles
deplete water from the sensor surface. Positive frequency shift is indicative of the water layer at
the sensor surface being replaced by the less dense gas bubbles. As bubbles nucleate and adsorb
to the sensor surface, dissipation response decreases due to a slip-boundary formation that
alleviates viscous energy dissipation that occurs when the sensor is in contact with purely liquid.
Eventually the surface bubble layer equilibrates, and the frequency and dissipation responses
stabilize for a short period of time (30-60 min) until mineral crystal nucleation/deposition occurs,
resulting in negative frequency shift and positive dissipation shift. The negative frequency shift is
caused by the denser mineral crystals replacing liquid or gas at the sensor surface, while the
positive dissipation shift is due to non-rigid coupling between mineral crystals and the QCM sensor
surface.

In liquids, the frequency response is proportional to the square root of bulk liquid viscosity and

density (Equation 2.2) [112-114].
Af — _ l npim (2 2)
n C | 2wg '

where p; is the bulk liquid density, n; is the bulk liquid viscosity, and wy is the angular

fundamental resonance frequency. According to Equation 2.2, the changes in liquid density and
viscosity (which are both temperature and salinity dependent) from solutions 1 to 2 should induce
a change in resonant frequency. In the control experiment, the solutions were degassed, i.e.,
dissolved gases present for possible bubble nucleation or adsorption were removed, to quantify the
effect of changing solution density and viscosity on frequency response according to Equation
2.2. Any frequency or dissipation shift measured during the control experiment was subtracted
from the frequency or dissipation shifts measured during the surface bubble and bulk bubble

solvent exchanges to isolate the nanobubble specific responses.
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2.3.2. Surface Wetting Properties
Hydrophilicity was imparted on a polished silicon dioxide quartz crystal surface by

hydroxylating with UV/Ozone plasma and a short piranha etch. Complete wetting of the
hydrophilic surface was indicated by a contact angle (CA) of zero (Figure 2.4A). Another polished
silicon dioxide quartz crystal was hydroxylated, and a long-chain fluoroalkyl-silane (FAS) was
grafted to it via chemical vapor deposition to produce a hydrophobic surface. The measured sessile
drop CA of 107° £ 3° indicates hydrophobicity (Figure 2.4B). For either surface, the unmeasurable
sliding angle (SA) indicates the presence of pinning between water and the sensor surface which
leads to non-slip boundary condition for water flow along the surface. We note that the hydrophilic
and hydrophobic quartz crystal surfaces were both polished to a root-mean-square (RMS) surface
roughness less than 1 nm, and that the hydrophilic and hydrophobic surface treatments did not

increase the surface roughness of the sensors [115,116].

Superhydrophobicity was imparted on a polished silicon dioxide quartz crystal by immersing
the hydroxylated surface in toluene containing methyl trichlorosilane. A contact angle (CA) of
168° + 6° and a sliding angle (SA) of 9° + 4° were measured (Figure 2.4C left), indicating the
achievement of superhydrophobicity (typically defined by a sessile drop CA > 150° and an SA <
10°). The three-dimensional polymer network that forms upon methyl trichlorosilane reaction with
the hydroxylated surface creates a rough, nano-porous structure with multiscale roughness that
entrains a metastable gas layer upon which the contacting liquid is suspended (Figure 2.4C right)
[117]. In such a Cassie-Baxter wetting state, the small fraction of contact between the solid surface
and the liquid (f) can be estimated using the Cassie-Baxter equation (Equation 2.3) [118,119].

cosO, = f(cosby+1)—1 (2.3)
where 8, is the apparent CA and 6, is the intrinsic CA (i.e., the CA on a molecularly smooth
surface made of the same material as the rough surface that yields 6,). While we do not know the
exact 8, for a smooth methyl trichlorosilane-treated surface, it should be lower than that of FAS-
grafted smooth surface (i.e., 107°) because a long-chain fluoroalkyl group is more hydrophobic
than a methyl group due to both chain length and moiety. But even if we assume the methyl
trichlorosilane-treated surface also has 6, of 107° (should be lower in reality), applying equation
3 with a measured 6, of 168° results in an aerial fraction of solid-water contact (f) of 3%. With a

lower 6, for methyl trichlorosilane-treated surface, f is likely even smaller. Thus, the interfacial

16



contact on the superhydrophobic surface is dominated by the entrapped gas layer, which possesses

at least 97% of the interfacial contact with the liquid.

(A) Hydrophilic Surface (B) Hydrophobic Surface
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Figure 2. 4. Wetting properties of the smooth (A) hydrophilic and (B) hydrophobic surfaces and
the rough (C) superhydrophobic surface. Contact angle (CA), sliding angle (SA), or the minimum
tilt angle required to cause a droplet to unpin from the surface, and surface roughness, reported as
the root mean square (RMS) surface roughness reported in the top left of the image. The SA was
unmeasurable on both hydrophilic and hydrophobic surfaces as the water stayed attached to the
surface even when inverted. SEM image of the rough superhydrophobic surface in (C) shows the
rough nanoporous 3D methyl siloxane polymer network. Insets show the surface chemistry
employed to achieve the desired wetting properties.

2.3.3. Gas layer formation: impacts of surface wetting property and bubble generation method
The solvent exchange solutions were chosen to systematically study the effect of surface
wetting properties on gas layer surface coverage. QCM-D was used to semi-quantitatively monitor
the extent of surface bubble coverage; as the less dense bubbles replaced a volume of water at the
sensor surface, the frequency of the oscillating system increased (Equation 2.1). The magnitude
of the positive frequency shifts increased as the propensity for surface bubble coverage increased,
as expected by the experimental design (Figure 2.5). For example, in the control experiment,
where the solutions were degassed and has no propensity for bubble nucleation, there was little to
no positive frequency shift observed, while in the surface bubble and bulk bubble experiments,
where the ratio of dissolved gas solubility was on the order of 103, noticeable positive frequency

shifts were observed.
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Figure 2. 5. Positive frequency shifts observed on hydrophilic (blue), hydrophobic (red), and
superhydrophobic (dark yellow) surfaces from Figure 2.4 after the control, surface bubbles, and
bulk bubble experiment solvent exchanges from Figure 2.1B. The positive frequency shifts
observed in the control experiments were subtracted from the surface bubble and bulk bubble
frequency shifts to remove any response measured due to the changing solution densities and
viscosities during the solvent exchanges. The maximum positive frequency shift was recorded
after the surface bubble layer equilibrated and frequency response remained constant for at least
30 minutes. No positive frequency shifts were observed on the superhydrophobic surface. Error
bars reflect the standard deviation over three trials.

The magnitude of the positive frequency shift increased from 13 = 7 Hz on the hydrophilic
surface in the surface bubble experiment to 28 + 5 Hz in the bulk bubble experiment likely because
of increased surface bubble coverage as bubbles adsorbed from the bulk solution [101]. While the
magnitude of the average positive frequency shift on the hydrophobic surface did slightly increase
from 51 + 14 Hz in the surface bubble experiment to 58 + 12 Hz in the bulk bubble experiment,
these values are relatively similar within experimental error. This is likely because the hydrophobic
surface was nearly saturated with adsorbed bubbles in both the surface and bulk bubble
experiments. We note that the positive frequency shifts measured on the hydrophobic surfaces
were consistently larger than those measured on the hydrophilic surfaces (Figure 2.5), which is
consistent with previous studies [96]. This phenomenon can be explained by a combination of two
effects (1) propensity for bubble nucleation on the hydrophobic surface was greater due to lower
energy barrier for nucleation [120] and (2) long-range hydrophobic-hydrophobic interaction
between the gas bubbles and hydrophobic surface favors bubble adsorption from the bulk [121].
While the effects of the solvent exchanges were readily observed on the smooth hydrophilic and

hydrophobic surfaces, they did not produce positive frequency shifts on the superhydrophobic
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surface (Figure 2.5). This is likely because a gas layer is intrinsically present in a submerged
superhydrophobic surface and any bubbles that nucleated or adsorbed on the superhydrophobic

surface rapidly coalesced into the entrapped gas layer already present there.

In the reference experiment, where the ratio of dissolved gas solubility between solution 1
(ethanol) and solution 2 (water) was on the order of ~10?, a positive frequency shift of 4 + 1 Hz
on the hydrophilic surface and 38 + 8 Hz on the hydrophobic surface were observed (Figure 2.6).
The magnitudes of the shifts in the reference experiment were very similar to what has been
reported for similar surfaces, identical solvent exchanges, and with the same QCM-D instrument
[96]. Notably, the positive frequency shifts in the reference experiment were also less than what
was observed in the surface bubbles and bulk bubbles experiments where the ratio of dissolved
gas solubility between solution 1 (water) and solution 2 (scaling solution) was on the order of ~10°.
This evidence not only serves to validate our experimental observations but gives support that
increasing dissolved gas solubility difference between solution 1 and solution 2 produces higher
positive frequency shift, and thus results in more interfacial gas bubble formation.
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Figure 2. 6. Positive frequency shifts observed on hydrophilic (blue), hydrophobic (red), and
superhydrophobic (dark yellow) surfaces from Figure 2.4 after the reference, control, surface
bubble, and bulk bubble experiment solvent exchanges from Figure 2.1B. The positive frequency
shifts observed in the control experiments were subtracted from the surface bubble and bulk bubble
frequency shifts to remove any response measured due to the changing solution densities and
viscosities during the solvent exchanges. The maximum positive frequency shift was recorded
after the surface bubble layer equilibrated and frequency response remained constant for at least
30 minutes. No positive frequency shifts were observed on the superhydrophobic surface. Error
bars reflect the standard deviation over three trials.
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2.3.4. Impacts of gas layer formation on mineral scaling kinetics
After solvent exchange, the mineral scaling solution (i.e., solution 2 in the control, surface

bubbles, and bulk bubbles experiments) flowed over the sensor surface for a total of seven hours
to allow the study of the effect of the surface bubble coverage on the mineral scaling process. As
surface bubbles or water are replaced by the denser mineral crystals at the sensor surface, a
negative frequency shift was observed (Figure 2.7 top row). While mineral crystal mass deposition
did tend to form a less rigid film, as indicated by the positive dissipation shifts (Figure 2.7 bottom
row), the rigid film approximation held in all experiments and, thus, the Sauerbrey equation was
used to model the mass accumulation on each surface (Equation 2.1). We note that the reference
solvent exchange was carried out for a total of eight hours and showed that the submerged gas
layer was stable for the entire experiment (Figure 2.8). This long-term gas bubble stability on

submerged surfaces has also been well documented in the literature [86,94,122].
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Figure 2. 7. (Top Row) Frequency shifts recorded during the control, surface bubbles, and bulk
bubble experiments in this study on the (A) hydrophilic surface, (B) hydrophobic surface, and (C)
superhydrophobic surface. (Bottom Row) Dissipation shifts recorded during the control, surface
bubbles, and bulk bubble experiments in this study on the (A) hydrophilic surface, (B) hydrophobic
surface, and (C) superhydrophobic surface.
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Figure 2. 8 Long solvent exchange with reference solutions from Figure 2.1B (solution 1: air

equilibrated ethanol at 20°C, solution 2: air equilibrated water at 50°C). After the bubble layer

forms and equilibrates, it is stable for the entire 7-hour experiment, realized by the stable frequency

shift from ~60-90 min to 480 min.

In these experiments, the control represents the scaling response in the absence of a surface
bubble layer, while the surface bubble coverage increased from the surface bubble experiment to
the bulk bubble experiment for both the hydrophilic and hydrophobic surface (Figure 2.9). As
surface bubble coverage increased, mineral scaling kinetics decreased. Specifically, the induction
time for mineral nucleation/deposition, indicated by the onset of mass accumulation on the surface,
was longer as the surface bubble coverage increased (Figure 2.9A & 2.9B). Likewise, the final
mass of crystals deposited on the surface decreased with the surface bubble coverage. The trend
between crystallization kinetics and surface bubble coverage holds true for different solvent

exchanges on the same surface or for the same solvent exchange on different surfaces.

For the superhydrophobic surface, positive frequency shift was not observed upon the
introduction of surface or bubbles, likely because submerged superhydrophobic membrane
spontaneously bore an air film that led to the slip boundary condition even without bubble
introduction. However, even with superhydrophobic surface, the introduction of surface or bulk
bubbles still contribute to enhanced scaling resistance (Figure 2.9C). Like experiments with other
surfaces, mitigation of scaling on a superhydrophobic membrane was more effective with bulk
bubbles than with surface bubbles. Interestingly, the final mineral crystal mass deposited on a
superhydrophobic surface after the control solvent exchange (i.e., with degassed solutions) was
very similar to that on the hydrophobic surface. With a degassed solution flowing over the

superhydrophobic surface, there was a large driving force for the entrapped gas layer to destabilize

21



and dissolve into the degassed solution and promote a transition from the Cassie-Baxter to the
Wenzel wetting state. At the Wenzel state, scaling kinetics was even slightly faster on the
“superhydrophobic” surface compared to the smooth hydrophobic surface, likely because (1) the
surface energy of short chain methyl-terminated surfaces is higher than long chain perfluorinated

surfaces; and (2) the wetted superhydrophobic surface, due to its porosity, has a higher specific

surface area than the smooth hydrophobic surface.
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Figure 2. 9. Areal mass density of scale accumulated on (A) hydrophilic, (B) hydrophobic, and
(C) superhydrophobic surfaces in long-term scaling experiments measured via QCM-D. (D) SEM
images of the scaled surfaces after the scaling experiments in (A-C). Inset shows EDX map of
calcium (yellow) on the surface. The experiment ID’s refer to the initial solvent exchanges
according to Figure 2.1B. Degassed deionized (DI) water was used to find the crystal resonances
and establish stable baseline for ~10 min, then the solvent exchange was conducted to produce an
interfacial gas layer. The scaling solution flowed at 50 pl min'* over the sensors for a total of 7
hours after said solvent exchange. The baseline for mass accumulation began once the surface
bubble layer equilibrated and the frequency response stabilized for at least 30 min (Figure 2.7).

Images of the final mineral scaling layer on each surface obtained with the scanning electron
microscope equipped with energy dispersive x-ray (SEM-EDX) detector reveals the mineral

crystal surface coverage decreased as the surface bubble coverage increased, supporting the
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findings from QCM-D experiments (Figure 2.9D). Furthermore, there was a strong correlation
between final mineral crystal mass measured via QCM-D and mineral crystal areal surface
coverage measured from SEM-EDX images (Figure 2.10). For example, the final mass measured
via QCM-D on the hydrophilic surface with the control solvent exchange (80 ng cm™) was
approximately twice as that measured on hydrophilic surface with the surface bubble solvent
exchange (41 ng cm, Figure 2.9A & 2.10). SEM-EDX mapping confirms that approximately
half the amount of mineral crystal was deposited on the hydrophilic surface during the surface
bubble solvent exchange compared to the control solvent exchange with degassed solution (Figure
2.10). Similar correlation was observed between the hydrophilic (Figure 2.9A) and hydrophobic
(Figure 2.9B) surface with the same solvent exchange. For example, approximately half of the
mineral crystal deposit was observed on the hydrophobic surface as compared to the hydrophilic
surface in the absence of a submerged gas layer in the control solvent exchange experiment
(Figure 2.9D & 2.10).

The final mineral crystal mass deposited on the superhydrophobic surface after the surface
bubble experiment (5 ng cm, Figure 2.9C) was much less than that on the hydrophobic surface
(14 ng cm, Figure 2.9B). This is likely caused by the larger degree of gas-liquid contact at the
superhydrophobic surface induced by Cassie-Baxter wetting state as compared to the Wenzel
wetting state on the hydrophobic surface with discrete nanobubble coverage. More importantly,
virtually no mineral crystal mass accumulation on the superhydrophobic surface was detected by
QCM-D or SEM-EDX after the bulk bubble solvent exchange (Figure 2.9C & 2.9D). As
adsorption and coalescence of bulk nanobubbles continuously recharged the entrapped gas layer
on the superhydrophobic surface, thereby maintaining a robust Cassie-Baxter state and

contributing to exceptional long-term scaling resistance.

The observed trend of improved mineral scaling resistance by increasing the surface
hydrophobicity of the smooth surfaces can be explained by a reduced propensity for crystal
nucleation and growth on the more hydrophobic surface [45]. This is true in the absence of a
surface bubble layer in the control experiments where the intrinsic surface energy of the
hydrophobic surface alone reduced the propensity for mineral crystal nucleation relative to that of
the hydrophilic surface. However, in the presence of interfacial bubbles in both the surface bubble
and bulk bubble experiments, mineral scaling kinetics were even slower on the hydrophobic

surface than in the control experiment or the same solvent exchanges on the hydrophilic surfaces.
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The exceptional scaling resistance was attributable to the enhanced degree of interfacial bubble
formation on the hydrophobic surface. Surface bubbles acted to physically shield the surface from

mineral crystal nucleation or deposition as they reduced the area of solid-liquid contact.
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Figure 2. 10. Percentage of total area covered by mineral crystals measured from SEM-EDX
images in Figure 2.9D using particle size analysis in ImageJ software versus the final crystal mass
deposited on the surface according to measured frequency response with QCM-D in Figure 2.9A-
C. Inset shows the highlighted region in the low final mass/areal coverage range. Legend above
matches each symbol with their experimental ID and surface wetting properties. The correlation
(R?) calculated between mineral scale areal coverage measured from SEM-EDX images and final
mass measured from QCM-D data for all experiments is displayed with linear trendline.

2.4. Conclusions and Implications

From this study we can draw four main conclusions. (1) Regardless of surface wetting
properties, the scaling resistance induced by the solvent exchanges followed bulk bubble > surface
bubble > no bubble (control). Higher degree of interfacial bubble formation reduces the direct
liquid-solid contact for mineral crystal deposition; (2) When solution conditions are conducive to
surface or bulk bubble formation, i.e., not degassed, the scaling resistance of the surfaces follows
superhydrophobic > hydrophobic > hydrophilic. This is because increasing hydrophobicity
promotes interfacial gas layer stability on submerged surfaces; (3) In the absence of interfacial gas
layers, scaling resistance decreases with increasing surface energy; and (4) Incorporation of bulk

nanobubbles into a scale-prone solution can improve the scaling resistance of any surface
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regardless of wetting properties. Furthermore, incorporation of bulk nanobubbles into a scale-
prone solution in contact with a superhydrophobic surface virtually eliminates mineral scaling as
bulk bubbles coalesce into the entrained gas layer of the superhydrophobic surface and maintain
its long-term stability. Bulk nanobubbles may also stabilize a suspension of bulk precipitated
mineral crystals via a flotation effect, leading to further enhancement in scaling resistance

regardless of surface properties [123,124].

Implications from these findings may help to optimize the combination of surface wetting
properties and operating conditions for membrane processes, heat exchangers, and marine
structures that are prone to mineral scaling. For example, intermittent solvent exchanges or other
operational techniques that promote surface nanobubble nucleation, such as surface localized
temperature changes, may help to prolong the scaling resistance of the surface. While the best
scaling resistance can be realized with a superhydrophobic surface, the stability of the Cassie-
Baxter state directly relates to the lifetime of the surface’s scaling mitigation capabilities. As such,
the use of degassed solutions, where the driving force for the entrapped gas layer to dissolve into
solution is high, should be avoided. In the best case, regardless of the surface wetting property
requirements, mineral scaling can be avoided by aerating with an inert gas such as nitrogen. The
presence of bulk bubbles not only prolongs and enhances the surface coverage of adsorbed and
nucleated surface bubbles but exhibits antifouling effects in the bulk via a floatation mechanism.

Acknowledgement: This material is based upon work supported by the National Alliance for
Water Innovation (NAWI), funded by the U.S. Department of Energy, Office of Energy Efficiency
and Renewable Energy (EERE), Advanced Manufacturing Office, under Funding Opportunity
Announcement Number DE- FOA-0001905.
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CHAPTER 3: MEMBRANE WETTING PROPERTIES AND THEIR ROLE IN ORGANIC
FOULING OF MEMBRANE DISTILLATION MEMBRANES

This chapter has been published in the journal Chemical Engineering Journal Advances as the
following peer-reviewed manuscript: Horseman, T., Wang, Z., and Lin, S., Colloidal interactions
between model foulants and engineered surfaces: Interplay between roughness and surface energy.
Chemical Engineering Journal Advances 8 (2021). P. 100138. doi: 10.1016/j.ceja.2021.100138.

3.1. Introduction
Fouling is a phenomenon that may potentially occur where colloids and organics adsorb to

submerged surfaces such as membranes, marine structures, and heat exchangers. Membrane
fouling is detrimental as the adsorption of foulants blocks membrane pores, compromising
membrane performance and significantly increasing operating costs [30,125,126]. Heat exchanger
fouling is detrimental as the adsorption of foulants adds heat transfer resistance between the two
working streams [127,128]. Additionally, fouling on submerged marine surfaces, such as ship
vessel hulls, may lead to inferior hydrodynamics, reducing fuel efficiency and increasing overall
maintenance costs [129-131]. Because fouling is a major limiting factor for practical applications
of membrane technologies, heat exchangers, and marine vessels, the mechanisms and mitigation
thereof have been extensively studied [45,50,132-139].

Previous studies have investigated the specific behavior of common foulants, including natural
organic matters (NOMS), oils, and inorganic colloidal particles [140-145]. Experiments have been
performed to elucidate the influence of surface properties, including charge, pore size, and
roughness (texture), on the fouling mechanisms in membrane processes [146-152]. However, the
effect of surface roughness on fouling in membrane separations is debated. For example, the
kinetics of colloidal fouling on reverse osmosis (RO) and nanofiltration (NF) membranes has been
shown to positively correlate with membrane surface roughness [153-155]. On the other hand,
several studies claim that surface roughness improves the fouling resistance of the membrane by
reducing the interaction between foulants and the membrane surface [156-159]. Likewise, there is
also debate on the effect of surface roughness and wettability on fouling of vapor-gap membranes
(i.e., water does not transport through the membrane in liquid form) such as those used in
membrane distillation (MD) and membrane contactors (e.g. for ammonia or methane recovery).
For example, humic acid fouling has shown to decrease with increasing hydrophobicity (increased

roughness and decreased surface energy) [160-163], while oil fouling can be mitigated altogether
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by increasing membrane hydrophilicity (increased roughness and surface energy) [164-167]. On
the other hand, studies claim that increasing hydrophobicity may slightly increase humic acid

fouling [168,169] and oil fouling can be mitigated by increasing membrane hydrophobicity [162].

For marine structures, such as ship vessel hulls, and heat exchangers, particularly those used
for seawater cooling and in the food & beverage industry, biofouling is particularly common.
Formation of a biofouling layer is predated by the adsorption of soft matter such as bacteria,
NOMs, proteins, and oils that serve as precursors for additional foulant attachment [45,170,171].
As such, the fouling behaviors of these species and the surface properties that influence the kinetics
and strength of their attachment have been extensively studied in these fields [129,172]. However,
there is no consensus on the effect of surface roughness and wetting property on the specific
fouling behavior of certain organic foulants such as oils, humic substances, or bacteria. For
example, increased surface roughness has shown to increase surface area for foulant attachment
and increase foulant adhesion for marine vessels or heat exchange surfaces [172-175], while other
studies suggest that increased surface roughness may inhibit strong organic foulant attachment
depending on the length scale of the surface texture features [176,177]. Likewise, increased surface
hydrophobicity (increased roughness and decreased surface energy) has shown to limit organic
foulant surface density [178,179], while other studies claim smooth, hydrophobic (low surface
energy), surfaces lead to less fouling [180] or that low surface energy surfaces alone (regardless

of roughness) mitigate foulant deposition and attachment [181].

To date, no systematic and comprehensive study has been performed to elucidate the combined
effect of texture and surface energy on submerged surface fouling. The objective of this study is
to systematically investigate the interactions between colloidal probes that mimic representative
foulants and model substrates with different morphologies and surface energies, aiming to provide
insights for designing fouling-resistant surfaces. To achieve this goal, we constructed smooth and
textured silicon dioxide surfaces then grafted them with poly(ethylene glycol) (PEG) and a
fluoroalkylsilane (FAS), to obtain smooth and textured hydrophilic and hydrophobic surfaces,
respectively. We characterized the surfaces in terms of surface morphology and wetting properties,
then performed atomic force microscopy (AFM) force spectroscopy measurements in water with
a hydrophilic carboxylate coated polystyrene (C-PS) colloidal probe and a hydrophobic
polyethylene (PE) colloidal probe. The maximum adhesion forces and rupture distances between

the colloidal probes and surfaces are analyzed to extract insights for developing a framework for
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fabricating robust fouling resistant surfaces. We note that the study is not intended to focus a
specific application, but rather to provide broadly applicable understanding of the dependence of

fouling propensity on foulant and surface properties.

3.2. Materials and Methods
3.2.1. Fabrication of surfaces with roughness

Quartz microscope slides (VWR, Radnor, PA) were utilized in this study as the substrate
subject to surface modification. To obtain textured surfaces, the slides were rinsed with DI water,
followed by sonication, first in ethanol, and then in DI water, each for 10 minutes. After being
dried in air, the slides were immersed in an aqueous dispersion of silica nanoparticles (SiNPs,
diameter ~ 200 um), synthesized using Stober method [182], with 30 minutes of sonication. Upon
complete evaporation of water in the aqueous solution, slides with surface coated with multiple
layers of SiNPs were obtained. The SiNPs-coated slides were then heated at 600 °C for 1 hour and
purged with pressurized air to remove unassociated impurities. These surfaces were used as the

model rough surfaces for further modification.

3.2.2. Functionalization of surfaces to impart different surface energies
Intrinsic hydrophilicity was imparted to both the smooth and textured surfaces via grafting of

poly(ethylene glycol) (PEG) using silane chemistry. Before PEG-grafting, each slide was cleaned
by sonication in ethanol and then DI water, each for 10 minutes, followed by room temperature
drying in air, and lastly 5 minutes of ozone plasma treatment. The cleaned slide was then
submerged in a toluene solution with 10 mM HCI and 1 mM 2-[Methoxypoly-(ethyleneoxy)-
propyl]trimethoxylsilane (Gelest, Morrisville, PA) for 19 hours at room temperature. The modified
slides were then rinsed with toluene, ethanol, and DI water, respectively, and dried in an oven at
80 °C for 5 minutes [183].

Surface hydrophobicity was imparted to both smooth and textured substrates with surface
grafting of fluoroalkylsilane (FAS). Similar to grafting of PEG, each slide was sonicated in ethanol
and water then treated by ozone plasma. After plasma treatment, the slide and 150 pL of FAS (1H,
1H, 2H, 2H-perfluorodecyltriethoxysilane, Sigma Aldrich, St. Louis, MO) were placed in a Petri
dish. The covered Petri dish with the slide and FAS was placed in a vacuum oven at 90 °C for 24

hours for vapor deposition. The modified slides were then heated at 80 °C in air for 3 hours [184].
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3.2.3. Characterizations of morphology and wetting property
The surface morphology of the smooth and textured model surfaces was observed using both

scanning electron microscopy (5 kV, HE-SE2 secondary electron detector, SEM, Merlin, Zeiss,
Thornwood, NY), and AFM-based force spectroscopy (ScanAsyst mode, Dimension Icon, Bruker,
Billerica, MA). The static liquid contact angles (CAs) of the surfaces were measured with water
in air and with mineral oil underwater. All CAs were measured with an optical tensiometer (TL100,
Attension, Finland). The in-air CA measurements were performed using sessile drop method,
while the underwater oil CA measurements were conducted following captive bubble method with
the air bubble replaced by a mineral oil droplet. For each sample, the CAs were measured at five

different locations on the surface and averaged with standard deviation reported.

3.2.4. Colloidal probe force spectroscopy
Force spectroscopy was used to measure the interfacial forces between functionalized colloidal

probes (Novascan, Ames, 1A) and model surfaces using an AFM (Figure 3.1). Two different types
of colloidal probes were used, including polyethylene (PE) colloidal probe and polystyrene
colloidal probe functionalized with carboxyl groups (C-PS). The PE probe is made of a soft and
hydrophobic PE colloidal particle that mimics the behavior of deformable hydrophobic colloidal
foulants (e.g. oil droplets and proteins), while the C-PS probe has been used to study the fouling
by organic matter that is typically rich in carboxyl groups (e.g. humic acid and algae) [152,185—
188]. The diameters for the PE probe and C-PS probe were 5 um and 4.5 um, respectively. Force
measurements were conducted in 10 mM aqueous solution of NaCl following previous studies
[154,189-191]. Other solution chemistries could be used, which would mostly affect the electrical
double layer (EDL) interaction. The effects of electrolyte type and concentrations on particle-
surface interaction has been extensively studied and well understood [192-194], and thus would
not be the focus of this investigation. The trigger force, ramp size, and ramp rate were 5 nN, 2.5
um, and 1 Hz, respectively. The raw force data was collected by the AFM during the extension
(approaching) and retraction regimes of the experiment. For each sample, force spectroscopy was
conducted at 300 different positions within a 25 um? area near the center of the surface to obtain

interaction force curves that were analyzed using NanoScope Analysis 1.5.
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Figure 3. 1. Schematic diagram showing AFM-based colloidal probe force spectroscopy, featuring
representative extension curve (red) and retraction curve (blue). Two colloidal probes were used:
a polyethylene (PE) probe that mimics a soft hydrophobic colloidal foulant such as an oil droplet
and a carboxylated polystyrene (C-PS) probe with the carboxyl groups representing moieties
commonly found in natural organic matter. Model surfaces consisted of hydrophilic poly(ethylene
glycol) (PEG) grafted surfaces and hydrophobic fluoroalkylsilane (FAS) grafted surfaces, each
with a smooth version and rough version textured with silica nanoparticles. All measurements were
conducted with sample surface and colloidal probe immersed in 10 mM aqueous solution of NaCl.

3.3. Results and Discussion
3.3.1. Morphologies of the surfaces

The morphology of smooth and textured surfaces are drastically different (Figure 3.2A &
3.2B, respectively). Specifically, the presence of SiNPs renders the modified surface significantly
rougher than the pristine surface without SiNPs. The deposited SiNPs multi-layer coalesced upon
sintering at 600 °C and formed a continuous surface with texture (Figure 3.2B). Such a sintering
effect also immobilizes the SiNPs so that they do not detach from the surface or move laterally as
the colloidal probe interacts with the surface in the force spectroscopy experiments.
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The surface morphology of the smooth and textured surfaces was also measured via AFM
(Figure 3.2C and 3.2D, respectively). Similar to the SEM images, the AFM images show that the
surface deposited with SiNPs (Figure 3.2D) is much rougher than the bare, smooth surface
(Figure 3.2C). Specifically, the measured average roughness (Ra) and root mean square roughness
(Rq) of the rough surface are 62.2 and 79.7 nm, respectively, nearly, two orders of magnitude larger

than those of the smooth surface (Ra = 0.8 nm, Rg= 1.0 nm).

987.5 nm

e

9310nm | LYt eg :1 3223 nm

Figure 3. 2. SEM images of the surfaces of (A) the smooth, pristine, microscope slide and (B) the
rough, SiNPs surface multi-layer, slide. The corresponding AFM images of the surfaces (C) the
smooth, pristine, slide and (D) the rough SiNPs surface coated slide.

3.3.2. Wetting properties of the smooth and rough surfaces
The PEG-grafted smooth surface has an in-air water CA of 38.0 + 0.3° (Figure 3.3). In

comparison, the in-air water CA of the PEG-grafted rough surface was not detectable, suggesting
the surface was rendered superhydrophilic. The CA reduction of a PEG-grafted surface by
increasing surface roughness can be explained via Wenzel’s theory [195]: if the roughness ratio of
the surface, defined as the ratio of actual surface area over the projected surface area, is r, the
apparent CA of a rough surface, 6,4, deviates from the intrinsic CA of a smooth surface with the
same surface tension, 6, following the equation below [196]:

cos8, =rcosf, (3.1)
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The Wenzel’s theory suggests that increasing surface roughness will amplify the hydrophilicity of

an intrinsically hydrophilic surface and render the surface superhydrophilic.
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Figure 3. 3. (Blue) In-air water contact angles of the smooth PEG grafted surface, the rough PEG
grafted surface, the smooth FAS deposited surface, and the rough FAS deposited surface. In-air
water contact angle images displayed above each respective contact angle value. (Orange)
Underwater oil contact angles of the smooth PEG grafted surface, the rough PEG grafted surface,
the smooth FAS deposited surface, and the rough FAS deposited surface. Underwater oil contact
angle images displayed above each respective contact angle value.

For the FAS-grafted surfaces, the in-air water CAs of the smooth and rough surfaces were
109.2 £ 0.2° and 134.5 + 0.8° (Figure 3.3), respectively. The introduction of roughness to the
surface enhanced the apparent CA of the hydrophobic surface. However, due to the roughness
imparted on the rough FAS-grafted surface, the water droplet exists in a Cassie-Baxter state, where
the droplet is supported by not only the FAS-grafted surface, but also air pockets within the surface
roughness features [118,119]. In a Cassie-Baxter state, the apparent CA, 8,4, relates to the intrinsic
CA, 6y, by the following equation:

cosfy = f(cosfy+1) -1 (3.2
where f is the areal fraction of water-solid contact and thus (1 — f) is the areal fraction of
water-air contact. If we assume the roughness on the FAS-grafted silica surface without SiNPs

deposition to be negligible, then 6, is 109.2 £ 0.2° and f is calculated to be ~0.54.
The FAS-grafted rough surface, with a CA of 1345 £ 0.8° is not qualified as a

superhydrophobic surface which typically requires an apparent CA higher than 150°. In previous
studies using surfaces modified with fluorinated SiNPs, superhydrophobicity can be readily

achieved [64,197-202]. Here, sintering SiNPs changed the morphology of deposited SiNPs layer,
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smoothing the interconnections between SiNPs, and consequently reducing fand reducing the
mean curvature of the “surface protrusions”. We choose to use such a sintered surface for adhesion
force measurement even though it is not superhydrophobic, as we want to prevent, to the greatest
extent possible, the potential lateral movement or detachment of SiNPs during the adhesion force
measurements. The key feature of the rough surface we want to achieve for comparison with a
smooth surface is not a super-high apparent CA, but rather the presence of air pockets that lead to
Cassie-Baxter contact between the textured hydrophobic surface and a hydrophobic colloidal

probe.

The underwater CAs measured with mineral oil are also presented in Figure 3.3. The PEG-
grafted smooth surface, which is in-air hydrophilic, is underwater oleophobic with an underwater
oil CA of 117.0 + 2.0°. The PEG-grafted rough surface, which is in-air superhydrophilic, is
underwater superoleophobic with an ultrahigh underwater oil CA of 171.3 + 3.3°. The
oleophobicity (or superoleophobicity) of the PEG-grafted surface is attributable to the hydration
force [193,203,204]: for an oil droplet to spread over the PEG-grafted surfaces, the hydrophilic (or
superhydrophilic) surfaces have to first be dehydrated. The dehydration of a highly hydrophilic
surface submerged in water is thermodynamically unfavorable. In comparison, the FAS-grafted
smooth and rough surfaces are both underwater oleophilic due to the attractive hydrophobic-
hydrophobic interaction between the oil droplet and the FAS-grafted surface [121,205-207]. The
surface roughness enhanced the underwater oleophilicity of the FAS-grafted surface, reducing the
underwater oil CA from 66.4 + 0.7° to 47.9 £ 0.8°. Assuming the system to be in a Cassie-Baxter
state (which is consistent with previous experimental observation [30]), f is calculated to be 0.55,

very close to the f value estimated using in-air water CA.

3.3.3. Colloidal Probe Force Spectroscopy
3.3.4. Adhesions between the colloids and the surfaces

The discussion in Section 3.3.3 is based primarily on representative force curves, each chosen
from hundreds of repetitive force measurements at different locations on the model surface. The
retraction regime of each force curve yields two key characteristic parameters, the maximum
adhesion force, and the rupture distance. The maximum adhesion force is the maximum force
measured while retracting the colloidal probe from the substrate surface. This adhesion force is
directly related to the net adhesion energy (Wpg) between the probe (P) and substrate (S). In the

three-phase system consisting of water (L), substrate, and probe, the balance of interfacial energies
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(vi;) and contact-area between the probe and substrate (Apgs) tends to an energy minimum

according to:
Wps = Aps(YsL + VpL — Yps) (3.3)

Rupture distance is the maximum distance where the interaction between the colloidal probe and
the substrate surface is no longer present [226,227]. Strong attractive interactions between the
colloidal probes and the substrate surfaces generate larger maximum adhesion forces and larger
rupture distances, and vice versa. For each probe-substrate surface pairing, the force curves were
measured at 300 locations on the surface, and the distributions of maximum adhesion force and
rupture distance were calculated for each pairing (Figure 3.5). The mean maximum adhesion

forces and mean rupture distances are summarized in Table 3.1.

Table 3. 1. Adhesion force statistics of the polyethylene (PE) and carboxylate coated polystyrene
(C-PS) colloidal probes interacting with the smooth and rough hydrophilic PEG-grafted surfaces
and smooth and rough hydrophobic FAS-grafted surfaces.

Maximum Adhesive | Rupture Distance
Probe Surface Type Force (nN) (nm)
PE S Smooth 1814 283 + 56
oS Rough 3+2 75141
w o
a5 Smooth 41+03 43+ 4
C-PS 2
= Rough 0.7+04 26 +11
o) Smooth 346 + 35 1157 + 160
PE S
2 % Rough 440 + 31 2036 + 198
w S Smooth 93 + 45 163 + 38
C-PS T Rough 241 + 30 1374 + 142

For the interactions between colloidal probes and hydrophilic surfaces (Figure 3.5A, 3.5B,
3.5E, and 3.5F), the adhesion force is substantially weaker, and the rupture distance is
significantly shorter as compared to the interaction with hydrophobic surfaces (Figure 3.5C, 3.5D,
3.5G, and 3.5H). With the same colloidal probe, the maximum adhesion forces and rupture
distances measured with the rough hydrophilic surfaces (Figure 3.5B and 3.5F) are considerably
less than those measured with the smooth hydrophilic surfaces (Figure 3.5A and 3.5E). The
hydrophilic surfaces favor contact with water (i.e. surface hydration, yp;, < yps and ys; < ¥ps),
so retracting the colloidal probe from the surface and replacing the area Aps with the substrate-

water interface, minimizes the net interfacial energy of the three-phase system [193]. According
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to Equation 3. 3, ¥s;, ¥pL, and ypg are identical for the rough and smooth hydrophilic surfaces in
contact with the same colloidal probe. Because the interfacial area, Apg, between the probe and
rough hydrophilic surface is less than that with the smooth hydrophilic surface, there is less net
adhesive energy, and thus lower max adhesion force that must be overcome to remove the probe
from the surface. Likewise, with the same morphology of the hydrophilic surfaces, the maximum
adhesion forces measured with the C-PS colloidal probe is smaller than that measured with the PE
colloidal probe. This is likely caused by two reasons. Firstly, the PE probe is slightly larger (5 um
diameter) and softer (Young’s Modulus ~ 500 MPa) than the C-PS probe (4.5 um diameter and
Young’s Modulus ~ 3,000 MPa), meaning the interfacial area between the PE probe and substrate
(Aps in Equation 3.3) is always greater than that of the C-PS probe for the same surface, resulting
in lower maximum adhesive force [193]. Secondly, is the higher degree of hydration of the C-PS
probe as compared with the PE probe (yp,c-ps < ¥pLpe), Caused by the negatively charged
carboxyl groups on the C-PS probe that form hydrogen bonds with water. The hydration of the C-
PS probe renders its contact with the hydrophilic substrate energetically unfavorable as it increases
the net interfacial energy, and its detachment from the hydrophilic substrate energetically highly

favorable.

In general, strong adhesive forces and large rupture distances were observed with rough
hydrophobic (FAS-coated) surface regardless of type of colloidal probe (Figure 3.5D and 3.5H).
These strong and long-ranged interactions are attributable to the capillary interaction between the
particles and the air-film anchored to the textured hydrophobic surface in the Cassie-Baxter state
[206,211,215-217,228]. In particular, the interaction was the strongest between the textured
hydrophobic surface and the hydrophobic PE probe (Figure 3.5D). However, surface texture is
not a pre-requisite for strong and long-ranged attractive interaction which has also been observed
between the hydrophobic PE probe and the smooth hydrophobic surface due to the hydrophobic-
hydrophobic interaction (Figure 3.5C). Specifically, the retraction of the PE colloidal probe from
the hydrophobic surface would increase the interfacial area between water and the hydrophobic
surfaces and reduce the overall interfacial entropy of the system, rendering a thermodynamically
unfavorable state [193]. Such an effect is considerably smaller for interaction between a smooth
hydrophobic surface and a C-PS probe that is less hydrophobic than the PE probe (Figure 3.5G).
The comparison of the average maximum adhesion forces between these different scenarios is also

summarized in Figure 3.6.
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Figure 3. 5. Distributions of max adhesion force (Fmax) and rupture distances (Drupture, insets)
measured at 300 different positions on the sample surfaces. Adhesion statistics of polyethylene
(PE) colloidal probe interacting with (A) the smooth hydrophilic surface, (B) the rough hydrophilic
surface, (C) the smooth hydrophobic surface, and (D) the rough hydrophobic surface, respectively.
Adhesion statistics of carboxylated polystyrene (C-PS) colloidal probe interacting with (E) the
smooth hydrophilic surface, (F) the rough hydrophilic surface, (G) the smooth hydrophobic
surface, and (H) the rough hydrophobic surface, respectively.
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Figure 3. 6. Comparison between the mean values of maximum adhesion force for different
interactions based on data presented in Figure 3.5. The axis is in log scale.

3.4  CONCLUSIONS
Using AFM force spectroscopy, we elucidate the role of surface texture and surface energy on

the interaction between model foulants and surfaces with different morphology and surface energy.
We found that: (1) submerged hydrophilic surfaces are generally less prone to fouling than is a
submerged hydrophobic surface, which is relatively well known; (2) compared to a smooth
hydrophobic surface, a rough hydrophobic surface increases not only the strength but also the
characteristic length of the attractive interaction; and (3) compared to a smooth hydrophilic
surface, a rough hydrophilic surface reduces not only the strength but also the characteristic length
of the attractive interaction. In other words, the surface roughness/texture amplifies the intrinsic
interaction between the foulants and a substrate surface, which is similar to how it amplifies the

surface wetting properties.

The implications gleaned from this study provide significant insight for fabrication of anti-
fouling surfaces used membrane separations, heat exchangers, and marine structures. In general,
mitigation of organic fouling, should it be oil or natural organic matter, prefers super-hydrophilic
surfaces characterized by high surface energy and large roughness. If hydrophobic materials must
be used for specific processes, the presence of surface roughness (texture) would result in strong
adhesion of hydrophobic foulants due to capillarity, which is unfavorable for mitigating organic
fouling. We note that such suggestions apply specifically to organic fouling and that the mitigation

of mineral scaling may follow completely different rules.
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CHAPTER 4: ENHANCE FOULING RESISTANCE OF MEMBRANE DISTILLATION
MEMBRANES VIA A NOVEL OPERATIONAL-MATERIAL APPROACH

This chapter has been published in the journal Environmental Science & Technology Letters as
the following peer-reviewed manuscript: Horseman, T., Su, C., Christie, K. S., & Lin, S. Highly
effective scaling mitigation in membrane distillation using a superhydrophobic membrane with
gas purging. Environmental Science & Technology Letters, 6(7), (2019). 423-429. doi:
10.1021/acs.estlett.9b00354.

4.1. Introduction
Membrane distillation (MD) is a thermal desalination process in which water evaporation and

condensation occur within the pores of a microporous hydrophobic membrane [14]. As a
desalination process that can harness low-grade waste heat to treat hypersaline brine, MD has been
actively explored as a promising technology for brine management in produced water treatment
and zero liquid discharge (ZLD) [5,229-232]. Managing hypersaline brine is a critical
environmental challenge, especially because reverse osmosis (RO), the state-of-the-art
desalination technology, cannot be applied in these scenarios in which the brine osmotic pressure
exceeds the current allowable working pressure of RO [233-236]. In comparison, the performance
of MD as a thermal distillation process is relatively independent of brine salinity, which in theory
allows MD to achieve a high degree of brine volume reduction or even brine crystallization
[237,238]. The major and inevitable challenge for such an application, however, is membrane
scaling, i.e., the formation or deposition of mineral crystals on the membrane surface that

ultimately leads to complete process failure [14,230].

Scaling is detrimental to MD performance because crystals may (1) block membrane pores,
which reduces membrane permeability for vapor transfer, and (2) grow through the pores, allowing
the salty feed solution to pass directly through the membrane and contaminate the distillate (i.e.,
wetting) [239]. The mode of crystal growth during scaling is mixed. Some crystals are nucleated
homogeneously or heterogeneously from seeds in the bulk solution and deposited onto the
membrane surface, while other crystals may nucleate heterogeneously directly on the membrane
surface and grow in situ (i.e., interfacial crystallization) [19,240]. Interfacial crystallization is more
problematic because it may lead to a larger contact area and thus stronger overall crystal—polymer
interaction [241,242]. This also allows crystals to mold to the geometry of the membrane pore

structure and further enhance the crystal-membrane interaction. In contrast, large crystals that
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form in the bulk solution and deposit on the membrane surface have weaker interactions and a

smaller contact area with the membrane surface [243].

Classical nucleation theory suggests that heterogeneous crystallization on surfaces with the
right interfacial properties is favored over homogeneous crystallization [244]. With that, increasing
membrane hydrophobicity has been shown to discourage interfacial crystallization and reduce the
overall scaling kinetics [66,198,245-248]. However, only delaying scaling is insufficient for the
practical application of MD in treating hypersaline brine if scaling is irreversible. Previous MD
studies have also investigated gas purging or blowing compressed air through the membrane pores
from the distillate to the feed side, for scale mitigation [249,250]. These studies showed that
purging was effective only when the initial feed concentration was well above saturation so that
most of the crystals formed in the bulk solution and deposited on the membrane surface. With the
initial feed concentration below saturation, mineral crystals form within the membrane pores and
become “anchor points” for the scale layer, which significantly compromises the effectiveness of
purging [198].

With conventional hydrophobic membranes, the feed solution partially intrudes into the
membrane pores, as the hydraulic pressure of the circulating feed stream exceeds the liquid entry
pressure of some pores near the membrane surface [66,198,248]. Such partial intrusion increases
the solid—water contact area available for interfacial heterogeneous crystallization and promotes
the in-pore formation of mineral crystal “anchors” that lead to a robust scale layer that cannot be
removed by purging (Figure 4.1A). We hypothesize that the use of a superhydrophobic membrane,
which significantly reduces the solid—water contact area, will minimize in-pore crystal formation
and the adhesion of the crystal to the membrane surface, thereby making purging significantly
more effective in maintaining membrane performance by removing the deposited salt crystals
(Figure 4.1B).

In this study, we test the hypothesis described above by comparing the effectiveness of purging
in maintaining the performance of hydrophobic and superhydrophobic membranes subject to
gypsum scaling. We first fabricate a superhydrophobic membrane by modifying the surface of a
commercial polyvinylidene fluoride (PVDF) membrane using silica nanoparticles (SiNPs) coated
with fluoroalkylsilane (FAS). We then perform MD experiments using the hydrophobic and
superhydrophobic membranes with an undersaturated gypsum feed solution to compare the scaling
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kinetics with and without periodic purging. Finally, we also examine the morphology of the scaled

membrane to elucidate the difference in the effectiveness between different scaling mitigation

strategies.

(A) Hydrophobic Membrane (B) Superhydrophobic membrane

partial liquid
uoisnJul
pinbi| wnwiuiw

/
in-pore crystallization puEing purging
(anchoring) ineffective effective
Figure 4. 1. Schematic illustration of the central hypothesis in this study. (A) With a conventional
hydrophobic membrane, the feed solution partially wets the pores near the membrane surface,
resulting in in-pore growth of gypsum crystals. Consequently, gas purging is ineffective in
removing the crystal due to stronger adhesion and physical anchoring. (B) With a
superhydrophobic membrane, intrusion of the feed solution and thus in-pore growth of the crystal
are minimized, which renders gas purging highly effective in removing the crystals deposited on
the membrane surface.

4.2. Materials and Methods
4.2.1. Materials and Chemicals
The commercial hydrophobic PVDF membranes with a 0.45 pm nominal pore size were

purchased from GE Healthcare (Pittsburgh, PA). Sodium hydroxide (NaOH), 200 proof ethanol,
3-aminopropyltriethoxysilane (APTES, 99%), trizma-hydrochloride buffer, LUDOX HS-40
colloidal silica (SiNPs) with a diameter of 12 nm, hydrochloric acid (HCI), calcium chloride
(CaClz), sodium sulfate (NaxSO4), and 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(fluoroalkylsilane, or FAS, 97%) were purchased from Sigma-Aldrich (St. Louis, MO). Silica
nanoparticles (SiNPs) with a diameter of 40—60 nm were purchased from SkySpring

Nanomaterials (Houston, TX).

4.2.2. Fabrication of a Superhydrophobic Membrane
The superhydrophobic membrane was obtained by modifying the commercial PVDF

membrane using FAS-coated SiNPs similar to the approach reported by Boo et al [184]. First, a

pristine commercial PVDF membrane surface was placed on a 7.5 M NaOH solution for 3—4 h at
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70°C. Due to the hydrophobicity, the PVDF membrane floated on the solution, which chemically
modified only the membrane surface in contact with the NaOH solution to generate an abundance
of surface hydroxyl groups. The treated membrane was then rinsed thoroughly with deionized (DI)
water and dried for 1.5 h at 70°C. The membrane surface was then immersed in 1 vol % APTES
(in ethanol) for 1 h under gentle mixing. SiNPs with a diameter of 40-60 nm were then dispersed
at 1 wt % in 10 mM trizma hydrochloride with the pH adjusted to 4 at which point the APTES-
functionalized surface is positively charged and the SiNPs are negatively charged. The APTES-
functionalized surface of the PVDF membrane was placed in contact with the SiNP dispersion for
adsorption of SiNPs to the surface via electrostatic interaction. As only the surface of the
membrane was functionalized, the bulk of the membrane maintained its hydrophobicity and thus
floated on the SiNP dispersion, adding SiNPs only to the surface. The SiNP-coated surface was
rinsed with DI water and dried. Such a functionalization and adsorption process was repeated with
12 nm diameter SiNPs (i.e., applying the exact same procedure to the PVDF membrane coated

with 40-60 nm diameter SiNPs). Finally, the SiNP-coated membrane surface was silanized with

FAS via vapor phase reaction at 80 °C overnight. The surface modification process is

schematically illustrated in Figure 4.2.
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Figure 4. 2. Schematic illustration of superhydrophobic surface fabrication process. (A) The
surface of a commercial PVDF membrane was hydroxylized with 7.5 M NaOH for ~3.5 hrs at
70°C. (B) 3-aminopropyl-triethoxysilane (APTES) is grafted to the hydroxyls via liquid phase
reaction in ethanol solvent at 1 vol%. (C) SiNPs are suspended at 1 wt% in pH 4 buffer such that
the amines are protonated and 40-60 nm diameter SiNPs are negatively charged. The SiNPs then
electrostatically adsorb to the membrane surface. (D) The remainder of the surface without
adsorbed SiNPs was hydroxylized again. (E) The remaining areas are again amine functionalized
with APTES (as in (B)) and a second size of SiNPs (12 nm diameter) are adsorbed (as in (C)) to
increase the surface coverage and/or hierarchical texture of the rough SiNPs layer. (F) The surface
energy of the adsorbed SiNPs layer is lowered via vapor phase reaction with fluoroalkylsilane
(FAS) overnight, creating a superhydrophobic surface.

4.2.3. Membrane Characterization

We compared the surface wetting properties of the membranes by measuring the static water
contact angle (CA) with an optical tensiometer (T114, Attension). We also quantified CA
hysteresis by measuring the sliding angle (SA) that is the critical tilting angle at which a water
droplet starts to slide. The membrane surface morphology was characterized via scanning electron
microscopy (SEM) (Zeiss Merlin).
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4.2.4. Membrane Scale Purging Experiments
We used a direct contact MD system to perform the MD scaling experiments with the feed

inlet temperature maintained at 75°C. The distillate inlet temperatures for MD experiments using
the superhydrophobic and hydrophobic membranes were set at 18 and 43°C, respectively, to
maintain a constant flux of 25 L m?2 h! in all cases and thus maintain the same level of
concentration polarization (CP). The flow rates of the feed and distillate were maintained at 600
and 500 mL min, respectively (12.8 and 10.7 cm st in our MD module, respectively). The feed
mixture, with an initial volume of 500 mL, contained 14 mM CaCl. and 14 mM Na2SO4. At 75°C,
the gypsum saturation index, defined as the log of the ion activity product over the solubility
product, was —0.10 (PHREEQC version 3.4 from the U.S. Geological Survey) [251]. The distillate

mass and conductivity were recorded in real time to determine water vapor flux and salt rejection.

During the purging steps, we first drained the distillate side of the MD cell, closed its exit, and
filled it with compressed nitrogen at 60 kPa. These operations on the distillate side were performed
without interrupting the feed stream. The purging was performed for 60 s every hour. Experiments
were terminated when the remaining feed volume was approximately 100 mL or concentrated
roughly by a factor of five and became insufficient to keep the feed loop free of air bubbles. A

detailed schematic of the scale purging setup is presented in Figure 4.3.
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Figure 4. 3. Schematic of direct contact membrane distillation setup used for scale purging
experiments. In regular operation the distillate loop (blue) is closed, i.e. valve 2 is turned such that
the distillate outlet may return to the cooler and pass the membrane surface again. During a purge,
the distillate pump is turned off, valve 1 is closed, and valve 2 is turned such that compressed
nitrogen may flow into the system and pass through the membrane pores to the feed side. On the
feed loop (red) liquid flow continues and the excess nitrogen exits the system from the feed tank.
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4.3. Results and Discussion
4.3.1. Membrane Surface Properties
The adsorption of SiNPs to the commercial PVDF membrane surface significantly enhances

the surface roughness, which is indispensible for achieving superhydrophobicity. The change in
surface morphology is confirmed by comparing the SEM images of the PVDF membrane (Figure
4.4A) and the superhydrophobic membrane (Figure 4.4B). Due to both the high surface roughness
and the low surface energy of the FAS coating, a very high water CA of 166 + 4° was measured
with the superhydrophobic membrane (inset of Figure 2B) as compared to the water CA of 115 +
9° measured with the hydrophobic membrane (inset of Figure 2A).

The superhydrophobic membrane also yields an extremely low CA hysteresis. Compared to
the very strong CA hysteresis of a commercial PVDF membrane with an unmeasurable SA (i.e.,
the water droplet remained adhered to an inverted membrane surface), the SA for the
superhydrophobic membrane is only 4 + 1°. Using a mixture of SiNPs of two different sizes (40—
60 and 12 nm) as the morphological modifier works significantly better than using single-sized
SiNPs (40-60 nm) for imparting the superhydrophobicity. When single-sized SiNPs were used as
the sole morphological modifier, the CA was only 148 + 2° (as compared to 166 + 4°) and the SA
was >20° (as compared to 4 + 1°). The superior superhydrophobicity obtained using SiNPs of two
different sizes may be attributed to the better surface coverage and/or to the hierarchical texture
[252,253]. Regardless of the mechanism, the membrane modified with SiNPs of two different sizes
achieves the superhydrophobicity (both ultrahigh CA and ultralow SA) that is required for testing
our hypothesis. The excellent Cassie—Baxter state maintains a stable air layer near the membrane
surface that helps to mitigate interfacial crystallization [239]. It also minimizes the depth of feed
solution intrusion and the consequent growth of crystals within the membrane pores [198].
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Figure 4. 4. SEM images of (A) commercial hydrophobic and (B) superhydrophobic membranes.
Inset images show the static water contact angle (CA) and sliding angle (SA) measured with 10
uL DI water droplets. The SA of the commercial hydrophobic PVDF membrane is not reported as
it was not measurable; i.e., the drop remained pinned even with an inverted membrane surface.

4.3.2. Membrane Scaling and Effect of Purging

The scaling behaviors of the hydrophobic and superhydrophobic membranes were first
compared without purging. As more water was recovered, the feed solution became increasingly
concentrated and eventually supersaturated. Formation of gypsum crystal blocks membrane pores
and causes a significant flux decline [254]. The apparent flux decline occurs at a limiting saturation
level or, equivalently, a limiting cumulative water recovery. This limiting recovery was around
250 mL for the hydrophobic and superhydrophobic membranes (Figure 4.5A). Furthermore, the
initial scaling rates, defined as the average decline of normalized vapor flux per increment of
distillate volume after scaling starts (i.e., the slope of flux decline in Figure 3A, which has a
dimension of inverse volume), also differ between the two membranes. Before the occurrence of
membrane wetting, indicated by the sharp increase in distillate conductivity at 325 mL for both
membranes (Figure 4.6A), the initial scaling rate was around —11 + 1 L™ for the hydrophobic
membrane, as compared to around —7 + 4 L for the superhydrophobic membrane. These
observations of reduced scaling kinetics with increased membrane hydrophobicity are consistent
with results from recent studies [198,239,248].

Delaying the initiation of membrane scaling or slowing the scaling rate using a
superhydrophobic membrane is insufficient for practical applications of MD for treating
hypersaline brine, because it does not address the fundamental challenge of scaling that leads to
process failure. To truly enable MD for treating hypersaline brine, a strategy needs to be developed

to either prevent scaling or readily recover the membrane performance after scaling occurs.
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Toward this goal, we implemented an operation scheme with periodic gas purging to physically
remove the crystals deposited on the superhydrophobic membrane surface. With 60 s of N2 gas
purging every hour, scaling on the superhydrophobic membrane was almost completely eliminated
(blue circles in Figure 4.5B). Even though we observe a very small decline of vapor flux, it is
mostly attributable to the reduced partial vapor pressure driving force instead of the reduced
permeability of the membrane due to pore blockage. The feed solution was concentrated by 5-fold
at the end of the experiment, which significantly increased the salinity and reduced the partial
vapor pressure of the feed solution at the same temperature [12]. Furthermore, the purged
superhydrophobic membrane never wetted, which is indicated by stable near-zero distillate

conductivity (Figure 4.6B).

In comparison, purging with the same operation scheme mitigates scaling on a hydrophobic
PVDF membrane to a significantly lower extent. Compared to MD using a hydrophobic membrane
without purging, purging had a negligible influence on deterring scaling (Figure 4.5B). The flux
decline still occurred at ~250 mL of cumulative distillate volume, and the rate of flux decline was

also similar (=7 + 3 L™). However, wetting seemed to be delayed to ~350 mL with purging as

compared to ~325 mL without purging (Figure 4.6). The appearance of the membrane surfaces
after MD experiments [with purging (Figure 4.5C)] differs dramatically between the hydrophobic
and superhydrophobic membranes. There is clearly a film of crystal covering the entire surface of
the hydrophobic membrane, whereas almost no crystal was observed on the superhydrophobic
membrane except for a small fraction of the surface near the edges. Furthermore, the CA on the
clear portions of the purged superhydrophobic membrane decreased very slightly to 160 + 6°
(compared to the original CA of 166 *+ 4° before MD experiments). Such a CA was directly
measured on the dried portion of the membrane after it was removed from the MD experiment
without any further cleaning. This well-sustained superhydrophobicity suggests that (1) barely any
gypsum crystal adhered to the surface of the superhydrophobic membrane when purging was

implemented and (2) the FAS-coated SiNPs were stable even after multiple purging cycles.
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Figure 4. 5. (A) Normalized water flux of the hydrophobic (red squares) and superhydrophobic
(blue circles) membranes during MD operation without purging. (B) Normalized water flux of the
hydrophobic (red squares) and superhydrophobic (blue circles) membranes during MD operation
using periodic purging with 60 kPa compressed N for 60 s per hour (vertical dashed red and blue
lines signify purges for the hydrophobic and superhydrophobic membranes, respectively). The
feed solution consisted of 14 mM CaClz and 14 mM Na>SOs with an initial volume of 500 mL,
and the feed temperature was maintained at 75°C. The distillate temperatures in experiments with
the superhydrophobic and hydrophobic membranes were maintained at 18 and 43°C, respectively,
such that the initial flux for both membranes was constant at 25 L m2 h™%, which resulted in the
same initial degree of concentration polarization. The flow rates of the feed and distillate were
maintained at 600 and 500 mL min?, respectively (12.8 and 10.7 cm st in our MD module,
respectively). (C) Photographic images of hydrophobic (left) and superhydrophobic (right)
membranes after MD scaling experiments with purging (corresponding to the results shown in
panel B).
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Figure 4. 6. Distillate conductivity from the experiments in Figure 4.5A & B. (A) Distillate
conductivity for the hydrophobic (red squares) and superhydrophobic (blue circles) membranes
during MD operation without purging. (B) Distillate conductivity for the hydrophobic (red
squares) and superhydrophobic (blue circles) membranes during MD operation using periodic
purging with 60kPa compressed N> for 60s per hour. The feed solution was 14 mM CaCl and 14
MM NaSO4 with 500 mL total volume and maintained at 75°C. The distillate temperatures of the
superhydrophobic and hydrophobic membranes were maintained at 18°C and 43°C, respectively,
such that the initial flux for both membranes was constant at 25 L m h, thus controlling for
concentration polarization. The flow rates of the feed and distillate were maintained at 600 mL
min* and 500 mL min (12.8 cm s and 10.7 cm s in our MD module), respectively.

4.3.3. Mechanisms of Scale Mitigation via Purging

Heterogeneous nucleation on favorable surfaces usually occurs more readily (and thus faster)
than homogeneous nucleation according to classical nucleation theory [244]. Therefore, the
increase in scaling kinetics by decreasing membrane hydrophobicity suggests that a less
hydrophobic surface is more favorable for heterogeneous nucleation. The morphology of the
crystal on the purged hydrophobic membrane (Figure 4.7A) reveals that the surface was almost
fully covered by large rosette-like crystals, which is a common characteristic of heterogeneous
nucleation in membrane desalination processes [255-257]. Thus, purging was ineffective in the
removal of scale from the hydrophobic membrane for two possible reasons. The first is the stronger
adhesion between the rosette-like crystals and the membrane surface due to both the higher surface
energy of PVDF (than FAS on a superhydrophobic membrane) and the larger contact area. Perhaps
more importantly, gypsum crystals grew within the hydrophobic membrane pores and formed
crystal “anchors” that render physical removal of the scale layer very difficult (Figure 4.7B).

In contrast, purging the superhydrophobic membrane was effective in removing the crystals
on the surface (Figure 4.7C). With superhydrophobic membranes, the crystals on the unpurged

membrane and the small fraction along one edge of the purged membrane (Figure 4.7C inset)
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were small, thin, and rod-like particles. The excellent Cassie—Baxter state achieved with the
superhydrophobic membrane minimizes the intrusion of the feed solution into the membrane pores
and prevents the formation of crystal “anchors” within the membrane pores (Figure 4.7D).
Therefore, periodic purging was effective in removing the deposited gypsum particles. We note
that it is not possible to replicate this effect purely with improved hydrodynamics, e.g., by
increasing the feed flow rate. A recent study shows that the increased feed cross-flow velocity only

delays, but does not prevent, mineral scaling on superhydrophobic membranes [198].

Previous studies investigated the use of periodic purging to mitigate scaling in MD with a
hydrophobic membrane and reported that purging effectiveness was dependent upon the initial
feed concentration [249,250]. For feed solutions with initial concentrations well above saturation,
purging was slightly effective in slowing scaling. At such high initial feed concentrations, a large
fraction of the crystals form in the bulk solution and deposit on the membrane surface as opposed
to growing on the membrane surface via interfacial crystallization. However, for solutions with
initial concentrations below saturation (as in the case of this study), purging did not affect the
scaling behavior [251], which is similar to our experimental observation. These results suggest
that purging is more effective at removing crystals that nucleate in the bulk solution and then
deposit onto the surface than removing those that nucleate heterogeneously on the membrane
surface and grow in situ. As it is less likely to encounter an industrial brine stream with a
precipitated solid already formed, the use of a superhydrophobic membrane that minimizes

interfacial crystallization and in-pore growth of crystals is necessary for purging to be effective.
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Figure 4. 7. Scale layer characterization on membranes from the MD experiments with purging.
Membrane samples were removed from the experimental setup and dried immediately after the
MD experiments. The photographic images at the center are the same as those in Figure 4.5C. (A)
Top-down SEM image of the scale layer on the hydrophobic membrane surface. (B) SEM—EDS
map of the content of fluorine (red), carbon (green), and calcium (blue) in the hydrophobic
membrane cross section. The crystal intrusion depth is approximated by the blue dashed line. (C)
Top-down SEM images of the crystal free region of the superhydrophobic membrane surface
(main figure) and the small rod-like crystals along the edge of the superhydrophobic membrane
surface (inset). (D) SEM—EDS map of the contents of fluorine (red), carbon (green), and calcium
(blue) in the membrane cross section.

Superhydrophobic

4.4. Implications
The proposed novel strategy that synergistically combines membrane superhydrophobicity and

physical gas purging has been demonstrated to be highly effective in preventing gypsum scaling
in MD. We show that only this synergistic combination, not purging or superhydrophobic
membrane alone, can result in truly effective mitigation of membrane scaling. Overcoming the
challenge of mineral scaling in MD using this novel strategy will enable MD to treat hypersaline
brine with sustainable performance. This strategy can potentially be employed, with additional
system integration and innovation, to achieve complete separation of water and salt crystals and
thereby replace mechanical vapor compression as a lower-cost technology using low-grade waste

heat for brine concentration and crystallization in ZLD.
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CHAPTER 5: A NOVEL, NON-EVAPORATIVE APPROACH TOWARD BRINE
MANAGEMENT AND ZERO LIQUID DISCHARGE

This chapter is in preparation for submission to the journal Nature Water as the following peer-
reviewed manuscript: Horseman, T., Wang, R., Wang, X., and Lin, S. Electrodialytic-Crystallizer:
Novel approach to simultaneous zero liquid discharge and mineral crystal recovery. Nature Water,
(2022).

5.1. Introduction
With growing global population, the associated industrialization, climate change, and the

associated droughts, experts project that nearly half of the global population will suffer from water
stress by 2050 [258]. As such, more responsible water management is necessary for sustainable
development of urban centers and industry moving forward [259,260]. While conventional water
treatment processes only recover about 50% of freshwater from wastewater, the remaining 50% is
high salinity brine that is often disposed of rather than being treated for reuse [5,261]. Industry
historically generates large volumes of that brine, but with relatively looser regulations, typically
discharged it to the environment. However, zero liquid discharge (ZLD) will soon become the
preferred method for brine management as water sources become scarcer and regulations become
stricter to mitigate the negative impacts of freshwater withdrawals and brine discharge on the

environment [262].

Cost-effective ZLD is technically challenging due to the high level of salinity, or total
dissolved salts (TDS), of the brine [5,263,264]. The state-of-the-art desalination process, reverse
osmosis (RO), is operationally limited to a maximum level of TDS due to the dependence on
applied pressure and osmotic pressure difference [26,265,266]. While RO does exist in
conventional ZLD treatment trains, downstream steps for complete separation of mineral crystals
and freshwater are limited to evaporative methods. These evaporative processes are intrinsically
energy intensive due to the liquid-to-vapor phase change, which due to the relatively high latent
heat of vaporization for water (> 650 kwh m), is nearly two orders of magnitude greater than the
minimum Gibbs free energy for concentrating and crystallizing the brine (typically < 10 kW m-3)
[18].

The key to reducing energy consumption of evaporative processes is to maximize latent heat
recovery. State-of-the-art technologies, including mechanical vapor compression (MVC), multi-

effect distillation (MED), and multi-stage flash distillation (MSF) employ this technique by
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reusing heat released during vapor condensation in one stage to produce vapor in a subsequent
stage [18]. However, even the most common and energy efficient evaporative technology, MVC,
consumes upwards of 30-40 kWhe m™ of the treated brine [10]. Not only does the high energy
consumption of MV C constrain the economic viability of ZLD, but the high capital cost associated
with expensive materials of fabrication and long lead times associated with custom fabrication
limits the practical application of ZLD [5,7]. Thus, reducing the energy consumption for brine
concentration and crystallization and improving the modularity of these downstream units will

enable more practical and universal application of ZLD and brine management.

Electrodialysis (ED) is a well-established electrically driven process capable of concentrating
solutions of high salinity. In a typical ED system, the incoming feed stream flows through a stack
of alternating cation and anion ion exchange membranes sandwiched between two electrodes. An
applied electric field causes ions to migrate toward the electrode of opposite charge, across their
respective ion exchange membranes. Due to the alternating configuration of ion exchange
membranes, alternating compartments are either diluted or concentrated within the ED unit. Thus,
in conventional ED, the incoming feed stream is split into a lower concentration, diluate stream
and a concentrated brine stream (Figure 5.1A). Conventionally, electrodialysis is utilized for
brackish water treatment [37,267,268], however, unlike RO, ED can treat brines of higher salinity
because it is less susceptible to fouling due to mineral crystals and does not require high operating
pressure to induce separation. In fact, ED has been used for making table salts and has been
investigated as a unit process in a ZLD treatment train for further concentrating RO brine before
MVC-based concentration and crystallization [37—44]. However, in existing treatment trains,
evaporative crystallizers are still required following ED to achieve complete ZLD and mineral

crystal recovery.

Herein, we propose a novel, modular, fully-electrified, and non-evaporative brine
concentration and crystallization system called an electrodialytic-crystallizer (EDC). Although
EDC fundamentally employs ED to desalinate the incoming feedwater, it operationally differs
from conventional ED in three major aspects. First, there is a feed inlet that splits into diluate and
brine outlet streams in conventional ED. In EDC, there is only one feed stream entering and one
diluate stream exiting the system. lons transport from the diluate to an internally circulated brine
loop via ED operation. Because it is initially saturated, ions supersaturate the brine loop and

crystals are precipitated and removed in a crystallization vessel, either be a jacketed settling tank
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with temperature control or a microfiltration unit (Figure 5.1A). Second, ED is typically used to
treat feedwater in the range of brackish water (< 5 g L), whereas in EDC, the salinity of the
incoming feed stream is on the range of seawater or higher (> 10 g L™). This results in much lower
salt concentrations, and solution conductivities, in both the diluate and brine streams in
conventional ED compared to EDC (Figure 5.1B). Third, the low salinities in conventional ED
result in larger voltage drop across the ion exchange membranes in the ED stack. The low salinity
of the diluate dominates the voltage drop in the system as it approaches zero due to concentration
polarization near the ion exchange membrane in conventional ED (according to V.., Figure
5.1C) [32]. In EDC, even the salt concentration in the diluate is greater than the typical salt
concentration in the brine of conventional ED, as such, the voltage drop across the ion exchange

membranes in the ED stack tends to be around half of that compared to conventional ED.
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Figure 5. 1. Schematic of (A) the proposed electrodialytic-crystallizer (EDC) system with an
internally circulated brine loop with crystal collector/temperature swing crystallizer. (B)
Schematic diagram of the relative concentration profiles in ED vs EDC. (C) Ideal membrane
potential in ED compared to EDC. As a result of the higher solution salinity in EDC, typical
membrane potential is approximately half of that compared to conventional ED.

To demonstrate the working principle of EDC, we construct a bench-top EDC system utilizing
a commercially available electrodialysis (ED) cell to concentrate single salt solutions at
concentrations like hypersaline reverse osmosis brine. We utilize a small temperature swing in a
stirred crystallizer to produce and collect crystals while controlling for long induction times.
Fundamentally, we elucidate the role of system operating parameters (i.e., applied current density,
crystallizer temperature, and crystallizer residence time) on crystallization kinetics and crystal size
distribution. Based on the comparison of salt solubility in the crystallizer and water transport in

the ED cell, we also analyze EDC’s capabilities to concentrate and crystallize a series of common
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single salts and ultimately suggest a governing criterion that dictates which specific salt species

may be successfully crystallized in the EDC system.

5.2. Materials and Methods
5.2.1. Materials and Chemicals.
The electrodialysis cell was a commercial lab-scale cell, ED64002 offered by PCCell GmbH

(Heusweiler, Germany) with 64 cm? active membrane area, 80 cm processing length, up to 20 cell
pair capacity, and terminal PC MTE cation exchange membranes. Commercial ion exchange
membranes PC SA (anion) and PC SK (cation) meant for standard desalination and PC Acid 60
OT (anion) and PC S100 (cation) meant for low water transfer were purchased from PCCell
GmbH. Commercial ion exchange membranes AMVN (anion) and CMVN (cation) meant for
standard desalination and high salinity brine treatment were purchased from AGC Chemicals
Americas, Inc. (Exton, PA). Sodium sulfate (Na2SOa, anhydrous, ACS reagent), potassium sulfate
(K2S0s, ACS reagent), sodium carbonate (Na,COs, anhydrous, ACS reagent), potassium chloride
(KCI, ACS reagent), and magnesium sulfate (MgSOas, anhydrous, reagent) were purchased from
Sigma-Aldrich (St. Louis, MO). Potassium nitrate (KNOs, ACS reagent), sodium chloride (NaCl,
> 99.0%), and ammonium chloride (NH4Cl, > 99.5%) were purchased from Fisher Scientific
(Waltham, MA). The microfiltration membrane was a 316 stainless steel filter mesh with 5-micron
nominal pore size purchased from McMaster-Carr (EImhurst, IL).

5.2.2. Electrodialytic Crystallizer Experiments.
In all experiments in this study, diluate and brine flow rates were maintained at 200 mL min*

and electrode rinse flow rate was maintained at 500 mL mint. Conductivity and temperature were
recorded from the diluate reservoir and crystallizer to determine salt transport, total suspended
solids (TSS) was measured gravimetrically from the crystallizer to determine solid crystal
concentrations, and volume change in the diluate was recorded to determine water transport.

Voltage across the ED stack was monitored from the constant current power source.

5.2.3. System Evaluation and Optimization Experiments.
Preliminary batch experiments were conducted with a rudimentary proof-of-concept system

(Figure 5.2A) to demonstrate the working principle of EDC. The ED cell was configured with 2
cell pairs of the standard PC SA and PC SK (Table 5.1) ion exchange membranes from PCCell

GmbH with terminal cation exchange membranes at both electrodes. The brine reservoir, or
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crystallizer, was a stirred 316 stainless steel vessel immersed in a cooling bath. Small temperature
swing was utilized to induce crystal nucleation within reasonable operational period. At the
saturation levels achieved in this study, the induction time for all salts was over 12 hours, so the
temperature swing not only induced crystal nucleation and controlled for different residence time
between different salts, but also allowed continuous crystal production within the period of the
EDC experiment. To inhibit crystal formation within the ED cell, the saturated brine exiting the
crystallizer passed through a heater held at 25°C before entering the ED cell.

Table 5. 1. Properties of the ion exchange membranes used in this study.
AGC Chemicals

PCA GmbH PCA GmbH Americas, Inc.
Membrane Type Anion Cation Anion Cation Anion Cation
Exchange Exchange Exchange Exchange Exchange Exchange
Model PCSA PC SK PC Acido0 OT  PC S100 AMVN CMVN
General Use Standard Desalination Low water transfer Standard Desalination
Thickness (mm) 0.1-0.11 0.1-0.12 0.1-0.11 0.1-0.11 0.1 0.1
Resistivity (2 cm?) 1.8 25 24 45 20D 20D
Transport Number >0.95% >0.95% =>0.96% =>0.96% =0.97 =0.95

3 Measured in 0.1 and 0.5 N KC1 ® Measured in 0.5 M NaCl

We initially studied the effect of crystallizer temperature on crystallization kinetics with the
proof-of-concept system. We varied the initial concentration of the brine such that it was initially
saturated Na>SOs (in 1 L of DI water) at 10, 15, and 20°C, while the temperature of the solution
in the crystallizer was 2°C less than the saturation temperature, i.e., 8, 13, and 18°C, respectively.
The diluate was initially 6 wt% Na>SOs in 2 L of deionized (DI) water and the circulated

electrolyte, or electrode rinse, was 3 wt% Na>SO4at room temperature.

Crystal formation led to clogging of the process streams and ED cell, risking process failure in
the proof-of-concept system. To prevent clogging and allow for better control of crystallizer
residence time, an improved system was assembled (Figure 5.2B). The brine exiting the
crystallizer was pumped through a custom cross flow microfiltration (MF) cell following the
crystallizer where the rejected solid-liquid stream was immediately returned to the crystallizer.
Following the MF cell, the permeate passed through a heater held at 25°C to prevent crystal
formation within the ED cell. lons transported from the diluate to the saturated brine stream within

the ED cell and the supersaturated brine returned to the crystallizer where excess ions were
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precipitated as solid salts. As the induction time for the single salts in this study may vary from

several hours to several days, a small temperature swing of 2°C was used to induce crystal

nucleation.
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Figure 5. 2. Schematic diagram of (A) the proof-of-concept and (B) improved bench-top EDC

systems.

To compare the performance of the proof-of-concept and improved systems, we varied current

density (35, 50, and 65 mA cm) to elucidate the effect

on crystallization kinetics and size

distribution. The ED cell was configured with 2 cell pairs of the PCCell PC SA and PC SK

membranes with terminal cation exchange membranes at both electrodes. The initial diluate was
6 Wt% Na2SOyq in 2 L of deionized (DI) water, the initial brine was saturated NazSO4 (192 g L™ at
20°C [269]) in 1 L of DI water, and the electrolyte, or electrode rinse, was 3 wt% Na>SOas. The

temperature in the crystallizer was maintained at 18°C. Images of crystals in solution were

obtained via stereo microscope with digital camera purchased from AmScope (Irvine, CA) and

size distribution was evaluated using ImageJ free image processing software.

58



5.2.4. Membrane Comparison Experiments.
With the improved EDC system, we used constant current density (20 mA cm) batch

experiments to evaluate the performance of commercial ion exchange membranes from PCCell
GmbH and AGC Chemicals Americas, Inc. (Table 5.1) in the context of EDC. The ED cell was
configured with 2 cell pairs with terminal cation exchange membranes at both electrodes. The
initial diluate was 6 wt% Na>SOgs in 2 L of deionized (DI) water at room temperature, the initial
brine was saturated Na,SOa (192 g L™ at 20°C) in 1 L of DI water, and the electrolyte, or electrode
rinse, was 3 wt% Na>SO4at room temperature. The temperature in the crystallizer was maintained
at 18°C.

5.2.5. Crystallization Criterion Experiments.
After selection of the most appropriate ion exchange membrane, we evaluated which salts

could be successfully crystallized in the improved EDC system. The ED cell was configured with
5 cell pairs with terminal cation exchange membranes at both electrodes. The initial diluate was
0.6 M of the single salt in 4 L of deionized (DI) water at room temperature. The initial brine
solution was saturated with respect to the single salt being studied at 20°C in 1 L of DI water [269].
The electrode rinse solution was 0.25 M sulfate salt (in 2L DI water) of the respective cation being
studied, i.e., Na2SO4 for NaCl or K,SO4 for KCI, at room temperature. The temperature in the
crystallizer was maintained at 18°C.

5.3. Results and Discussion
5.3.1. System Evaluation and Optimization.
In the preliminary stages of this study, a rudimentary proof-of-concept system was assembled

to demonstrate the working principle of EDC (Figure 5.3A, option 1 in red without microfiltration,
MF). Crystallizer temperature was 8, 13, and 18°C while the brine was saturated with Na>SOg at
10, 15, and 20°C, respectively. The EDC concept was successfully demonstrated at each
temperature as sodium sulfate crystals were produced. At constant crystallizer temperature,
Na>SOs crystal concentration, indicated by total suspended solids (TSS), in the crystallizer
increased with time (Figure 5.3B). This is due to increased salt transport; at constant current
density, total salt transport from the diluate to the brine stream increases with time. Because the

brine stream is initially saturated, this salt transport supersaturates the brine within the ED cell. As
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that supersaturated brine enters the crystallizer and temperature decreases, the saturation index

increases rapidly, and crystals precipitate out of solution.
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Figure 5. 3. (A) Schematic diagram of EDC system with optional microfiltration (MF) unit. Proof-
of-concept system was without MF cell (option 1 in red) while the improved system had the MF
cell incorporated (option 2 in green). (B) Total suspended solids (TSS) production rate in the proof-
of-concept EDC system. Initially saturated 1 L sodium sulfate brine at 20°C (192 g L1), 15°C (132
g L), and 10°C (91 g L1). The temperature of the brine in the crystallizer was maintained at 18°C
for the brine saturated at 20°C, at 13°C for the brine saturated at 15°C, and at 8°C for the brine
saturated at 10°C. Applied current density was 50 mA cm™. Total suspended solids (TSS)
production rate with (C) the proof-of-concept system (depicted in Figure 5.1A) and (D) the
improved EDC system (depicted in Figure 5.1B). Applied current densities 35, 50, and 65 mA
cm?, initially saturated 1 L sodium sulfate brine (192 g L™* at 20°C), and crystallizer temperature
at 18°C. (B-D) Error bars represent the standard deviation of two trials, when not visible, error
bars are smaller than the size of the data point. ED cell configured with 2 cell pairs of the PC SA
and PC SK standard desalination ion exchange membranes from PCA GmbH. Initial diluate was
2 L of 6 wt% sodium sulfate. Dashed lines added to guide the eye.

Regardless of Na;SO4’s strong solubility-temperature relationship, which is stronger as
temperature increases from 10-20°C [269], crystallizer temperature did not affect crystal induction
time as crystals formed almost instantaneously upon initiation of the experiment. However, a
tradeoff exists between the initial amount of salt required to saturate the brine versus the energy

consumption to induce temperature swing in the crystallizer. At low crystallizer temperature (8°C),
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less salt is required to saturate the brine initially, but the energy consumption to induce temperature
swing is greatest. Alternatively, higher crystallizer temperature (18°C) requires more salt to
saturate the brine initially, but energy consumption is almost negligible. As such, we chose to
move forward with small 20-18°C temperature swing in the crystallizer as to reduce energy
consumption in the EDC process. Notably, we observed that with all else held constant, i.e., current
density, flow rates, and initial diluate concentration, crystallization kinetics increased by
approximately 20% as crystallizer temperature decreased. This requires a more detailed
explanation and will be discussed in a later section.

To elucidate the role of salt transport on crystallization kinetics, we applied three constant
current densities in the proof-of-concept system (35, 50, and 65 mA cm2). Crystallization kinetics,
as demonstrated by the slope of TSS over time, increased with increasing current density (Figure
5.3C). This is to be expected as the flux of salt to the brine stream is proportional to current density.
Thus, with constant membrane area and time, higher current density results in higher rate of salt
transport. Because the brine stream is initially saturated, increased rate of salt transport results in
faster supersaturation of the brine, and thus, increased crystallization kinetics. However, in the
proof-of-concept EDC system (Figure 5.3A, option 1 in red without MF), suspended crystals
exited the crystallizer and flowed through the EDC system. This not only risked clogging the brine
stream within the ED cell, pumps, and tubings, ultimately risking complete process failure, but
also reduced the crystal residence time within the crystallizer, which stunts crystal growth. As
such, an industrially relevant, improved EDC system was assembled with a cross-flow
microfiltration (MF) cell integrated into the brine loop (Figure 5.3A, option 2 in green with MF).
This MF served to reject crystals > 5 um from entering the brine loop and ED cell and quickly
returned them to the crystallizer, ultimately, increasing the crystal residence time within the

crystallizer.

To elucidate the role of salt transport on crystallization Kinetics, we applied three constant
current densities in the proof-of-concept system (35, 50, and 65 mA cm2). Crystallization kinetics,
as demonstrated by the slope of TSS over time, increased with increasing current density (Figure
5.3C). This is to be expected as the flux of salt to the brine stream is proportional to current density.
Thus, with constant membrane area and time, higher current density results in higher rate of salt
transport. Because the brine stream is initially saturated, increased rate of salt transport results in

faster supersaturation of the brine, and thus, increased crystallization kinetics. However, in the
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proof-of-concept EDC system (Figure 5.3A, option 1 in red without MF), suspended crystals
exited the crystallizer and flowed through the EDC system. This not only risked clogging the brine
stream within the ED cell, pumps, and tubings, ultimately risking complete process failure, but
also reduced the crystal residence time within the crystallizer, which stunts crystal growth. As
such, an industrially relevant, improved EDC system was assembled with a cross-flow
microfiltration (MF) cell integrated into the brine loop (Figure 5.3A, option 2 in green with MF).
This MF served to reject crystals > 5 um from entering the brine loop and ED cell and quickly
returned them to the crystallizer, ultimately, increasing the crystal residence time within the

crystallizer.

Like the proof-of-concept system, increased salt transport due to increased current density
resulted in increased crystallization kinetics in the improved system. Expectedly, salt transport
between the proof-of-concept and improved systems did not vary drastically, indicated by the
similar decline in diluate conductivity (Figure 5.4A and 5.4B, respectively). However, TSS at any
given time increased by an approximate factor of 4 in the improved system compared to the proof-
of-concept system (Figure 5.3D). Crystals harvested from the crystallizer at 50 and 65 mA cm

in both systems were imaged via stereo microscope and analyzed via ImageJ image processing

software.
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Figure 5. 4. Data from the systematic study of the effect of current density on crystal concentration
from Figure 5.3C & 5.3D. Brine (circles) and diluate (triangles) conductivity in (A) the proof-of-
concept system and (B) in the improved system (two systems depicted in Figure 5.1). ED cell
configured with 2 cell pairs of the PC SA and PC SK standard desalination ion exchange
membranes from PCA GmbH. Applied current density was 35, 50, and 65 mA cm, the initial
diluate was 2 L of 6 wt% sodium sulfate, and the initial brine was 1 L of saturated sodium sulfate
(192 g L) at 20°C. The temperature of the brine in the crystallizer was maintained at 18°C. Error
bars represent the standard deviation of two trials. When not visible, error bars were slightly
smaller than the size of the data points.
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While the average crystal size increased from 50 to 65 mA cm in both systems, the crystal
size distribution was much narrower with the improved system. For example, at 50 mA c¢cm, the
spread of crystal sizes around the mean, or the coefficient of variation, for the proof-of-concept
system was 0.59 while it was only 0.35 with the improved system (Figure 5.5A). Similarly, at 65
mA cm?, the coefficient of variation for the proof-of-concept system was 0.66 while it was only
0.42 for the improved system (Figure 5.5B). This enhancement in TSS production rate and
narrowing of crystal size distribution can be attributed to increased residence time within the
crystallizer. By addition of MF cell into the brine loop, smaller crystals (> 5 um in this study) that
stay suspended in solution within the crystallizer and are more likely to exit via the suction side of
the pump, are rejected by the MF cell and quickly returned to the crystallizer where they can grow.
Without MF cell, smaller crystals in the proof-of-concept system are continually precipitated at
the lower temperature in crystallizer then redissolved at the higher temperature within the brine

loop between the crystallizer and ED cell.
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Figure 5. 5. Crystal size distribution for the crystals produced with proof-of-concept (orange) and
improved system (blue) at (A) 50 mA cm and (B) 65 mA cm. Insets show stereo microscope
images of the crystals with average and standard deviation of the crystals denoted below.

With demonstrated crystal size uniformity enhancement with the improved system, the ability
to control crystal size was further analyzed. We compared the crystal sizes at 35, 50, and 65 mA
cm with the improved system and observed a consistent increase in average crystal size as the
current density increased (Figure 5.6A), while the coefficient of variation remained relatively
constant at each current density (Figure 5.6B). Early in the experiment (60 min), the crystal size

distribution tended to be slightly skewed toward the right (Figure 5.6C-E). However, with time,
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the crystal size tended to a more normal distribution (Figure 5.6F-H & 5.61-K). Furthermore, as
the crystal size distribution became more normal, crystal size increased by about 27% on average
every 60 min. For example, at 65 mA cm2, the average crystal size increased by 25% from 60 to
120 min and by 20% from 120 to 180 min (Figure 5.6E, H, K). Even though our crystallizer was
more of a cylindrical shape and agitated by stir bar at the bottom of the vessel, these preliminary
results give promise for advanced crystal size control in an industrially relevant, conical-bottom

crystallizer with variable speed agitation.
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Figure 5. 6. (A) Crystal diameter measured during the experiments in Figure 5.3D. Error bars
represent the standard deviation over approximately 200 crystal diameter measurements taken via
ImageJ. (B) Coefficient of variation for the data presented in (A). (C-K) Crystal size distributions
from experiments in Figure 5.3D.
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5.3.2. Membrane Comparison.
After EDC system optimization and evaluation, the performance of several commercial ion

exchange membranes were analyzed in the improved EDC system with respect to energy
consumption, desalination performance, and most importantly, crystallization capabilities.
Standard desalination and low water transfer membranes from PCCell GmbH and membranes
from AGC Chemicals Americas, Inc. that are marketed for high salinity brine treatment were
analyzed. At constant operating conditions, the voltage drop across the ED stack with the low
water transfer membranes from PCCell was approximately 25% greater than the voltage drop
measured with the standard PCCell and AGC ion exchange membranes (Figure 5.7A). As the
membranes studied are all of similar thickness, voltage drop can be attributed to the relatively
higher resistivity of the low water transfer PCCell membranes (Table 5.1). VVoltage drop across
the ED stack is directly related to the energy consumption in the EDC process, as such, membranes

with higher resistance tend to increase energy consumption in EDC.
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Figure 5. 7. Performance comparison between the selected ion exchange membranes analyzed in
this study. (A) Voltage drop across the ED cell, (B) conductivity of the brine (circles) and diluate
(triangles), (C) measured total water transport over the 3-h experiment, and (D) total suspended
solids (TSS) production rate in the improved EDC system. Error bars represent the standard
deviation of two trials. ED cell configured with 2 cell pairs, applied current density was 20 mA
cm?, initial diluate was 2 L of 6 wt% sodium sulfate, and initial brine was 1 L of saturated sodium
sulfate (192 g L) at 20°C. The temperature of the brine in the crystallizer was maintained at 18°C.
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In terms of desalination performance, EDC with each of the membranes reduced the salinity
in the diluate (indicated by conductivity) by the same amount (Figure 5.7B). Interestingly, while
the PCCell low water transfer and the AGC membranes are marketed for high salinity brine
treatment and/or low water transport, they did reduce the overal water transport during EDC
operation relative to the standard PCCell membranes (Figure 5.7C). However, this water transport
had little effect on the crystallization kinetics, where each membrane produced nearly identical
TSS at any given time (Figure 5.7D). Theoretically, the effect of water transport due to osmosis
and electro-osmosis may limit the maximum concentration achievable in the brine stream [270].
However, reduced water transport with the membranes analyzed in this study had little effect on
TSS. As such, the standard PCCell membranes were selected for systematic study of crystallization

criterion in the following section due to their relatively low energy consumption.

5.3.3. Crystallization Criterion
Electrodialysis is a complicated process consisting of several unique transport mechanisms. In

an ideal system, salt transport along the applied potential gradient (from the diluate to brine stream)
would be the sole transport mechanism. However, due to chemical potential gradients and ion
hydration-induced advective transport of water, this is not the case. Chemical potential gradients
between the brine and diluate stream result in back diffusion of salt through the ion exchange
membrane from the brine to diluate stream, while also causing osmotic water transport through
the ion exchange membrane from the diluate to the brine stream (Figure 5.8). Both transport
mechanisms are undesired as they act against the goal of ED operation and limit the maximum
concentration in the brine stream. These chemical potential-induced ion and water transport
mechanisms, while undesired, have relatively less effect on the maximum concentration
achievable in the brine stream [270-272]. The dominant transport mechanisms in electrodialysis
are salt transport due to electromigration and water transport due to electroosmosis from the diluate
to the brine stream. These coupled transport mechanisms dictate the ability of EDC to crystallize

specific salts.

The fundamental criterion for successful crystallization of a specific salt in EDC is that the
molar ratio of salt flux (Js) to water flux (Jw) must be greater than the molar ratio of salt to water
at the solubility limit for that specific salt, i.e., Js/Jw > solubility (Figure 5.8). Otherwise, the salt
in the brine stream will be diluted below the solubility limit and crystals will not form. Salt

hydration number (nn), or the molar ratio of salt to water associated with the ions’ hydrations
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shells as they transport through the ion exchange membranes, can serve as a proxy for the salt-
water flux ratio. Water transport due to electroosmosis can be thought of as a forced advection of
water molecules due to ion-water interaction in the first and second hydration shells. As such, this
salt hydration number represents water transport in ED relatively well [272].
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Figure 5. 8. Water and ion transport in electrodialysis that dictates the efficacy of EDC in
crystallizing specific salts. lons transport to the brine through the ion exchange membrane (IEM)
due to applied potential, i.e., electromigration, while the concentration gradient from the brine to
diluate induces back diffusion ion transport from the brine to diluate. Water transport in
electrodialysis flows from the diluate to the brine following the potential gradient due to
electroosmosis and the chemical potential gradient due to osmosis. Electroosmosis, osmosis, and
back diffusion limit the maximum concentration achievable in the brine stream where
electromigration is the only desired transport in an ideal EDC system. To achieve successful
crystallization of a specific salt with EDC, the salt hydration numbers must be greater than the
molar ratio of salt to water at that specific salt’s solubility limit at the respective temperature in
the crystallizer.

To analyze the EDC system’s crystallization capabilities and evaluate our crystallization
criterion, we attempted to crystallize several single salt solutions in the EDC system. Of those
tested, potassium sulfate, potassium nitrate, sodium carbonate, and sodium sulfate were
successfully crystallized with EDC (Figure 5.9A). Interestingly, although operating conditions
were identical for each single salt experiment, crystallization kinetics varied depending on the salt
being studied. For example, the TSS production rate for potassium nitrate was the greatest while
it was the least for sodium carbonate. While these salts obviously satisfied the crystallization
criterion (Figure 5.8), the difference in TSS production rate is related to the relative difference in
salt hydration number and the molar ratio of salt to water at the solubility limit (Figure 5.9B). For
example, the difference between the salt hydration number and the solubility ratio for potassium
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nitrate was greatest, 0.034 mole salt mole water, where the difference for sodium carbonate was
only 0.005 mole salt mole water?. Further confirmation of the crystallization criteria was
demonstrated by the inability to crystallize sodium chloride, potassium chloride, ammonium
chloride, and magnesium sulfate in EDC. The salt hydration number for these salts was less than
the solubility ratio, and as such, they were unable to be crystallized (Figure 5.9C). Additionally,
if we recall the difference in TSS production rates between sodium sulfate at different crystallizer
temperatures (Figure 5.3B), we can understand that this difference is most likely due to reduced
solubility ratio at lower temperature (Figure 5.9D).
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Figure 5. 9. (A) Total suspended solids (TSS) production rate in the improved EDC system with
common single salts. ED cell configured with 5 cell pairs of the PC SA and PC SK standard
desalination ion exchange membranes from PCA GmbH. Applied current density was 35 mA cm’
2, The initial diluate was 4 L of 0.6 M of the single salt. The initial brine was 1 L of saturated single
salt solution at 20°C [269]. The temperature of the brine in the crystallizer was maintained at 18°C.
Dashed lines added to guide the eye. (B) Salt hydration number (blue) and molar ratio for salt to
water at the solubility limit at 20°C (orange) for the salts that were successfully crystallized in the
EDC system. (C) Salt hydration number (blue) and molar ratio for salt to water at the solubility
limit at 20°C (orange) for the salts that were not successfully crystallized in the EDC system. (D)
Salt hydration number (blue) and molar ratio for salt to water at the solubility limit at 20°C (orange)
for sodium sulfate at different crystallizer temperatures from Fig. 5.3B. Theoretical salt hydration
numbers (nn!) were calculated based on ionic hydration numbers and water transport from
previous ED studies [272-277].
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5.4. Conclusions and Implications
From this study, we can draw three main conclusions. (1) Crystallization kinetics increase with

residence time in the crystallizer and applied current density in the ED unit. This is due to increased
salt transport with time and current density from the diluate to the brine, which in turn
supersaturates the brine and results and increased crystal production. (2) Integration of
microfiltration (MF) unit into the brine loop of the EDC system improved crystallization kinetics
and crystal size control. Rejection of solid crystals from the brine loop and ED cell via MF
enhanced crystal residence time within the crystallizer. Furthermore, EDC operation with MF
integrated into the brine loop offered control over crystal size. In reality, this is a more industrially
relevant configuration of the EDC system and gives promise toward practical application. (3) The
crystallization criterion, i.e., salt hydration numbers greater than the molar solubility ratio, dictates
the ability of EDC to crystallize a specific salt. Furthermore, the relative difference between the

two ratios dictates the crystallization kinetics for that specific salt.

Fundamentally, the net flux of salt to the brine stream versus water flux to the brine stream
dictates whether the salt can remain at, or above, its solubility limit in the crystallizer and
ultimately, whether the salt can precipitate. The crystallization criterion not only indicates which
salts can and cannot be crystallized in the EDC system, but also presents room for potential
improvement in the EDC process. Tuning crystallizer operating parameters to reduce solubility
ratio, i.e., temperature change or addition of solvent with relatively low capacity for dissolution,
salts that cannot be crystallized at the conditions investigated in this study have the potential to be
crystallized. Likewise, tuning salt hydration numbers via membrane properties or operating
conditions, i.e., increased diluate concentration and/or volume or reduction of osmotic and salt
permeability of the ion exchange membrane, may allow for salts that were not crystallized in this
study to be crystallized in EDC. In addition to its implications on crystallization efficiency, the
relative difference between salt hydration numbers and the solubility ratio gives promise for
selective crystallization. Taking advantage of this difference will allow for operating parameters
to be tuned to precipitate relatively pure mineral crystals from a mixed brine solution or
fractionation may allow for multiple pure single salts to be harvested over the duration of the EDC

process.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

Brine management is an emerging challenge that, with stricter environmental regulation and
persistent water stress will become more prevalent in the near future. While conventional
wastewater treatment trains terminated with the state-of-the-art desalination technology, reverse
osmosis, can recover approximately 50% of freshwater, the norm will soon be zero-liquid
discharge (ZLD) where complete separation of freshwater and mineral crystals is achieved.
Although the current technologies that can achieve ZLD have pushed toward the practical limits
of efficiency, there is still room to improve. Membrane distillation (MD) and electrodialytic-
crystallization (EDC) presents an attractive solution that may provide considerable energy savings,

modularity, and scalability that conventional downstream ZLD treatment processes cannot.

MD is an attractive option for brine management and ZLD due to its ability to utilize low-
grade heat to desalinate high salinity water. However, fouling is a major challenge limiting the
practical application of MD. Likewise, due to the high salinity of brine generated in ZLD treatment
trains, conventional ZLD unit processes are limited to evaporative methods, where the driving
force for water transport is weakly dependent on salinity. Due to the relatively high latent heat of
water, the water-to-vapor phase change in these processes results in high energy consumption with
evaporative ZLD technologies. Likewise, they are typically not modular as the systems are
fabricated from expensive materials that must be sized to meet the end-user’s specific needs. EDC
is another attractive option for brine management and ZLD as it is fully electrified and modular,
offering potential to achieve energy efficient ZLD and mineral crystal recovery in a novel, scalable

manner.

In this dissertation, the fundamental mechanisms for membrane fouling in MD are investigated
as they relate to surface wetting properties. While it is well-established in MD literature that
membrane wetting properties may be tailored to alleviate fouling, the mechanisms for which are
not well understood. Herein, we utilize quartz crystal microbalance and colloidal force
spectroscopy to elucidate the kinetics and force interactions between model foulants and
membranes with various surface properties. A summary of Chapters 2-4, that relate to fouling

mitigation in MD are detailed below:

Chapter 2: Inspired by the limited understanding of inorganic fouling resistance with

superhydrophobic membranes, we fabricated model membrane surfaces to investigate the role of
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surface wetting properties on scaling resistance. We employed a well-established solvent exchange
method to generate nanobubbles on the surface and in the bulk above these surfaces and utilized
quartz crystal microbalance to quantify inorganic fouling, or mineral scaling Kkinetics. We
concluded that regardless of surface wetting properties, the scaling resistance induced by the
solvent exchanges was best when nanobubbles were injected into the bulk solution. In terms of
surface nanobubbles, interfacial bubble formation reduces the direct liquid-solid contact for
mineral crystal deposition. By subjecting the surfaces to solutions with and without dissolved
gasses present, we showed that scaling resistance is best with superhydrophobic surfaces when
dissolved gasses are present and conditions are conducive to surface or bulk bubble formation,
however, without dissolved gasses available to form interfacial bubbles, scaling resistance
decreases with increasing surface energy. We showed that bulk nanobubbles can improve the
scaling resistance of any surface regardless of wetting properties and that bulk nanobubbles
virtually eliminates mineral scaling on superhydrophobic surfaces as bulk bubbles coalesce into
the entrained gas layer and maintain its long-term stability. Implications from these findings may
help to optimize the combination of surface wetting properties and operating conditions for

membrane processes, heat exchangers, and marine structures that are prone to mineral scaling.

Chapter 3: We utilize colloidal probe AFM force spectroscopy to investigate the interactions
between model membrane surfaces with model organic foulants. We found that hydrophilic
surfaces are less prone to organic fouling than hydrophobic surfaces. We also saw that roughness
on hydrophobic surfaces increases the strength and characteristic length of the attractive
interaction between organic foulants. Alternatively, we found that roughness of hydrophilic
surfaces reduces the strength and characteristic length of the attractive interaction. The
implications gleaned from this study provide significant insight for fabrication of organic fouling

resistant surfaces used membrane separations, heat exchangers, and marine structures.

Chapter 4: From the studies in Chapter 2-3, we suggest a practical strategy for fouling mitigation
in MD. The strategy combines membrane superhydrophobicity and physical gas purging for highly
effective gypsum scaling prevention in MD. We showed that only the synergistic combination, not
purging or superhydrophobic membrane alone, enhances membrane scaling resistance. This novel

strategy will enable MD to treat hypersaline brine with sustainable performance.
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Chapter 5: Although MD is modular, and offers potential for energy consumption, and ultimately,
lower operating cost for brine management and ZLD, it is still an evaporative process with
relatively high energy consumption. As such, we develop a novel, modular, fully-electrified brine
management, ZLD, and mineral crystal recovery process that we refer to as EDC. We elucidate
the effect of operating parameters, such as current density, crystallizer temperature, and crystallizer
residence time on crystallization kinetics in the EDC system. Furthermore, we develop an
industrially relevant EDC system that produces mineral crystals with a narrow size distribution,
offering potential for distinct crystal size control. Finally, we demonstrate that the ability of EDC
to crystallize specific salts depends on a fundamental crystallization criterion that, when satisfied
to any extent, offers potential for selective salt crystallization and salt crystal fractionation. The
modularity and potential for selective crystallization in EDC has the potential to extend a non-
evaporative method for practical brine management, ZLD, and mineral crystal recovery.

Future Work: Based on the conclusions from this dissertation, future work can be extended from

the following perspectives:

e The fundamental fouling mechanisms in this study were analyzed in simple waters with
single model foulants. The studies could be extended to complex mixtures that more
closely resemble industrial high salinity brine to confirm the findings still hold in a
practical scenario.

e The implications suggested from Chapters 2-3 should be demonstrated in real membrane
separation experiments to confirm the validity of the findings, both in simple single
foulant wastewaters and in realistic wastewaters with a complex mixture of potential
foulants.

e While superhydrophobicity limits inorganic fouling, it tends to promote organic fouling.
An anti-fouling strategy that simultaneously prevents inorganic and organic fouling in
MD is needed.

e The synergistic inorganic fouling mitigation strategy with purging and membrane
superhydrophobicity should be investigated for its applicability to a series of common
industrially relevant scalants and investigated to see its effectiveness with organic foulants

in single component and mixed component solutions.
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e Establish crystallization criteria for a series of commercially available ion exchange
membranes to evaluate their potential performance in EDC application.

e Construct a theoretical mass transfer model for EDC to evaluate the theoretical limits of
crystal recovery and selective crystallization.

e Evaluate the performance and capabilities of EDC with a feed composed of mixed salts.
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