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TECHNICAL SUMMARY

A major challenge to communities across the world in the next century will be ensuring
millions have access to adequate freshwater resources. Studies from the UN World Health
Organization indicate that over 1.1 billion people currently lack access to reliable and secure
freshwater supplies, with an estimated 2.5 million deaths per year from diseases associated with
poor access and sanitation in 2007. Reverse osmosis (R0O), a process through which water is
desalted via pressurized flow past a salt-selective membrane, is an energy-efficient method to
generate freshwater from oceanic, brackish, and waste water sources. However, there are a
number of challenges to scaling up RO processes to large scale production, including the need to
improve membrane selectivity and throughput.

One method to assemble selective layers for RO membranes is layer-by-layer (LbL)
assembly, which is a flexible, scalable assembly technique that enables the incorporation of a
myriad of polyelectrolytes and inorganic nanoparticles into thin films. There is a gap in the
scientific literature concerning the use of LbL to generate RO selective layers where previous
approaches have not taken full advantage of the LbL process to incorporate nanomaterials that can
generate ordered nanostructures for salt rejection. In particular, high-aspect ratio clay platelets are
ideal for such a purpose; it was hypothesized that effective salt rejection could be achieved by
hindering the diffusion of solvated ions through nano-channels formed by the platelets embedded
within a polymer matrix. This body of work examines the application of spray layer-by-layer
(spray-LbL) assembly with clay composite thin film architectures to generate nanostructured
selective layers for use in RO membrane technology.

First, appropriate substrates were identified as support layers for the deposition of spray-
LbL assembled clay composite thin films. Both electrospun bisphenol-A polysulfone (PSU) mats of
varying fiber diameter and polyethersulfone (PES) ultrafiltration (UF) membranes with varying
pore diameters were examined. Second, a range of materials were investigated for the spray-LbL
deposition of clay composite films. Laponite clay platelets were incorporated into several different
film architectures including strong polyelectrolytes as well as cross-linkable weak polyelectrolytes
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to form both bilayer and tetralayer film architectures. The clay content was controlled via
manipulating assembly conditions such as the pH and spray times of the film components.

Assembled membrane architectures were tested at industrial RO operating conditions in
dead-end permeation cells and evaluated for salt rejection, water permeability, and mechanical
strength. Ultimately, it was determined the most uniform and robust films were those deposited on
PES membranes with 30 nm pores, closely matching the characteristic length of the LAP clay
platelets to reduce the impact of bridging. Although all the film architectures tested exhibited
significantly greater water permeability than commercially available RO selective layers, the salt
selectivity was found to be highly dependent on the film architecture and assembly conditions. The
best performing film architecture consisted of a cross-linked clay composite tetralayer film,
exhibiting salt rejection of 89% for aqueous 10,000 ppm NaCl solution with an order of magnitude
increase in water permeability over a commercially-available thin film composite membrane. The
key conclusion drawn from the studies indicate the presence of an optimal zone where the
incorporation of clay platelets introduces additional salt selectivity via size exclusion, balanced with
the cross-linked polymer component of the film to improve the mechanical strength and reduce the
risk of critical defect formation during operation.

Taken together, these investigations represent a new approach using structured
nanomaterials to develop next generation clay composite RO selective layers. The increased water
permeability of the clay composite selective layers offers an attractive advantage in desalting
applications where high flux is desirable, such as with brackish water resources as well as in
membrane unit operations near their thermodynamic limit.

Thesis Supervisor: Dr. Paula T. Hammond
Title: David H. Koch (1962) Professor in Engineering
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“I thought that if we could ever competitively, at a cheap rate, get
fresh water from salt water, that it would be in the long-range
interests of humanity which would really dwarf any other scientific
accomplishment. I am hopeful that we will intensify our efforts in that

area.”

- John F. Kennedy, 35t President of the United States
April 12th, 1962
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I. Introduction

1.1 - Global Water Resources and the Need for Desalination

One of the great engineering challenges of the 21st century will be providing basic living
needs for a burgeoning human population, including access to freshwater. Already, studies from
the UN World Health Organization indicate that over 1.1 billion people currently lack access to
reliable and secure freshwater supplies[1, 2], with an estimated 2.5 million deaths per year from
diseases associated with poor access and sanitation in 2007[3]. Several factors including but not
limited to global climate change and altered weather patterns, population growth, political
instability and conflict, and inequitable economic power structures leading to poverty, contribute to
a growing crisis in freshwater availability[4-10]. Natural disasters can also damage or destroy local
water infrastructure, necessitating the use of easily-mobilized technologies for emergency relief[11,
12]. Another particular problem are droughts, which are a significant burden due not only to a
reduction in freshwater volume but also the impact on water quality: hydrological studies have
shown the impact of drought conditions on freshwater resources are increased salinity, higher
algae and toxic cyanobacteria content, and significant damage to local ecosystems[13].
Contemporary events such as droughts in the states of California and Georgia and water access
issues in Michigan further illustrate how close to home the greater issues around water purification
and usage is. Effective and efficient desalination is already and will continue to be vital to
sustaining the quality of life for populations living with marginal access to freshwater.

Major public health organizations such as the UN World Health Organization have defined
the standard for freshwater as containing less than 1000 mg/L of salts and other dissolved solids,
collectively referred to as total dissolved solids (TDS)[14]. However, for potable water used for
human consumption, the same health organizations including the U.S. Environmental Protection
Agency recommend less than 250 mg/L TDS[15-17]. Additionally, specific restrictions such as
those imposed by the Safe Drinking Water Act are established on particularly toxic and undesirable
contaminants such as arsenic, lead, selenium, and boron to insure water quality[18].

Geological surveys indicate approximately 0.8% of Earth’s surface water resources meet
this minimum standard for freshwater, and are unevenly distributed which aggravates access
issues[19]. The overwhelming majority of Earth’s surface water is in seas and oceans (96.5%) with
an additional fraction of surface freshwater frozen in glaciers (1.7%}[19]. Most of the available
surface water is unfit for human consumption due to the presence of significant impurities: saline
concentrations in oceans average 3.1 to 3.8 wt. % with a pH between 7.5 and 8.4, and in brackish
water resources the saline concentration ranges between 0 and 1.0 wt. %[20, 21]. The primary salt
ions present in seawater are sodium and chloride (combined 85.6 wt.%), although sulfate,
magnesium, calcium, and potassium ions are also present[21]. Other common contaminants
include microbial life, organic solutes, silt, minerals, and miscellaneous toxicants. Additionally,
agriculture and poor irrigation practices[22-24], mining operations[25-27], industrial
production[28-30], electrical power generation[31], and other human activity[32] can produce
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significant amounts of wastewater that must be treated before it can be reused or discharged to the
environment without a significant ecological impact.

1.2 - Methods for Large-Scale Water Desalination

Large scale water desalination plants can be broadly categorized into two groups based on
the technology used to achieve the separation: a thermal approach[33] or a membrane approach
[17, 34]. Thermal approaches achieve separation through vaporizing the water and collecting the
purified condensate, while membrane approaches utilize a selective membrane to reject
contaminants and ions, resulting in a purified permeate stream and a concentrated retentate
stream. Common thermal processes include multiple-effect distillation (MED), which is derived
from common distillation processes where the feed for each stage (termed effect) is preheated by
the condensing steam product, and multi-stage flash (MSF), where the preheated brine is
pressurized and successively throttled to draw off steam via multiple flash vessels[33]. Although
various schemes have been proposed to reduce the energy consumption of the thermal processes,
these modifications incur either increased capital investment or chemical consumption[35].

Common membrane processes include microfiltration (MF), ultrafiltration (UF), and
nanofiltration (NF) which eliminate large solutes via a size exclusion transport mechanism. While
this is effective for removing solutes with disparately larger sizes than water such as micron-sized
and larger particulates, small lifeforms such as algae and bacteria, etc., small solutes such as salts
that fully dissolve under aqueous conditions are significantly more difficult to remove via this
method as it would require the regular and large-scale assembly of pores on the order of single
nanometers in diameter. Reverse osmosis (RO}, where the feed brine is passed by a dense, semi-
selective polymer membrane, is capable of desalting. Alternative membrane approaches exist but
are not as economically scalable as the above processes; electrodialysis (ED), for example,
accomplishes the separation by utilizing an applied electrical potential difference across an ion-
permeable membrane to drive ions out of the feed stream[36]. Membrane distillation (MD), which
employs membranes that are impermeable to the liquid phase but permeable to the vapor phase, is
a process that accomplishes a separation by utilizing a partial vapor pressure gradient across a
membrane and less thermal energy than via the thermal processes listed above[37, 38]. However,
the focus of this report is on salt-selective membrane processes, particularly RO.

1.3 - Brief History of Desalting Processes

The history of desalination begins with the rise of human civilization; evidence of salt
production and consumption dates back at least eight millennia to peoples living around the Black
Sea and in China; salt was extracted from mineral deposits or manufactured via early desalting
processes[39]. For centuries, it was a valuable commodity and traded heavily overseas in locations
as distant as England and the North Sea[40, 41], the civilizations of the classical and medieval
Mediterranean[42, 43], central Africa[44], the Americas[45, 46], China[47], India[48], and
everywhere in between. Cost-effective salt production is still an active business interest[49], and as
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of 2013, salt production was a $1.6 billion industry in the United States alone[50]. The
predominant use of salt was for nutrition and as a food preservative[51-53], although it was also
used to manufacture goods such as clay pottery[54-57], served as a currency in some regions of
Africa[58, 59] and New Guinea[60], and in the form of natron as a mummification agent for
Egyptian burial practices[61]. By the 19t and 20t centuries, population growth and demand for
freshwater led to a greater interest in what was formerly considered a byproduct of salt
production[62]. Blue water navies, particularly the US Navy[63], were also motivated to invest in
efficient and practical distillation technologies to ease resupply for fleets at sea.

Following the Second World War, there was a major push by the US government to develop
more efficient desalting processes, starting with the Saline Water Conversion Act of 1952 that
founded the Department of the Interior’s Office of Saline Water (later retitled the Office for Water
Research and Technology in 1974). This organization allocated investment to basic and applied
research in large thermal systems for seawater desalination and the first forays into membrane
processes for brackish water desalination. Thermal processes were initially favored in large-scale
desalting because of the relatively lower cost of energy and technological maturity of the unit
operations. However, as early as the 1960s, early desalting membranes comprised of cellulose
acetate and derivative materials were investigated[64]. Thin-film composite (TFC) membranes
with polyamide selective layers, with significantly increased water permeability and thus lower
pressure requirements, were first pioneered in the mid-1970s[65].

Ultimately, the office was closed in the 1980s and current research is predominantly funded
by non-profit organizations and the private sector[62]. The research has also expanded to include
new applications such as wastewater treatment of particular contaminants[66-70], especially
pesticides and agricultural runoff[71, 72], small-scale RO installations for impoverished
communities in developing countries[73, 74], forward and pressure-retarded osmosis
applications[75], and photovoltaic-driven or other renewable energy-powered RO modules[76, 77].
Additionally, interesting work is being done to generate antifouling coatings for RO membranes
that will lower maintenance costs[78-81] (elaborated upon in 1.5.3). Finally, research is being
conducted in areas unrelated to the RO membrane itself; in the SWRO industry, for example, major
issues include pipe corrosion[82, 83], the management and discharge of the retentate brine[84, 85],
the management of specific contaminants such as boron[82, 83], and environmental impacts of
large-scale desalting operations[86-88].

Thermal processes such as MED and MSF are becoming increasingly costly in light of
increasing energy prices and the minimum capital cost required for the installation. For these
reasons, there is a trend in favor of installing RO plants for small- to medium-sized desalting
capacities (with production rates on the order of 10,000 m3/day or less). Additionally, since the
1970s, there has been a significant increase in the number of large-scale plants with production
rates on the order of 100,000 m3/day or greater[17]. The early installations predominantly utilized
thermal processes because the water production rate for RO processes scales fairly linearly and the
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cost curve was more favorable for MSF and MED. However, RO is rapidly achieving parity in this
field as well due to reduced manufacturing costs[17].

Numerically, the growth in the installed water production capacity is rapid, progressing
from approximately 5 million cubic meters of water per day in 1980 to 42 million in 2005[62].
Freshwater production is projected to surpass 100 million cubic meters of water per day by 2016,
approximately twice the figure reported for 2007-2008[89]. As of 2009, roughly 50% of the global
desalting capacity utilized reverse osmosis (RO) or nanofiltration (NF) membrane processes and
over 80% of new plant installations employ at least one of these membrane unit operations{17]. In
the United States, this figure is significantly greater: approximately 96% of U.S. desalting capacity is
dominated by membrane processes, including nearly all municipal water treatment[{90].

1.4 - Comparative Energy Consumption of Desalting Processes

The energy consumed in a thermal desalination process is maximally determined by the
heat required to vaporize the feed water (the sum of the heat added to raise the water to boiling
and the subsequent heat of vaporization) and system losses. These can be reduced mainly via
preheating the feed with the condensate and insulation. This can be accomplished through the heat
transfer between the vapor and liquid phases in the stages of MED and the countercurrent heat
exchange system used in MSF[33]. For membrane processes, the minimum energy requirement is
determined by the energy required to compress the water to a pressure greater than the osmotic
pressure of the feed solution, which to a first order approximation is directly proportional to the
feed concentration of salt and dissolved solids (see 1.5.3).

Quantitatively, a single stage evaporation process of seawater with an average TDS
concentration and without energy-saving engineering measures requires approximately 650
kWh¢/m3 of water produced[91]. However, with appropriate engineering to preheat the feed
streams with the condensate, the energy consumption for thermal processes such as MED (15-58
kWhe/m3) and MSF (21-58 kWh./m3) can be reduced by an order of magnitude[91]. By
comparison, the energy cost for common RO processes is largely driven by the electrical pumping
cost of the feed water, a largely incompressible fluid. For most installations, this figure is
approximately 3-6 kWh./m3 of water produced—note this energy requirement is approximately an
order of magnitude less than the efficient MED and MSF thermal processes and two orders of
magnitude less than a direct single stage evaporation method. Optimized, state-of-the-art RO
installations can operate at 1.58 to 3.0 kWhe/m3 of water produced, which is close to the
thermodynamic energy limit for RO processes of 0.7 to 1.06 kWhe/m3[89, 92]. Note this
thermodynamic minimum does not contain the energy consumption for associated processes such
as feed pretreatment, permeate post-treatment, and brine discharge, which can potentially exceed 1
kWh,/m3 of water produced[93].

The thermodynamic efficiency of RO processes, and thus the overall energy consumption,
can be significantly impacted by biofouling, where either organic material or microorganisms such
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as bacteria and algae, deposit on the surface of the RO membrane[78]. Feed pretreatment and
proper cleaning methods[94-96] can be used to control biofouling as well as operating at or below
particular critical fluxes to retard the process[97], although research into novel membrane
materials to prevent the formation of biofouling films is ongoing. Increased membrane water
permeability is a second factor that could further reduce the energy consumption of RO unit
operations, with recent literature indicating a tripling of permeability could reduce the energy
consumption of seawater RO processes by 15% and brackish water RO processes by 46%[98].

1.5 - Reverse Osmosis

Reverse osmosis {RO) is a process through which water is desalted via pressurized flow
past a salt-selective membrane, producing two product streams: a desalted permeate stream and a
retentate stream of concentrated brine. The natural driving force in this system is the chemical
potential gradient for the solvent (water) from the permeate stream to the retentate stream, which
is a function of the concentration gradient in the membrane and the pressure in the flow streams.
To accomplish a permeate flow, the applied pressure must be greater than the osmotic pressure,
which reverses the osmotic flow of water from the permeate stream to the retentate stream.
Although initial forays into RO did not focus on designing membrane structures to select particular
ionic species for rejection, recent theoretical work has been conducted in this area[99-101].

1.5.1 - Structure of TFC RO Membranes

Reverse osmosis is already the preferred method for water desalination on a small- to
medium- scale, and is a prime area of research for large-scale desalination operations. Porous
cellulose acetate was the preferred material until the development of thin film composite (TFC)
membranes in the 1970s, which had comparable water permeability properties and under most
experimental conditions rejected on the order of 90% or greater of monovalent salts[102]. State-
of-the-art commercial TFC membranes are comprised of two or more layers: 1) a dense polyamide
selective layer deposited through interfacial polymerization that accomplishes the separation, 2) a
polysulfone or polyethersulfone support layer to provide a mechanically robust, porous support for
the selective layer, and optionally 3) polyester or other backing materials for mounting the RO
membrane into an appropriate module (see 1.5.3)[103, 104]. The selection of materials for each
layer is driven not only by efficiency and selectivity, but additional considerations such as expected
solutes, foulants, cleaning protocols, scaling, public and regulatory acceptance, and manufacturing
cost[105].

The selective layer for commercial TFC RO membranes is deposited via interfacial
polymerization[65, 103]. Although the reaction conditions for particular commercial products are
proprietary, some general notes on the process can be presented from the literature. The selective
layer is formed from the reaction of aqueous diamine and diacid chloride in an organic solvent to
produce polyamide and hydrogen chloride at the interface[106], yielding a polyamide layer on the
order of 30 to 200 nm thick with a ridge-and-valley structure[107, 108]. The particular selection of
organic solvent and reaction conditions such as temperature can significantly affect the thickness,
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roughness, density, and other characteristics of the polyamide layer[109]. One advantage of the
interfacial polymerization technique is that it is self-healing, meaning that defects at the film
interface serve as the nucleation sites for subsequent polymerization[110]. There is a significant
degree of current research on the polymer composition of TFC membranes, or the addition of
nanomaterials such as silver salts to the polymerization process, to improve overall fouling
resistance and optimize control over selective layer deposition[111, 112].

The underlying support layers common in RO membranes are also utilized in MF, UF, and
NF applications. Tiraferri et al. have demonstrated mixed structures, with a dense skin layer
consisting of an array of small pores on the surface and a highly porous macrovoid structure
underneath[113], are optimal support layers that maximize water flux[114]. There are a number of
phase inversion techniques that can generate these asymmetric membrane morphologies, including
solvent evaporation, precipitation through evaporation or thermal means, and immersion[115].
The key factors in determining the morphology, physical characteristics, and performance of the
phase inversion support layers are the selection of the solvent-nonsolvent pair, the monomer and
its concentration, the presence of any additives to the system, processing time, and the formation
temperature[116-118].

1.5.2 - RO Membrane Modules

RO Membranes are typically mounted in one of two assemblies: hollow fiber modules or
spiral wound modules[105] (Figure 1-1).

Figure 1-1: Schematics from patent documents of RO modules commonly used in industrial applications: a) a
hollow-fiber RO module[119], and b) a spiral-wound RO module[120].

Hollow fiber modules are comprised of an external shell that contains bundles of cylindrical
RO membranes, with the permeate stream collected in the shell and drawn off (Figure 1-1a)[119,
121]. These are less expensive to maintain than spiral-wound modules because it is possible to
replace individual fibers, however the maximum operating pressure of such assemblies generally
ranges between 100 and 200 psi because the fibers are loose in the module without a stiff backing
material. These modules can operate at pressures sufficient for brackish water feeds but not for
seawater feeds as the osmotic pressure for seawater RO generally exceeds 300-350 psi. Spiral

Page 23 of 142



wound modules contain a single sheet RO membrane wound around a core assembly with narrow
gaps to allow for permeate collection (Figure 1-1b)[120, 122]. These assemblies can be operated at
pressures up to 1,500 psi and thus are idea for high salinity feeds such as seawater and some
industrial wastewater streams, but the modules are more difficult to clean and must be completely
replaced if a defect develops on the membrane surface, leading to higher maintenance and capital
costs.

Membrane modules are typically installed in series fashion, with the number of modules
installed largely dependent on the intended recovery rate and the quality of the feed water. The
recovery rate is often expressed as a percentage of the feed flow and corresponds to the quantity of
permeate water drawn. Detailed work has been done to estimate the performance of RO
installations given an intended recovery rate, quality of feed water, and specifications on the
modules installed[123].

1.5.3 - Osmotic Pressure and Minimum Energy Requirement

In a RO process, a pressurized feed solution is passed by a semi-selective membrane that
rejects salt ions but not water molecules, producing two product streams: a desalted permeate
stream and a retentate stream of concentrated brine. To accomplish a water flux, the applied
pressure must be greater than the osmotic pressure between the feed and permeate streams[124],
which is calculated from equating the chemical potential of water on the feed and permeate sides of
the membrane[92]. To a first order approximation for an ideal solution, this is proportional to the
concentration of TDS in solution via the Morse equation:

I =iMRT

..where i is the van’t Hoff factor reflecting the number of ions produced when the salt is dissolved
in water, M is the concentration (molarity) of TDS present, R is the universal gas constant, and T is
the absolute temperature. Generally, this relationship holds for most saline water sources except
for highly concentrated solutions[125].

Notably, this osmotic pressure is the absolute minimum figure required to generate a
positive water flux, and in practice applied pressures will be significantly greater. As the permeate
is drawn off from the feed stream, the retentate will necessarily increase in salt concentration and
thus increase in osmotic pressure. Additionally, solvated ions diffuse through the membrane at
different rates (see 1.6 for a more detailed discussion), resulting in the development of a charged
boundary layer on the upstream membrane surface, called concentration polarization (CP) which
increases the effective osmotic pressure as well. Research on continuous-flow high-permeability
RO module configurations has shown the greater of these two factors in reducing water flux is this
increase in the osmotic pressure resulting from the increased concentration of rejected solvated
ions. The thermodynamic restriction is a greater factor than increased CP along the membrane
surface[126].
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This tradeoff is indicative of an inverse relationship between salt rejection and water flux:
manipulating operating conditions to maximize one desired attribute will reduce the other, with
novel material systems required to surpass this practical limitation. Most RO operations are run at
applied pressures significantly greater than the osmotic pressure to increase the water production
rate at the expense of salt leakage. The overall production rate of water is largely determined by
the permeability of the membrane, the total membrane surface area including the number of RO
modules in sequence, and the applied overpressure[92].

For a stock solution of NaCl at brackish water concentrations (1.0 wt.%), the osmotic
pressure is roughly 8.42 atm while for a solution at seawater concentration (3.5 wt.%), the osmotic
pressure is approximately 29.8 atm. From these figures, a theoretical minimum energy can be
calculated from modeling RO as an ideal, reversible thermodynamic process with a given recovery
rate, which yield the figures given for the energy consumption above[127]; for example, a 50%
recovery rate at seawater concentration yields a minimum energy requirement of 1.06 kWh/m3 of
water produced[92].

1.5.4 - Forward Osmosis

Forward osmosis (FO) is a closely related process to RO, and due to these similar
characteristics a brief discussion on the subject is merited. In a FO process, a concentrated draw
solution is used to generate an osmotic flow of water across a salt-selective semipermeable
membrane. FO modules can be utilized in liquid-liquid extraction modules for multistep water
treatment[128-131], particularly the removal of small molecule drugs[132] and other trace organic
compounds[133] from waste streams, the operation of bioreactors[134, 135], and potentially for
power generation[75, 131]. The salt-selective membranes used in these applications tend to be
similar to the TFC membranes used for RO applications, except higher water permeability is -
desirable[136-138]. High flux membranes used for FO applications run into similar design
challenges that high flux RO systems experience, including significant fouling, reduced efficiency
due to CP, and solute diffusion across the membrane[139]. Furthermore, optimizing the draw
solution is an additional area of research for FO that does not have a direct analog in RO unit
operations[139-141].

From the perspective of energy consumption and thermodynamic efficiency, the modeling
literature has demonstrated that it is nearly impossible to find reasonable operating conditions
under which FO processes would improve upon the thermodynamic efficiency of RO
processes[142].

1.6 - Transport Mechanisms in Selective Layers

1.6.1 - Transport in Ultrafiltration and Nanofiltration Membranes
Transport through porous MF, UF, and NF membranes can be modelled as a series of
cylindrical pores with a fixed diameter with a continuous pressure drop across the membrane as a
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driving force for the flow of water and solutes[143]. The predominant mechanism to reject solutes
in these membranes is size exclusion, where molecules larger than the pore size are hindered and
unable to pass through the membrane. Some of the important assumptions for this model are that
the fluid are in equilibrium with the membrane at both interfaces, leading to a chemical potential
gradient across the membrane that is a function of the applied pressure and no activity
gradient[144]. This model is not often used for solute transport in RO membranes because it does
not account for the effects of tortuosity and the fixed pore model does not accurately reflect the
physics of transport through dense polymer layers such as those used for RO membranes.

Commercial manufacturers of these types of membranes often report a molecular weight
cut-off (MWCO) that corresponds to the point where 90% of an organic solute with the specified
molecular weight is rejected; this is used as an indicator of pore size[145, 146]. The MWCO analysis
assumes, however, a near-perfect correlation between molecular size and molecular weight[71]
which does not hold for some common organic toxicants such as pesticides[147, 148]. The key
driving force for water and solutes small enough to flow through the pores is the applied pressure
across the membrane.

1.6.2 - Diffusion of Ions in Nonporous Media

As discussed in 1.5.1, the selective layer of commercial TFC RO membranes is a dense
polymer layer comprised of cross-linked polyamide. With the primary exception being defects in
the selective layer, there is not a regular porous structure of appreciable pore size that allows for
hydraulic flow, although some papers have reported effective pore sizes on the order of 0.2 to 2 nm
in modeling exercises and via high-resolution microscopy on commercial NF and RO
membranes[108, 149-153]. For this reason, some modelers use diffusion in porous media
models[154, 155] but agreement with experimental data is lacking[{144]. Instead, a number of
better models for the transport of ions across these membranes assume the lack of convective mass
transport and that molecular diffusion dominates the transport through the selective layer. One of
these models, the solution-diffusion model, assumes that solutes such as water and solvated ions
partition into the selective layer, diffuse through the polymer matrix, and then desorb into the
pores in the support layer[144].

Diffusion through the dense polymer layer is a function of several factors, including the
hydrodynamic radius of the molecule, the charge or lack thereof on the molecule, and
environmental factors such as temperature that affect the activity and chemical potential of the
molecules[156, 157]. Most correlations apply an inverse proportionality between the
hydrodynamic Stokes radius of the molecule and the diffusion coefficient, and either linear or

. - . . 3/,
greater proportionality with respect to temperature (i.e. < T /2).
Charge effects between multiple solutes play an important role as well; although the
independent diffusion coefficients for different solvated ions, such as sodium and chloride ions, will

be different, an imbalance in the overall flux of one ionic species yields an electrical potential over
the membrane, termed a Donnan potential[158]. The Donnan potential serves a second driving
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force for the diffusion of the less mobile ionic species and increases the osmotic effects for the more
mobile species by generating a boundary layer. The emergence of these concentration gradients of
different ionic species leads to the buildup of concentration polarization (CP) along the upstream

membrane surface (section 1.5.3), and ultimately ensures that charge remains balanced across the
membrane.

Putting aside the electrochemical aspects for a moment, the hydrodynamic radius of a
diffusing ion is not simply the radius of the ion or the polyatomic species, but also includes the shell
of closely hydrogen-bonded water molecules around the ion, termed a solvated ion. The size of the
solvation shell is a function of the attractive electrostatic forces between the ion and the oppositely-
charged dipole of the water molecules and the repulsive forces between the nuclei[159, 160].
These solvation shells increase the effective size of the solute to the order of a single nanometer for
common monatomic ions like sodium and chloride to several nanometers for larger polyatomic ions
such as sulfates, with lighter monatomic ions being relatively larger than heavier monatomic ions
due to the increased charge density[161-163]. Divalent as opposed to monovalent ions or
polyatomic species have larger solvation shells, which increase the effective radius of the solute.

Thus, the most difficult ions to desalt from feeds are those that have the smallest charge
density and smallest hydrodynamic radius such as sodium and chloride ions. Divalent cations such
as magnesium and calcium are significantly less mobile than monovalent cations, and large
polyatomic ions such as sulfates, nitrates, etc. are significantly hindered from a diffusion
perspective[164].

1.6.3 - Size Exclusion and Tortuosity with Impermeable Particles

For heterogeneous selective layers, in particular those that incorporate impermeable -
platelets into the polymer matrix, there is an additional consideration in the form of the increased
effective path length for diffusion through the membrane[165-167]. Impermeable platelets that are
intercalated throughout the film introduce nano-channels can exclude solutes based on size[168].
Intuitively, for effective separation of solutes via size exclusion, the spacing of the nano-channels
formed by the platelets should be on the order of the effective hydrodynamic radii of the solvated
ions and larger than the hydrodynamic radius of water.

The incorporation of any impermeable particle such as a clay platelet within the selective
layer increases the effective diffusive path length for any solute traversing the membrane, termed
tortuosity. There are several correlations for tortuosity that depend largely on the volume fraction
of clay, ¢, and the aspect ratio, a, of the clay platelets in the film. The first of these correlations, the
Nielsen correlation[169], is most appropriate under the dilute conditions where ¢ « 1and a¢ < 1:

TNielsen = 1 + a¢

...and the Cussler correlation[170] for films with greater concentrations of clay platelets under the
semi-dilute conditions ¢ < 1and a¢p > 1:
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...where u is the geometric ratio for the particles in question, and is approximately 0.5 for clay
platelets[171]. For the densely-packed high clay content films that can be assembled via layer-by-
layer, the second correlation is most appropriate; it predicts significantly greater diffusive path
lengths due to solutes reflecting inside nano-channels formed by multiple platelets instead of
passing each solute through the layers without interaction. It is observed that the tortuosity is
proportional to the square of the aspect ratio and the volume fraction of clay in the film in the semi-
dilute limit[172]. There is generally good agreement with these two correlations and the literature
on polymer and clay nanocomposites[173-176].

1.6.4 - Discussion of Mathematical Models for RO Processes

Generally, MF, UF, and NF processes are modeled via a pore-flow model with fitted
transport parameters that correspond to the resistance to flow through the pores and a driving
force that is directly proportional to the applied pressure across the membrane. A common
example of this is Darcy’s Law:

A
Jw =75 —B)

..where J,, is the flux of water, 4 is the water phase transport parameter, § is the pore length, Pr is
the pressure on the feed side, and P, is the pressure on the permeate side. The key assumptions
behind this model are 1) the membrane is in thermodynamic equilibrium with the feed and
permeate streams, 2) there are no solute or solvent activity gradients across the membrane thus
allowing the chemical potential gradient to be a function of the applied pressure only, and 3) flux is
only in the axial direction through the pores[144]. Although this particular model does not assume
a particular pore geometry, modifications can be made to the transport parameter and pore length
to fit the equation to new geometries. The solute flux takes a similar form but is proportional to the
square of the operating pressure:

B
IS=E(PI?_PPZ)

..where J; is the flux of the particular solute and B is the corresponding solute phase transport
parameter. This equation will yield significant errors unless terms are added to account for
osmotic pressure of the solutes and CP along the upstream surface[177]. Work has been done to
account for both membrane structure parameters such as the pore geometry as well as the
interactions between the membrane and the solutes including electrostatics[178], CP[179], and
other membrane parameters[180], but these models are still insufficient for modeling RO
processes[144]. Unlike MF, UF, and NF processes, the selective layer of a TFC RO membrane is a
dense polymer film without a clearly defined porous structure for the hydraulic flow of water[181],
although some papers have applied variations on the pore-flow model with solute-membrane
affinity parameters and friction effects to describe the water and salt transport[182-184].
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Alternative models accounting for the diffusion and electrokinetics more appropriately
describe the flux of solutes through the selective layer. The class of solute-diffusion models assume
the selective layer is nonporous and the separation is accomplished through differences in the
solubility and diffusivity of the solutes in the membrane[185]. The basic mechanism involves
solutes adsorbing at the interface between the bulk feed fluid and the membrane interface, diffusing
through the membrane along the concentration gradient as the rate limiting step, and then
desorbing into the pores of the support layer[144]. Additional assumptions include 1) the
membrane is homogeneous, 2) that transport for each solute is independent of other solutes, and 3)
the chemical potential gradient is a function of the concentration and pressure gradients across the
membrane[185, 186]. This is expressed in the form:

Au; = RyTinAa; + VAP

..where the chemical potential Ay; is a function of the thermodynamic temperature, the natural
logarithm of the activity gradient Aa;, the molar volume of the solute V;, and the trans-membrane
pressure gradient AP. It is generally accepted that solvated ions diffuse at a slower rate than water
molecules through the polymer matrix due to a combination of charge effects and larger solute size
(represented by V;, see Section 1.6.2). Ultimately, the flux of water is described by the equation:

(AP - A
Bz R;T AP TAD

Jw=

...where the permeability is broken down into the Henry’s Law partition coefficient for water in the
membrane, S,,, and the diffusion coefficient in the polymeric matrix D,,. The other parameters
include the membrane thickness Az and the pressure term that is the applied pressure gradient
minus the osmotic pressure gradient. For the flux of solutes, it is generally assumed the pressure
gradient has a negligible effect on the chemical potential and the solute flux follows Fick’s Law:

SSAZW (Cm - Cp)

...where the concentration gradient is defined in terms of the solute concentration in the membrane
on the permeate side, C;,, and the bulk concentration in the permeate C,,.

Js=

As a number of transport mechanisms can partially describe the flux of solvated ions and
water through the selective layer, which of the expanded solution-diffusion and pore-flow models
are applied can vary based on how well it matches experimental data[144]. Corrections to it have
been successfully applied to NF and RO experimental data[187-189]. However, a significant
drawback of using the solution-diffusion model is the assumption the membrane structure is
homogeneous. The additional inclusion of clay platelets into the thin film significantly impacts the
diffusive path length as discussed in 1.6.3 and invalidates this assumption. Thus, it is appealing to
use irreversible thermodynamics models such as the Spiegler-Kedem model to obtain a generalized
water permeability coefficient that is independent of the transport mechanism through the
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membrane (see Appendix 1 for the regression method to calculate the permeability coefficient
utilizing with this model, and 1.6.5 for the overview and key assumptions made).

1.6.5 - Spiegler-Kedem Model for RO Processes

Given the widespread utilization of this model in both literature and for the data analyzed in
this report, a separate section detailing the Spiegler-Kedem model is warranted. This model
returns a water permeability that treats the membrane architecture as a black box and therefore
does not assume an internal structure, and thus can be used to describe the solute flux for a number
of membrane applications. The key assumptions for this model are: 1) the membrane is in
thermodynamic equilibrium with the feed and permeate streams, 2) the driving force for the flux is
defined in terms of the trans-membrane pressure gradient, and 3) the concentration of solutes in
the membrane do not significantly affect the permeability properties of that solute in the
membrane[190, 191]. For water permeability, both the Kedem-Katchalsky and the Spiegler-Kedem
model take the form of:

Jw = By(Ap — oAm)

..where ], is the observed water flux, P,, is the generalized water permeability coefficient for the
membrane, Ap is the applied pressure gradient across the membrane, Ar is the osmotic pressure
gradient, and o is the reflection coefficient, a fitted parameter that ensures the flux is zero when the
applied pressure is equal to the osmotic pressure of the feed solution. The key difference between
the Kedem-Katchalsky model and the Spiegler-Kedem model is that the solute permeability and
reflection coefficient are independent of concentration[192, 193], which is a disadvantage of the
Kedem-Katchalsky model that can yield nonphysical results[186]. A reflection coefficient of one
indicates the solute (in this case water) is perfectly impermeable, while any value less than one
indicates the solute is semi-permeable[194].

For salt permeation, the Spiegler-Kedem model takes the form of:

dCq
dz

Js = Pz +(1- U)]wcav

...where J; is the observed salt flux, F; is the salt permeability, z is the axial coordinate (i.e. thickness
of the selective layer), Cy is the concentration of salts within the selective layer, and C,, is the
average salt concentration at the membrane surface.

1.7 - Applications of Polymer-Clay Composites in Thin Films

1.7.1 - Nanomaterial Composites in Various Applications

Significant research has been conducted on polymer-nanomaterial composites with micro-
and nano-scale assembly methods[195-200]. In particular, polymer-clay composites have unique
properties, particularly cytotoxic properties that have been observed in some nanoscale clay
platelet systems[201, 202], which have been utilized in a number of applications including gas
barriers[171, 203-206], medical devices, bandages, and biocompatible materials[207-210], FO
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membranes[137], and the release of chemical agents[211]. Additionally, there are improved
mechanical properties associated with polymer-clay composites, such as an increase in the

hardness and toughness of the materials, which is observed to be a function of the platelet aspect
ratio, «[212-214].

1.7.2 - Nanomaterials for RO Membrane Applications

The application of inorganic nanoparticles to selective layers in membranes is an active area
of research{215, 216] to generate high-permeability membranes that address the trade-off between
flux and selectivity. Researchers have investigated the use of nanostructured materials that enable
less-hindered water transport while still providing mechanisms for salt rejection in the
membrane[217, 218]. The literature on nanostructured materials for RO membranes contains
experimental and theoretical work on selective layers utilizing single and multi-walled carbon
nanotubes[218-223] and nanotube-silver composites[224], graphene[225, 226], metal oxide
nanoparticles[227-230], silica nanoparticles[231], and zeolites[232-236] with varying degrees of
success. Carbon nanotube-containing films were found to be exceptionally permeable and exhibit
at maximum 50-60% salt rejection[219, 223], while an array of zeolite-containing membranes were
found to reject salts on the order of 70-95% but with reduced water permeability relative to TFC
RO membranes[232, 237]. Reviews of modeling literature paint a rosy picture of the future
application of carbon nanotubes for desalting membranes[238-240], but notably the structures
produced by expensive carbon nanotubes can be replicated with relatively inexpensive cellulose
nanofibers with a tunable diameter, which may make this particular path of research obsolete[241].

Underlying these investigations is the hypothesis that the incorporation of impermeable
nanomaterials into a selective layer introduces effective nano-channels inhibiting the flux of large
solutes. Particularly, the focus is on developing channels or pores with a length scale on the order
of 1 nm, which enables solute rejection via size exclusion[215], as this figure is between the
hydrodynamic radius of a water molecule and small solvated ions such as Na* and Cl-[144]. For this
reason, smectite clays are interesting nanomaterials to investigate for RO selective layers; these
high-aspect ratio clay platelets may be layered into films to form nano-channels that create a highly
tortuous diffusive pathway for solvated ions. Clay-containing ceramic membranes have been used
with some success in water microfiltration applications[242], adsorption purification
materials[243], and oil-water separations[244], but recent research into the use of similar
composite thin films as selective layers in RO membranes has primarily focused on the
incorporation of carbon nanotubes and zeolites[217].

Outside of the field of water purification, clay composite membranes have been shown to
inhibit the in-plane mobility of Li* ions by up to two orders of magnitude compared to the cross-
plane mobility[245], and in gas separation membranes laponite and montmorillonite clay
composite films have been shown serve as an effective small molecule barrier layer[171, 203-205].
It has been shown that the degree of tortuosity in the clay composite membranes is a function of the
number of clay layers and the aspect ratio of the clay platelets[199]. Additionally, in recent studies
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on RO membranes containing inorganic nanomaterials, modelers suggest the possibility of
preferential water flow channels through the selective layer generated by the presence of
nanomaterials[144].

1.7.3 - Techniques to Incorporate Nanomaterials into Selective Layers

Many of the assembly techniques commonly used to incorporate these nanomaterials into
membranes, such as the intercalative polymerization step of the selective layer, exfoliation
adsorption, or melt intercalation, generate composites with a disordered internal structure that do
not form uniform barrier layers[196, 200]. Additionally, the incorporation of nanomaterials into
these selective layers is relatively low, with weight fractions generally on the order of 10% or
less[196, 198]. A potential improvement to this approach would be to design a more uniform and
nanomaterial-dense selective layer through a sequential assembly process with a focus on the
lateral order of nanomaterials, enabling finer control over the internal structure of the selective
layer.

1.8 - Layer-by-Layer Assembly Method for Assembling Thin Films

1.8.1 - Dipping Layer-by-Layer Assembly

Layer-by-layer (LbL) assembly is a process through which thin films are assembled via the
sequential deposition of film components with complementary functionality, such as electrostatic
interactions[246] or hydrogen-bonding[247]. The dipping process (dip-LbL) involves dipping a
functionalized substrate into a bath containing a film component with a complementary
functionality. After a period of time to allow for the adsorption of material to reach thermodynamic
equilibrium, the substrate is removed and sequentially rinsed to remove any unabsorbed
material[248, 249]. It is important to note that while electrostatic interactions or hydrogen-
bonding may be the key driving force for the buildup of LbL films, the process through which this
adsorption and film rearrangement occurs is through a minimization of the free energy of the
film[250]. This process is repeated for the complementary film component to assemble a bilayer,
the elementary unit of LbL-assembled films. This process can then be repeated to deposit a film of a
desired thickness, or combined with other bilayers to form more complicated film architectures.

The composition of LbL-assembled thin films can be controlled via manipulation of the
process conditions such as deposition and drain times, concentration of the solutions, and ionic
strength of the film components[251, 252]. Polymer films assembled via LbL do not retain rigid
delineations between deposited layers but instead form a polymer blend, with interpenetration of
polyelectrolytes from one layer up to five layers distant[246]. Generally, films grow linearly with
respect to the number of layers deposited, but low molecular weight and weakly-charged
polyelectrolytes[253-255] can simultaneously adsorb at the film interface and diffuse into the
multilayer to form complexes with oppositely-functionalized polyelectrolytes during long
deposition steps in a process termed interdiffusion[256]. This phenomenon causes films
containing these polyelectrolyte systems to build at an exponential growth rate with respect to the
number of layers deposited[257].
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This assembly technique has been used to incorporate diverse materials such as
polyelectrolytes[246], carbon nanotubes[258, 259], nanoparticles and nanowires[260-263], nano-
platelets[214, 260, 264-267], graphite and graphene oxide[259, 265, 268-270], small molecules
such as dyes[271], and biological compounds such as drugs[272-274], RNA[275-278], growth
factors[279, 280], and other biomaterials[281-283] into thin films on a diverse array of substrates
including not just flat surfaces but various microstructures and nanoparticles[284-287]. Surfaces
can be patterned both with selective functionalization of the substrate[288] and choice of
polyelectrolyte deposition[289] to generate more complex nano- and micro-patterned structures,
or via acidic post-treatment dense polyelectrolyte films can be converted into nanoporous
meshes[290]. Given the wide array of polyelectrolytes and nanomaterials that can be incorporated
into LbL-assembled thin films, the technique is ideal for crafting functional and structured nano-
assemblies for a diverse array of non-membrane[288, 291-295] and membrane applications[296],
including medical devices[297-299], fuel cell proton exchange membranes and electronic
devices[300-303]}, optical devices[304, 305], ion exchange membranes[306], chemical agent
sensors[300, 307], anti-reflection and anti-fogging coatings[262], gas barrier and separation
membranes[199, 308, 309], and most importantly for this application water purification
membranes[310-316].

1.8.2 - Spray Layer-by-Layer Assembly

Another method for assembling LbL films involves aerosolizing the film components with a
forcing gas and spraying the components onto the substrate, in what is termed spray layer-by-layer
(spray-LbL). Spray-LbL assembly can decrease the processing time for depositing large,
asymmetric films by one to two orders of magnitude[317]. Similar to the dip-LbL assembly process,
film components are instead sprayed for a time period on the order of seconds, then a time period
is allotted for drainage and adsorption to the film interface on the order of seconds, and then a rinse
and drain is applied with water to remove any unabsorbed material; this process is repeated to
layer each component in the film architecture. The timescales for the deposition and rinse times
most commonly used in spray-LbL assembly is significantly less than what would be required to
reach full thermodynamic equilibrium with each deposition, resulting in thinner films being
deposited when compared to dip-LbL processing[318]. Some investigation on alternative spray-
LbL processing schemes involve the continuous spraying of polyelectrolytes and the elimination of
the rinsing step; both of these modifications have been shown to cause an increase in film thickness
with a corresponding increase in the surface roughness[319]. Additionally, spray-LbL is a flexible
process that allows the deposition of thin, conformal coatings around fibers or within pores of
porous substrates by drawing a vacuum across the substrate during the deposition process[320].
Comparisons of films assembled via spray-LbL and dip-LbL have found spray-LbL assembled films
are on average less thick and rougher than the same film architecture deposited via dipping, but
otherwise are qualitatively similar to spray-LbL assembled films[321-323].
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Through tuning of the assembly conditions, thin films can be assembled with a relatively
high degree of incorporation of nanomaterials into the polymer matrix, on the order of 50% of the
weight fraction of the film[324, 325], compared to weight fractions under 10% observed in
traditional polymer composites[198]. This is a unique property of LbL deposition that enables the
exploration of densely-packed clay-polymer composite nanostructures that could serve as effective
selective systems. Interdiffusion was thought to be impossible with LbL systems containing strong
barrier layers such as clay platelets, but has been observed for particular film architectures where
the clay does not form a uniform barrier in each deposited layer[326].

1.8.3 - Prior Application of LbL to RO Selective Layers

Previous research has been conducted on dip-assembled and spin-assembled LbL films to
serve as selective layers in osmotic membranes; examining the use of LbL films containing
polyelectrolytes[312-316, 327-330] and metal-ion complexed polymers[311]. Diffusion studies,
high resolution microscopy, and other techniques confirm that LbL-assembled thin films have
similar characteristics to the selective layers of TFC membranes down to the nanoporous surface
structure[331]. Generally, this body of research examines the water and salt permeation
characteristics of LbL-assembled thin films as selective layers with an array of salts including
sodium, chloride, magnesium, and calcium ions along with polyatomic ions commonly found in
saline water supplies such as sulfate. However, the film architectures examined do not take
advantage of the unique properties of LbL assembly to incorporate nanomaterials and instead
improve upon mediocre salt rejection through the deposition of extraordinarily thick layers
compared to what could be deposited more cheaply and uniformly via interfacial polymerization.
Thus, many of these films are instead simply more expensive-to-manufacture and less-effective
selective layers.

The key performance metrics reported in these works are generally experimental variables
such as water flux and salt rejection, and while useable for comparison between different films and
experimental conditions within the context of a single paper, these figures are not intrinsic to the
material. Thus it is challenging to draw conclusions on between film architectures generated by
different lab groups using vastly different deposition and experimental conditions. To some degree,
it appears reporting water and salt permeability values directly has been avoided due to difficulty
in modeling and the structural assumptions required about the selective layer. Most of the research
groups use 1,000 or 2,000 ppm salt concentrations, common values for low-grade brackish water
trials but significantly below the maximum of 10,000 ppm for brackish water and the average for
seawater at 35,000 ppm.

More specifically, the observed salt rejection for this body of literature ranges from the
order of 10% to a maximum of 60%. Ritchareon et al. worked with film architectures comprised of
chitosan paired with either sodium alginate or sulfonated polymers such as sulfonated polystyrene
are weak barriers with 6% to 15% salt rejection that is largely a function of the thickness of the
membrane[312]. A similar film architecture of chitosan and sodium alginate with 35 bilayer films
was used by Lajimi et al. that reported approximately 60% salt rejection for NaCl feed
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solution[330]. More efficacious systems such as cross-linked poly(allylamine) and poly(acrylic
acid) such as the system used by Fadhillah et al. were able to achieve on the order of 65% salt
rejection, but only with 120 bilayer films at very low feed concentrations[315]. Some interesting
work from the Tieke group has utilized copper-complexed azacrown-6 as a film component in LbL
assembly of membrane selective layers, paired with poly(vinyl sulfate) (PVS). With 60 bilayer films
deposited, the (aza6/PVS) bilayer system was observed to reject Cl- at 45.7% and SO4 at 91.9%
with an operating pressure of 25 bar, on the order of brackish water desalination[311].

Several papers observe an increase in the rejection of Mg2* and SO4? ions over Na* and Cl-
[330]. Other research has examined the rejection of larger solutes such as sucrose with similar
material systems as those utilized above such as (PAH/PAA) and (PAH/SPS), and were able to
attain rejection on the order of 99% or greater with 7 bilayer films and match the data to pore flow
models to estimate a pore size on the order of 0.4-0.5 nm[331]. Five bilayer films of the same
architecture deposited on porous alumina instead of polysulfone have been shown to exhibit
excellent S042- and Fe(CN)e3- selectivity with regards to Cl- ion permeation[332], however overall
monovalent ion permeation remained high. This is expected due to the larger ionic radius and
increased charge density for these polyatomic species as discussed in above in the factors affecting
diffusion of ions in a dense polymer layer (section 1.6.2).

As of the writing of this report, the only major salt-selective LbL-assembled film was a
recently published film architecture comprised of poly(allylamine) with sulfonated poly(styrene) or
sulfonated polysulfone chemically cross-linked with glutaraldehyde, which was able to reject on the
order of 90-95% of monovalent ions with demonstrable chlorine resistance[333]. Itis important to
note this work was carried out with 2,000 ppm NaCl solution, significantly lower than the 10,000
ppm used in this report for brackish water RO, which yields significant advantages in terms of
lower osmotic pressure.

These authors focus on charge effects as the key selective mechanism, with an increase in
the number of functional groups corresponding to the increase in the number of charged groups in
the polymer matrix. It is thought these charged groups inhibit the flow of solvated ions because of
ionic interactions within the membrane matrix. Across the literature, salt rejection on the order of
60% for 10,000 ppm NaCl feed solutions and the equivalent appears to be the best figure obtainable
for LbL assembled films with various polyelectrolytes. To exceed these limitations, I propose an
approach of engineering nano-channels into the selective layer with impermeable platelets, which
would introduce size-selection transport mechanisms for solvated ions.

1.9 - Scope of Thesis

This thesis aims to explore the intersection between spray-LbL assembly and inorganic
nanomaterials to generate nanostructured selective layers for RO membranes. There is a gap in the
literature where LbL has been used to generate selective layers, but not taken full advantage of the
unique aspects of the LbL assembly process to incorporate materials that can generate ordered
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nanostructures for salt rejection. Nanomaterials such as zeolites and carbon nanotubes have been
incorporated into nanostructured membranes for water purification, but not high-aspect ratio clay
platelets which appear ideal for the purpose. Taken together, these individual aims represent a
structured nanomaterials approach to developing a next generation clay composite selective layer.

Aim #1: Polymeric Substrates as RO Membrane Support Layers (Chapter II)

First, in chapter II, substrates were investigated as support layers for the deposition of
spray-LbL assembled clay composite thin films that are more rigorously characterized in chapters
I1I-V. Electrospun (espun) nylon-6 and bisphenol-A polysulfone (PSU) mats of varying fiber
diameter and polyethersulfone (PES) ultrafiltration (UF) membranes with varying pore diameters
were examined with a basic (PDAC/LAP) clay composite bilayer film architecture. These
membranes were subjected to RO conditions in dead-end and cross-flow cells, and then examined
for the formation of critical defects. Additionally, a filled-electrospun fiber membrane structure
was constructed and considered as a possible single-layer alternative to replace the selective and
support layer structure of TFC RO membranes.

Aim #2: Laponite Clay Composite Films as Selective Layers (Chapters III-IV)

Second, in chapters IlI and IV, materials were investigated and identified for the spray-LbL
deposition of simple polymer and composite bilayer films to serve as selective layers in RO
membranes. It was hypothesized that effective salt rejection could be achieved through hindering
the diffusion of solvated ions through the film by charge interactions with functional groups on
strong polyelectrolytes such as quaternary amines and charged nanomaterials. The most
thoroughly evaluated material system consisted of the strong polycation poly(diallyl dimethyl
ammonium chloride} (PDAC), and laponite clay platelets (LAP).

The second major group of spray-LbL assembled clay composite films was manufactured
from weak polyelectrolytes and LAP clay. The cross-linked tetralayer architecture was comprised
of alternating (PAH/PAA) bilayers between clay-containing (PAH/LAP) bilayers. As both PAH and
PAA are weak polyelectrolytes their degree of ionization depend on assembly pH, enabling the
control of film thickness and composition via manipulating this variable and holding the spray
times for each component constant. These polyelectrolytes were selected for being inexpensive,
off-the-shelf polyelectrolytes and the ability to form amide cross-links that mimic the functionality
of commercial RO membranes. The overall goal was to explore the impact of cross-linking on the
physical properties of clay composite thin films such as swelling, hardness, and the spacing
between clay platelet layers, and how these properties ultimately impact the water and salt
permeability properties of the thin films.

Aim #3: Alternative Materials for Selective Layer Assembly (Chapters V-VI)

Third, alternative nanomaterials to laponite clay were examined, including spray-LbL
assembled thin films containing high-aspect ratio montmorillonite (MMT) clay platelets and with
graphene oxide (GO) platelets (chapter V), and an alternate chemical cross-linking scheme
involving catechol-modified polyelectrolytes (chapter VI) that would shortcut the long thermal
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cross-linking process. The focus was on the practical spray assembly of membranes containing
these materials and identifying the problems that have prevented the easy incorporation of these
materials via spray-LbL in prior research.
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II. Polymeric Substrates as RO Membrane Support Layers

2.1 - Introduction

2.1.1 - Summary

A qualitative study was conducted to determine the optimal substrate for the deposition of
spray-LbL assembled clay composite thin films that are more rigorously characterized in chapters
[1I-V (Figure 2-1). Electrospun (espun) mats of varying fiber diameter and polyethersulfone (PES)
ultrafiltration (UF) membranes with varying pore diameters were examined with a surface
deposition of a (PDAC/LAP) clay composite bilayer (Figure 2-1a) and subjected to 200 psi flow in a
cross-flow cell, applying a shear stress across the surface of the membranes. Additionally, an LbL-
filled espun membrane was investigated as an alternative membrane architecture to replace both
the selective and support layer structure of TFC RO membranes (Figure 2-1b).

a)00

Figure 2-1: Schematic of spray-LbL deposition on a) PES UF membranes; b) espun mats with optional
vacuum draw for fiber coating.

Ultimately, the PES UF membranes with the smallest pore size were selected to minimize
the formation of critical defects in the membrane under RO conditions. The filled espun membrane
structure was determined to be a poor design choice for building a novel RO membrane as the
effective flux was too low to be of practical value.
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2.1.2 - Investigated Substrates

Several possible supporting layers were considered for spray-LbL deposition of the active
layer. One key requirement was that the substrate be either natively charged or could be plasma-
cleaned to deposit surface oxide charges without significantly altering the substrate’s mechanical
robustness. Polymeric substrates were preferred because these were the clearest analog to
commercially-available TFC RO membranes[103, 104], are easy to manufacture, and serve
effectively as mechanically strong porous supports. Thus, these substrates were interesting from a
device fabrication perspective. Of the polysulfone family of polymers, either polysulfone (T; =
185°C) or a bisphenol-A derived polysulfone (referred to as polyethersulfone) (Tg = 190°C), were of
interest because these are common membranes for water purification and support layers for RO

membranes (Figure 2-2).
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Figure 2-2: Repeat monomer structure of common porous support materials for TFC RO membranes and
various UF/NF applications: a) polysulfone; and b) polyethersulfone.
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UF membranes, which are commonly used for the filtration of small particulate matter but
are generally not salt-selective, were selected as a substrate because the structures bear a strong
resemblance to the polysulfone support layers in RO membranes[103]. In membrane compaction
studies, polysulfone membranes exhibited less elastic behavior than cellulose acetate
membranes[334], an important attribute for an RO support layer as elastic deformation will apply
mechanical stress on the selective layer. Volume porosity in UF membranes ranges from 80% for
smaller pore diameters (100 nm) down to 60% for larger pore diameters, and under an applied 0.2
MPa (2 bar) pressure the volume porosity decreases approximately 8%[334].

In collaboration with the Rutledge lab, electrospun mats of approximately 33.1 + 6.9 um
thickness were assembled from nylon-6 and polysulfone to investigate as high-flux replacements
for the phase-inversion support layers commonly used in TFC RO membranes. It was hypothesized
that replacing the support layer with a highly porous espun mat could increase overall water flux
for the assembled membrane. The fibers in an espun mat are not uniformly oriented nor have a
standard pore size or structure[335]. Instead, the espun processing generates a mesh with an
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average effective pore size that is a function of the fiber diameter, with a common rule-of-thumb
being the pore size is approximately 3.5 to 5 times the fiber diameter based on the particular
measurement technique used[336, 337]. However, there is a design challenge for the selective
layer if the support layer is replaced by an espun mat as more porous materials are generally more
compressible. Espun mats, even those with fiber welding through annealing, exhibit low solidity
and thus are compressible under the pressures found in RO applications; for pressures as low as 20
kPa (0.2 bar), significant deformation was reported that follows a power-law relationship[335].

The full list of support layers for spray-LbL deposition is compiled in Table 2-1.

Table 2-1: Support layers investigated for spray-LbL deposition, with pore sizes and material noted.

Substrate Polymer

Pore Sizes Investigated

Electrospun Mats Nylon-6 D =0.7 pm; =2.5-3.5 um

2.2 - Results and Discussion

2.2.1 - Plasma Cleaning Conditions for Polyethersulfone Ultrafiltration Membranes

The UF membranes were purchased from Millipore and Sterlitech in a range of pore sizes:
30 nm, 100 nm, 220 nm, and 1 um (Table 2-1). The thickness of the PES UF membranes was fairly
uniform at 136 pm # 1.0 pum for the 100 nm and greater pore sizes, but the measured thickness for
the PES-30 UF membranes was greater: 154 pm * 3.3 pm. Before LbL assembly, it is necessary to
functionalize the membrane surface so the film components adsorb and adhere to the surface.
Plasma-cleaning, which removes surface contaminants and oxidizes the exposed surface, greatly
increases the hydrophilicity of the membranes[338-340] and is an excellent method to prepare
substrates for LbL deposition[341]. For substrates such as glass or silicon wafers, the standard lab
protocol recommends 5 minutes of Oz plasma at 18 W. However, plasma-cleaning PES membranes
at these conditions turned the substrates so brittle that regular handling would cause the
membranes to fracture and splinter. After examining plasma-cleaning times of 1, 2, 3, and 4
minutes as well as 30 seconds, 30 seconds of air plasma (atmospheric 02) was selected because the
films were fully wetted by water and there was no visual discoloration or induced brittleness as the
result of the plasma-cleaning.

Water uptake was examined for PES UF membranes under DI and saline water conditions to
determine how the plasma treatment altered the behavior of the support layer (Figure 2-3). For
this experiment, PES UF membranes with 30 nm pores were plasma-cleaned according to the 30
second protocol and then exposed to DI water and NaCl solutions with concentrations up to 3.5
wt.%, corresponding to the average concentration of seawater. In untreated PES UF membranes,
the mass of the wet support layer was approximately 193% greater than the mass of the dry
support layer, corresponding to an uptake of water held in the pores of the PES membrane (Figure
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2-3a). This figure was decreased to 162% as the saline concentration was increased to 3.5 wt.%,
indicating the interactions between the mostly hydrophobic PES and the hydrophilic solvated ions
result in a crowding-out effect that reduces the total water uptake in the pores. This effect is not
observed for the plasma-cleaned samples, where the percentage increase was roughly constant at
233% (Figure 2-3a); because the membrane surface becomes hydrophilic during the plasma
cleaning process, significantly more water is taken up in the membranes and there are not any
hydrophobic interactions with solvated ions that prevent this uptake as the saline concentration is
increased. Using a micrometer, the change in thickness was also measured for the UF membranes
under the same conditions (Figure 2-3b). The initial measured thickness of 154 pm + 3.3 pm for the
PES-30 UF membranes held roughly constant under the experimental conditions, with at most a 2%
increase in thickness observed for the plasma-cleaned membranes and no statistically significant
increase observed for the untreated membranes. This indicates the PES UF membranes are a good
candidate for the deposition of LbL-assembled composite films, as the plasma-cleaning required for
LbL deposition does not significantly alter the support layer thickness under saline conditions.
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Figure 2-3: Swelling in PES UF membrane support layers, 30 nm pores: a) mass-based water uptake when
exposed to DI water and saline solution for untreated (black) and plasma-cleaned (white) membranes; b)
increase in support layer thickness for untreated (black) and plasma-cleaned (white) membranes.

Goniometer experiments to determine the contact angle of a water droplet on the surface of
the porous substrates (Table 2-2). These experiments could not be conducted reliably on
electrospun mats as water filled large pores and did not bead on the surface, however it was
possible to take measurements on the mostly hydrophobic skin layer of PES UF membranes and the
commercially available Koch TFC-HR membranes.
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Table 2-2: Contact angle measurements on substrates for spray-LbL deposition.

Substrate Untreated Plasma-Treated

Koch TFC-HR 78.4°12.2° 60.4°+£0.7°

UF Mem., PES-100 nm 86.6°+1.9° (wetted) <5.0°

For plasma-cleaned substrates, water fully wetted the surface and yielded no appreciable
contact angle, indicating the surface was fully hydrophobic for LbL deposition. For untreated
substrates, the Koch TFC-HR membrane, used as a control membrane, exhibited a somewhat
hydrophobic contact angle of 78.4° and after plasma cleaning of 30 seconds at 18 W approximately
60.4°. This indicates the surface was made slightly more hydrophilic but not fully so; it is likely the
number of oxide groups deposited on the dense and cross-linked polyamide surface layer was
lower than was observed for the PES UF membranes. For these samples, the measured contact
angles were on average 87.8° and 86.6° independent of the underlying pore size. Following plasma
treatment, water fully wet the surfaces of the PES UF membranes, indicating the surface was
significantly more hydrophilic than the polyamide selective layer of the TFC-HR membrane.

2.2.2 - Layer-by-Layer Deposition on Polyethersulfone Ultrafiltration Membranes

Composite (PDAC/LAP) films were then deposited on PES membranes and then examined
under the SEM to determine whether the sprayed film components bridged the pores to form
uniform coatings. Micrographs of the uncoated and coated membranes are shown in Figure 2-4.

Figure 2-4: SEM micrographs of clay composite bilayer films deposited on PES UF membranes: a) uncoated
PES-220 UF membrane; b) PES-220 membrane coated with (PDAC/LAP)so 3s:3s film, pH 10.0 assembly; c)
uncoated PES-100 UF membrane; d) PES-100 membrane coated with (PDAC/LAP)2 3s:3s film, pH 10.0
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assembly; e) uncoated PES-30 UF membrane; f) PES-30 membrane coated with (PDAC/LAP)¢o 3s:3s film, pH
10.0 assembly.

The uncoated membranes have a skin layer that is relatively uniform for the pore sizes
examined (Figure 2-4a, 2-4c, 2-4e). The underlying pores were fully bridged with the deposition of
20 bilayers or more of the (PDAC/LAP) composite film architecture, and such would be observed
for later evolutions of the clay composite film architecture. This corresponds to the linear growth
regime of the film architecture as discussed in Chapter IIl. Additionally, larger surface
macrostructures were observed for the films deposited on the 220 nm pore substrates (Figure 2-
4b) than for the 100 nm or 30 nm substrates (Figure 2-4d, 2-4f), which are suspected to result from
the film bridging the pores with the first layer depositions to form a scaffold for further layers to be
deposited. With pores on the order of 100 nm or smaller, these bridges could be formed with
relatively few bilayers, leading to smoother surfaces of the deposited films. The approximate
diameter of the LAP clay platelets is between 50 nm and 100 nm, and it was observed this
characteristic length scale matches the underlying pores for the 30 nm and 100 nm substrates
closely. Macrostructures such as those observed in Figure 2-4b were always observed for the clay
composite films deposited on substrates with pore sizes significantly greater than the underlying
substrate.

The small granular structures observed in Figure 2-4f correspond to individual platelets on
the surface of the film. Whether or not these are observable in the micrographs is a function of the
thickness of the Au/Pd coating deposited on the surface of the films prior to SEM imaging. For
optimal visibility while still coating the sample adequately to prevent surface damage caused by the
beam and surface charging, 20 seconds of Au/Pd sputter coating is recommended. This
corresponds to an approximate thickness of 4 nm. Thicker Au and Au/Pd coatings as are commonly
proscribed in training (on the order of 10-15 nm) will obscure surface features of the LbL films.

Additionally, it is recommended that SEM imaging of these types of clay composite films be
down with less than or equal to 5 kV beam strength. The majority of SEM micrographs presented in
this report are imaged with 2-3 kV beam strength and a spot size below 30, which increases
resolution and prevents surface charging effects that damage the film; popcorn-like exploded
structures and crack formation were observed real-time for samples taken at 10 kV.

Cross-sectional SEM samples were prepared through cryo-fracturing, where the films are
submerged in liquid Nz and then manually separated with forceps, to observe if the film solely
bridged the surface or had penetrated into the pores of the UF membrane (Figure 2-5).
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Figure 2-5: Cross-sectional SEM micrographs of clay composite films deposited on UF membranes: a)
uncoated PES-100 membrane; b) PES-100 membrane coated with (PDAC/LAP)so 3s:3s film, pH 10.0; c)
uncoated PES-30 membrane; d) PES-30 membrane coated with (PDAC/LAP)eo 3s:3s film, pH 10.0.

By visual inspection, the clay composite films appear to deposit across the surface of the
films and do not penetrate the surface of the PES UF membrane into the porous polymer mesh
(Figure 2-5b, 2-5d). This indicates that despite the pores wetting as the result of the plasma
treatment, the sprayed solutions and clay dispersion are kinetically trapped at the surface during
film deposition. The film components adsorb at the film interface, bridging the pores, and then are
rinsed away during the drainage and rinsing steps of the spray-LbL assembly process. This is a
function of the surface tension of water at the interface between the skin layer and the sprayed
solutions/dispersion for the first layers deposited.

Based on these observations, the PES UF membrane with the smallest pore size, 30 nm, was
selected to proceed with the optimization of the clay composite layers, as described in later
chapters of this work. These particular polymeric membranes required the fewest bilayer
depositions to build up uniform surface films and film bridging across pores was minimized.

2.2.3 - BET Surface Analysis to Determine Pore Size

Although all the PES-30 UF membranes were marked as containing as 0.03 pm (30 nm)
pores, the surface SEM micrographs of the uncoated membrane in Figure 2-4e, the cross-sectional
SEM micrographs in Figure 2-5, and others taken throughout this report consistently show pores
that appear to be greater than 30 nm. BET surface analysis was conducted on a sample PES-30 UF
membrane with a total mass of 0.0803 g (Figure 2-6) to calculate a pore size distribution via
adsorption at the nitrogen isotherm[342, 343]. The calculated specific surface area via the nitrogen
adsorption was 20.7 m2/g of PES-30 UF membrane.
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Figure 2-6: Histogram of pore size distribution for Sterlitech PES-30 nm UF membranes measured through
BET N surface analysis with DFT pore size distribution model.

The distribution of pore sizes (Figure 2-6) appeared to be bimodal, with a significant
fraction of pores greater than the advertised 30 nm size in the 100-350 nm range, and a second
smaller concentration of pores with sizes between 80 nm to 27 nm. A significant number of pores,
corresponding approximately 39% of the cumulative pore volume, were estimated to have average
pore diameters less than 20 nm. This distribution is representative of an asymmetric membrane
with a larger macroporous void structure that was discussed in section 1.5.1.

2.2.4 - Layer-by-Layer Deposition on Electrospun Mats

Nylon-6 and polysulfone espun mats were coated according to the above protocols and
examined under SEM to observe whether the same bridging behavior was possible with the larger
micron-sized pores (Table 2-1); micrographs are shown in Figure 2-7.

The micrographs of uncoated nylon-6 and bisphenol-A derived polysulfone (PSU)
(corresponding to structure 2-2b) are shown in Figure 2-7a and 2-7d respectively. Compared to
the PES UF membranes above, the uncoated espun mats do not have a skin layer with a regular and
porous structure, but rather are a mesh of fibers with irregular pores that range from roughly 3.5 to
5 times the fiber diameter. The annealed PSU mats, such as those depicted in Figure 2-7d, have a
surface topology that more resembles the UF membranes. However, the minimum pore size
estimate for these support layers is on the order of 1.4 pm or greater (ranges noted in Table 2-1).
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These mats were used to study how spray-LbL assembled clay composites bridge larger pores and
what conditions would be required to build a uniform selective layer.

Figure 2-7: SEM micrographs of bilayer films deposited on espun mats: a) uncoated espun nylon-6 mat, 0.56
um fiber diameter; b) nylon-6 coated with (PAH/PAA)so, pH 6 film; ) nylon-6 coated with (PDAC/SPPQ)z00
film; d) espun PSU mat, 0.40 pm fiber diameter; e) PSU coated with (PDAC/LAP)sgo 95:9s film, pH 10.0; f) PSU
coated with (PDAC/LAP)100 95:9s film, pH 10.0; g) PSU coated with (PDAC/LAP)s 3s:3s film, pH 10.0; PSU
coated with (PDAC/LAP) 100 3s:3s film, pH 10.0; PSU coated with (PDAC/LAP) 150 3s:3s film, pH 10.0.

Polymeric bilayer systems such as (PAH/PAA) and (PDAC/SPPO) films bridged the pores in
the nylon-6 espun mats only with the deposition of more than 100 bilayers. Films with less than
100 bilayers (such as the 50 bilayer film in Figure 2-7b), would bridge narrow gaps in the espun
mat and form what appear to be polymer welds to join nearby fibers. However, a significantly
greater number of bilayers were required to fully bridge the pores, such as the (PDAC/SPP0O)zqo film
(Figure 2-7c). From a design perspective, this is incredibly wasteful of material, as each layer
deposition in spray-LbL results in less than 10% of the sprayed material adsorbing to the
membrane. While some kinetic capturing may occur within the irregular surface of the espun mat,
it was necessary to select a substrate that could be bridged easily and quickly with the spray-LbL
assembly process.

Page 46 of 142



The annealed PSU mats were more easily bridged with spray-LbL deposited thin films, with
as few as 75 bilayers of the (PDAC/LAP) 3s:3s film fully bridging the pores (Figure 2-7g). The
macrostructures observed correspond to the LbL-assembled film coating the espun fibers, and was
apparent even with 100 bilayers deposited (Figure 2-7h), but with 150 bilayers deposited (Figure
2-71) were finally masked and only the smaller structures associated with the clay platelet capping
layer were easily visible.

Interesting surface structures were observed when the same (PDAC/LAP) film was
deposited with 9 second spray times instead of 3 seconds (Figure 2-7e, 2-7f). The espun fibers
appeared to serve as nucleation points for aggregations of clay platelets, which formed either knobs
or ridge-like structures aligned with the espun fibers. As these structures were only observed with
the clay composite films with the highest clay content (86%; see section 3.2.5), it is likely these
structures are aggregates of LAP clay platelets. The nucleation points appear to be at fiber
junctions, which may indicate the clay platelets were trapped between fibers and not rinsed away
during the drainage and rinsing steps of LbL deposition.

Cross-sectional SEM imaging of films deposited on espun membranes were also conducted
(Figure 2-8).

Figure 2-7: Cross-sectional images of LbL films on espun mats: a) uncoated PSU espun mat; b) same coated
with (PDAC/LAP) 100 3s:3s film, pH 10.0; c) same coated with (PDAC/LAP)7s 3s:3s film, pH 10.0; d) same
coated with (PDAC/LAP) 100 3s:3s film, pH 10.0.

The cross-section for uncoated, untreated PSU espun mats with 0.4 pm fiber diameter is shown in
Figure 2-8a; the greater pore volume is evident when compared to the PES UF membranes (Figure
2-5a). The first spray-deposited layers penetrated into the espun fiber matrix, and bridging was
only evident for the later bilayers in the assembly process (Figure 2-8c, 2-8d). Interestingly, the
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LbL-assembled film cryo-fractured along relatively straight and clean lines while the espun mat
separated along a more jagged and irregular surface, resulting in free-standing LbL structures like
the one depicted in Figure 2-8b. The random orientation of the fibers in the electrospun mat, the
relative orientation of the clay platelets in the LbL-assembled film, as well as the relatively lower
density of the espun mat contribute to this phenomenon.

There were several factors that led to the rejection of espun mats as a support layer for the
clay composite RO membrane: 1) the high degree of variability in the surface topology, leading to
difficulty in bridging the pores without the deposition of massive selective layers; 2) the large spans
the films must bridge; and 3) the increase in compressibility of the espun mat substrates. These
factors combined make it difficult to deposit an effective LbL-assembled selective layer, and even
more difficult to prevent that film from forming critical defects under RO conditions where
pressures in excess of 50 bar can be applied to the membrane.

2.2.5 - Filled Electrospun Mats as Novel RO Membranes

One alternative membrane design that was investigated involved the conformal coating idea
first explored by Kevin Krogman and David Liu[320, 344, 345]. Instead of depositing a thin surface
film on the electrospun mat, a vacuum was used to draw the film components through the espun
mat, creating a filled composite membrane that could serve as its own support and backing layer.
This was hypothesized as a method to reduce void volume and the compressibility of the espun mat
under RO conditions by filling the mat with an LbL film, as well as a method to couple the selective
and support layers together to prevent the formation of critical defects during RO operation.

Both the (PAH/PAA) bilayer system and a composite bilayer (PDAC/LAP) systems were
applied to PSU espun mats under vacuum. To determine when the mat was filled, an anemometer
was used to measure the velocity of the wind at the film interface after the deposition of 5 or 10
bilayers. This figure for the raw vacuum, with the substrate holder but without the substrate itself
loaded, was 1.95 m/s (3.8 knots); with the substrate holder and substrate loaded before the first
bilayer was deposited was 1.75-1.80 m/s (3.4-3.5 knots). The plot of this for both material systems
is shown in Figure 2-9.

From this filling experiment, it was evident from the rapid drop in velocity that the PSU mat
was nearing filled by the deposition of the 60th bilayer of the (PDAC/LAP) system, but by the 240th
bilayer of (PAH/PAA) there was still an appreciable velocity measured of 0.57 m/s (1.1 knots). The
mat was filled significantly more quickly with the clay composite material system, likely because
the clay platelets are relatively large and have fixed geometry, which form large aggregates within
the mat instead of being pulled through by the vacuum. Thus, it is hypothesized the film deposited
is not truly an LbL-assembled architecture but rather reflects a bulk capture of clay material in
geometrically confined pores in the espun mat. The polyelectrolytes, which have several more
degrees of freedom, can conformally coat the fibers in a space-efficient manner that allows excess,
unabsorbed material to pass through the mat. Ultimately, this requires the additional deposition of
nearly 200 bilayers to fill the espun mat with the film components.
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Figure 2-9: Plot of vacuum velocity through the espun mat against the number of bilayers deposited for
filled PSU espun mats.

Both surface and cross-sectional SEM imaging was conducted on the filled (PAH/PAA)
espun mats (Figure 2-10). It is clear from the deposition of 50 bilayers the polyelectrolytes are
conformally coating the individual PSU fibers and bridging between fibers to form welds (Figure 2-
10a). After the deposition of 190 bilayers, the surface of the espun mat was partially filled with
polymer, but there were still small gaps present (Figure 2-10c). The back of the mat also has
polymer coating the fibers, indicating the polyelectrolytes were pulled through and deposited
throughout the entire espun mat (Figure 2-10b).

Figure 2-10: SEM micrographs of filled PSU mats with (PAH/PAA): a) cross-section after 50 bl.; b) back
surface of the composite membrane after 190 bl. deposition; c) front surface of composite membrane
after 190 bl. deposition.

No permeation data could be collected on the filled membranes (240+ bl.) from the dead
end permeation cell for any operating pressures possible on the bench scale. This is because the
effective selective layer for the filled membranes is on the order of 50 um instead of the 100-200
nm thick that is common for commercial TFC RO membrane selective layers and the 100-400 nm
range that is common for the spray-assembled films covered in this report, a factor approximately

250 times greater. It is suspected that whatever small channels or pores still existed from the film
Page 49 of 142



deposition were compacted under the RO pressure to form essentially an espun-fiber reinforced
polymer composite. This membrane has a structure reminiscent to reinforced concrete, with the
espun fibers taking an analogous role to the rebar and the LbL film taking an analogous role to the
concrete mix. The additional thickness reduced the effective flux to nil, even with the application of
significant operating pressures. From an engineering perspective, optimizing the filling of the
espun mat was not a worthwhile area of research because support layers with lower void space
were already available off-the-shelf, and were far more economical from both a time and cost
perspective. Thus, upon consideration, this approach was determined to be ineffective for
developing an RO membrane.

2.3 - Conclusion

The primary conclusion drawn from this study was that all the examined substrates could
be used as support layers for spray-LbL deposition; it was possible to deposit uniform films over all
the substrates examined, with a minimum number of bilayers around 20 for small pore size
substrates such as the PES-30 UF membranes, and up to 75 to 100 required for a uniform film on
the espun mats with micron-sized or larger pores.

One hypothesis taken away from this study was that matching platelet size as closely as
possible to the pore size of the underlying substrate would minimize film bridging over the
substrate. This could potentially reduce the rate of failure under RO conditions, which led the
future investigations to be conducted on PES UF membranes with 30 nm pores. Although the espun
mats are an attractive substrate in terms of water permeability, the substantial void volume and
large pore size are inconvenient to assemble LbL-assembled selective layers on, especially clay
composite selective layers. These two factors also lead to significant compressibility under RO
conditions, which applies additional compressive and shear stresses to the selective layer that
cracked the films during operation.

Additionally, the filled espun mat concept was determined to be an inefficient route to
assembling a new combined selective-support layer that could potentially be useful for hollow fiber
RO applications. This process generates a massive filled composite membrane that may have
similar permeability properties to the selective layers investigated in chapters 11l and IV, but was so
thick as to yield effectively no flux. This is an expected result from increasing the effective
thickness of the selective layer from 30-200 nm, which is common for TFC composites, to over 40
pm, an increase of two to three orders of magnitude. There is a significant tradeoff between
selectivity and raw water flux, which was one of the key insights that led to the development of TFC
membranes and is further confirmed in this experiment.

2.4 - Materials and Methods

2.4.1 - Materials
LAP clay was provided by Southern Clay Products; clay dispersions were prepared at a
concentration of 1.0 wt.% clay and the balance reagent-grade water. PDAC (MW: 200-350 kDa) was
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obtained from Sigma-Aldrich. Both PAH (MW: 60 kDa) and PAA (MW: 20 kDa) were obtained from
Polysciences, Inc. The polyelectrolyte solution was prepared at 10 mM concentration and was

adjusted to the assembly pH of 10 by using a ®340 pH/Temp Meter and concentrated NaOH
solution.

Ultrafiltration polyethersulfone membranes were purchased from Millipore, 220 nm pores
(GPWP04700), and Sterlitech: 30 nm pores (PES00347100), 100 nm pores (PES0147100), 1 um
pores (PES1247100). Heat-compressed nylon-6 and polysulfone espun mats were obtained from
the Rutledge lab. All PES membranes and espun mats were plasma-cleaned in a Harrick Plasma
Cleaner/Sterilizer PDC-32G at 18 W for 30 seconds and soaked in PDAC or PAH solutions before
spray-LbL film assembly, corresponding to the first layer deposited in the film.

2.4.2 - Spray Layer-by-Layer Deposition

Films were constructed using a custom-built spraying apparatus. Solutions and clay
dispersions were aerosolized with N; gas at 20 psi and are sprayed onto the substrate rotated at 10
rpm. The basic program for each layer involved spraying the film component for 3 seconds,
pausing for a 5 second drain period, rinsing for 10 seconds with pH-adjusted water, and then and
then a final 5 second drain period. The sequence is repeated for each film component listed to
assemble a bilayer.

For the filling experiments, a smaller 2 cm-wide custom-built PVC assembly was employed
as a substrate holder, which could be connected to a vacuum flask and the in-house vacuum. The
samples were mounted on a fine mesh to distribute the vacuum pressure equally across the film
interface. The rinse steps were eliminated and the drain times were extended to 20 seconds to
allow the vacuum to clear the solution from the substrate holder before spraying a subsequent
layer.

2.4.3 - Characterization

A Mitutoyo Series 293 MDC-MX micrometer was used to measure the thickness of the PES
membranes. Both a JEOL JSM-6060 and a J]SM-6010LA Scanning Electron Microscope (SEM) were
used to image both film surfaces and cross-sections. Cross-sectional SEM samples were prepared
via the cryo-fracture method by submerging the sample in liquid N; and then physically tearing the
sample with forceps and mounted on Ted Pella, Inc. #16104 Low Profile SEM Mount Pins. A Rame-
Hart Contact Angle Goniometer with 1 um water droplet size was used to measure the contact angle
on TFC-HR and PES UF membranes. An ExTech Instruments Mini Thermo-Anemometer Model
#45118 was used to measure the velocity drawn by the vacuum at the film interface during the
filling experiments.

Page 51 of 142



III. Laponite Clay-Composite Bilayer Film Architectures

3.1 - Introduction

3.1.1 - Summary

In this chapter of the report, materials were investigated and identified for the spray-LbL
deposition of simple polymer and composite bilayer films to serve as selective layers in RO
membranes. It was initially hypothesized that effective salt rejection could be achieved through
hindering the diffusion of solvated ions through the film by charge interactions with functional
groups on strong polyelectrolytes such as quaternary amines, sulfonates, carboxylic acids, and
charged nanomaterials. The most thoroughly evaluated material system consisted of the strong
polycation poly(diallyl dimethyl ammonium chloride) (PDAC), and laponite clay platelets (LAP)
(Figure 3-1).

Polymer Bilayer

Porous Support

Rinse Rinse

Composite Bilayer | LAP [ SN SN SN

POAC QeSO FIN,

Porous Support

Figure 3-1: Schematic of spray-LbL deposition for a polymer and clay composite bilayer.

The study on strong polyelectrolyte film systems and the composite clay bilayer system
show demonstrated simultaneously that clay composite thin films can serve as selective layers in
RO membranes, but a more complicated film architecture that incorporates a cross-linkable
polyelectrolyte system is required to improve mechanical strength of the films and ultimately salt
rejection. Additionally, attention shifted to developing nano-channels that maximized salt rejection
through the size exclusion transport mechanism, which became the overriding focus of Chapter IV.

3.1.2 - The Generation of Clay Composite Film Architectures

Polymer and clay composite bilayer films were initially deposited on various porous
substrates via spray-LbL as depicted in Chapter Il to identify the appropriate support layer for the
RO membrane. Concurrently, proper techniques for preparing clay dispersions for spray-LbL
assembly were developed, and the kinetics of spray-LbL deposition were used to develop several
different films of varying physical properties that were evaluated for water and salt permeability.

Films containing PDAC and sulfonated polyanions such as sulfonated polystyrene (SPS) and
sulfonated poly(phenyleneoxide) (SPPO) were briefly explored to investigate films that rejected
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salts via hindered diffusion caused by increased charge interactions (see summary in 1.8.3, cursory
observations presented in 3.2.10). However, these material systems were deemed too similar to
existing work in the literature[313-316, 327-329] (see section 1.8.3) and did not take advantage of
the unique properties of LbL to incorporate charged nanomaterials into the thin film architecture.
As discussed in 1.5 and 1.6, incorporating charged high-aspect ratio nanomaterials and
polyelectrolytes into brick-and-mortar type structures creates thin nano-channels between
impermeable plates that inhibit the flow of large solutes. By fine-tuning the spray-LbL assembly
conditions, it is hypothesized the spacing between platelet layers and thus the width of these nano-
channels can be controlled and reduced to the order of 1-3 nm, which would introduce a size
exclusion transport mechanism that could increase salt selectivity while providing a mechanism for
water to traverse the membrane.

The first clay composite film architectures examined were formed between strong
polycation PDAC and negatively-charged LAP clay. Some literature has been published on this film
architecture in prior years, including structural analysis through X-ray reflectometry and
photoelectron spectroscopy studies[346], QCM-D studies on the buildup of (PDAC/LAP) films
compared to other strong polyelectrolyte films[266, 347], and the application of the films as barrier
layers to tune the delivery of therapeutics in LbL films[348]. By manipulating the spray times from
the set of [1, 3, 6, 9] seconds for each of the film, drastically different films with different clay
compositions were generated. It was hypothesized these films would combine the hindered
diffusion through charge effects from the first film architectures and introduce a size exclusion
transport mechanism.

The synthetic laponite clay platelets used to generate all the films in this report were LAP-
XLG batch platelets acquired from Southern Clay Products. Laponite clay is a 2:1 smectite clay,
meaning it is a silicate with a regular lattice structure of consisting of tetrahedral, octahedral, and
tetrahedral layers[349] that can be dispersed in aqueous solution[350]. These synthetic clay
platelets have an aspect ratio of approximately 30:1[351, 352] (verified in section 3.2.1), and are
cation-exchanged, giving the clay platelets a negative surface charge when dispersed in water so
they may be incorporated into LbL films. Aqueous LAP clay dispersions will form aggregate
complexes and gel structures, with a rate proportional to the ionic strength of the solution[353,
354] although there is some evidence this effect caps in high ionic strength solutions[355].
Dispersions of LAP clay amongst other smectite clays can be stabilized through the addition of a
surfactant such as poly(isobutylene), however the solvent used for this research was
poly(decene)[356], an organic solvent incompatible with spray-LbL assembly. Similar to other
smectite clays of this type, LAP is an excellent material for building clay-polymer nanocomposites
because of its cation exchange capacity, relative platelet uniformity, and high surface area for
functionalization[357].
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3.2 - Results and Discussion

3.2.1 - Preparation of Laponite Clay Platelet Dispersions

First, proper dispersion protocols had to be developed to suspend the clay platelets in water
for spray-LbL deposition. Prior literature on dip-LbL assembled films with LAP and similar clays
have used a range of 0.5 to 2.0 wt.% dispersions[171, 203-205, 245, 260, 302, 324, 326, 358, 359].
The 1.0 wt.% dispersion was selected because it fell in an optimal zone of being concentrated
enough to deposit easily via spray-LbL assembly but also disperse enough that clay aggregates
would not form in the dispersion; the spray nozzles were clogged by 2.0 wt.% dispersions. This is
due to the formation of clay gels, which is dependent on the overall ionic strength of the aqueous
LAP dispersion and is accelerated at greater concentrations than 3 g/L, which is approximately
0.12% by volume[360].

Initially, dispersions were prepared by mixing the bulk laponite clay into the required
volume of water in a glass bottle. The mixture was stirred for a half-hour to break up large bulk and
then transferred to a sonicator for a minimum of 8 hours or more generally overnight. However, a
second method was developed that consisted of slowly adding the laponite clay into rapidly-stirred
water over the course of five minutes followed by an hour of steady mixing proved. Visual turbidity
inspection is one method to determine the degree to which the clay platelets have dispersed, with
cloudiness indicating aggregates were still present and clarity indicating the clay platelets are
either fully exfoliated or in small oligomers[352]. No detergents were required to exfoliate the
platelets as they were sufficiently hydrophilic, but the addition of significant amounts of salt or pH
adjustment directly increases the ionic strength and causes the platelet aggregation[350, 352].
Thus, the dispersion was used near its native pH (10.0), with the other polyelectrolyte solutions
and rinses being adjusted to the assembly pH.

Clay dispersions prepared via these methods were analyzed using dynamic light scattering
(DLS) to determine a hydrodynamic radius for the clay platelets (Table 3-1).

Table 3-1: DLS measurements on LAP clay dispersions for different sonication and mixing methods.

Dispersion Method Sample Prep. Hydrodynamic Zeta Potential
Radius {nm) (mV)

Bulk addition, mixing, 100x dilution,
8 hr.sonication dust cutoff 15 58.9+17.9nm 72.5mV

Allowing for the standard error in the measurement, it was not possible to statistically
distinguish the bulk addition and sonication methods from the slow addition and mixing method.
The measured hydrodynamic radius for the bulk addition method was approximately 53.7 and 58.9
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nm for the 8 hr. and 20 hr. sonication protocols, respectively. The slow addition and hour mixing
process that was ultimately adopted resulted in a measured hydrodynamic radius of 61.9 nm, so it
was confirmable the abbreviated mixing processes was sufficient to near-fully exfoliate the
platelets. Zeta potential measurements were conducted on the different clay platelet dispersions
and the measurements were fairly uniform at -73.1 mV + 0.76 mV given a density estimate for the
clay platelets of 2.53 g/cm3, the standard refractive index for water (the solvent), and the
hydrodynamic radius calculated above, however the values were not sensitive to approximately
50% shifts in the hydrodynamic radius of the platelets.

Individual platelets were imaged via TEM to use a confirming second measurement for the
DLS measurements (Figure 3-2). Measurement via the software package indicated the clay
platelets had a characteristic length scale on the order of 100 nm, however these platelets were
taken from 10x diluted dispersions placed on TEM grids so platelet aggregations were still
observed (Figure 3-2a). Individual platelets were also distinguishable and appeared to have a
characteristic length scale on the order of 80 nm or less, but were not aligned with the plane of the
TEM grid to allow for accurate measurement of the platelets (Figure 3-2b). These correspond to
the observed particle size from light scattering studies in literature[352]. Attempts to image
individual platelets via AFM were unsuccessful as only aggregates could be found on the glass slides
used for sample preparation, yielding similar or larger figures than the TEM.

Figure 3-2: TEM micrographs of exfoliated LAP clay platelets: a) platelet aggregation observed at 21,000x
magnification; b) individual clay platelet at 85,000x magnification.

3.2.2 - Notes on Optimizing Spray-LbL for Clay Deposition

Spray settings and programs for the spray-LbL equipment were originally provided by
Kevin Krogman[361] and adjusted for the deposition of clay composite films. Calibration was done
entirely on a mass basis, with the target flow rate through each nozzle being 4.0 + 0.1 mg per 20
seconds (0.2 mg/s) with 20 psi N forcing gas, yielding droplet sizes on the order of 30 pm. The
substrate was mounted vertically approximately 8 inches (20.3 cm) away from the nozzles, which
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yields a spray cone that generates fairly uniform films approximately 3.5 to 4.0 cm in diameter with
the ISN sprayer equipment. The higher spray pressures form tighter spray cones and build films
more towards the 3.5 cm diameter part of that range, while lower spray pressures such as 20 psi
generate films more towards the 4.0 cm diameter part of the range. This met the minimum
membrane size specifications for the Sterlitech HP4750 dead-end permeation cell (Appendix 2)
used to generate the salt rejection and water permeability data in this report.

Films deposited on substrates mounted vertically in the original spray booth were not
uniform in thickness. A maximum thickness was observed in the center of the film with the
thickness tapering off as function of the radius and the gravity vector. At the top edge, the film
thickness was thinner than at the bottom edge, which was found to be the result of increased
exposure of the bottom edge of the film to the sprayed solution during the drainage and rinsing
steps[362]. To counteract this, a motorized substrate holder was designed in conjunction with the
MIT Central Machine Shop to rotate the samples at a rate of 10 rpm, which improved film
uniformity by averaging out the gravity gradient over the deposition of the film (illustrated in

Figure 3-3).
: I " " 5 rl-u-u;nnmu

Substrate Holder

Spray Nozzles

Emergency Stop

Figure 3-3: Labeled illustration of customized spray booth with motorized substrate holder developed for
this project (left) and Krogman's sprayer control system (right)[361] for spray-LbL deposition of uniform
clay composite thin films.

Early experiments were conducted with a sprayer calibration at 9.0 + 0.2 mg per 30 seconds
(0.3 mg/s) with 25 psi N; forcing gas. However, increasing the pressure of the forcing gas tightens
the spray cone, and the substrate holder already reduces the distance between the nozzle tip and
the substrate by approximately 1 inch (2.5 cm). Overall, this reduces the effective uniform film
diameter of the sprayed films to less than 3.5 cm, which were too small to be characterized with the
dead-end permeation cell.
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3.2.3 - Preparation Protocols for Substrates for Spray-LbL Deposition

Plasma cleaning protocols for developed for PES UF membranes and PSU/nylon-6 espun
mats in Chapter Il. However, for some analytical techniques it was necessary to deposit films on
different substrates. For profilometry, AFM, and ATR-FTIR, film samples were deposited on glass
slides and silicon wafers plasma-cleaned for 5 minutes at 18 W (high).

After early experimentation, films were discovered to be building unevenly with substrates
that were plasma cleaned and stored dry until LbL deposition. This was attributable to two factors:
1) airborne dust adhering to the substrates after being removed from the plasma cleaner, and 2) a
pattern of extended island growth during early layer depositions instead of a transition to uniform
layer depositions. To address this, substrates were stored in a 10 mM polycation solution (i.e.
PDAC) after plasma cleaning for at least 20 minutes before LbL deposition, in a similar fashion to
what has been reported for the hydrophilic modification of PES UF membranes in literature[363].
This allows the deposition of a uniform base layer of polyelectrolyte across the surface and
prevents the adsorption of dust or other contaminants leading to non-uniform film buildup.

3.2.4 - Growth Curves of Clay Composite Bilayer Films

PDAC (Figure 3-4) has a quaternary amine functional group that retains a positive charge
irrelevant of solution pH. This enables the deposition of PDAC-containing clay composite films at
relatively high assembly pHs and the film will not dissociate or rearrange when the pH is shifted to
the 7.5-8.4 range, common for seawater and RO processes.

®
N ©

/

Figure 3-4: Repeat monomer structure of PDAC polymer.

Manipulating the spray times for each film component in the (PDAC/LAP) bilayer system
yielded films of significantly different thicknesses and composition. Films with spray times that
differed from the default 3 second spray times were given the descriptor ns:ms, where n refers to
the spray time of PDAC and m refers to the spray time of LAP in seconds. The dry thicknesses of
(PDAC/LAP) films with selected spray times were measured via profilometry (Figure 3-5). The
films all appeared to grow linearly with respect to the number of bilayers despite varying the spray
times, with R? > 0.98 for all calculated regression lines (Table 3-2). This is not surprising given a
number of factors: 1) the (PDAC/LAP) bilayer contains a strong polyelectrolyte and highly charged
platelet and thus less prone to interdiffusion[364], 2) the time scale for interdiffusion is greater
than the time scale for the assembly Steps in spray-LbL[361, 365], and 3) even partial coverage of
LAP clay platelets serve as an effective barrier to the diffusion of large polyelectrolytes in the film.
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Table 3-2: (PDAC/LAP) film thickness per bilayer and regression data for a selection of spray times.

Spray Times Thickness Lin. R? # of Base Layers

3s:3s  306nm/bl 09948 557
6s:65 3.66 nm/bl 0.9913 6.76
9595 . . AGERmyNl | pogse - L . 733
3s:9s 6.47 nm/bl 0.9844 8.44
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Figure 3-5: Growth curves for (PDAC/LAP), films at assorted spray times: 3s:3s (blue), 6s:6s (red), 9s:9s
(green), and 3s:9s (yellow).

Generally, an increase in the spray times for each component yielded an increase in the
overall film thickness per bilayer, which ranged from 3.06 nm/bl for the 3s:3s film to 6.47 nm/bl for
the 3s:9s film, approximately 109% thicker (Table 3-2). The thickness increased approximately
55% for the series of films consisting of 3s:3s to 6s:6s to 9s:9s, demonstrating the spray-LbL
deposition is taking place in the kinetically-limited regime. One of the important takeaways from
being in the kinetically-limited regime is that films will exhibit an island growth pattern where the
first layers will not uniformly deposit across the substrate but will grow from nucleation points
across the substrate. These islands increase coverage gradually until the substrate is fully coated
and uniform layers begin depositing with a calculable average thickness per bilayer. Based on the
intercepts calculated in the linear regression, it is estimated that between 5 and 9 bilayer
depositions were required to reach the point of full coverage of the substrate. The high clay content
films (9s:9s, 3s:9s) were towards the 9 bilayer edge of this range while the lower clay content films
were towards the 5 bilayer end of the range (3s:3s, 6s:6s). This is likely a function of the clay
platelets having fewer degrees of freedom than flexible polymer chains, which are better able to
conform to the substrate and spread out to form a low surface roughness and uniform layer.
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It is notable the 3s:9s film is consistently thicker than the 9s:9s film (4.75 nm/bl). The
surfaces of the 3s:9s films were significantly rougher than the 9s:9s films; this implies the
deposition of less polycation increased the average adsorption of clay for each deposited layer. It
was hypothesized that some kinetic trapping of élay platelets occurred at the film interface that
would increase the overall clay content of the film, the film thickness, and the surface roughness.
The additional quantity of PDAC sprayed in the 9s:9s films smoothed the surface and eliminated
locations where clay platelets could be physically trapped.

For some applications, salts can be added to the polyelectrolyte solution to increase the
overall ionic strength and thicken the layers deposited[366-368]; the mechanism through which
this occurs is that salt ions shield the charged functional groups along the polyelectrolyte backbone,
causing the polyelectrolytes to deposit in more tightly coiled or loopy structures over a smaller
surface area at the film interface. This approach was considered and rejected for this application
because loopier, less-dense polymer layers would form a less effective diffusive barrier, and salts
cause LAP clay platelets to accelerate the formation aggregate complexes in dispersion[353, 354]
which inhibits LbL deposition, and saturating the film with salt would complicate sample
preparation for salt rejection studies and seemed counter-intuitive. Instead, film composition and
structure was controlled via the spray times of the film components and assembly pH during the
kinetically-limited phase of spray-LbL deposition.

3.2.5 - Composition Analysis of Clay Composite Bilayer Films

The clay content of the films was measured through thermo-gravimetric analysis (TGA).
The PDAC undergoes thermal decomposition at temperatures significantly greater than the glass
transition temperature, specifically around 320°C and 450°C corresponding to the two-step
decomposition of the polyelectrolyte[369], likely corresponding to breaking of the quaternary
amine ring and the oxidation of the hydrocarbon backbone. Since silicate clays do not undergo
decomposition at temperatures less than 900°C, the TGA can be used to burn off the polymer
fraction of the film and a mass balance used to determine the weight fraction of clay in clay
composite films.

Samples for TGA were prepared on polystyrene chips prepared with 10 seconds of plasma
cleaning at the low setting because limited functionalization was required for LbL film deposition,
but the relative hydrophobicity of the substrate compared to the Chapter II protocols made the
films easier to lift off for analysis. Films were assembled with 150-200 bilayers to maximize the
quantity of film deposited—a minimum of 0.3 mg of film needed to be harvested to obtain reliable
TGA measurements for use in the composition analysis. When the films could not be detached
easily from the substrate, they were dissolved with ethanol and deposited on the TGA pan. The
program used consisted of the following steps: isothermal hold at 85°C for 10 minutes to evaporate
excess ethanol, heat at 10°C/min to 800°C, and hold isotherm for 5 minutes. The ratio of masses
taken at the end of the process and after the ethanol evaporation step was used to determine the
weight fraction of clay present in the films for varying spray times, tabulated in Table 3-3.
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Table 3-3: Clay content of (PDAC/LAP) films as a function of the spray time of individual film components.
Spray Times LAP 1s LAP 3s LAP 6s LAP9s

PDAC 3s 38.0 +22.6 525169 56.316.6 82.6+22

PDAC 9s 75.7+6.1 70.7+10.7 724110

The films assembled with 1 second LAP spray time were extremely irregular and could not
be reliably characterized. This can be traced to the geometry of the clay platelets; since the clay
lacks flexibility and the degrees of freedom to rearrange and adsorb at the film interface that a
polyelectrolyte has, a longer spray and drain time is required to allow the clay platelets to adsorb.
A general trend was observed that for increasing the spray time of LAP from 3 seconds to 9
seconds, a greater weight fraction of clay was incorporated into the film. When pushed to the more
extreme figure of 3s:30s, the films were not substantially different in clay composition from the 9
second LAP spray. Thus, the range of compositions that can be reliably assembled via spray-LbL for
the (PDAC/LAP) composite bilayer system is between 53% and 86%.

Interestingly, the same trend was generally observed for an increase in the PDAC spray
time, particularly for the LAP 3 second and 6 second columns for spray times of greater than 3
seconds. This observation implies that both the quantity of material sprayed as well as the driving
force for adsorption that affects the incorporation of that material into the film. Thus, an increased
quantity of PDAC deposited on the surface will increase LAP adsorption in the subsequent layer
deposition. Ultimately, these observations suggest kinetic control of LbL film content, which
contrasts to the equilibrium-controlled mass content usually observed with dip-LbL systems.

Experimentally, a secondary technique was investigated to confirm these observations by
spraying the films into a customized quartz crystal microbalance (QCM-D) setup in conjunction
with Kittipong Saetia[370]. The QCM monitors the rate of deposition of material on a quartz crystal
via the Sauerbrey equation which correlates the change in oscillatory frequency to the change in
mass. However, there was difficulty in assembling a combined spray-LbL/QCM-D device. The
secondary containment required by the CMSE lab for the spray-LbL equipment contained a small
atmospheric volume that became saturated with polyelectrolyte-clay complexes as the spray
deposition progressed, leading to uneven film growth and nozzle clogging. Attempts to remove the
excess material via attaching a vacuum to the assembly resulted in significant air cross-currents
that inhibited the deposition of the LbL films. Thus, no data could be collected via spray-LbL/QCM-
D that accurately reflected the spray conditions of spray-LbL alone.

3.2.6 - Adjusting Spray Drain Times for Clay Composite Film Assembly

The default spray program was originally optimized for the spraying of polyelectrolytes and
TiO; nanoparticles[361], and experiments were designed to test whether or not the drainage times
between film component and rinse sprays were sufficient to build smooth films. Composite bilayer
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(PDAC/LAP) 3s:3s films with drainage times from the set of 5, 8, and 20 seconds were assembled
and characterized via AFM to determine surface roughness (Rq) (Figure 3-6). Additionally, films
were assembled without a rinsing step and a 5 second drainage step.
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Figure 3-6: AFM micrographs of (PDAC/LAP)2 3s:3s films assembled with a) no rinsing step and 5s drainage
time, b) 5s drainage time, c) 8s drainage time, and d) 20s drainage time; e) graph of average Rq for
(PDAC/LAP)y, films vs. drainage time.

Films assembled without a rinsing step (Figure 3-6a) were significantly rougher than all
films assembled with the rinsing step (Figure 3-6b, 3-6¢, 3-6d). This is because the rinsing step
removes unabsorbed material from the film interface between layer depositions, and without it
large aggregates formed on the surface of the film which trapped material sprayed by subsequent
deposition steps. Numerically, this behavior was quantified with the Nanoscope Analysis software
package to find the average surface roughness, Rq, for 10x10 pm2 samples with similar numbers of
bilayers deposited. For (PDAC/LAP)2o 3s:3s films, eliminating the rinse step increased the surface
roughness to an average value of 111 nm, as opposed to the 33.3 nm observed when the rinse step
was included (Figure 3-6e). No significant reduction in surface roughness was observed for
increasing the drainage time; as the drainage time was increased from 5 seconds to 8 seconds to 20
seconds, the average surface roughness decreased from 33.3 nm to 29.8 nm to 24.4 nm
respectively. However, this observed decrease was not statistically significant (standard deviations
were on the order of 10 nm for each series), so 5 second drainage times were retained in the
standard film assembly protocol.
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3.2.7 - Pre-Permeation Film Imaging
Fully assembled membranes with clay composite selective layers on PES UF membranes
with 30 nm pores were imaged via SEM (Figure 3-7).
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Figure 3-7: SEM micrographs of LbL films: a) surface of (PDAC/LAP)so 3s:3s film on PES UF membrane; b)
surface of (PDAC/LAP)s 3s:3s film on PES UF membrane; and c) cross-section of (PDAC/LAP)1q0 95:9s film on
espun nylon-6.

By visual inspection, films containing greater than 50 bilayers formed uniform selective
layers over the porous substrate as discussed in Chapter Il (Figure 3-7a). The film appears to
deposit solely on the surface with a thickness that corresponds closely to the expected values
measured by profilometry (Figure 3-7b). The fracture patterns observed in high-magnification
cross-sectional SEM micrographs is indicative of the clay layering with respect to the membrane
surface (Figure 3-7c). Combined with the growth curves indicating a maximum film growth rate of
approximately 5 nm/bl, it is believed the clay platelets are not orienting in random directions and
only aggregating on the surface with spray times in excess of 9s for LAP. Higher resolution TEM
imaging of clay composite layers, which confirms the clay layering pattern in spray-LbL assembled
thin films discussed here, is presented in Chapter [V for the tetralayer film architecture.

The degree of surface roughness for films of varying spray times was characterized via the
AFM as in the previous section. It was hypothesized that an increased clay spray time, which
generally correlates with an increased degree of clay incorporation into the film, would also
correlate with an increase in surface roughness. This was tested on the thick films assembled for
the composition analysis presented above (Figure 3-8).
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Figure 3-8: AFM micrographs of (PDAC/LAP);so films assembled with a) 3s:1s spray times, b) 3s:3s spray
times, c) 3s:6s spray times, and d) 3s:9s spray times; e) graph of average R, for (PDAC/LAP)iso films vs.
assembly spray times.

The 3s:9s films exhibited the greatest degree of surface roughness, with an average R, of
284 nm. The 3s:1s films exhibited the lowest average surface roughness of 99.8 nm, likely due to
the low quantity of clay incorporated into the film. However, there was not a readily apparent
trend for films assembled from 3s:1s to 3s:9s, as the 3s:3s films appeared to be rougher than both
the 3s:1s films and 3s:6s films. There is a loose correlation between the clay content of the film
(Table 3-3) and the overall surface roughness (Figure 3-8), with R2 = 0.8954, however this figure is
unreliable due to high variability in the composition of the 3s:1s film.

3.2.8 - Permeation Studies on Clay Composite Films

Ultimately, three candidate films were selected for in-depth water permeation and salt
rejection studies on the basis of covering the range in film composition observed in the prior
sections. The 3s:3s film, with a clay composition of 53%, 3s:6s film with 56%, and 3s:9s film with
86%. The Koch TFC-HR RO membrane with a polyamide selective layer was used as a control and a
point of comparison for the performance of the clay composite films. Uncoated PES-30 and PES-
100 nm UF membranes were used as negative controls as well.

Water flux and salt rejection data on the thin films were collected from dead-end
permeation cell measurements over a pressure range of 50 psig to 250 psig with deionized water
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and 1.0 wt. % (10,000 ppm) NaCl solution (Figure 3-9) (Appendix 2). A localized water
permeability coefficient was calculated through a regression of the Spiegler-Kedem model to yield a
single value to compare films where several different transport mechanisms are at work
(regression method in Appendix 1).
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Figure 3-9: Dead-end permeation cell data for clay composite bilayer films: a) calculated water permeability
via the Spiegler-Kedem model; and b) observed salt rejection.

The water permeability of the commercial TFC-HR polyamide active layer under these
operating conditions is 7.6-10-1> m2? / Pa s with 98% salt rejection. All the examined LbL films
exhibited significantly greater water permeability, on the order of one to two orders of magnitude.
The PES-30 and PES-100 nm UF membranes had water permeability values of 2-10* m? / Pa s and
1-10° m? / Pa s respectively, several orders of magnitude greater than any of the selective layers
examined. This was expected as hydrostatic pressure was sufficient to drive flow through the pores
of the membrane. The observed flow rate was directly proportional to the applied pressure,
consistent with pore-flow models such as Darcy’s Law:

A
Jw =E(Pf_ p)

..where J,,, is the flux of water, A is the water phase transport parameter, & is the pore length, Py is
the pressure on the feed side, and B, is the pressure on the permeate side. The pressure drop

quantity reflects the gauge pressure due to the particular apparatus used (Appendix 2). The ratio of
A and 6 was treated as a fitted parameter. In terms of salt rejection, the PES UF membranes were
not salt selective; the measured salt concentration in the permeate and feed were within the margin
of error of the conductivity meter, indicating the salt rejection was effectively 0%.

For the clay composite films, the observed salt rejection was low: 28% for the 3s:3s film and
10% for the 3s:9s film. The water permeability for the 3s:3s film was 2.27-10-13* m2 / Pa s and for
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the 3s:9s film 8.96-10-13 m? / Pa s, roughly four times greater. It was hypothesized that the lower
salt rejection and increased water flux correspond to the formation of critical defects in the clay
composite selective layer that form under RO conditions in the desalination cell (see following
section). It is also notable that the overall clay content of the film correlated inversely to its
performance in the salt rejection trials. Extremely high clay content films (i.e. 3s:9s) assembled via
the (PDAC/LAP) method performed similarly to films with moderate clay content (i.e. 3s:3s) with
regards to water permeation, but exhibited a poor capacity for salt rejection: the 83% clay 3s:9s
film rejected on average 10% of the 10k ppm NaCl feed solution, while the 53% clay 3s:3s film
rejected on average 28% of the same solution. This indicates the number of defects formed seems
proportional, at least, to the clay content in the composite film.

Films containing both 40 bilayers and 60 bilayers were examined for all three systems
presented in Figure 3-9, but the measured permeability was indistinguishable. This was expected,
as permeability coefficients normalize for the thickness of the membrane, and the calculated
permeability coefficient likely reflects not only diffusion through the selective layer but also
hydraulic flow through any cracks formed in the film. Thus, it is concluded that for films of at least
40 bilayers of thickness, corresponding to approximately 100 nm thick or greater, the rate of defect
formation is not a strong function of the film thickness for the range of thicknesses tested.

The salt rejection for films containing 40 bilayers compared against films with 60 bilayers
also fell within the same margins of error. This is interesting because salt rejection is not an
intrinsic property of the film but a measured variable like flux that should be a function of the
experimental variables such as film thickness. It was hypothesized that no statistical significance
could be observed between these samples because of the leaking of concentrated salt solution
through the cracks in the films.

3.2.9 - Post-Permeation Film Imaging

Permeate flux was observed at 50 psi and 100 psi, a figure below the expected osmotic
pressure of the feed solution of 124 psi for a 10,000 ppm NaCl solution. This greater-than-expected
flux, combined with the low salt selectivity, led to the hypothesis these membranes formed cirtical
defects during the RO trials that led to the results presented in section 3.2.8. To examine this,
sample membranes were examined before and after water and salt permeation trials with the SEM
(Figure 3-10).

Observed was clear evidence of surface fractures on the films; membranes examined after
permeation trials, under both water (Figure 3-10b) and saline (Figure 3-10d) conditions, were
found to contain significant fractures on the order of millimeters long and on the order of 0.1 to 1
um wide. These fractures are not observed as the result of sample preparation for the SEM, as they
were not observed in pre-permeation membranes (Figure 3-10a, 3-10c). Qualitatively, no
significant difference was observed between the surfaces of 3s:3s and 3s:9s films post-permeation,
but the factor of approximately 3 difference in the salt rejection would imply a greater degree of
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fractures in the higher clay content 3s:9s film. It is possible these films were more brittle than the

3s:3s films, accounting for the quantity of fractures and thus the difference in performance between
these two films.

Figure 3-10: SEM micrographs of (PDAC/LAP) films before and after permeation trials: a) surface of
(PDAC/LAP)4o 3s:3s film, before permeation; b) surface of (PDAC/LAP)4o 3s:3s film, after water permeation;
c) surface of (PDAC/LAP)go 3s5:9s film, before permeation; and d) surface of (PDAC/LAP)sp 35:9s film, after

water and salt permeation.

Additionally, following the salt permeation trials, small, bright structures were observed on
the surface of the membranes (Figure 3-11).

Figure 3-11: NaCl crystals observed on surface of membranes following salt permeation trials: a) nucleus of
several NaCl crystals; and b) branch of the network of salt crystals.

These millimeter-sized structure structures are dried NaCl salt crystals that deposited on
the surface of un-rinsed membranes after salt permeation trials.

These crystals appeared
independently of the cracks observed in (PDAC/LAP) films (compare Figure 3-10 and 3-11), and
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were eliminated by a three-step rinsing procedure following the permeation trials and before SEM
sample preparation.

3.2.10 - LbL-Augmented TFC RO Membranes

The deposition of spray LbL-assembled thin films on existing commercial RO membranes as
an additional selective layer was briefly considered. Both Koch TFC-HR RO membranes and GE
Osmonics RO membranes were used as substrates for (PDAC/SPS) and (PDAC/SPPO) films. Beyond
confirming that deposition was possible due to the hydrophilicity of the polyamide surface layer of
TFC RO membranes, no design purpose was served via these structures because the flux properties
could not be improved upon (the deposition would add an additional barrier in a series resistance
model) and LbL-assembled films were still subject to the same fouling that affects commercial
polyamide surface layers. With no practical benefit realizable, this approach was abandoned in
favor of the clay composite selective layers on UF membranes presented in this chapter and the
next.

The growth curve for the investigated (PDAC/SPS) film appeared to fit a mostly linear
growth pattern (Figure 3-11). The overall films were significantly smoother than the clay
composite (PDAC/LAP) films presented above, with Rq ranging from 2.7 nm for 10 bilayer films up
to 42 nm for 40 bilayer films. The low degree of surface roughness is expected from
polyelectrolyte films as compared to clay composite films as neither film component has the fixed
aspect ratio and fixed geometry of the LAP clay platelets. The measured R, is on par with what
would be observed for dipped LbL films.
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Figure 3-12: Growth curve for (PDAC/SPS),, 0.5 M NaCl film.
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3.3 - Conclusion

There are two major conclusions that can be drawn from the composite (PDAC/LAP)
bilayer study, one regarding the nature of the films assembled and the second regarding the
practical application of the films.

First, the flexibility of the spray-LbL technique enables the deposition of films with
significantly greater clay content (and more generally, inorganic nanomaterial content) than is
possible via other assembly methods. Although literature reports clay compositions for LbL-
assembled thin films upwards of 50%, the right combination of spray times enabled the deposition
of films that were 86% by weight clay. Instead of considering these films as organic, polymeric
selective layers with incorporated nanomaterials, it may be more accurate to describe the high-clay
content films as largely ceramic, inorganic selective layers with a polyelectrolyte binding agent.

Second, the high-clay content films were the worst-performing selective layers, prone to the
formation of massive critical defects despite the work done in chapter II to select an appropriate
support layer for the clay composite films. Qualitatively, this indicates the clay-containing films are
brittle and not mechanically strong enough to serve as selective layers under RO conditions, even
for brackish water sources where 200-250 psi would be a feasible operating pressure. The lesson
here is the ionic bonding between the LAP platelets and PDAC is insufficient to hold the film
together under RO conditions, and an additional focus must be placed on the polyelectrolyte
component of the film to prevent the defect formation. It demonstrates the importance of
introducing a cross-linked polymeric matrix that can reduce the brittleness of the film and prevent
the formation of cracking and critical faults under RO conditions.

However, in the greater context of this thesis work, it has been demonstrated that ordered
clay composites can be assembled via rapid spray-LbL deposition on porous substrates, which can
serve as selective membranes. Further exploration and optimization on this building block is
presented in the following chapters.

3.4 - Materials and Methods

3.4.1 - Materials

LAP clay was provided by Southern Clay Products, Inc.; clay dispersions were prepared at a
concentration of 1.0 wt.% clay and the balance reagent-grade water. PDAC (MW: 200-350 kDa;
100-200 kDa) and SPS (MW: 70 kDa) were obtained from Sigma-Aldrich. The polyelectrolyte
solution was prepared at 10 mM concentration and was adjusted to the assembly pH of 10 by using
a ©340 pH/Temp Meter and concentrated NaOH solution.

PES UF membranes with 30 nm pores were purchased from Sterlitech (PES00347100) and
used as a substrate for deposition. The membranes were plasma-cleaned in a Harrick Plasma
Cleaner/Sterilizer PDC-32G at 18 W for 30 seconds and soaked in PDAC solutions before spray-LbL
film assembly.
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NaCl was obtained from Mallinckrodt (CAS #7647-14-5) for the preparation of 1.0 wt.%
(10,000 ppm) NaCl solutions to use as the feed solution for the dead-end desalination cell.

3.4.2 - Spray Layer-by-Layer Deposition

Films were constructed using a.custom-built spraying apparatus. Solutions and clay
dispersions were aerosolized with N> gas at 20 or 25 psi and are sprayed onto the substrate rotated
at 10 rpm. The basic program for each layer involved spraying the film component for a time
period from the set of [1, 3, 6, 9 seconds], pausing for a 5 second drain period, rinsing for 10
seconds with pH-adjusted water, and then and then a final 5 second drain period. The sequence is
repeated for each film component listed to assemble a bilayer. Films assembled at different
component spray times are identified by the expression ns:ms, where n refers to the spray time of
PDAC, and m refers to the spray time of LAP.

3.4.3 - Characterization

A Brookhaven ZetaPALS Zeta Potential Analyzer was used to determine the LAP dispersion
particle size and charge density. A KLA-Tencor P-16 and a Dektak 150 profilometer was used to
determine the film thickness. Profilometry samples were deposited on glass slides plasma-cleaned
using the above equipment for 5 minutes; otherwise, the standard protocol above was used. Both a
JEOL JSM-6060 and a JSM-6010LA Scanning Electron Microscopes (SEM) were used to image both
film surfaces and cross-sections. Cross-sectional SEM samples were prepared via the cryo-fracture
method by submerging the sample in liquid N and then physically tearing the sample with forceps
and mounted on Ted Pella, Inc. #16104 Low Profile SEM Mount Pins. AFM imaging was conducted
with a Vecco Dimension 3100 AFM with Nanoscope Controller and 1929G scanner head, with the
typical scan size at 10x10 pm?, scan rate of 0.4 Hz and 512 samples/line yielding a maximum tip
velocity of 8 um/s. The AFM tips used were Vecco Si tips on nitride levers with f, = 50-90 kHz and
k=04 N/m. A TA Instruments Discovery Series Thermogravimetric Analyzer was used to
determine the film composition of LbL films with the following program: temperature equilibration
at 85 °C for 5 minutes, followed by a ramp up to 800 °C at the rate of 10 °C/min, followed by a final
temperature equilibration at 800 °C for 5 minutes. A Sterlitech HP4750 dead-end permeation cell
was used to determine both water and salt permeability. The cell was operated between 50 and
250 psi for films assembled on UF membranes. A Spiegler-Kedem model was then applied to
determine the local water permeability constants. The chloride ion concentration of the collected
permeate was measured with an Oakton Ion 700 conductivity meter and Thermo-Scientific Orion
9617BNWP lonPlus Probe.
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IV. Laponite Clay-Composite Tetralayer Film Architectures

4.1 - Introduction

4.1.1 - Summary

The second major group of spray-LbL assembled clay composite films were manufactured
from cross-linkable PAH and PAA polyelectrolytes and LAP clay. Both PAH and PAA are weak
polyelectrolytes and the degree of ionization depends on the assembly pH, enabling the control of
film thickness and composition via manipulating this variable and holding the spray times for each
component constant. These polyelectrolytes were selected for being inexpensive, off-the-shelf
materials and the ability to form amide cross-links that mimic the functionality of commercial RO
membranes, which was believed to be able to eliminate the defect formation observed for the clay
composite films presented in Chapter IIl. The two key constituent bilayers were polymeric
(PAH/PAA) bilayers and clay-containing (PAH/LAP) bilayers. From these building blocks, more
complex film architectures were assembled, including tetralayer-laponite films (Tetra-LAP) with
one polymeric and one clay bilayer (PAH/PAA/PAH/LAP), and hexalayer-laponite films (Hexa-LAP)
containing two polymeric and one clay bilayer (PAH/PAA/PAH/PAA/PAH/LAP).

Polymer Bilayer
Porous Support

Rinse Rinse
Composite
Bilayer
Porous Support

Rinse
Composite
Tetralayer
(-) Polymer

PAA

Porous Support

Rinse

Figure 4-1: Schematic of spray-LbL deposition for a) the constituent polymer and composite bilayers of
tetralayer and hexalayer clay composite films, and b) a schematic of the tetralayer clay composite film.
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The key conclusion drawn from this work was that a strong, cross-linked polymer matrix
with embedded clay platelets served as effective salt-selective layers. The permeation
characteristics of these films were closely related to the clay content of the films and the degree of
cross-linking.

4.1.2 - Why Cross-linkable Composites Were Investigated

A cross-linked tetralayer architecture was explored because it was believed to be able to
eliminate the crack formation observed in the polymer bilayer films discussed in chapter IIl. The
material selection for this process was driven by 1) cost concerns, as a large quantity of the film
components in spray-LbL deposition are washed away from the film interface so relatively
inexpensive off-the-shelf polyelectrolytes were preferred; and 2) ease of forming a covalently
bound polymeric matrix. The polyelectrolytes PAH and PAA were selected for this task because
they are available cheaply off-the-shelf, have a high degree of functional group uniformity, and the
ease of forming amide bonds via thermal cross-linking. Briefly, linear and branched
poly(ethylenimine) (LPEI], BPEI) were investigated as a complement to PAA, but were ultimately
rejected due to the greater concentration of primary amines in PAH[371].

The (PAH/PAA) bilayer system, particularly assembled through dip-LbL, is well-
characterized in prior literature[251, 254, 372-378], including work on swelling and nanoporous
transitions accomplished by shifting the pH of the films post-assembly[379, 380]. PAH and PAA are
weak polyelectrolytes, with the degree of ionization on the amine and carboxylic acid functional
groups a function of the assembly and post-treatment pH. From this, a range of pH values (5.0 to
6.0) were selected that reflect both thick and thin film depositions to generate films of different
properties. Films assembled at pH 7.0 and higher, closer to the native pH of the LAP dispersion,
were considered but ultimately rejected as these conditions did not yield significant polyelectrolyte
depositions per layer and thus did not build uniformly. These films will swell under aqueous and
RO conditions (pH 7.0-8.4)[17], as is expected for most LbL polyelectrolyte film systems[253-255],
so thermal cross-linking was introduced to form covalent bonds in the polymer matrix to restrict
this behavior as highly swollen, hydrated sponge-like structures are not effective barrier
layers[257]. The optimal cross-linking conditions for this material system have been explored in
literature[374-377, 379], but some experimentation is required to tweak the process given the
optimal temperature for this reaction, between 225°C and 250°C, is greater than the T, of the PES
support layer at 190°C. With the particular equipment restrictions in the ISN, cross-linking
temperatures between 125°C and 175°C were investigated.

The cross-linking step is important to the integrity of the LbL films under RO conditions.
Although naively one would expect additional covalent bonds to increase the brittleness of the
films, the bonds formed between polyelectrolytes serve to form a mechanically harder mesh with
the clay platelets embedded within. This serves to link together the film and maintain the spacing
between the clay platelets under the shear forces the films are exposed to in cross-flow cells and
the swelling that occurs as the result of salts and water hydrating the film. Control of this film
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property was not possible with the material system investigated in chapter III, whereas with the
chapter IV film architectures the hypothesis as to whether simultaneously toughening the polymer
matrix and maintaining channel spacing will maintain an effective barrier layer can be tested. After
demonstrating the thermal cross-linking reaction had occurred, it is important to demonstrate that
the physical properties of the films had been impacted, which was accomplished by directly
measuring the swelling of the film under aqueous conditions via change in film thickness, and the
film hardness via nanoindentation.

As discussed in section 1.6.3, the incorporation of any impermeable particle such as a clay
platelet in the selective layer increases the effective diffusive path length, or tortuosity, for any
solute traversing the membrane. The incorporation of these clay platelets into films as explored
previously was successful if the only measure of success was the formation of a clay composite film,
but in this chapter the cross-linking architecture was used to fully embed these platelets within a
polymeric matrix capable of withstanding the pressures applied under RO operation.

The cross-linked polymer bilayer (PAH/PAA} film was assembled at pH 5.0 to be used as a
secondary control for the efficacy of incorporating clay into the selective layer. The same film
architecture was utilized by fellow collaborators on the CCWCE funding[315] and assembled
through spin-assisted LbL assembly. It serves as a moderately effective diffusive barrier layer as
discussed in chapter I, but is not on par with the polyamide selective layers of TFC RO membranes.
Additionally, the films were incredibly thick; the 120 bilayer depositions were at maximum on the
order of a micron in thickness, which is far greater than is commonly observed for TFC RO selective
layers, and the selectivity of the films were not good enough to warrant the material cost and lower
overall flux due to the thickness. The work presented in this chapter and the next build upon the
use of the (PAH/PAA) film for selective layers in RO membranes by incorporating ordered
nanostructures into the film, with the intention of generating films of a similar thickness to TFC RO
selective layers with better salt selectivity and water flux than has been observed for other LbL film
architectures in literature. The LAP clay platelets, similar to the secondary hypothesis in chapter 111
with the clay composite (PDAC/LAP) bilayer, were hypothesized to introduce size exclusion
transport mechanisms that would increase salt rejection over what is observed for the
polyelectrolyte (PAH/PAA) bilayer system.

4.2 - Results and Discussion

4.2.1 - Tetralayer Growth Curves and Composition Analysis

The dry thicknesses of the tetra-LAP clay composite films with assembly pH values of 5.0,
5.5, and 6.0 as well as (PAH/PAA) pH 5.0 bilayer films were measured through profilometry (Figure
4-2). The thickness per repeat unit and clay content measured via TGA were also tabulated (Table
4-1) for comparison against the (PDAC/LAP) architecture that was developed in the prior chapter.
These films were assembled using the optimized spray protocol from Chapter I1I, with 5 second
drainage times and 3 second sprays for all film components.
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Table 4-1: Clay content and film thickness per repeat unit for tetra-LAP film architectures compared to
(PAH/PAA) bilayer and selected (PDAC/LAP) clay composite bilayer films.

Film Architecture  Clay Content (wt. %)  Thickness per Repeat Unit

(PAH/PAA), pH5.0 17nm/bl
(Tetra-LAP), pH 5.0 5.1 nm/tl
(Tetra-LAP), pH 5.5  48nm/
(Tetra-LAP), pH 6.0 56.3% * 6.6% 2.6 nm/tl
(PDAC/LAP),3s:3s  525%+69% ~ 26nm/bl
(PDAC/LAP), 3s:9s 82.6% + 2.2% 5.2nm/bl
400 —mM————————
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Figure 4-2: Growth curves for (PAH/PAA) bilayer and tetra-LAP clay composite films at varying assembly
conditions: pH 5.0 (blue), pH 5.5 (red), and pH 6.0 (green).

At pH 6.0, the PAH and PAA are both highly ionized when deposited at the film interface
based on their respective pKa values (PAA pKa = 6.0-6.5; PAH pK. = 8.0-9.0[373]), which results in
very thin, dense polymer layers being deposited. At pH 5.0 assembly conditions, the PAA chains are
less ionized, resulting in the deposition of thicker polyelectrolyte layers between the clay layers and
decreasing the overall clay content of the film. In terms of thickness, the dry thickness for (Tetra-
LAP) pH 6.0 films was 2.6 nm per tetralayer (Figure 4-2). The (Tetra-LAP) pH 5.0 and pH 5.5 films
assembled were significantly thicker than the pH 6.0 films of the same architecture, with a
thickness of approximately 5.1 nm and 4.8 nm per tetralayer deposited, respectively (Figure 4-2).
This is a similar trend to what is observed in the literature for dipped (PAH/PAA) bilayer films over
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the same pH range[251]. Rubner et al. note their dipped (PAH/PAA) bilayers are thickest when
assembled at pH 5.0 because both polyelectrolytes are partially ionized, whereas the chains are
more fully ionized as the pH approaches 6.0. Within the margin of error, the thickness of the
tetralayer pH 5.0 film appears to be a linear sum of the LAP-containing bilayer and the (PAH/PAA)
pH 5.0 bilayer, implying the intercalating clay layers do not have a significant impact on the
dynamics on the polyelectrolyte deposition. This difference in film thickness is largely accounted
for in the clay composition, as the overall clay content of the tetra-LAP films at pH 5.0 assembly
conditions was approximately 38%, as contrasted with the pH 6.0 films, where the overall clay
content was 56% (Table 4-1).

Comparing the (Tetra-LAP) and the (PDAC/LAP) film architectures, the observed dry
thickness for the (Tetra-LAP) pH 6.0 films was similar to what was observed for the (PDAC/LAP)
3s:3s assembly conditions (Table 4-1). The clay content of these two films were also statistically
indistinguishable (Table 4-1), indicating the polymeric matrices of the (PDAC/LAP) 3s:3s and
(Tetra-LAP) pH 6.0 films were of similar dry thickness. Overall, the lowest clay content in the clay
composite film architectures was the pH 5.0 architecture, which had a similar film thickness to the
(PDAC/LAP) 3s:9s films but only 38% clay content as opposed to 83%.

4.2.2 - Thermal Cross-linking
The reaction to form amides from the amine functional groups in PAH and the carboxylic
functional groups in PAA is driven by heat, usually in excess of 200°C (Figure 4-3).

. 0 OH n
heat

H,N
m

Figure 4-3: Thermal cross-linking reaction with PAH and PAA to form secondary amide.

Cross-linking was directly verified through ATR-FTIR spectral analysis on the untreated and
thermally cross-linked films. The ATR microscope attachment was selected because it can be used
on a sample deposited on a flat surface that is similar to the final membrane product, and the
measured data corresponds to the average absorbance as a function of IR wavelength over the
penetration depth. This penetration depth is a function of the crystal material and geometry; for a
hemispherical Germanium crystal head and an angle of incidence of 55°, the penetration depth is
approximately 400 nm. Thus, films were deposited that were greater than 400 nm thick to
maximize the signal corresponding to the thin film. Although the ATR head is exposed to the
atmosphere and thus Hz0 and CO; peaks will be observed in the spectra, these can be minimized by
drying the samples fully ahead of time, appropriate cleaning of the ATR head, and purging the FTIR
system with N; overnight before running the samples.
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For data analysis, the region from 2000 cm! to 1300 cm-! was used because a significant
silicate peak was observed between 1250 c¢cm? and 1000 cm'! which precluded reliable
deconvolution and analysis of peaks in this area. The key peaks in the ATR-FTIR spectra used to
determine the degree of covalent bond formation were the amide 1 and Il peaks. The shift in the
amide II peak around 1650-1515 cm?, corresponding to the N-H bending in the amine, is
significantly reduced after cross-linking. This is the result of the reaction of primary amines to form
secondary amides: PAH is a primary amine, contains two N-H bonds per functional group, and upon
cross-linking with PAA becomes a secondary amide, with only one N-H bond (Figure 4-3). The
amide I peak around 1700-1670 cm!, primarily corresponding to the C=0 stretching, was
considered for quantification but due to the convoluted nature of that part of the spectra it was
difficult to reliably isolate the integrated peak area. Thus, the amide Il peak was used for
quantification.  Utilizing the ORIGIN software package for linear baseline adjustment, peak
deconvolution, and peak integration, the relative area of each peak could be assessed and used to
calculate an approximate degree of cross-linking. The degree of cross-linking was estimated with
the formula:

¥ = 2 (Aut - Acl)
Ayt

..where y is the degree of cross-linking i.e. corresponds to the fraction of N-H bonds in the amine
groups that were cross-linked, with 0% corresponding to an untreated film and 100%
corresponding to a fully cross-linked film, A,; corresponds to the peak area for the amide II peak
measured for the uncross-linked film, and A.; corresponds to the peak area for the same peak in the
cross-linked film.

Initial trials were conducted on cross-linking the tetra-LAP composite films via uncatalyzed
exposure at 125°C in an oven at atmospheric pressure for a half-hour to 2 hours (Figure 4-4). The
peak apparently centered around 1550-1500 cm! is the amide Il peak, used for quantification.
After baseline adjustment and peak deconvolution through the ORIGIN software, no discernable
degree of cross-linking could be calculated from the films cross-linked at 125°C. The sharp peak
observed at 1690 cm! corresponds to the carbonyl group from the carboxylic acid and the cross-
linked polyamide. The relatively large and sharp peak centered at 1590 cm-! possibly corresponds
to nitrate groups, possibly formed from the amines undergoing oxidation as a side reaction. The 2
hour spectra (Figure 4-4c) does not show strong peak signals for any functional group besides at
1650 cm; this spectra is likely a failed experimental run due to the films being too thin. Acid
anhydride identification peaks, in particular the 1800 cm! peak, were not observed for these films.
The final conclusion drawn from this study was the temperature was too far below the optimal
temperature to reliably cross-link the tetralayer films.

Page 75 of 142



004 —M ———— -

0-035 i —Untreatedﬁ
0.5 hr
—1.0 hr
—2.0 hr

Absorbance (log 1/R)
o
o
N

190 1800 1700 1600 1500 1400
Wavenumbers (cm?)

Figure 4-4: ATR-FTIR spectra for thermal cross-linking reaction of PAH and PAA in tetra-LAP clay composite
films assembled at pH 6.0 films at 125°C for: a) 0.5 hour (red), b) 1 hour (green), c) 2 hours (purple), and d)
untreated films (blue).

The tetra-LAP with assembly pH values of 5.0 and 6.0 were then cross-linked via an
uncatalyzed exposure at 175°C in a vacuum oven for 5 hours (Figure 4-5). This temperature was
selected because it was less than the T; of the support layer (PES) at 190°C, and the ovens in the ISN
have approximately a 10-15 °C margin of error. The vacuum was applied to remove free oxygen
from the system as well as to drive the reaction forward by removing water from the environment.
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Figure 4-5: ATR-FTIR spectra for untreated (solid line) and thermal cross-linked (dashed line) films of PAH
and PAA at 175°C, 5 hr. for a) tetra-LAP pH 5.0 films, and b) tetra-LAP pH 6.0 films.
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Through the application of ORIGIN software for linear baseline adjustment, peak
deconvolution, and peak integration as described above, y was estimated at 20.6% for the pH 5.0
films (Figure 4-5a), compared to 12.8% for pH 6.0 films (Figure 4-5b). This is attributable to the
increased number of free acid functional groups not bound in ionic bonds present in the pH 5.0
films that are available at the lower pH of assembly.

The formation of acid anhydride bonds between multiple carboxylic acid groups was
possible but not strongly observed in these spectra. The key peak for the identification of these
bonds is in the 1830-1800 cm! range, and while a small blip was observed for the pH 5.0 films,
nothing significant was observed for the pH 6.0 films cross-linked at 175°C. The key identification
peaks for acid anhydrides, such as the 1800 cm! peak, were not observed for these films either.
These bonds form more strongly when the sample is isolated at a lower pH, but at the pH values the
tetra-LAP films were isolated at the acid anhydride linkages were not formed.

4.2.3 - Swelling in Untreated and Cross-Linked Films

After demonstrating the thermal cross-linking reaction had occurred, it was important to
determine whether the cross-linking had an impact on the physical properties of the films. Of
particular interest was the degree to which the films swelled under aqueous conditions because
swelling can be used as a proxy for understanding how the spacing between the clay platelet layers
increases as a result of hydration. This holds so long as the swelling occurs entirely within the
polymer matrix between clay platelets, which is reasonable because the silicate clays have a well-
ordered crystalline structure with covalent bonds that are not susceptible to being broken under
these experimental conditions. The swelling of the different film architectures under aqueous
conditions with DI water was measured via spectroscopic ellipsometry (Table 4-2) utilizing
previously published techniques for measuring LbL-assembled thin films[381].

Table 4-2: Measured swelling in both untreated and cross-linked bilayer and clay composite films.

Film Architecturec Untreated Cross-linked

(PAH/PAA), pH 5.0 110% +38%  11% +13%

(Tetra-LAP), pH 5.0 147% + 3% 15% + 3%

The lesser degree of swelling observed for the pH 6.0 films when compared to the pH 5.0
films was expected because of the greater shift in pH. The uncross-linked (PAH/PAA) pH 5.0 films
were observed to significantly swell as the films undergo a significant pH shift from the assembly
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conditions as well as have significantly more free amine and carboxylic acid groups present to form
hydrogen bonds with water molecules. The composite bilayer of (PAH/LAP) swelled
approximately 62% upon exposure to DI water, significantly less than the polyelectrolyte
(PAH/PAA) pH 5.0 films but greater than the (PAH/PAA) pH 6.0 films. For these films, the swelling
was relatively more constrained, likely because the polyelectrolytes were more ionized when
assembled and thus formed more ionic bonds between the PAH and PAA polyelectrolyte chains.

Cross-linking reduced the observed film swelling to roughly 10-15% regardless of assembly
pH. This suggests that the covalent bonds formed during the cross-linking process both reduce the
number of free amine and carboxylic acid groups that can interact with water and physically
constrain the swelling of the film. The difference in swelling behavior of the two film architectures
can be largely attributed to the thickness of the polymer matrix between the individual platelet
layers based on three factors. First, note the clay content of the films from Table 4-1, with 38% at
pH 5.0 to 56% at pH 6.0. Second, note from the profilometry that films assembled at the pH 5.0 are
approximately twice as thick as the films assembled at pH 6.0. Third, with the knowledge that the
individual platelets do not swell, but rather water closely adsorbs around the surface of the
tetrahedral layers, the swelling can be attributed to that polymeric matrix. Finally, because the
swelling in the cross-linked films is statistically indistinguishable at 10% and the spray times for
the clay film component are the same for these two, it is possible to use the ratio of film thicknesses
as a proxy for the spacing between the clay platelets under RO conditions.

Additionally, the tetra-LAP films exhibited swelling behavior between the (PAH/PAA)
bilayer and (PAH/LAP) clay bilayer. Since it is a combination of these two constituent pieces, it is
not unexpected that the properties of the tetralayer architecture is an arithmetic average of the two
constituent bilayer architectures.

Briefly, a profilometer was employed to attempt to measure the film swelling under
aqueous conditions. A large petri dish partially filled with water was used as a bath for the samples,
but even with a 5” petri dish the profilometer head had limited mobility, meaning very short scan
lengths had to be employed. Evaporation throughout the process and partial coverage of the
substrate due to the slight tilt of the sample stage compounded the issues with using the
profilometer. Additionally, even with the minimum tip force (1 mg) the swollen films were visibly
deformed by the profilometer tip. Thus, the measurements taken via profilometry were deemed
unreliable and ellipsometry was preferred.

4.2.4 - Nanoindentation Measurements

Nanoindentation was used to measure the impact of the cross-linking on the hardness of the
clay composite films in both the dry and wet state. A Berkovich diamond tip was employed with
shallow indents of 10-20 nm, as the film thicknesses did not exceed 400 nm. Thus, the penetration
depth was less than 10% of the film thickness, which prevents the underlying substrate from
skewing the results. The reduced modulus (E) was calculated through Oliver-Pharr analysis. The
dry-state data was collected for tetra-LAP and (PAH/PAA) films at pH 5.0 and 6.0 (Figure 4-6).
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Figure 4-6: Mechanical properties measured through nanoindentation conducted on dry films both in the
untreated (white) and cross-linked (black) state: a) hardness in GPa; b) calculated reduced modulus (E).

No difference of statistical significance was observed for the hardness or calculated reduced
modulus (E) for the (PAH/PAA) bilayer films before and after cross-linking. This could be the result
of very thin films being used and incomplete information being gathered on the film. However,
both of the tetra-LAP films showed a statistically significant increase in hardness as the result of the
cross-linking, indicating the covalent bonding increased the toughness of the films. For films
assembled at pH 5.0, the cross-linking increased hardness by approximately 44% and for films
assembled at pH 6.0, the hardness was increased by 60%. Notably, the clay content of the pH 6.0
films was greater than at pH 5.0 (Table 4-1), and the degree of cross-linking was lower (Figure 4-5).
Although the degree of cross-linking was lower, the increased clay content was sufficient to harden
the pH 6.0 films more than the pH 5.0 films.

Wet AFM nanoindentation measurements were conducted on the same film architectures to
determine whether these observations held for the films in the hydrated state (Figure 4-7). The
measured elastic modulus was lower for all the films examined, which is expected because the 1)
the swelled film is less dense than the dry film, and 2) water solvates the polymer chains and
enables the film to rearrange when pressure is applied. The data collected on the cross-linked films
were not statistically distinct from the untreated films, which may indicate the difference in
hardness observed is a function of the film thickness and clay content more than the degree of
cross-linking in the water-swelled films. However, the error bars were too large on these
measurements to make this assertion with confidence.
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Figure 4-7: Mechanical properties measured through nanoindentation conducted on wet films both in the
untreated (white) and cross-linked (black) state: a) hardness in GPa; b) calculated reduced modulus (E).

4.2.5 - Micrography on Tetralayer Films
Tetra-LAP films deposited on PES UF membranes were imaged with both SEM and TEM.
First, surface and cross-sectional images of coated membranes were taken with SEM (Figure 4-8).

cmr

Figure 4-8: SEM micrographs of LAP clay composite tetralayer films deposited on PES UF membranes: a)
uncoated PES-100 UF membrane; b) PES-30 UF membrane coated with (Tetra-LAP) 4o pH 6.0 film; c) cross-
section of (Tetra-LAP)4 pH 6.0 film on PES-30 UF membrane, with the membrane surface visible; d) uncoated
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PES-30 UF membrane; e) PES-30 UF membrane coated with (Tetra-LAP)4o pH 5.0 film; f) cross-section of
(Tetra-LAP)4o pH 5.0 film on PES-30 UF membrane, no membrane surface visible.

The uncoated substrate, a PES-30 UF membrane, has a regular distribution of surface pores
of approximately 30 nm diameter (Figure 4-8d). Films were also deposited on PES-100 UF
membranes, although these were not used for permeation studies (Figure 4-8a). The surfaces of
the (Tetra-LAP) films, both assembled at pH 6.0 (Figure 4-8b) and pH 5.0 (Figure 4-8e) were much
smoother than the composite bilayer film architectures explored in chapter 11l. The films fully
bridged the underlying pores, similar to what was observed with the (PDAC/LAP) composite
bilayer film architectures as shown in chapter IIl. From the cross-sectional images of both the pH
6.0 films (Figure 4-8c) and pH 5.0 films (Figure 4-8f), the film components do not appear to
penetrate into the underlying pores of the PES-30 nm membranes. The film thicknesses were
measured with the JEOL SEM software and compared to the expected thicknesses from the
profilometry data (Figure 4-2), and good agreement was observed for both the pH 5.0 and pH 6.0
films.

Cross-sectional micrographs were also taken with the TEM to obtain high-resolution images
of the films and observe the layered structure of the clay platelets (Figure 4-9).

a)

Si wafer

LbLfilm
LbL film

TEM grid

Figure 4-9: Cross-sectional TEM micrographs of (Tetra-LAP)4o pH 5.0 films deposited on plasma-cleaned Si
wafers with Au/Pd capping layers: a) untreated (not cross-linked) state; b) cross-linked at 175°C for 5 hours.
Clay platelets with intercalating polymer regions were observed by TEM imaging of the
cross-sections of these membranes, shown in Figure 4-9. Through Image] software analysis, the
approximate size of the clay platelets observed in the cross-sectional SEM was on the order of 50
nm, indicating the clay platelets are not aggregated within the film and are intercalated within the
polymer matrix. The average measured platelet spacing was 2.41+0.23 nm for the uncross-linked
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pH 5.0 films and 2.57+0.39 nm for the cross-linked pH 5.0 films, with no statistically significant
difference apparent. A histogram of the platelet distribution shows a fairly regular distribution of
nano-channel sizes for the uncross-linked films (Figure 4-10a) and the cross-linked samples
seemed to exhibit a greater range of values around the mean (Figure 4-10b). The minimum platelet
spacing appeared to be approximately 1 nm, no platelets were found that were aggregated or with a
smaller gap between them.
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Figure 4-10: Histogram of platelet spacing measurements on two films presented in Figure 7-9: a) uncross-
linked (Tetra-LAP) pH 5.0 films (white), and b) cross-linked (Tetra-LAP) pH 5.0 films (black).

Micrographs were also taken of the membranes as assembled and after water permeation

experiments were conducted (Figure 4-11).

Figure 4-11: Post-water permeation SEM micrographs of clay composite tetralayer films: a) (Tetra-LAP) 4 pH
6.0 on PES-30 membrane; b) (Tetra-LAP)4 pH 5.0 on PES-30 membrane.

The critical defects that correlated to low salt selectivity for (PDAC/LAP) clay composite
films do not appear in the SEMs taken of post-permeation (Tetra-LAP) films. The pH 6.0 films
(Figure 4-11a) generally exhibited more pinhole defects than the pH 5.0 films (Figure 4-11b),
although no major defects such as cracks on the order of micron-sized or greater were observed for
the tetra-LAP films. This is additional evidence the cross-linked (Tetra-LAP)s and (Tetra-LAP)eo
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films are tougher and thus able to withstand the range of pressures applied under at least brackish
RO conditions.

4.2.6 - Permeation Studies on Clay Composite Tetralayer Films

As with the composite bilayer films presented last chapter, the above tetralayer films were
measured in the dead-end permeation cell to determine the water permeability and salt rejection
properties (Appendix 2). Water flux and salt rejection data on the films were collected from dead-
end permeation cell measurements over a pressure range of 50 psig to 300 psig with deionized
water and 1.0 wt. % (10,000 ppm) NaCl solution (Figure 4-12).
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Figure 4-12: Dead-end permeation cell data for polymer bilayer and clay composite tetralayer films: a)
measured water permeability (grey); and b) measured salt rejection (black).

As noted previously, the PES-30 and PES-100 nm UF membranes had water permeability
values of 2:10 m2 / Pa s and 1-10° m? / Pa s respectively, significantly greater than any of the
selective layers examined. It is notable that for the composite tetralayer series from pH 6.0 to 5.0,
the water permeability dropped by approximately a factor of two from 4.60-10-13 m2 / Pa s to
2.82-10-13 m? / Pa s. However, the salt rejection increased from an average of 46% to 89%. It is
hypothesized this occurs for two reasons: 1) the increased degree of cross-linking in pH 5.0 films
holds the effective nano-channel width between clay layers closer together after swelling under in
situ RO conditions, and 2) additional free carboxylic acid groups present in the pH 5.0 film slow the
diffusion of solvated ions due to charge effects as discussed in section 1.5. Here, it is observed that
an increase in the tortuosity of the films via an increased volume fraction of clay in a cross-linked
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polymeric matrix (i.e. using the Cussler equation, section 1.6.3) yielded an increase in salt
selectivity.

This demonstrates the absolute importance of the cross-linked polymeric matrix that
reduces the brittleness of the film; these cross-links fortify the polymeric matrix encompassing the
clay platelets, and prevent the formation of cracking and critical faults under in situ desalination
conditions. The film architecture without clay, the cross-linked (PAH/PAA) bilayer architecture,
only exhibited 53% salt rejection with a permeability of 4.01-10-14 m2 / Pa s. This is indicative that
even a cross-linked and less-swollen polymeric matrix does not serve as an effective barrier to
solvated ion diffusion due to the lack of size exclusion-driven rejection through the nano-channels
present in the clay composite films, which is largely in-line with what has been observed in
literature for LbL-assembled polyelectrolyte films as discussed in section 1.8.3.

4.2.7 - Increasing the Spacing between Platelet Layers via Hexalayer Films

Although the greatest selectivity was observed for tetralayer clay composite films with an
interplatelet spacing of approximately 2.5 nm, an additional tweak investigated to the system was
to increase the number of polymer bilayers between each clay composite bilayer. The adopted
term hexalayer was used as a shorthand description for films assembled with two polymer bilayers
between each clay composite bilayer: (PAH/PAA/PAH/PAA/PAH/LAP) (Hexa-LAP). The additional
polymer bilayer will have two effects on the overall film properties: 1) a lower per-weight clay
content and increased polymer weight, which leads to 2) more functional groups that can be cross-
linked to form a tightly bound polymeric matrix. The growth curves for this hexa-LAP film
assembled at pH 5.0 is shown in Figure 4-13.
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Figure 4-13: Growth curve for spray-LbL assembled clay composite hexa-LAP film, pH 5.0 assembly.
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These films grew on the order of 11.8 nm per hexalayer, significantly thicker than the
maximum 6.5 nm/bl for the (PDAC/LAP) clay composites from chapter Il and the 5.1 nm/tl for the
(Tetra-LAP) film architecture presented here in chapter IV. The per-bilayer thickness of the
polymer depositions is greater than what was observed for the tetralayer architectures, possibly
indicating a greater degree of interdiffusion present in the hexalayer films that was not possible in
higher clay content films. The expected clay content for these films was also below 38% by weight,
the value observed for the (Tetra-LAP) film assembled at the same pH. The films were imaged via
SEM (Figure 4-14).

Figure 4-14: SEM micrographs of LAP clay composite hexalayer films deposited on PES-30 UF membranes: a)
uncoated PES-30 UF membrane; b) cross-section of PES-30 UF membrane coated with (Hexa-LAP)3p pH 5.0
film; c) surface of pre-permeation (Hexa-LAP)3zo pH 5.0 film on PES-30 UF membrane; d) surface of post-water
and post-salt permeation (Hexa-LAP)3 pH 5.0 film on PES-30 UF membrane.

Similar to the tetra-LAP films, the hexa-LAP films coated the surface of the PES-30 UF
membrane (Figure 4-14a) and did not penetrate into the pores (Figure 4-14b). This was expected
as the same materials were being deposited as in section 4.2.5. Although some knob-like structures
were observed on the surface of the films (Figure 4-14c), there were not a significant number of
pinhole defects or other large cracks in the deposited films. Salt crystals were observed on the
membrane post-salt permeation (such as those in Figure 4-14d), but no major cracks were
observed after the permeation trials up to 250 psig.

The hexa-LAP film architecture was also tested in the dead-end permeation cell with DI
water and 10,000 ppm NaCl (Appendix 2), with operating pressures between 50 psig and 250 psig;
the results were compared against the tetra-LAP films from section 4.2.6 (Figure 4-15).

The water permeability for the hexalayer films was greater than 1:10-12 m2? / Pa s, still two
to three orders of magnitude lower than the raw water permeability measured for the PES-30 UF
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membranes but significantly greater than the tetralayer film architectures. From a salt rejection
perspective, these hexa-LAP pH 5.0 films performed approximately as well as the polymer bilayer
and tetra-LAP pH 6.0 films at 42% salt rejection. Referring back to 4-12, the permeability
properties for these hexa-LAP films appear to be between the tetra-LAP pH 5.0 and (PAH/PAA)
bilayer films at pH 5.0, which makes sense as the films were assembled at the same pH and form a
series of increasing clay content.
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Figure 4-15: Dead-end permeation cell data for clay composite hexalayer films compared to clay composite
tetralayer data: a) measured water permeability (grey); and b) measured salt rejection (white).

Ultimately, the incorporation of an extra polymer bilayer per clay layer will negatively
impact 7 on these films, yielding a diffusive pathway that is between the polymer bilayer and clay
composite tetralayer in tortuosity. What was observed was a decrease in salt rejection and an
increase in water permeability, which makes sense when compared in the series to the (Tetra-LAP)
pH 5.0 film as these two films are of approximately the same thickness but the tetra-LAP film had
40 clay layers deposited as opposed to the 30 clay layers in the hexa-LAP film. Additionally, the
spacing between the clay platelet layers was greater for the hexa-LAP films. The performance is
roughly on par with the (PAH/PAA) bilayer film, which is an interesting result, indicating there
might be a minimum fraction of clay that needs to be incorporated before significant improvements
in salt rejection can be realized via the size exclusion mechanism.

4.3 - Conclusions

In this chapter, the basic composite clay (PDAC/LAP) bilayer architecture was refitted with
a cross-linkable polyelectrolyte system of PAH and PAA to form films with a lower overall clay
composition than was explored in chapter IIl. Variations on this architecture, including assembly at
different pH values and manipulating the number of polymer spacing layers between the clay
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layers, were explored to tease out the impact of cross-linking and clay content on the assembled
composite films.

The work performed in this chapter demonstrates the utility of LAP clay platelets in spray-
LbL assembled selective layers for RO membranes. The water permeability for all tetralayer clay
composite thin films was between one and tw orders of magnitude greater than what was observed
for a commercially-available RO membranes and equivalent to the high water permeability
observed for the clay composite bilayers in chapter 111, but also yielded significantly increased salt
selectivity. The pH 6.0 films, comprised of roughly 56% clay by weight, yielded salt rejection at
46%, a significant improvement over the 10-28% observed for similar and greater clay content
films in chapter I1I. For the pH 5.0 films containing 38% clay by weight, the maximum observed salt
rejection was 89%, far and away ahead of the clay composite bilayer films from chapter III and
close to the minimum salt rejection figure of 93% for a single-pass seawater-to-freshwater RO
process. For FO and brackish water RO, the tetralayer pH 5.0 architecture is more than sufficient to
produce freshwater without further optimization.

The (PDAC/LAP) composite bilayer film architectures were too brittle under in situ
conditions and formed critical defects during operation. These defects were effectively eliminated
by the introduction of a cross-linkable polymer matrix of PAH and PAA that reduced brittleness and
film swelling under aqueous conditions, which made the composite films more mechanically robust.
It is hypothesized the selective salt rejection and high water permeability is the result of a
combination of two transport mechanisms: a size-exclusion transport mechanism that hinders the
flow of solvated ions between clay layers to a greater degree than individual water molecules, and
charge interactions between the unreacted polyelectrolytes and the solvated ions in the selective
layer. The greater efficacy of the pH 5.0 tetralayer films over the pH 6.0 films is attributable to the
increased degree of cross-linking via free carboxylic acid groups which strengthens the polymeric
matrix, as well as the enhanced presence of free carboxylic acid groups that may act as hydrated
regions to further enhance water permeability while retarding ion transport.

Increasing the spacing in the clay platelet layers beyond the tetralayer film architecture, as
attempted with the hexa-LAP film architecture, was found to reduce overall salt rejection for no
discernable benefit. The sweet spot for clay content and salt rejection is likely close to the 38% by
weight clay content calculated for the tetra-LAP pH 5.0 film based on a regression of the available
TGA and salt permeability data.

4.4 - Materials and Methods

4.4.1 - Materials

LAP clay was provided by Southern Clay Products, Inc.; clay dispersions were prepared at a
concentration of 1.0 wt.% clay and the balance reagent-grade water. Both PAH (MW: 60 kDa) and
PAA (MW: 20 kDa) were obtained from Polysciences, Inc. Polyelectrolyte solutions were prepared
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at 10 mM concentration and were adjusted to the assembly pH by using a ®340 pH/Temp Meter
and concentrated HCl or NaOH solution as appropriate.

Millipore PES ultrafiltration membranes with 30 nm pores were purchased and used as a
substrate for deposition. PES UF membranes were plasma-cleaned in a Harrick Plasma
Cleaner/Sterilizer PDC-32G at 18 W for 30 seconds and soaked in PAH solution before spray-LbL
film assembly.

NaCl was obtained from Mallinckrodt (CAS #7647-14-5) for the preparation of 1.0 wt.%
(10,000 ppm) NaCl solutions to use as the feed solution for the dead-end desalination cell.

4.4.2 - Spray Layer-by-Layer Deposition

Films were constructed using a custom-built spraying apparatus. Solutions and clay
dispersions were aerosolized with N gas at 20 psi and are sprayed onto the substrate rotated at 10
rpm. The basic program for each layer involved spraying the film component for 3 seconds,
pausing for a 5 second drain period, rinsing for 10 seconds with pH-adjusted water, and then and
then a final 5 second drain period. The sequence is repeated for each film component listed to
assemble a bilayer or tetralayer.

4.4.3 - Characterization

A Dektak 150 profilometer was used to determine the film thickness. Profilometry samples
were deposited on glass slides plasma-cleaned using the above equipment for 5 minutes; otherwise,
the standard protocol above was used. Both a JEOL JSM-6060 and a JSM-6010LA Scanning Electron
Microscopes (SEM) were used to image both film surfaces and cross-sections. Cross-sectional SEM
samples were prepared via the cryo-fracture method by submerging the sample in liquid N2 and
then physically tearing the sample with forceps and mounted on Ted Pella, Inc. #16104 Low Profile
SEM Mount Pins. A TA Instruments Discovery Series Thermogravimetric Analyzer was used to
determine the film composition of LbL films with the following program: temperature equilibration
at 85 °C for 5 minutes, followed by a ramp up to 800 °C at the rate of 10 °C/min, followed by a final
temperature equilibration at 800 °C for 5 minutes. The nanoindentation measurements were taken
with a DMSE NanoMechanical Tech Lab Hysitron Triboindenter with a Berkovich diamond tip, with
a pattern of 8x8 indentations with 3 pm gaps between each indentation, yielding a total area of
21x21 um2. A Sterlitech HP4750 dead-end permeation cell was used to determine both water and
salt permeability. The cell was operated between 50 and 300 psi for films assembled on UF
membranes. A Spiegler-Kedem model was then applied to determine the local water permeability
constants. The chloride ion concentration of the collected permeate was measured with an Oakton
Ion 700 conductivity meter and Thermo-Scientific Orion 9617BNWP IonPlus Probe.
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V. Montmorillonite Clay Film Architectures

5.1 - Introduction

5.1.1 - Summary

Montmorillonite (MMT) clay was substituted for LAP clay in the prior architectures with the
goal of teasing out the impact of platelet size and aspect ratio on the salt selectivity. MMT clay was
selected as a replacement for LAP in the film architectures presented in chapters III and IV because
MMT clay platelets are approximately the same thickness (2-3 nm), but have significantly greater
aspect ratios, on the order of 100:1 to 200:1.
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Figure 5-1: Schematic illustrating the replacement of LAP with MMT clay platelets in films to increase
tortuosity: a) composite bilayer architecture, and b) composite tetralayer architecture.

The key conclusion drawn from this work was that MMT clay platelets are more difficult to
incorporate into spray-LbL assembled thin films, which is hypothesized to be the result of the
increased particle size and lower charge density. However, there is an opportunity to develop new
spray-LbL equipment or switch to dip-LbL assembly to incorporate these platelets into selective
layers.

5.1.2 - Aspect Ratio and Selectivity

As the diffusive path length is proportional to the aspect ratio of the clay platelets in the
film, an obvious route to build upon the films presented in chapters Ill and IV is to replace the
smaller LAP clay platelets with ones of a larger aspect ratio, such as MMT clay platelets. These have
been efficacious in gas separation membranes[171, 174, 175], fire retardant coatings[204],
electrochemical applications[302, 359], antimicrobial coatings[358], and barrier layers[172, 203,
382], moreso than LAP clay platelets, and also have not been previously applied to RO selective
layers.
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Montmorillonite is a commonly used material in clay-polymer nanocomposites because of
its high surface area, cation exchange capacity, and hydrophilicity[357]. As discussed in section
1.6.3, the incorporation of any impermeable particle such as a clay platelet in the selective layer
increases the effective diffusive path length, or tortuosity, for any solute traversing the membrane.
From work done by Grunlan et al.,, the most appropriate correlation to use with MMT clay and its
greater aspect ratio than LAP clay platelets is the Cussler correlation[170] for the semi-dilute

conditions ¢ < 1 and a¢ > 1:
(ZZ ¢2
Tcusster = 1+ 1 (1 — ¢>
..where ¢ is the volume fraction of the clay platelets, « is the aspect ratio of the clay platelets, and u
is the geometric ratio, which is approximately 0.5 for clay platelets[171]. The Cussler correlation

predicts significantly greater diffusive path lengths than the Nielsen correlation due to solutes
reflecting inside nano-channels formed by multiple platelets instead of passing each solute through

the layers without interaction.

5.1.3 - Clay Composite Films with MMT Clay

Several potential film architectures were investigated containing MMT clay: a clay
composite bilayer paired with a strong polyelectrolyte (PDAC/MMT), a variation on the clay
composite bilayer containing sulfonated polymer groups (PDAC/SPS-MMT), and a clay composite
tetralayer with a cross-linkable polyelectrolyte pair (PAH/PAA/PAH/MMT) (Tetra-MMT).

Briefly, producing cation-exchanged H*-MMT in-house via the method presented by Alonso
et al. was considered[382]. This method consists of passing the MMT clay through beads containing
a sulfonic acid resin. However, Na*-exchanged MMT clay is available commercially and this was
selected for the following reasons: 1) availability in large batches to prevent batch-to-batch
variation from being a significant source of error, and 2) the charge density of H*-exchanged and
Na+*-exchanged MMT clay is similar, yielding no significant benefit from the process.

5.2 - Results and Discussion

5.2.1 - Montmorillonite Bilayer Films

The first composite films assembled contained PDAC and MMT in a simple bilayer film
architecture: (PDAC/MMT) (Figure 5-1a). This film architecture is the MMT equivalent to the LAP
clay architecture used in chapters Il and I1I. Assembly pH values of 4.0 to 10.0 in 1.0 pH increments
were examined with the (PDAC/MMT) architecture and 3 second spray times. Although films in
literature have been assembled at this pH range via dip-LbL, no films could be assembled with
spray-LbL. The deposited material came off with the touch of a gloved hand, and no uniform layers
could be found via profilometry. The measured surface roughness was on the order of several
times the expected film thickness from similar (PDAC/LAP) films and on the same order of
magnitude as the estimated film thickness, indicating that only large aggregations were deposited
on the glass slides, not well-integrated and layered LbL film structures.
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5.2.2 - Montmorillonite Mixed-Bilayer Films

Another early approach attempted to incorporate MMT clay into a deposited LbL film was
to deposit a strong polyanion simultaneously with the MMT clay to form a mixed bilayer film:
(PDAC/SPS-MMT) (Figure 5-2). This approach is similar to published work with nanoblended
layers by Caruso[383] but with clay platelets replacing one of the polyanions in the formulation.

Mixed | SPS-MMT
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Porous Support
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Figure 5-2: Schematic of mixed bilayer films with a joint deposition of SPS and MMT platelets.

Films were assembled with this spray formulation, but the films generated of this
architecture greatly resembled the (PDAC/SPS) polyelectrolyte films discussed in 3.2.10. TGA
analysis on the assembled films showed no appreciable clay incorporation into the selective layer,
and this unreliable assembly was abandoned in favor of the tetralayer-MMT architecture.

5.2.3 - Montmorillonite Tetralayer Films

Finally, the MMT clay was incorporated into a tetralayer film architecture similar to that
presented in chapter IV: (PAH/PAA/PAH/MMT) (Tetra-MMT). This films are a close analog to the
cross-linkable clay composite film architecture developed and characterized in chapter IV (Figure
5-1b). Unlike the prior film architectures, it was possible to build durable films with this
formulation. Growth curves were assembled for the films both before and after cross-linking
(Figure 5-3).

The films assembled were significantly thicker than the Tetra-LAP film architecture for 10
to 40 tetralayers deposited, but began leveling off at approximately 250-270 nm thick for 60
tetralayers deposited. The calculated confidence intervals in film thickness were greater for the
Tetra-MMT films, on the order of 10 nm, than for LAP films, on the order of 1 nm. This was
observed along with an associated increase in surface roughness. Likely, the surface roughness is a
function of the platelet size and aspect ratio: larger MMT platelets will not be able to fit in small
gaps and will protrude from uneven ridges and valleys at the film interface, which will generate an
uneven film surface. LAP clay platelets, being significantly smaller than MMT platelets, are more
able to fill these gaps smoothly and evenly, generating a more uniform film.
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Figure 5-3: Growth curves for (Tetra-MMT) films, a) untreated (white), and b) cross-linked (black).

5.2.4 - Imaging on MMT-Containing Films
Tetralayer-MMT films were imaged via SEM to examine for defects both before and after
permeation measurements were taken (Figure 5-4).

Figure 5-4: SEM micrographs of clay composite MMT films deposited on PES-30 UF membranes: a) uncoated
PES-30 UF membrane; b) surface of pre-permeation (Tetra-MMT)ao pH 5.0 film; d) surface of post-water and
post-salt permeation (Tetra-MMT)4o pH 5.0 film.

Although the tetra-MMT formed a partial film across the substrate, the resulting films were
rougher than what was observed for the tetra-LAP films (section 4.2.5), and suffered from a greater
number of pinhole defects (Figure 5-4b). This is an unusual observation; if the MMT clay platelets
were not incorporating into the film, there are still two complementary film components being
sprayed with rinsing steps between each deposition, including the polycation PAH and polyanion
PAA. One would naively expect this spray program, if MMT was not layering into the film, to
produce a (PAH/PAA) 6s:3s film. However, the number of pinhole defects seems to support the
conclusion that the MMT platelets were not only rinsing off the surface, but stripping the surface of
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the polyelectrolytes at the film interface. Following compaction under brackish RO conditions (250
psig), the films appeared smoother (Figure 5-4c).

5.2.5 - Permeation Measurements

The limited permeation measurements taken on the MMT films were conducted via both
dead-end and cross-flow permeation cells (Appendix 2) with DI water and 10,000 ppm NaCl feed
solution (Figure 5-5).
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Figure 5-5: Dead-end permeation cell data for tetra-MMT films compared to prior data: a) measured water
permeability (grey); and b) measured salt rejection (black).

The permeability properties for the tetra-MMT films most closely resembled the
(PAH/PAA) polymer bilayer films, with observed salt rejection at approximately 50% and water
permeability that was comparable to the tetra-LAP film, which was surprising given the number of
defects observed on the membrane surface. However, note that only pinhole defects were
observed, not large cracks as were observed for the (PDAC/LAP) bilayer films in chapter IIl. The
relatively low salt rejection can be attributed to a low and irregular incorporation of clay into the
selective layer, as well as the pinhole defects in the thin film.

5.2.6- Graphene Oxide Films

Briefly, graphene oxide (GO) platelets were considered as a substitution to MMT clay
platelets because 1) these nanoparticles have a similar physical size and aspect ratio to MMT, 2)
there is literature indicating these GO platelets can be incorporated into LbL film architectures via
dipping[226], and 3) theoretical modeling has been done on graphene sheets to be used as

membranes.
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It is curious to note the salt selectivity effects of graphene oxide platelets is expected to
follow a different size exclusion mechanism than the clay composite selective layers examined in
chapters I1I-V. Instead of increasing the tortuosity of the diffusive path length through the film,
defects of a specific size in otherwise uniform graphene oxide plates are thought to serve as pores
through which water can pass but solvated ions are excluded[225]. Experimentally, this sort of
structure cannot be generated via spray-LbL or by any industrial-scale process currently in use, for
that matter.

The GO solutions, provided by Sun Hwa Lee in the Hammond Lab, had approximate particle
dimensions of 1 pm in two dimensions and approximately 1-2 nm in the third, with an effective a of
approximately 500:1. Film architectures with GO, including (PDAC/GO) and (PAH/GO) at pH
ranges from 4.0 to 10.0 were investigated. Assembly was done on plasma-treated glass slides and
silicon wafers under the same protocols developed for the clay composite films presented in
chapters III-V. At pH values between 4.0 and 6.0, GO layers could not be deposited into LbL films.
The films were visually inconsistent, and could be scratched off with the touch of a glove. This
indicates the polyelectrolytes were not forming ionic bonds with the GO platelets and building into
a regular, ordered film structure. It was hypothesized that increasing the processing time such as
the drainage steps would improve the deposition of films, and although the films appeared visually
more consistent they were still removable by touch and thus were not run in the permeation cell.
Another modification attempted to the spray procedure was to eliminate the rinsing steps, but films
still did not deposit in a uniform manner. Visually, the (PAH/GO) membranes (Figure 5-6)
appeared similar to the tetra-MMT films above (Figure 5-4).

Figure 5-6: SEM micrographs of (PAH/GO)4o pH 4.0 films deposited on PES-30 UF membranes: a) surface; b)
and c) cross-sectional micrographs prepared via cryofracturing technique.

The hypothesis as to why incorporating the GO layers was so difficult has to do with the low
surface charge of the GO sheets, and it being largely concentrated along the edges of the plates. This
leaves large hydrophobic regions without surface charge that attract polyelectrolytes for
deposition. While the longer assembly times of dip-LbL may be sufficient to enable films to build
up, nothing was observed on the time scale for deposition by spray-LbL.

5.3 - Conclusions
The conclusions drawn from this portion of research are limited due to the lack of solid
permeation data to base an argument on. The difficulty in assembling films via spray-LbL that
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contain MMT clay and GO platelets may derive from the effective particle size of these two film
components: both have aspect ratios significantly greater than LAP, on the order of 100:1 or
greater, and both have micron-sized dimensions. It is possible the spray-LbL equipment was
unable to aerosolize a significant fraction of the MMT platelets or GO solution, or the droplet size of
30 um was too small for the size of these particles. Similar difficulties have not been reported for
dip-assembled LbL films containing these film components, so the conflict likely lies with the
assembly process and not necessarily with the selection of materials.

Hence, it is recommended that future investigations with MMT clay or other high aspect
ratio, micron-sized particles utilize a larger spray apparatus that spray droplets with a diameter in
excess of 30 um. Alternatively, switching to dip-LbL processing to generate these MMT clay
architectures, as has been employed in other published work as discussed in section 1.8, may yield
more uniform and useable films.

However, from a design perspective, the MMT clay-containing films may run into the same
limitation the filled espun mat structures do: despite the potential for increasing 7, the necessity to
draw off a critical flux for characterization and regular operation may preclude the use of such high-
aspect platelets for membranes of this architecture. Or, thinner, more uniform MMT-containing
selective layers are required.

5.4 - Materials and Methods

5.4.1 - Materials

MMT clay was provided by Southern Clay Products, Inc.; clay dispersions were prepared at
a concentration of 1.0 wt.% clay and the balance reagent-grade water. PDAC (MW: 200-350 kDa)
was obtained from Sigma-Aldrich, and both PAH (MW: 60 kDa) and SPS (MW: 70 kDa) were
obtained from Polysciences, Inc. Polyelectrolyte solutions were prepared at 10 mM concentration
and were adjusted to the assembly pH by using a ®340 pH/Temp Meter and concentrated HCI or
NaOH solution as appropriate. GO solutions were prepared and provided by Sun Hwa Lee of the
Hammond Lab, with approximately 1 pm diameter and 1 nm thickness at pH 10.0.

Millipore PES ultrafiltration membranes with 30 nm pores were purchased and used as a
substrate for deposition. PES membranes were plasma-cleaned in a Harrick Plasma
Cleaner/Sterilizer PDC-32G at 18 W for 30 seconds and soaked in PDAC or PAH solutions before
spray-LbL film assembly.

5.4.2 - Spray Layer-by-Layer Deposition

Films were constructed using a custom-built spraying apparatus. Solutions and clay
dispersions were aerosolized with N2 gas at 20 psi and are sprayed onto the substrate rotated at 10
rpm. The basic program for each layer involved spraying the film component for 3 seconds,
pausing for a 5 second drain period, rinsing for 10 seconds with pH-adjusted water, and then and
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then a final 5 second drain period. The sequence is repeated for each film component listed to
assemble a bilayer or tetralayer.

5.4.3 - Characterization

A Dektak 150 profilometer was used to determine the film thickness. Profilometry samples
were deposited on glass slides plasma-cleaned using the above equipment for 5 minutes; otherwise,
the standard protocol above was used. Both a JEOL JSM-6060 and a JSM-6010LA Scanning Electron
Microscopes (SEM) were used to image both film surfaces and cross-sections. Cross-sectional SEM
samples were prepared via the cryo-fracture method by submerging the sample in liquid N2z and
then physically tearing the sample with forceps and mounted on Ted Pella, Inc. #16104 Low Profile
SEM Mount Pins. A TA Instruments Discovery Series Thermogravimetric Analyzer was used to
determine the film composition of LbL films with the following program: temperature equilibration
at 85 °C for 5 minutes, followed by a ramp up to 800 °C at the rate of 10 °C/min, followed by a final
temperature equilibration at 800 °C for 5 minutes. The nanoindentation measurements were taken
with a DMSE NanoMechanical Tech Lab Hysitron Triboindenter. A Sterlitech HP4750 dead-end
permeation cell was used to determine both water and salt permeability. The cell was operated
between 50 and 300 psi for films assembled on UF membranes. A Spiegler-Kedem model was then
applied to determine the local water permeability constants. The chloride ion concentration of the
collected permeate was measured with an Oakton lon 700 conductivity meter and Thermo-
Scientific Orion 9617BNWP lonPlus Probe.
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VI. Catechol Modification

6.1 - Introduction

6.1.1 - Summary

The thermal cross-linking scheme introduced in chapter IV requires hours of processing
time and the degree of cross-linking was at maximum approximately 20%. One shortfall in scaling
up the manufacturing of films such as these to the industrial production is that length of time
required to form polyamide. Alternative ways to effect a cross-linking of the LbL film with greater
efficacy and less processing time, therefore, are interesting routes to take this work. One possibility
is utilizing a film architecture with catechol-modified polyelectrolytes (Figure 6-1). These catechol
groups are excellent adhesives that form strongly cross-linked networks with exposure to neutral
and alkaline pH conditions such as seawater.

b)

Polymer Bilayer

Porous Support

Rinse Rinse

Composite Bilayer

Porous Support

Figure 6-1: Schematic of catechol-modified clay composite film architectures: a) modification of a
polyelectrolyte with catechol groups and the different bonds that can be formed between catechol groups,
and b) different film architectures containing catechol-modified polyelectrolytes.

The protocols for developing these catechol-modified polyelectrolytes were examined,
better buffer selections were identified, and some preliminary work was conducted with dip-LbL to
build clay-composite thin films with catechol-modified polyelectrolytes.
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6.1.2 - Application of Catechol-Modified Polyelectrolytes to LbL Thin Films

Catechol groups are derived from mussel proteins and are excellent adhesives at neutral pH
values[384, 385]. Prior research on catechol-modified polyelectrolytes have shown these materials
form several intermolecular bonds in the form of hydrogen bonds, covalent bonding in the form of
ester groups, and m — & stacking interactions at neutral and alkaline pH conditions[386, 387]. Dip-
LbL assembled films with catechol-modified polyelectrolytes such as BPEI and PAA, abbreviated as
BPEIC and PAAC, have been assembled and successfully used to tune drug release and for
biomedical applications[388-390], in chemical sensors[391], functionalized surfaces and
coatings[392, 393], and to functionalize a variety of substrates for the deposition of LbL films with
catechol-modified polyelectrolytes[385, 394-397]. Only one other paper has been published on
dip-LbL assembled films with catechol-modified polyethylene glycol and clay platelets to form a
hardened nacre-like free-standing film, but there was not a focus on permeability properties[398].

The particular focus of this section of research is on modifying PAH and PAA with catechol
groups in the scheme shown in Figure 6-2.
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Figure 6-2: EDC chemistry to attach catechol groups to polyelectrolytes: a) PAH to form PAHC, and b) PAA to
form PAAC.

In this reaction scheme, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) serves as a catalyst for the amidation reaction between a carboxylic acid functional group
and an amine functional group. For this application, EDC was used to catalyze the reaction between
a functionalized catechol group, either 3,4-dihydroxyhydrocinnamic acid (DHHCA) or 3,4-
dihydroxyphenethylamine (dopamine), and a polyelectrolyte backbone, PAH and PAA respectively.
An additional catalyst, N-hydroxysulfosuccinimide (sulfo-NHS), can be added as a substitute leaving
group for EDC that will accelerate the amidation with the polyelectrolyte backbone.

The full reaction scheme is illustrated in Figure 6-3.
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Figure 6-3: Full reaction scheme for attaching catechol groups to a) PAH to form PAHC, and b) PAH to form
PAHC with sulfo-NHS to form a secondary intermediate product.
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6.2 - Results and Discussion

6.2.1 - Solvent Selection for Catechol Modification

Previously, work was also carried out to modify BPEI, which has a 1:2:1 ratio of primary,
secondary, and tertiary amine groups[388]; the EDC can only undergo the nucleophilic attack
reaction with a primary amine as the other amines are too sterically hindered. As the goal was to

generate as many cross-links as possible, PAH was selected for modification as each repeat unit has
a primary amine group.

The prior work in the Hammond lab utilized phosphate-buffered saline (PBS) for the
reaction solvent, which naturally buffers around pH 7.0 depending on the composition and quantity
of added salts. As this reaction proceeds optimally at pH 4.5-5.0, continuous addition of acid was
required to maintain the reaction pH below 5.0 otherwise the dopamine groups would cross-link as
the pH rises to 7.0. This was a deleterious side reaction that would turn the batch into a rubbery
substance with the consistency of taffy or thicker. Thus, different solvents were investigated with
the hopes of finding one that prevented side reactions from occurring and naturally buffered closer
to the optimal reaction pH.

Several common acidic buffers have carboxylic acid functional groups, such as acetic acid
(Table 6-1).

Table 6-1: Investigated buffer solutions for PAHC modification, with approximate pH ranges and the
presence of carboxylic acid functional groups noted.

Buffer pK, Useful pH Range R-COOH
PBS varies, =7 ~6-9 No
Na,HPO, - NaH,PO, [2.15,) 7.20,[12.32] 5.8-8.0 No
Acetic Acid - Na Acetate 4.76 3.7-5.6 Yes
Citric Acid - Na Citrate 3.14,4.75,6.39 3.0-6.2 Yes
MES 6.16 55-6.7 No
MES + NaCl 6.16 (MES) 3757 No

o\ /o
N/\/S\OH

p

)

Figure 6-4: Chemical structure of 2-(N-morpholino)ethanesulfonic acid (MES).
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These buffer solutions will react with EDC in a reaction scheme similar to Figure 6-3a. This
complicates the solvent selection as the necessary buffer cannot contain an amine or carboxylic acid
functional group. After some experimentation with different buffers, 2-(N-morpholino)
ethanesulfonic acid (MES) with 0.5 M NaCl (Figure 6-4), which buffers at pH 4.7, was identified as a
reasonable choice for a buffer solution. The buffer is close enough to the optimal reaction pH to
forgo the necessity of additional acid or base as the reaction proceeds.

Table 6-2 documents the attempted reactions with the three different buffer solutions
and quantities of reagents. The general procedure started with the dispersal of all reactants in
the volumes of buffer solution listed in Table 6-2. First, the EDC was added to the carboxylic
acid to form the first intermediate, and then sulfo-NHS if that was included in that particular
batch, and finally the amine-containing reactant to form the product. Stirring was continuous
for a minimum of three hours, followed by a sequential dialysis of a minimum of 3 days to
remove unreacted chemicals and byproducts.

Table 6-2: Reaction batches attempted for catechol modification of PAH, with buffer selection, quantities of
reactants, and notes on the product.

Batch  Buffer PAH EDC S-NHS DHHCA Result
(g/mL) (g/mlL) (g/mL) {g/mL)

2 PBS 0.468/15 1.200/5 0.743/3 0.592/5 Negative, brownresidue

4 MES 0.492/30 1.211/20 0.088/10 0.602/20 Negative, white residue

6 MES 0475/20 7.192/50 0.339/20 2.063/30 pH held const, still cloudy

0.998/40 0.113/10 1.182/20 Dark cola prod., pH4.5

10 NaAc 1.010/11 0.124/6 0.067/5 1.334/21 pHS5, darkresidue

The trials run with the PBS buffer all produced a brown, rubbery residue and the final pH
was significantly greater than the optimal reaction pH. Sodium acetate buffer (NaAc) resulted in a
similarly unrecoverable mess of a product. All trials run with MES buffer remained closer to
optimal reaction pH, with the final pH for the 7th batch around 4.3 and for the 8th batch at 4.5 (the
prior runs with PBS buffer, to the extent that pH could be reliably measured with a large
precipitated product, had solution pHs of 6.0 or greater). Trials run without sulfo-NHS generated a
recoverable product (marked with an asterisk in Table 6-2, batches 7 and 8). This product was
dialyzed for one week with a minimum of 8 rinses, stepping the buffer concentration down from full
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strength to 1:100 strength, before the product was frozen and isolated via the lyophilizer. 1H NMR
was then used to characterize the reaction products after dialysis, an example spectra for the 8t
batch shown in Figure 6-5.

The key peaks for quantifying the extent of reaction were associated with the aromatic
group, which appear downfield between 6.0 and 7.0 ppm, and the amine group on the
polyelectrolyte backbone, which appear around 2.5 to 3.0 ppm. Given the ratio of these two
integrated peak areas and accounting for the fact that each catechol group has a benzene group
with 6 carbons, the estimated degree of modification for the 8t batch of PAHC was approximately
4%.
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Figure 6-5: NMR spectra for PAHC with Me-d solvent.
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The zeta potential measurement for the PAH solution was 50.83+5.72 mV, while for the
PAHC solution was 31.58+2.80 mV at the same concentration, indicating some of the amine
functional groups had been replaced.

6.2.2 - Clay Composite Films with Catechol-Modified Polyelectrolytes

Some clay composite films could be assembled using the catechol-modified polyelectrolytes
left by Younjin Min in the Hammond Lab. The catechol-modified polyelectrolyte film components
were at pH 5.0 with rinsing steps at neutral pH (7.0) to start the cross-linking process in two film
architectures: (BPEIC/LAP) and (BPEIC/PAAC/LAP). The LAP clay dispersion was at pH 10.0 as
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with the prior assembly protocols. Given the limited amount of material, dip-LbL was employed to
conserve material.

The first bilayer architecture corresponds most closely to the clay composite bilayer films
developed in chapter III, but with the ability to crosslink between catechol groups, is also a bilayer
analog to the thermally cross-linked composite tetralayer films. The second trilayer architecture,
consisting of both a catechol-modified polycation and polyanion, was an experimental architecture
to see if it was possible to build up a film through alternating ionic interactions between the
polyelectrolyte chains and m — & stacking interactions with the LAP clay platelets. The growth
curves for these films are shown in Figure 6-6.
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Figure 6-6: Growth curves for dipped catechol-clay composite films: a) (BPEIC/LAP) (white), and b)
(BPEIC/PAAC/LAP) films (black).

Both films could be assembled with minimal difficulty. The (BPEIC/LAP) films were thicker
than the trilayer (BPEIC/PAAC/LAP) films. Although this appears unusual at first glance, given the
total number of layer depositions for the bilayer film at 20 repetitions is 40 layers and 60 for the
trilayer film, the negative surface charge was likely not a strong driving force for the adsorption of
negatively charged clays. Thus, the films likely contained a greater quantity of the two polymeric
film components as opposed to the clay bilayer film, which contained a thickly adsorbed layer of
clay platelets in each deposition. The average surface roughness measured via profilometry was on
the order of 2 nm for the (BPEIC/LAP) films, significantly smoother than anything deposited via
spray-LbL in this report. For the trilayer films, more surface roughness was observed, up to 7.2 nm
for the 20 trilayer depositions and 2.5 nm for the 4 trilayer deposition. Although comparable to the
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films deposited via spray-LbL, this increased surface roughness is indicative of the clay platelets not
depositing in a uniform and smooth layer.

Films were also sprayed with two architectures: the (BPEIC/LAP) architecture and a
(PAHC/LAP) with the PAHC produced by the process described in section 6.2.1 (Figure 6-7).
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Figure 6-7: Growth curves for sprayed catechol-clay composite films: a) (BPEIC/LAP} (white), and b)
(PAHC/LAP) films (black).

The films assembled via spray-LbL exhibited surface roughness on the order expected for
the LAP clay-containing bilayer films, and were fairly unremarkable in this respect. The growth
rate for these two films was approximately linear, with the (BPEIC/LAP) films growing at 0.81
nm/bl and (PAHC/LAP) films growing at 0.65 nm/bl. There are steric factors that cause BPEIC to
form thicker monolayers per deposition than PAHC: 1) polymer chain branching, and 2) the degree
of substitution on the polyelectrolyte backbone. First, the branched polymer chains on the BPEIC
polyelectrolyte have fewer degrees of freedom than the long chain of the PAHC polyelectrolyte,
which inhibits the ability of the BPEIC to layer across the surface smoothly. Second, the greater
degree of substitution on the BPEIC modified polyelectrolyte (approximately 20%][388]) is
significantly greater than the degree of substitution on the PAHC modified polyelectrolyte
(approximately 4%), which increases the molecular weight of the polyelectrolyte and introduces
additional steric restrictions.

6.3 - Conclusions
No significant quantity of films were able to be constructed with the catechol-modified
PAHC, so ultimately no conclusion can be drawn about the efficacy of this approach for the
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purposes of assembling clay composite selective layers, at least from the perspective of salt
selectivity and water permeability.

However, a few conclusions can be drawn on how these polyelectrolytes are prepared and
possible pitfalls that need to be addressed to spray these materials into films. First and foremost,
the appropriate selection of buffer solution can significantly reduce the processing difficulty in
producing the intended reaction product and limit the rate of deleterious side reactions. Given the
array of buffer solutions attempted, the only useable product was recovered when MES buffer and
no sulfo-NHS was used.

The films that were assembled via both dip-LbL and spray-LbL demonstrate that catechol-
modified polyelectrolytes can be assembled into LbL films with LAP clay platelets, and in the case of
dip-LbL films are uniquely smooth for polymer-clay composites. Although this is not a requirement
for this particular application, it is a fairly interesting phenomenon that may have applications
elsewhere. Additionally, the ability to spray catechol-modified polyelectrolytes that can be
hardened with a subsequent exposure to water at neutral-to-basic pH is a key result from this body
of work.

6.4 - Materials and Methods

6.4.1 - Materials

PAH (MW: 60 kDa) and PAA (MW: 20 kDa) were obtained from Polysciences, Inc. ~ EDC
(MW: 191.7 Da) was obtained from Thermo-Scientific, Inc., CAS #25952-53-8. DHHCA (MW: 182.17
Da) was obtained from Sigma-Aldrich, CAS #1078-61-1. Dopamine (MW: 153.18 Da) was obtained
from Sigma-Aldrich, CAS #62-31-7. Sulfo-NHS (MW: 217.13 Da) was obtained from Thermo-
Scientific, Inc., CAS #106627-54-7.

Solutions were prepared at specified concentrations in Table 6-2 and were adjusted to the
reaction pH by using a ®340 pH/Temp Meter and concentrated HCl or NaOH solution as
appropriate.

6.4.2 - Reaction Protocol

Solutions were prepared at least one day in advance to fully disperse and solubilize the
reactants. First, the EDC was added to the carboxylic acid to form the first intermediate
product, and then optionally sulfo-NHS if that was included in that particular batch, and finally
the amine-containing reactant to form the product. Stirring was continuous throughout the
reaction and for a minimum of three hours afterwards, followed by a sequential dialysis in a 2
L beaker for a minimum of 3 days to remove unreacted chemicals and byproducts. The buffer
solution was initially used at full strength, with a 10:1 after three dialysis batches on the first
day, and 100:1 for the final dialysis step. The product was then rescued, frozen overnight in a
Falcon tube, and finally lyophilized for two days to remove the excess water.
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6.4.3 - Layer-by-Layer Assembly

Films were constructed using a custom-built spraying apparatus. Solutions and clay
dispersions were aerosolized with N2 gas at 20 psi and are sprayed onto the substrate rotated at 10
rpm. The basic program for each layer involved spraying the film component for 3 seconds,
pausing for a 5 second drain period, rinsing for 10 seconds with pH-adjusted water, and then and
then a final 5 second drain period. The sequence is repeated for each film component listed to
assemble a bilayer or tetralayer.

Dipped films were assembled with a modified slide stainer in the ISN. Substrates were
dipped for 5 minutes in each polyelectrolyte bath, with two intervening 1 minute rinse steps and
shaking steps between each polyelectrolyte dip. 1.0 mg/mL polyelectrolyte bath concentrations,
with an approximate volume of 20 mL, were used for the assembly of all films in this chapter of the
report.

6.4.4 - Characterization

A Bruker Avance-400 1H NMR Spectrometer with a Magnex superconducting magnet was
used to take the NMR spectra. A Dektak 150 profilometer was used to determine the film thickness.
Profilometry samples were deposited on glass slides plasma-cleaned using the above equipment for
5 minutes; otherwise, the standard protocol above was used. AFM imaging was conducted with a
Vecco Dimension 3100 AFM with Nanoscope Controller and 1929G scanner head, with the typical
scan size at 10x10 pm?, scan rate of 0.4 Hz and 512 samples/line yielding a maximum tip velocity of
8 pm/s. The AFM tips used were Vecco Si tips on nitride levers with f, = 50-90 kHz and k=0.4 N/m.
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VII. Conclusions

7.1 - Summary of Thesis

In chapter I, the state of global water resources and methods to desalt saline water sources,
including oceanic water, brackish water, and wastewater, were discussed. This is a major
motivating factor to design and construct high-efficiency and high-throughput RO membranes to
address this challenge in the 21t century. Although there are incredibly effective TFC membranes
on the market today, there are improvements in throughput and antifouling properties that could
be made to further reduce maintenance costs, as well as the opportunity to develop similar
membranes in a cheaper fashion to reduce the capital costs. One method that can be used to
assemble selective layers similar to those formed via interfacial polymerization in TFC membranes
is LbL assembly, and in particular spray-LbL assembly which is capable of rapidly depositing large,
asymmetric membranes. A wide array of research being conducted on dip-LbL assembled
composite thin films to serve as selective layers in RO membranes, but this body of prior research
does not take advantage of the unique properties of LbL assembly and particularly spray-LbL
assembly that enables the generation of structured nanocomposites that could potentially improve
selectivity and throughput. These nanostructured membranes have been very successful in an
array of other applications, including gas separation membranes and barrier layers, but have not
been fully explored for RO selective layers. This thesis work aims to bridge this gap by taking a
nanostructured materials approach to the design of a next generation selective layer for RO
membranes. The design focus was on maximizing water permeability and salt rejection through
introducing nanostructured materials, particularly clay platelets, into LbL-assembled film
architectures. It was hypothesized the incorporation of these clay platelets would introduce highly
tortuous diffusive pathways through the selective layer and nano-channels that could reject
solvated ions via size exclusion; the impact of these two modifications was hypothesized to be a net
increase in salt selectivity. Finally, three specific aims were enumerated which outline the work
performed and reported on in the subsequent chapters.

In chapter 11, spray-LbL assembled films were assembled on several candidate substrates to
determine the optimal support layer for the clay composite selective layers. Clay composite films
(further explored in chapters 11l and IV) were deposited on nylon-6 and PSU electrospun mats and
PES UF membranes, which were then examined for defect formation. Qualitatively, the most
uniform films with the lowest surface roughness were those deposited on PES membranes with 30
nm pores, which closely matched the characteristic length of the LAP clay platelets. Additionally,
clay composite films assembled on PES-30 UF membranes were observed to crack less under RO
conditions, leading to PES-30 UF membranes being the preferred substrate for the clay composite
selective layers further explored in this report. Brief experiments were conducted on a filled clay-
composite espun membrane that could potentially serve as a fortified free-standing selective layer.
Although the generated films were interesting from a spray-LbL perspective, this process did not
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yield an effective membrane because the membrane thickness was too great to allow for an
appreciable flux.

In chapter 111, clay composite bilayers comprised of the strong polycation PDAC and LAP
clay platelets were investigated. First, conditions for dispersing the LAP clay platelets in aqueous
suspension for spray-LbL deposition were explored. Then, these selective layers deposited on PES-
30 UF membranes were examined and characterized. The sprayed clay composite thin films, for a
variety of spraying conditions, were found to grow linearly with respect to the number of bilayers
deposited, largely fitting in to what is known about the dynamics of spray-LbL deposition. Via
manipulating the spray time of the PDAC and LAP film components, TGA composition analysis
revealed the clay content of the films could be controlled between 53% and 86% by weight, with
the balance polyelectrolyte. This is a significantly greater degree of clay incorporation into the
selective layer than has been observed with other methods used to assemble clay composite films.
Cross-sectional imaging of the films via SEM revealed fracture patterns that were indicative of the
clay platelets layering across the surface of the film, building up a nano-scale brick-and-mortar-like
structure. From the perspective of permeation properties, there was an inverse correlation
between salt rejection and clay content: the most efficacious salt-selective films had the lowest clay
content and vice-versa. This is hypothesized to be the result of films with higher inorganic clay
content being more brittle and exhibited a greater degree of defect formation during RO operation.

In chapter IV, the methods and ideas to address the brittle mechanical properties of the clay
composite film architecture were detailed. First, a cross-linkable polyelectrolyte film architecture
containing PAH and PAA was introduced to form a clay composite tetralayer film: tetra-LAP. The
films were observed to grow largely linearly with respect to the number of tetralayers deposited,
which was a similar behavior that was observed for the clay composite bilayer films presented in
the prior chapter. The degree of cross-linking was estimated on the basis of the amide II peak,
corresponding to the bending of the N-H bond, and then impact of this cross-linking on the
mechanical properties and swelling of the films was explored. The hardness of the cross-linked
tetra-LAP composite films was 30-40% greater than the untreated tetra-LAP composite films.
Swelling in the cross-linked tetra-LAP composite films was constrained to 10-15% for both the pH
5.0 and pH 6.0 films, but in the untreated films swelling on the order of 62% for clay composite
bilayers and in excess of 100% for the pH 5.0 films was observed. These two observations are
strong confirming evidence the cross-linking is occurring at 175°C, which is somewhat below the
optimal cross-linking temperature between 200°C and 250°C. The tetra-LAP composite films had
38% to 56% clay content based on the assembly pH, a lower range than what was examined in
chapter III and thus interesting for two reasons: 1) the fraction of clay is still greater than what has
been reported on for other clay composite assembly techniques, and 2) the variable space of clay
content against permeation properties is more fully explored. Interestingly, the calculated water
permeability of these films was similar (on the same order of magnitude) as the clay composite
bilayer films examined in chapter III, but exhibited significantly greater salt selectivity. The salt
rejection figures ranged from a minimum at 46% for the pH 6.0 film architecture to a maximum at
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89% for the pH 5.0 film architecture. From the data collected on salt rejection and the clay content
of the films assembled in chapters Il and IV, it was observed that lower clay content was correlated

with higher salt rejection while the water permeability did not correlate at all. These relationships
are further examined in section 7.2.

In chapter V, work is detailed that utilizes an alternative silicate clay platelet with a
significantly greater aspect ratio than LAP clay, MMT. It was hypothesized that increasing the
aspect ratio of the clay platelet, with a similar degree of clay incorporation, would increase the
tortuosity of the diffusive pathways through the film and thus increase salt selectivity. MMT clay
was investigated in three different film architectures: clay composite bilayers, mixed bilayers
containing a joint deposition of SPS and MMT, and tetralayers. In all three cases, it was not possible
to assemble similar MMT clay composite thin films via spray-LbL, but some pointers were identified
to guide future researchers as to where effective work could be done to improve the deposition
process with higher aspect ratio nanomaterials. Additionally, a collaboration to incorporate GO
platelets, which have different chemistry and surface charge characteristics but similar platelet size
to MMT clay, via spray-LbL deposition was attempted with only marginally more success. Different
film assembly conditions including lower assembly pH values were required to incorporate
graphene layers into films. However, due to the low mechanical toughness of the GO films as well
as the irregular coverage of the substrates, no effective selective layers could be generated with this
material.

In chapter VI, the focus is shifted to alternative cross-linking schemes with the potential to
be more efficient than the thermal cross-linking process utilized in chapters III, IV, and V. The
primary route examined was the catechol modification of polyelectrolytes. These catechol
functional groups can interact via covalent linkages, hydrogen bonds, and n-m stacking interactions
on the basis of pH shifts, which would enable the deposition of a tightly cross-linked polymeric
matrix with significantly faster processing time than is possible via thermal cross-linking. However,
the functionalization was difficult to replicate with the procedures found in literature; different
buffer solutions were experimented with to find an experimental method that produced catechol-
modified polyelectrolytes. It was determined that MES buffer, which contains a sulfonic acid
functional group, was a better buffer selection than buffers containing carboxylic acid such as citric
and acetic acid or PBS buffer for two reasons: 1) it buffers naturally near the optimal reaction pH,
and 2) it does not undergo side reactions with the buffer solution. Primarily, two catechol-modified
polycations, PAHC and BPEIC, were used to assemble films via both dipping and spraying, and the
physical properties of these films were evaluated.

From this thesis work, one first-author paper was published on a selection of content from
chapters I, III, and IV: Jason R. Kovacs, Chaoyang Liu, Paula T. Hammond. “Spray Layer-by-Layer
Assembled Clay Composite Thin Films as Selective Layers in Reverse Osmosis Membranes” ACS
Applied Materials & Interfaces {2015), submitted and just accepted as this document goes to print.
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7.2 - Comparative Analysis on Clay Composite Films

In chapters III and IV, several clay composite selective layers of differing LAP clay contents
were assembled. The incorporation of clay was found to have a direct impact on the permeability
properties of the films, as well as the mechanical toughness of the films. These correlations are
enumerated upon below.

7.2.1 - Salt Rejection as a Function of Clay Content in Composite Films

In chapter III, it was observed that (PDAC/LAP]} selective layers exhibited salt rejection
between 10% and 28% and this correlated inversely with the clay content of the films. The range of
clay contents examined ranged from 53% to 86%. In chapter 1V, films with clay contents ranging
from 38% to 56% were examined, increasing the examined range from 38% to 86% by weight clay.
It is notable that the overall clay content of the film does not directly correlate to its performance in
the salt rejection trials. The best performing film, the (Tetra-LAP) pH 5.0 film architecture, had an
average clay content of 38% and a salt rejection of 89%. Extremely high clay content films
assembled via the (PDAC/LAP) method perform similarly with regards to water permeation, but
were more brittle due to the high clay content, and thus more susceptible to critical defect
formation during RO, with a 83% clay membrane only rejecting 10% of salt ions. A plot of the
observed salt rejection against the clay content of the films is shown in Figure 7-1.
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Figure 7-1: Plot of clay content of various clay composite film architectures vs. observed salt rejection: a) clay
content by weight percent, and b) clay content by volume percent.

There appears to be a roughly linear trend between clay content and observed salt rejection

with the exclusion of the 0% data point, with Rz = 0.7229 (Figure 7-1a) or R2 = 0.6219 (Figure 7-

1b). It is noteworthy both that decreasing clay content resulted in increased salt rejection, and also

that reported polyelectrolyte selective layers as well as those generated for this report exhibited
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maximum salt rejection around 50-60%. It was hypothesized that increasing clay content would
increase salt selectivity, but it appears this is counter-balanced by brittle films forming critical
defects in operation that reduce the overall salt rejection. Additionally, we have a starting point for
LbL films without incorporated nanomaterials that is significantly below the observed maximum of
89% in the clay composite studies presented in chapters 11l and IV. Thus, there must be a global
maximum somewhere along this line, and it is likely to be near the 38% clay data point, given the
89% salt rejection observed there, corresponding to the (Tetra-LAP) pH 5.0 data point. The
regression equation reaches a value of unity at 20.1% by weight clay content, although this
extrapolation is suspect as the trend reverses towards 53% salt rejection with the (PAH/PAA)
polymer bilayer films.

7.2.2 - Water Permeability as a Function of Clay Content in Composite Films
Similarly, the water permeability for several LAP-clay containing bilayer and tetralayer film
architectures was plotted against the clay content (Figure 7-2).
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Figure 7-2: Plot of clay content of various clay composite film architectures vs. calculated water
permeability: a) clay content by weight percent, and b) clay content by volume percent.

There was not a strong correlation observed in the water permeability as a function of the
clay content for the clay containing thin films; the R2 value for the linear regressions being 0.2655
(by weight, Figure 7-2a) and 0.2295 (by volume, Figure 7-2b). Although to the naked eye there
appears to be a linear trend line, this is a function of the outlier 0% clay and 86% clay data points,
one of which has a significant error margin attached. Upon eliminating those two data points, the
correlation holds below 0.3 at 0.2771 and 0.2931 for the by weight and by volume correlations,
respectively.
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7.2.3 - Tortuosity Calculation and Correlation in Composite Film Architectures

As noted in section 1.6.3, there are multiple correlations that can be used to evaluate the
tortuosity of the diffusive path length in a film that is comprised of a permeable matrix filled with
impermeable platelets, which is largely a function of the volume fraction of clay, ¢, and the aspect
ratio, a, of the clay platelets in the film. The Cussler correlation[170] is most appropriate for the
density of clay in the composite thin films in this report (under semi-dilute conditions ¢ < 1 and
a¢ > 1). As noted in the section, the Cussler correlation takes the form:

a2¢2
Teusster = 1+ 1

1-¢
..where u is the geometric ratio for the particles in question, and is approximately 0.5 for
clay platelets{171]. The density of the LAP clay platelets was taken as 2.53 g/cm3, and the average
polymer matrix density was estimated to be 1.05 g/cm3 although perturbations of 5% on that value
do not significantly affect the conclusions. Using this information, the salt rejection and water
permeability can be plotted against tortuosity (Figure 7-3).
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Figure 7-3: Plot of tortuosity calculated via the Cussler correlation of various clay composite film
architectures vs. permeation properties: a) vs. observed salt rejection, and b) vs. calculated water
permeability.

The shift from volume fraction of clay to tortuosity stretches the abscissa since the upper
limit as ¢ approaches unity the tortuosity approaches . Given the cluster of samples with
tortuosity values ranging from 15 to 70 and the large impact of the 86% by weight clay sample,
corresponding to 7 =~ 424 (Table 7-1), drawing too many conclusions from the correlation is not
desirable. However, an exponential regression on 7 v. R (Figure 7-3a) yields Rz = 0.6502 and a
power regression on 7 v. p,, yields R? = 0.6851, much stronger correlations than what was observed
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for the raw clay content plotted against the water permeability and comparable to the strength of
the regression equations for salt rejection.

Table 7-1: Tortuosity calculated with the Cussler method from the clay content data.

Film Clay(wt %) Clay {vol. %) T (Cussler)

7.2.4 - Hardness as a Function of Clay Content and Crosslinking in Composite Films

Finally, the hardness was plotted against the clay content (by weight) of the films to see if
there was any conclusion that could be drawn (Figure 7-4).
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Figure 7-4: Plot of clay content of various clay composite film architectures, untreated (light) and cross-
linked (dark) vs. dry film hardness measured via nanoindentation.

Although to the naked eye there appears to be a linear correlation for the hardness of both
the untreated and cross-linked films, caution is advisable due to the small number of data points.
The R2 for the linear regression through the untreated films is 0.6777, and for the cross-linked films
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is 0.9977. The hardness of the untreated films appears largely constant at 0.6 GPa regardless of
clay content, which is somewhat unexpected as the incorporation of clay platelets was thought to
increase this property. However, the trend of increasing hardness with respect to clay content was
observed for the cross-linked films.

7.3 - Conclusions

Spray-assembled clay composite films are a promising area of investigation for the
development of RO membrane selective layers. With the appropriate assembly conditions and
material selection, it was possible to achieve approximately 89% salt rejection with significantly
greater water flux than is possible with TFC RO membranes currently used on the market. The high
flux nature of the clay composite membrane makes it a perfect fit for FO and RO-type applications,
as well as a candidate to investigate further for brackish water RO. The target of 93% salt rejection
for a single pass purification scheme, necessary for SWRO applications, was not achieved. However,
it is likely that future optimization on the selective layer could achieve this figure?

It is also important to note the clay content of these films assembled via spray-LbL was over
a range of 38% to 86%, a truly massive range that yielded significantly different material properties
and is difficult to assemble via any technique besides spray-LbL. While there are significant
drawbacks associated with LbL assembly including the amount of waste generated (with research
ongoing into recycling systems for spray-LbL), the processing time (although spray-LbL
significantly reduces this), particularly the thermal cross-linking time (a chemical method could be
more efficacious here), these films have very unique properties such as a fully exfoliated and
intercalated clay platelet structure within a polymer matrix. At the moment, if these types of films
are to be investigated and applied not just for RO selective layers but for several applications, LbL
assembly is an incredibly useful tool to build them. With sufficient work on recycling the large
amount of waste generated by spray-LbL, it can be much more economically viable than it already
may be due to the elimination of organic solvents.

The major conclusion drawn from the work in chapters 11l and IV is the necessity of utilizing
cross-linking film architectures to control the swelling and mechanical properties of the selective
layer. Untreated LbL films, even those with strongly charged functional groups, are not robust
enough to be useful under RO conditions. This is confirmed not only by the author’s experience
with the work presented in chapter Ill, but additionally by the literature discussed in section 1.8.3.

On the alternative materials presented in chapters V and VI, the only material system the
author would exclude from future consideration would be the GO platelet architectures. The
relatively lower charge density of the GO platelets, concentrated along the outside edge of the
platelet, make them difficult to incorporate into LbL architectures that would be appropriate for RO
selective layers. MMT clay, along with other higher aspect ratio, charged nanomaterials, are a good
area of potential development (discussed in 7.4 below).

Taken as a whole, these findings represent an opportunity for further development of LbL-
assembled clay composite formulations that can be adapted to water filtration applications.
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Furthermore, high-flux clay composite membranes provide a high throughput alternative for
wastewater and brackish water treatment and potentially for forward osmosis applications.

7.4 - Recommendations for Future Investigation

Should investigators continue working on clay composite selective layers, there are
interesting areas where this work may be built upon. In this section are potential improvements,
projects, and areas of interest for future work on selective layers for RO membranes, particularly
those assembled via spray-LbL and with incorporated nanostructures such as clay platelets.

7.4.1 - Clay Composite Selective Layers

Further optimization with the LAP clay could be conducted. The author believes reducing
overall film thickness and incorporating chemical cross-linking film architectures with LAP clay will
generate a more efficient salt-selective layer. With the actual material systems employed in this
report, investigating whether the fouling properties are significantly affected is another question
that should be pursued, given how important this question is for the industrial application of RO.
There is a significant body of literature that indicates clay composites are more resistant to
biofouling for medical applications, but very little to indicate whether the same can be expected
with algae, cyanobacteria, and other common foulants in RO applications. The possibility of even
using an ordinary TFC membrane with a clay capping layer to reduce fouling is another potential
area of investigation.

Although at face value the application of MMT clay to generate even more tortuous diffusive
pathways appears a promising area, the actual impact may be significantly lower than expected. If
the newly introduced salt rejection method is size exclusion, it matters relatively little how tortuous
the diffusive pathway is so long as the nano-channels can be consistently manufactured to the
targeted specification. Instead, this may have a detrimental impact on the overall water
permeability and thus be less attractive than the LAP-containing film architectures explored in this
report on the basis of water production rate. This could perhaps be counterbalanced by utilizing
thinner films, but there is no reason to not explore the same with the LAP-clay containing
architectures explored above.

More fully characterizing the mechanical properties of the films, especially under RO
conditions including high salinity, higher applied pressures, and cross-flow RO testing, would likely
yield insights into whether such a system could be scaled up industrially.

7.4.2 - Catechol-Modified Polyelectrolyte Selective Layers

Fundamentally, the idea behind replacing the time- and temperature-intensive cross-linking
process with a chemical-driven cross-linking process is sound. However, there are a few concerns
and design challenges that would have to be overcome. First, the uniformity of the catechol-
modified polyelectrolytes was a consistent source of concern in this report, and switching to an
alternative cross-linking scheme involving more uniform materials may be a better route of
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investigation for a materials science/chemical engineering-focused project. There are a number of
possible alternatives, such as combining the clay composite film architectures explored in this
report with the glutaraldehyde cross-linked material systems discussed in the recent work
published by Kentish et al. This would allow the assembly of thin clay composites with an effective
cross-linker and take full advantage of the LbL assembly process that lets us incorporate
nanomaterials into the thin film in a way that cannot be done via interfacial polymerization. The
route explored in this paper is particularly promising, as they were able to introduce chlorine
resistance to a relatively thin film (10-20 bilayer depositions) and maintain very effective barrier
properties. A film architecture consisting of 10 or so clay composite base bilayers with a few
capping layers of the polymer bilayer containing SPS, all thoroughly cross-linked, would likely
generate a mechanically strong and salt selective thin film that would obsolete the core work done
in chapters IIl and IV of this report.

7.4.3 - Thoughts on Future Research in Selective Layers for RO Membranes

The author believes it would be most interesting to develop a lower-waste highly efficient
technique to deposit high clay content composite films without spray-LbL. One of the key
challenges to scaling up this technology to the industrial scale, as mentioned in 7.3, is the vast
amount of waste generated via the spray-LbL deposition process. There is interesting work being
done in startups and research at the bench scale to address the waste issue with spray-LbL, but an
investigation of other film deposition techniques may be equally viable.

Particularly, a method to build a film through a sequential interfacial polymerization with
clay platelets would be interesting, where the sequence involves alternating the deposition of clay
layers between the interfacial polymerization steps. This would have the effect of generating a
nanostructured film similar to what can be accomplished via spray-LbL and possibly with the same
fractional weight of clay, but also yield significant advantages in terms of material used and overall
mechanical strength.
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Appendix 1: Mathematical Method for Permeability Calculation

A1.1 - Water Permeability

As discussed in section 1.6, the Spiegler-Kedem model used for the water permeability data
analysis in this report takes the form of:

Jw = Ry(8p — oAm)

...where J,, is the observed water flux, P, is the generalized water permeability coefficient for the
membrane, Ap is the applied pressure gradient across the membrane, Ar is the osmotic pressure
gradient, and o is the reflection coefficient, a fitted parameter that ensures the flux is zero when the
applied pressure is equal to the osmotic pressure of the feed solution. Mathematically, this is
calculated by the following equation:
_(4r
o=,

Additionally, the pressure gradients can be approximated by neglecting horizontal diffusion and
using axial coordinates:

dP dm
T~ —

dz’ dz

...where the z-coordinate corresponds to the thickness of the selective layer.

Ap =

This model can be used to evaluate a water permeability constant across a membrane given
experimental data on the water flux (measured via collecting samples from a Sterlitech HP4750
dead-end permeation cell) and the thickness of the membrane {measured via the profilometry on
the LbL-assembled selective layers given in Chapters II], IV, and V). Flux data was collected from at
least 4 different operating pressures in 50 psig increments, from 50 psig to 200 psig, and preferably
additional measurements up to 300 psig to obtain more data for the linear regression. Average
water fluxes for applied pressures, J,, (P, ), were calculated via the formula:

1 my( Py,
]W(Papp) = ;Z_jg'gfp—)'

..where m, (Papp) was the mass of permeate collected at the applied pressure Py, t, was the time
over which the permeate was collected, and A was the membrane area of the permeation cell
(9.08-10* m2 based on the 3.4 cm diameter of the active area). This flux was plotted against the
derivative of pressure with respect to membrane thickness. This was approximated by taking the
pressure drop from the feed to permeate side of the membrane and dividing by the thickness of the
selective layer obtained via profilometry:

d_P~Papp_Patm

dz Az
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..where Py, is the applied pressure, Py, is the atmospheric pressure, and Az is the thickness of

the selective layer.

For the water permeability measurement on deionized water, the osmotic pressure term is
effectively zero and can be dropped from the equation. At this point, a linear regression is
conducted on the flux data plotted against the derivative to generate an estimate for the water
permeability, P,

dp
]w - PWE'

A1.2 - Salt Rejection

Salt rejection was calculated from the ratio of the measured permeate concentration to the
feed concentration of chloride ions. This corresponds to the observed salt rejection metric[144], as
it does not account for the CP boundary layer on the feed side of the membrane:

C

R=1--%

Cr
..where R is the salt rejection (reported as percentage), C, is the salt concentration of the
permeate, and C; is the feed concentration, often 10,000 ppm NaCl for the experiments in this

report.
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Appendix 2: Permeation Cells

A2.1 - Dead-End Permeation Cell

An HP4750 dead-end permeation cell was purchased from Sterlitech and used to generate
the majority of the permeation data presented in this report. The permeation cell was connected to
a N tank via a regulator with a release valve to both terminate the experiments as well as serve as
an emergency release system (Figure A2-1, A2-2). The cell was operated on a stir plate with a stir
bar setup to insure the feed solution stayed well-mixed during operation. Flux data in the form of
mass of permeate collected divided by the operation time was collected along with the conductivity
data, measured via a conductivity meter and/or a chloride ion probe.
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Figure A2-2: Image of completed dead-end permeation cell.
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The maximum operable pressure for the system was 1,000 psig for the regulator and tubing
assembly and 1,200 psig for the permeation cell, although no trials above 700 psig were conducted.
The active membrane area is a 3.4 cm-diameter circle, yielding an area of 9.08-10-4 m2, and the total
volume of the chamber is approximately 350 mL. For salt permeation trials, a maximum of 20 mL
was drawn off, resulting in a maximum feed concentration change of approximately 5%. Best
practices involved drawing off 5 mL of permeate and diluting to obtain a sample large enough for
the conductivity probe, and then algebraically determining the permeate concentration.

A2.2 - Cross-Flow Permeation Cell

In conjunction with collaborators on the CCWCE project, a cross-flow RO permeation cell
was designed and constructed. This device was designed to monitor water and salt permeation
over a long term period (over the course of 1-4 days) with electronic measurement and record of
key experimental values such as applied pressure, temperature, flow, and solution conductivity. A
schematic of this equipment is shown in Figure A2-1 and a picture of the cart in Figure A2-2.
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Figure A2-3: Schematic of cross-flow permeation cell.
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Figure A2-4: Image of completed cross-flow permeation cell.

The pump increased the temperature of the brine as it was cycled through the system,
which has a significant impact on the rate of diffusion. Thus, the feed was run through a heat
exchanger with a room temperature water bath to maintain the temperature at 25°C. A
temperature sensor is also installed so that the temperature of the feed stream can be monitored
along with the flux and conductivity data. The feed tank has a volume of approximately 5 gallons,
although a fraction of that volume is taken up by the heat exchanger (a coiled pipe around the
exterior) that interacts with the water bath. Preliminary testing has shown this cell can run
continuously for 96 hours (4 days), although monitoring is required during the startup phase to
ensure the pressure stays close to the set point.

The software employed for the real-time monitoring was DAQView, with the sensors
assigned to the following channels:

0. Feed Line - Pressure Gauge
Feed Line - Thermocouple
Permeate - Flow Meter
Permeate - Conductivity Meter
Feed Line - Flow Meter

O .
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