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ABSTRACT

Water recovery from impaired sources, such as reclaimed wastewater, brackish
groundwater, and ocean water, is imperative as freshwater resources are under great
pressure. Complete reuse of urine wastewater is also necessary to sustain life on space
exploration missions of greater than one year’s duration. Currently, the Water Recovery
System (WRS) used on the National Aeronautics and Space Administration (NASA)
shuttles recovers only 70% of generated wastewater.! Current osmotic processes show
high capability to increase water recovery from wastewater. However, commercial
reverse osmosis (RO) membranes rapidly degrade when exposed to pretreated urine-
containing wastewater. Also, non-ionic small molecules substances (i.e., urea) are very
poorly rejected by commercial RO membranes.

In this study, an innovative composite membrane that integrates water-selective
molecular sieve particles into a liquid-barrier chemically resistant polymer film is
synthetized. This plan manipulates distinctive aspects of the two materials used to create
the membranes: (1) the innate permeation and selectivity of the molecular sieves, and (2)
the decay-resistant, versatile, and mechanical strength of the liquid-barrier polymer
support matrix.

To synthesize the membrane, Linde Type A (LTA) zeolite particles are anchored
to the porous substrate, producing a single layer of zeolite particles capable of
transporting water through the membrane. Thereafter, coating the chemically resistant
latex polymer filled the space between zeolites. Finally, excess polymer was etched from

the surface to expose the zeolites to the feed solution. The completed membranes were



tested in reverse osmosis mode with deionized water, sodium chloride, and rhodamine
solutions to determine the suitability for water recovery.

The main distinguishing characteristics of the new membrane design compared
with current composite membrane include: (1) the use of an impermeable polymer
broadens the range of chemical resistant polymers that can be used as the polymer matrix;
(2) the use of zeolite particles with specific pore size insures the high rejection of the
neutral molecules since water is transported through the zeolite rather than the polymer;
(3) the use of latex dispersions, environmentally friendly water based-solutions, as the
polymer matrix shares the qualities of low volatile organic compound, low cost, and non-

toxicity.
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MOTIVATION AND MAIN IDEA OF THE RESEARCH
1.1. Water Shortage

Although water, the most essential component to life, covers 72% of earth's
surface, about a billion people do not have access to clean water.? For drinking use, water
should contain less than 250 mg/L; however, 97% of the earth’s water is seawater with
about 35,000 mg/liter salt.® The estimate of global water distribution (Table 1-1) shows
that all freshwater—in lakes, rivers, and groundwater—amounts to only 2.5%.* Current
fresh water supplies are under great pressure (Figure 1-1) with increasing demand and
decreasing supply, partly due to global warming and population growth.

Water shortages are not limited to a specific region of the world. In the USA
water shortages affects human life, the economy, production of energy, and agriculture.
Consequently water shortages lead to increased unemployment and consumer prices.®> For
example, in 2011, the cost of water shortage for the Texas economy was assessed

between $3 and $5 billion.

Table 1-1. One Estimate of Global Water Distribution.®’

Percent of total Percent of total
Water source Water source
water water
Surface water and other freshwater 1.30

Freshwater 2.50 Groundwater 30.10

Glaciers and ice caps 68.60
Saline groundwater 093
Saline lakes 0.07

Oceans 96.50



The water stress will be worse in near future, the United Nation's "World Water
Development Report" stated that by 2025, more than 50% of the world’s nations will face
water shortages; by 2050, as much as 75% of the world’s nations.® Therefore, providing
potable water for world populations is a serious issue in most part of the world.
Reclaimed wastewater, brackish groundwater, and ocean water are alternative sources for

the production of fresh water.

. Physical water scarcity

Approaching physical
water scarcity

. Economic water scarcity

. Little or no water scarcity

|_] Mot estimated

Figure 1-1. This Map Shows the State of Freshwater on the Planet on 2007. No Water
Scarcity is in the Blue Areas; The Red Areas are in Crisis; The Orange Areas are
Approaching or Experiencing Physical Water Scarcity. Image Reproduced From
Finkbeiner.®

1.2. NASA Water Recovery Challenges

Water is one of the most vital requirements astronauts need in order to live and work in
space. A long mission, such as a stay on the international space station (up to 1 year) or a

future trip to Mars that could take roughly one to three years!®, necessitates reducing

resupply from Earth. One of the ways to reduce resupply is to recover as much water as



possible from the wastewater generated. The WNational Aeronautics and Space
Administration (NASA) has set a goal of dramatically advancing today’s systems for
water recovery and management, in the process addressing human health needs as well as
the requirements of space flight and travel.!* A long-term target for NASA is to increase
water recovery from wastewater, thereby crafting a closed-loop system for water
recycling.!? Attaining this goal would have substantial positive implications for the
existing water recovery system used on the ISS. Although the new water recovery system
gives ISS the opportunity to increase the number of crew aboard, only 70% of wastewater
generated is recovered; the remaining 30%, brine, must be stored for later disposal.! At
present, wastewater cannot be recycled without water being resupplied from the ground
to the ISS. The space shuttle fleet has been retired, so minimizing the use of ground-
based resources has become a higher priority.’* Consequently, NASA confronts the
challenge of optimizing existing wastewater recycling systems, or creating new ones with
the capability to maximize water recovery. NASA wastewater is an acidic solution
containing several acids which are either naturally in urine or are added to control

microbial growth, 1199

1.3.  Desalination Processes

Desalination refers to a wide range of techniques that can be used to remove
dissolved salt from seawater/brackish water in order to producing fresh water. The
common processes used throughout the world for seawater desalination include: thermal

processes, membrane processes and chemical approaches.'*!® Ettouney reported that



worldwide, there were more than 12,500 industrial-scale desalination plants, producing
fresh water from seawater and brackish water in 2002.141°
1.3.1. Thermal Processes

Thermal desalination (distillation) is one of the most ancient technologies of
produce potable water from seawater and brackish water.!” In thermal desalination, saline
source is boiled to produce water vapor and then condensed to form fresh water.
Therefore, distillation methods require significant amounts of energy.

The most common thermal desalination processes are: multi-stage flash
distillation (MSF), multiple-effect distillation (MED), vapor-compression evaporation
(VC), solar water desalination.'” MED has a high ratio of water produced to steam
consumed, with the objective of producing the greatest amount of water with the
minimum energy input. While multi-stage flash (MSF) is the most popular technology, it

requires more energy than MED.*®

1.3.2. Membrane Processes

Common membrane processes include reverse osmosis (RO), forward osmosis
(FO), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), electrodialysis (ED),
and electrodialysis reversal (EDR).X® MF membranes only can reject large particles and
microorganisms since they have the largest pore size (100 nm - 100 um).2%2t UF
membranes with the pore size of 1 nm to 100 nm? not only reject the large particles and
microorganisms, but also they are able to reject soluble macromolecules (i.e. proteins)
and bacteria.?! RO membranes have nonporous structure and eliminate particles and even

salt ions, organics.?



To understand the osmotic process, comprised of reverse osmosis and forward
osmosis, one must first understand osmosis phenomenon. When two different
concentration solutions are separated by a semipermeable membrane, water tends to flow
from low concentration to high concentration (Figure 1-2). This natural movement will
be continued until the chemical potential of the solutions on both sides of the semi-
permeable membrane is equal, i.e., when equilibrium is reached.

RO is a process in which water is demineralized or deionized by pushing it under
pressure through a semi-permeable membrane. The applied external pressure must be
higher than osmotic pressure on the highly concentrated part, in order to force water flow
from high concentration to low concentration (Figure 1-2). The semi permeable
membrane rejects dissolved contaminations and transport ultra-pure water. While RO
requires high hydraulic pressures to pull the water through the membrane, FO works at
very low pressure. FO uses osmotic pressure gradient between the feed and the draw

solution, a high concentrated solution,?? to force the water through the membrane.?

Natural osmosis Reverse osmosis

Pressure

Water flow
e
)

Membrane Di'sscrhed salt Membrane

Figure 1-2. Natural Osmosis vs. Reverse Osmosis, Image Reproduced from Bergman.?*
5



Today’s desalination know-how has contributed to making membrane process
very viable in competition with current desalination methods for seawater
purification.2>671518 Because the membrane process lacks an evaporation step, it
importantly consumes less energy than the thermal desalination processes.’® The low
production cost of membrane separation, arising from its low capital cost, compact size,
modular configuration, and low specific power consumption, makes it highly competitive

with other processes (Figure 1-3).2>%

- $3.50
E == Mambrane Distillation == Multi-Effect Distillation
oy $3.00
" =k~ Reverse Osmosis =M= ulti Stage Flash
o 52.50
b I
h 2.00 i
& ° A S SV S
£ ——— = - +
=
B $150
[*] 1
= :
B 5100 X\‘_—f—‘——‘_‘_:*,
[ =
e 50.50 i A
50.00 !
0 10000 20000 30000 40000 50000

Plant capacity (m?/day)
Figure 1-3. Comparing Water Production Cost with Common Desalination Processes,
Image Reproduced from Kesieme et al.?®
As a result of increasing environmental concerns, the osmotic process has earned
significant consideration, not only because of its low energy consumption, but also

because it plays an important role as augmenter in decreasing greenhouse gases’ impact.



1.4.  Limitations of Commercial Membranes in Wastewater Treatment
Asymmetric cellulose acetate (CA) membranes were the initial membranes used
in RO systems. Although they exhibit high sodium chloride (NaCl) rejection, they require
high feed pressures ranging from 1500 to 2000 psig.2"?* After introduction of the
aromatic polyamide thin film composite (TFC) membranes to the RO market, TFC
became the dominant choice. Not only do TFC membranes show higher flux and
rejection in comparison with CA membranes, TFC membranes also need a lower
pressure. For example, for a feed with 2000mg/L NaCl, pH 7.5, a CA membrane displays
97.5% rejection with 27 GFD flux (gallons/ft?/day), and needs 425 psig feed pressure,
while polyamide TFC membrane exhibits 99.5% rejection with 27 GFD flux, and needs
only 225 psig feed pressure.’l The reason for the lower pressure requirement of
polyamide TFC membranes is their highly permeable porous substrate such as
polysulfone. Although the success of TFC membranes has been proven in the water
treatment field, the following issues still require specific attention: membrane fouling,

chemical degradation of the polyamide, and low-rejection of non-ionic solutes.?®

1.4.1. Fouling

Fouling is an increase in hydraulic resistance through the membrane because
solute adsorption on membrane surface or blocking of membrane pores. Fouling is a
common problem of pressure-driven membrane filtration systems.?® Fouling results in
poor performance of RO membranes especially when they are used for wastewater
treatment by decreasing the flux to uneconomical levels.*® Energy demands on pumping
systems are increased by fouling. Furthermore, fouling drives higher costs, for cleanup
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and membrane replacement. Fouling increases transmembrane pressure (TMP) if flux is
fixed, or will decrease permeate flux if TMP is fixed.3! The rate of membrane fouling
depends on characteristics of the membrane (i.e., roughness, surface charge, and
hydrophobicity) and the particle (i.e., size and concentration), membrane hydrodynamics
(i.e., crossflow velocity and permeation velocity), and feed solution chemistry (i.e., ionic
strength).® Fouling is caused by scaling, colloidal particles, dissolved organic substances,
and biofouling (microbial growth):3233

» Scaling, depositing salt on the membrane surface, is caused by an increase in
concentration of one or more inorganic salts (i.e., calcium carbonate (CaCO3),
calcium sulfate (CaSOs), or calcium phosphate (Cas(POs)2)), greater than their
solubility. Scaling can be controlled by injection of antiscaling, decrease the pH,
and reducing the recovery rate.*

» Colloidal fouling is often driven by bacteria, clay, colloidal silica and iron
corrosion products with a size range of a nanometer to a few micrometers.3*3
Commonly, colloidal fouling is controlled before RO step, during
ultrafiltration/microfiltration steps.®®

» Organic fouling caused by organic compounds, such as natural organic matter (i.e.,
sugar, amino acids, proteins, polysaccharides, humic substances), is strong and
irreversible fouling. Organic fouling is a main problem in wastewater treatment due
to higher concentration of orgonic chemicals.®?

» Biofouling is caused by the adsorption and adhering of living microorganism onto

the surface of the membrane and leads to producing a microbial biofilm.343%



Addition of chlorine prevents the microbial growth, however, it degrades the

polyamide RO membrane.®

1.4.2. Chemical Degradation of Membrane

RO pretreatment and treatment processes typically use chlorine, the most common
water disinfectant chemical, before the desalination membrane to control microorganisms
that biofoul and clog the membrane. Furthermore, chlorine is usually added to water
sources to prevent water-borne diseases.®® However, current commercially available RO
membranes (polyamide based) degrade rapidly with exposure to chlorine.*® Therefore, to
prevent degradation of RO membrane, a pre-treatment dechlorination step is necessary,
however, dechlorination prior to the PA membrane creates additional costs to the RO
process. There is therefore a need in the art for a chlorine-tolerant composite membrane
to tailor the performance and add new functionality to membranes for water purification
applications."® Improving the chemical resistance of RO membrane against chlorine

would reduce operation costs by excluding dechlorinating the feed.

1.4.3. Low Rejection for Non-lonic Molecules

While commercially available RO membranes, charged membranes such as
polyamide, demonstrated very high rejection (>99%) for ionic solutes (such as sodium
chloride), they have very low rejection for neutral solutes such as urea (~ 20%).%° Very
poor rejection of commercial RO membranes for non-ionic small molecules substances

(i.e., urea) leads to complete inapplicability of them in such separations. *° Therefore,



polyamide membranes are not applied for treatment of urine-containing wastewaters due

to the presence of high concentrations of urea.

1.5.  Innovative Mixed Matrix Membrane Design

While polymeric membranes offer low cost and good processability, their
permeability/selectivity tradeoff (more permeable polymers mostly have less selectivity
and vice versa) creates an obstacle to their widespread use. On the other hand, the use of
inorganic membranes (i.e., carbon, zeolites, and amorphous oxides) with excellent
separation performance, thermal stability, mechanical properties, and chemical resistance,
is limited because of their higher expense and low processability. Mixed matrix
membranes (MMMSs) are created by embedding inorganic particles into a polymer matrix.
The act of adding inorganic particles to a polymeric phase is essentially an attempt to
synergize the effect of both components by combining the advantages of each phase: the
high selectivity and desirable mechanical properties of the dispersed fillers, as well as the
economic advantages and ease of processing of polymers.*® The broad goal of our
research is to develop strong MMMs that will fortify the performance and speed up the
execution of membrane-based water production technologies.

In the case of corrosive wastewater feed, a polymer matrix of the common
MMM s not only should have high permeability and high selectivity, but should have high
chemical resistance to feed. These criteria limit the range of polymers that can be used in
a polymer matrix, or alternatively, one criterion will have to be passed up in selecting a
matrix. We have designed a new class of MMMs in which the matrix is an impermeable
chemical-resistant polymer, which binds molecular sieves into a flexible thin polymer
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layer (Figure 1-4). By using molecular sieves that are somewhat larger than the expected
film thickness, we can ensure that molecular sieves penetrate the entire thickness of the

polymer film .4

@\@j@%

Polymer film
|III|l||III||I||III|I||III|I
Substrate

Figure 1-4. Design of Innovative Mixed Matrix Membrane

1.5.1. Polymer Matrix

In the innovative MMM design, the polymer is the matrix for the particles and
should have good chemical resistance, since it is exposed to an aggressive feed. A key
unique feature of the membrane design is that the polymer does not need to possess
permeability/selectivity for water, thereby broadening the range of materials with high
chemical resistance that can be selected as the membrane polymer matrix. Therefore, we
can use highly chemically resistant polymers regardless of their water permeability as a
polymer matrix.

In making our mixed matrix membrane, we use latexes that are submicrometer
dispersions of polymer particles in water.*> Increasing environmental concerns
encourages us to use the polymer latex dispersions instead of common polymers that

should dissolve in harsh solvents.
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1.5.2. Molecular Sieve

Molecular sieves play a significant role in the innovative membrane design because
water is transported through the molecular sieves rather than the polymer. Therefore, not
only should the molecular sieve particles have good chemical resistance, they also should
have high permeability and selectivity for water. We use zeolites, aluminasilica
framework structures with uniform pore structure, as the molecular sieves. The pore size
of zeolite was the initial primary criterion to choose the most suitable zeolite between 229
different zeolite frameworks. The water molecular diameter is about 2.76 A - 3.8 A 4346
On the other hand, all water contaminant ions and molecules are larger than 4.5 A. Urea
as the smallest contaminant molecule in the NASA wastewater and has a diameter larger
than 5.4 A (Table 1-2).4”-*® Therefore, the zeolites that the size of their openings is larger
than 3.8 A and smaller than 5.4 A prepare the suitable pathway for transport the water
through the membrane while rejected all contaminant molecules and ions. Therefore, the
zeolite LTA which has opening pores of 4.21 x 4.21 x 4.21 A and MFI (ZSM-5, Silicate-
1) which has pores with opening of 4.7x 4.46 x 4.46 A are suitable candidate as the
water-selective particles.

Another criterion for selecting the zeolite type is chemical resistance of zeolite to the
feed water. Since zeolites are exposed to the feed water, they should have high chemical
resistant to corrosive wastewater. Previous research shows that by increasing the Si/Al
ratio, the chemical resistance of the zeolite increases. So, we supposed that silicate-1
(with a Si/Al ratio of infinity) has the highest chemical resistance.

The last criterion, we considered through selection of zeolite type is the symmetry of
zeolite particles. As mentioned, in order to ensure that zeolites expose to the feed water,
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the zeolite should be slightly larger than the thickness of polymer film. In the other

words, the thickness of the polymer film is adjusted corresponding to the zeolite size.

However, when zeolite is not symmetrical, it will be complicated to adjust the thickness

of the film with zeolite size.

Table 1-2. Size of the Hydrated lons*®4°

Tons Symbol Crystal diameter [A] Hydrated diameter [A]
Aluminum AP* 1 0.5
Lithium Li" 12 7.64
Iron (IIT) Fe' 1.2 9.14
Magnesium Mg* 1.3 8.56
Copper cu™ 1.44 8.38
Zine Zn* 1.48 8.6
Tron (IT) Fe” 15 8.56
Sodium Na™ 1.9 7.16
Calcium ca* 1.98 8.24
Potassium K 2.66 6.62
Ammonium NH; 2.96 6.62
Chiloride Cr 3.62 6.64
Bromide Br 3.9 6.6
Nitrate NO* 5.28 6.7
Carbonate Cos* 5.32 7.88
Sulfate SO 5.8 7.58

1.5.3. Substrate

The substrate does not require chemical resistance because it is not exposed to the

feed; substrate simply provides mechanical strength to the membrane. The main

characteristic we considered when selecting porous substrates was their pore size relative
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to the average size of the polymer particles in the latex solutions. In general, we selected
substrates with characteristic pore sizes that are smaller than the diameters of the polymer
particles in the latex solutions we used, so that only the solvent penetrates the substrate.
The substrates with various pore size (mesoporous and microporous) and materials
(polymeric and inorganic) are potentially suitable for the innovatively designed mixed

matrix membrane.
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LATEX FILM FORMATION ON POROUS SUBSTRATES
2.1.  Introduction

Latex solutions consist of polymer particles dispersed in an aqueous medium.>®
Using water as a solvent has many advantages over organic solvents, including no
volatile organic compounds (VOC), reduced odor, inflammability, and nontoxicity.>!>?
Polymer latexes are frequently coated onto solid substrates to make thin films for
applications ranging from paint to encapsulated vitamins.>*->> Although there have been
many attempts to define effective parameters to make a defect-free film on nonporous
substrates,*®°357%6 to date very few of these attempts®® have been formulated to
understand latex film formation onto porous substrates.

Latex film formation on porous substrates (e.g., painting of wood) is
commonplace and has both similarities and differences with the system we are studying.
However, despite being an everyday household and commercial activity, there is limited
scientific literature on this topic, as much of this research is performed within proprietary
regimes. Primary differences between our system and that of painting wood are that (1)
wood surfaces are rougher®’ than the substrates we studied, (2) wood surfaces have a
larger pore size distribution than the surfaces we studied, and (3) wood surfaces swell and
shrink significantly based on relative humidity.%8%° Additionally, many wood surfaces are
coated with a priming layer that fills the pores, essentially creating a solid surface that is
protected from water sorption prior to paint application.”

Our research focuses on latex film formation on uniform porous substrates. The

aims of our research were (1) to produce a void-free structure on porous substrates, (2) to
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define the effective parameters influencing the thicknesses of formed films, and (3) to

evaluate the effects of substrate porosity on latex film formation.

2.1.1. Latex Film Formation Stages
The formation of a continuous polymer film from a latex solution occurs in the

three stages (Figure 2-1).

2.1.1.1.  Evaporation
Evaporation of the water concentrates the particles into a dense pack of spheres.

In this stage, all parts of the film dry at the same rate,®1:6465

Polymer in water dispersion

Evaporation

Close- packing of particles
Deformation I Teactine™ Touse

Deformed particles
Coalescence I Teooting = T,

Homogenous film

Figure 2-1. Schematic Shows Three Stages of Latex Film Formation: (1) Constant Water
Evaporation/Homogeneous Drying, (2) Particle Deformation, (3) Particle Coalescence.
Image Reproduced From Keddie>
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2.1.1.2.  Deformation

Through further evaporation, the rate of water evaporation decreases; stage two
commences when the particles are initially brought into contact. Capillary pressure
induces more particles to enter the liquid menisci arising between the particles. If the
capillary pressure is greater than the elastic response of the particles (the polymer’s shear
modulus), deformation will occur. Deformation force causes the particles to fill the entire
space and deform into rhombic dodecahedra, forming a film that is still mechanically
Weak.71'64'65'72

The micromechanical processes during particle deformation have been the subject
of considerable debate.”®’* Many hypotheses have been offered to explain the origin of

the deforming forces.* Here, we mention four most important theories:

2.1.1.2.1. Wet Sintering (Vanderhoff)

Vanderhoff suggested that the deforming forces result from the pressure created
by the interfacial tension (ypw) of the water and polymer particles with radius of r.%® So,
deformation force is:

F Yew

T Equation 2-1

2.1.1.2.2. Dry Sintering (Dillon)
Dillon proposed that postulated interfacial tension between the polymer particles
and surrounding air (ypa) drives particle deformation, which occurs after all of the solvent

has evaporated.>’
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F o lPA

r Equation 2-2

2.1.1.2.3. Capillary Pressure (Brown)

The capillary theory was proposed by Brown in 1956.%° Brown stated that the
capillary force ensuing from the presence of liquid menisci of negative curvature between
closely packed particles is responsible for the polymer particle deformation and film
formation. Capillary forces are generated due to water/air interfacial tension (ywa) during
the period of water loss.

Deformation can begin only as soon as the forces that favor film formation, like
Van der Waals attraction (Fw), gravity (Fg), surface tension forces (Fs), and capillary
forces (Fc) are greater than the repulsive forces, i.e., electrostatic repulsion (Coulombic
repulsion) (FeL) and elastic resistance of the particle against deformation (Fr), which are
a result of the charged polymer chain end group or surfactant.”>"

F, tF +tF+F >=>F +F Equation 2-3

Brown considered Fwy, Fg, Fs, and FeL are negligible. The condition reduces then

F. > F, Equation 2-4

which is the necessary condition for film formation.” Laplace’s equation for capillary

pressure, created by water stuck between three contiguous spheres of latex particles, is

related to the principal radii of curvatures of the shared interface and the interfacial
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tension. Considering a system of three contiguous spheres of radius r (Figure 2-2) yields

the following relationship for capillary force and elastic resistance force,>®

Fuwa
F-=129|—— |4 .
o ( r ) Equation 2-5

F, = 0.37G.4 Equation 2-6

where ywa is the water/air interfacial tension, r is the particle radius, A is surface area and

Gt is the shear modulus. From these, the condition for film formation is:

¥wa
G, <2 35— .
£ r Equation 2-7

Figure 2-2. Cross Section Schematic of Three Contiguous Spheres of Latex Particles

2.1.1.2.4. Surface Layer Theory (Sheetz)

Sheetz believed that the effect of the capillary forces and wet sintering are limited
to the first stages of the coalescence process.®® In his theory, particle deformation and
coalescence must be attributed to the osmotic pressure difference, i.e., that caused by a
dry skin layer on top of the wet polymer film. Sheetz suggested the surface layer of latex

that dries first forms a membrane. Then, water evaporates by diffusion throughout the
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dried layer (membrane), applying a compressive force on the latex particles till the latex
film is dry.5%7563

However, none of the theories seem to be universally valid in describing the
complicated process of latex film formation. Thus far, current experimental data have not

satisfactorily proven either theory.”™

2.1.1.3.  Coalescence

In this stage, the interdiffusion of polymer chains across particle-particle
(interparticle) causes the boundaries between the particles disappear, and the original
particles are no longer distinguishable.”””* Remaining water left in the film would diffuse
through capillary channels between the deformed particles or through the polymer
itself.”® Coalescence means the union of two particles which reduces their total surface
area and provides the entanglements that give strength to the film. Coalescence arises if
drying occurred at temperatures well above its glass transition temperature (Tg). At the
end of this stage, film develops its final toughness and strength, 47960.7473.72 The yltimate
physical and mechanical properties of the latex film are defined by the degree to which
latex particles can coalesce and fuse into one another.”® From an energy point of view,
the process of coalescence of polymer droplets into a film is favorable, because total

surface is minimized, and consequently the free energy decreases.®

2.1.2. Effective Parameters Influencing Latex Film Formation
One of the most operative parameters affecting latex film formation is minimum
film-forming temperature (Tm#). Tmft IS the minimum temperature at which particles’
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deformation and make a void-free film because of the water evaporation force.®® T is
usually close to (but not necessarily equal to) the glass temperature T4 of the polymer.’™
Below this critical temperature, the material cannot transform into a homogeneous film,
as it remains brittle and turbid.” Below Tm, the spheres are too rigid for deformation and
coalescence.t™ Therefore, soft particles, which have a Ty lower than the casting
temperature, easily deform and have polymer chains that readily diffuse.®* Hard particles,
that have a Ty higher than the casting temperature, do not easily deform, and produce
ordered arrays of particles.>®%4% These materials are termed “non-film-forming latexes”.
One other important parameter influencing latex film formation is latex particle
size. Tmrt has been found to increase as a function of latex particle size 82768359
Additionally, researchers believe that capillary pressure, the primary force influencing

particle deformation, is also a function of latex particle size (Equation 2-5).%6>3

2.1.3. Effective Parameters to Control the Thickness of Latex Film

A matter of considerable theoretical interest and practical importance is the
identification of the parameters that affect the “thickness of deposit”® built up on the
substrates in a latex dip-coating process. “Thickness of deposit” refers to the total
thickness of the polymer film after it is completely dry.® Previous research showed the
dependency of the dip-coating thickness of latex films on solid surfaces on dipping
time®2® and coating solution properties (e.g., viscosity,®8284 total solid content,®®
density,®? concentration,®? and surface tension®). However, paradoxical correlations are
reported from these research efforts.%284 These results cannot be compared directly
because the materials and substrates used differ. For example, Gorton et al.3* found that
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the dry film thickness of rubber deposited on the nonporous substrate relates to the square
root of the dipping time and logarithm of viscosity. However, Cisneros et al.8? showed
that the dry film thickness of hydroxypropyl methylcellulose solutions coated on Fuji

apples relates to the square root of viscosity and the inverse square root of dipping time.

2.2 Materials

We investigated latex film formation from four different polymer latex solutions:
polytetrafluoroethylene (DuPont™ PTFE, Teflon® TE 3859), perfluoroalkoxy
fluorothermoplastic (3M™ Dyneon PFA™ 6900G Z), polyvinylidene chloride (Solvay
PVDC, PVDC Diofan® B 204), and a polyolefin-based latex (Dow Hypod™ XU 31683).

Table 2-1 presents a more specific summary of the compositions of each as-received

Table 2-1. Approximate Compositions of the Latexes

Latex Components Concentration (%)
PVDC 51
PVDC Surfactant ~9
Water ~40
Ethene-1-octene copolymer <30
Hypod Ethylene, acrylic acid polymer, potassium salt <20
Water ~60
Tetrafluoroethylene 60
PTFE Linear alkyl ethoxylate (based on the PTFE solids) 6
Water ~34
Tetrafluoroethylene-Perfluor(Propyl Vinyl Ether) 50
Copolymer
PFA Polyether polymer (nonionic) 7
Water ~43
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commercial latexes solution, as reported from manufacturer’s data sheets and
communications. Regardless of the specific composition of these commercial latexes
(i.e., whether they are homopolymer or copolymer, additives, surfactants), we considered
the properties that we measured (Tg, crystallinity, contact angle, and surface tension) as
an indicator of their behavior during their film formation.

We used six porous substrates, Al>Os porous ceramic discs (Anodisc),
polysulfone (PSF) with a dense skin layer and a molecular weight cutoff of 20 Kd, a
nylon substrate with two different pore sizes (100nm and 200nm), polyvinylidene
fluoride (PVDF), and polytetrafluoroethylene (laminated PTFE), Polyethersulfone (PES),
and one nonporous substrate (borosilicate glass plates). Figure 2-3 and Table 2-2 show

the surface morphology and the characteristics of porous substrates used in this study.

PVDC Anodisc Nylon

Figure 2-3. SEM Images of Porous Substrates Used in this Study
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Table 2-2. Properties of the Porous Substrates Used in this Study

Short name Chemicalname Manufacturer Pore size of substrate (nm)
PSF Polysulfone Sepro <10
Anodisc Aluminium oxide(Al,O;) Whatman 20
Nylon Polyamide Sterlitech 100
PVDF Polyvinylidene fluoride Sterlitech 200
PTFE Polytetrafluoroethylene Sterlitech 200
PES Polyethersulfone Stetlitech 300

2.3.  Characterization
2.3.1. Measurement of Film Thickness and Particle Size

We used scanning electron microscopy (SEM, FEI/Philips, XL30 ESEM-FEG
Hillsboro, USA) to estimate the thickness of the formed films from their cross-sectional
SEM images and measured the average particle size of latex particles. To obtain the cross
sections, we fractured samples in liquid nitrogen, mounted them on aluminum disks, and

then sputter-coated them with gold-palladium. The size of particles reported in Table 2-3.

2.3.2. Crystallinity and the Glass Transition Temperatures of Polymers

We used X-ray diffraction (X’pert Pro, PANalytical, USA) and differential
scanning calorimetry (DSC Q20, TA Instruments, USA) to evaluate the extent of
crystallinity and the glass transition temperatures of polymers. We used 5-10 mg of dried
films of the polymers for the DSC samples. We dried these films in a Pyrex Petri dish at
the laboratory conditions (~22 °C and 25% RH). We ran the DSC scans at a heating rate
of 5 °C/min. Table 2-3 and Figure 2-4 presents the glass transition temperature of the
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latex solutions we used. We do not report a T¢g for PTFE and PFA because these hard

particles are highly crystalline (as shown later in XRD results). With increasing the

Table 2-3. Glass Transition Temperature and Particle Size of Latex Particles

Short Particle size of latex T, of latex
Chemical name Manufacturer

name particles (nm) polymers ("C)

PTFE Polytetrafluoroethylene DuPont 150300 -

PFA Perfluoroalkoxy fluorothermoplastic IM 225-245 -
PVDC Polyvinylidene chloride Solvay 100-120 12.5
Hypod Polyolefin-based latex Dow 100-3000 22
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Figure 2-4. DSC Curves of Latexes Polymers; (a) PTFE, (b) PFA, (c) PVDC and (d)
Hypod.
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crystallinity of the sample, detection of Tgq is difficult because the crystalline region
restricts the mobility of molecules in the amorphous region; consequently, the deflection
temperature at the baseline cannot be defined.®® Therefore, we were not able to measure

the Ty with our DSC.

2.3.3. Film Morphology

We investigated the morphology of the films using SEM and atomic force
microscopy (AFM). For SEM surface imaging, we mounted the membranes as for SEM
cross sections (mentioned in 2.3.1). We used tapping mode atomic force microscopy
(Dimension 3000 AFM, Digital Instruments, USA) to measure the average roughness,
root mean squared roughness (RMS), and surface area difference (SAD) of the latex film
surfaces. We performed all of the AFM measurements under ambient conditions and
without any sample pretreatment. We analyzed three measurements in each of the

duplicate samples.

2.3.4. Contact Angle and Surface Tension Measurements

To understand the behavior of a latex solution droplet after it is placed on
substrates, we performed contact angle and surface tension tests using a goniometer
(DSA100, Kriss GmbH, Germany). We measured contact angle and surface tension
according to the drop shape analysis method and the pendant drop method, respectively.
We measured quadruplicate samples at room temperature (~22 °C) with a microsyringe

steel needle of 1.83 mm outer diameter.
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2.3.5. Water Flux Measurements

To evaluate the presence of defects within the latex films deposited onto the
porous substrates, we performed water permeation tests using a hydraulic dead-end
filtration system (HP4750 Stirred Cell, Sterlitech Corp., USA). All of the polymers we
investigated are impermeable to water when they are in the form of continuous
macroscopic films.8”-8 Therefore, for a defect-free thin film we expect a permeation flux
of zero. If water flux is measurable, this indicates there are defects in the polymer film.
Experimentally, the water permeability coefficient, A [um s MPa?], is the measured

liquid flux through a membrane normalized by the pressure applied across a membrane:

— _Jw
(AP—AT)

Equation 2-8

here, Jw [um s™] is the osmotic water flux calculated by dividing the volumetric flux by
the membrane area, AP [MPa] is the applied pressure, and Anr [MPa] is the osmotic
pressure. For a pure water solution, osmotic pressure is zero. Initially, we pressurized the
feed of the permeation cell to 1 MPa. If we observed no measurable water flux at this

condition, then we increased the pressure to 2 MPa.

2.4.  Synthesis of Latex Film on Porous Substrates

We prepared the coating solutions by diluting the latexes to solid concentrations
of approximately 6, 12, 24, and 35 wt% using Milli-Q® water (Millipore Corp.). We used
dip coating to deposit a thin layer of the polymer latex solutions onto the porous
substrates. We used the following general procedure to dip coat the substrates. First, we

placed the substrate with the active side (the desired side to be coated) down into a dish
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filled with the latex solution; we partially immersed the substrate into the solution such
that no polymer solution reached the back side (Figure 2-5.a). Second, after holding the
substrate for a specified time (from 2 to 40 sec) within the latex solution (Figure 2-5.b),
we removed it and held it vertically (allowing the excess solution to drip from the

surface) under one of the different drying conditions (Figure 2-5.c).

Figure 2-5. Procedure of Porous Substrate Dip Coating in the Latex Solution

2.5. Results and Discussion
2.5.1. Measurement of Film Thickness

We studied the effect of the solid content and dipping time on the latex film
formation properties. Our initial visual observations during these experiments indicated
that the substrates coated with as-received PTFE and PFA solutions (40-60 wt%) had
poorly formed films with large cracks. When we dipped substrates in the as-received high
solid concentration PVDC latex solutions (51 wt%), the latex solutions did not wet the
substrate completely, resulting in a nonuniform coating on the substrate surface. When
we diluted all of the latex solutions with deionized water (DI) to concentrations less than

40 wt% solid, we formed dense, even coatings on top of the porous substrates. Based on
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these initial observations, we diluted the latex solutions with water to enhance film
formation.

Figure 2-6 presents the thickness of the PVDC coatings as a function of dipping
time and total solid content of the latex solutions. Our results indicate that a small
increase in the solid content of the latex solution yields a change in coating thickness.
However, the film thickness is largely independent of the dipping time (from 2 seconds to
40 seconds) at a particular solution solid concentration. Together, these results indicate

that dipping times of less than one minute do not significantly impact deposit thickness.
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Figure 2-6. Thickness of PVDC Latex Films Cast on Anodisc Supports as a Function of
Total Solid Content of Latex Solution and Dip-Coating Time.*

We found that Hypod films exhibited a similar trend in behavior to PVDC: by
increasing the solid content of the casting solution we obtained thicker films, while

dipping times of less than one minute did not significantly change the thickness of the
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film at a fixed casting concentration. Additionally, although PTFE and PFA do not
deform into a continuous film on porous substrates, they formed an array of particles
which exhibited similar behavior (thicker arrays of particles were formed from higher

solid concentrations in the casting solution).

2.5.2. Impact of Drying Condition on Latex Film Formation

We cast 600-800 nm thin films of PVDC, PTFE, PFA, and Hypod (from 5-8
wt% latex solutions) onto the Anodisc supports and dried these films according to the
methods presented in Table 2. For brevity, Figure 2-7 presents the water permeation
results only for the PVDC/Anodisc samples. As described in the experimental section, we
consider a defect-free film to be one that has no measurable water flux on the laboratory

timescale (and a corresponding permeability of zero).

Table 2-4. Summary of Drying Conditions of Coated Latex Film on Porous Supports®

— Initial drying Initial drying Initial drying Second drying Second drying Second drying
time (hours) temperature (°C) relative humidity (%) time (hours) temperature (°C) relative humidity (%o)
A 2 65 ~5 0
B 24 22 ~25 0
C 24 22 ~95 24 22 a5

In process A, the fast drying procedure at high temperature and low humidity, we
dried coated substrates for 2 hours at 65 °C and 5% RH. The average water permeation
coefficient (10.56 + 1.93 um s MPa™) for these samples shows that there are defects

large enough for water molecules to pass through. These results indicate that drying latex
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solutions at high temperatures gives the latex particles sufficient energy to overcome their
mutual repulsion, resulting in films that form before the particles are closed-packed.>®
Some, but not all, of the films prepared by process A were defect-free as indicated by the
permeation tests, but as the error bar shows the process is not repeatable. Our SEM
images of Hypod film on Anodisc verify the formation of defects in the formed film
(Figure 2-8 a, d, g).

In process B, the moderate drying procedure at lower temperature and humidity,
we dried the samples for 24 hours at 22 °C and 25% RH. These samples had higher
permeation coefficients (average permeation coefficient 35.79 + 7.68 um s MPa) than
the films formed by process A, indicating even more defects. However, we supposed that
process B show lower defects than process A. The reason for the lower water permeation

flux of process A is related to polymer softening at high temperature. We conclude that

60 1 Process A:Dried at 65°C and 5% RH for 2h
Process B:Dried at 22°C and 25% RH for 24h
| Process C:Dried at 22°C and 95% RH for 24h, 24 h at 22°C and 25% RH
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Figure 2-7. Pure Water Permeation through 600-800 nm PVDC Films on Anodisc
Supports. Films are Dried at the Conditions Presented in Table 2-4.%°
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Figure 2-8. SEM Images of 9% Hypod Films on Anodisc Dried in Different Drying
Conditions. (a, d, g) Process A: Dried at 65 °C and 5% RH for 2 h. (b, e, h) Process B:
Dried at 22 °C and 25% RH for 24 h. (c, f, i) Process C: Dried at 22 °C and 95% RH for
24 h, and for 24 h at 22 °C, and 25% RH.

partial particle softening occurs at the higher drying temperature in process A, which
does not occur at the lower temperatures of process B; this softening results in some
particles filling the interparticle spaces, and consequently show lower water permeation

flux. The SEM images (Figure 2-8 a, d, and g) obviously show the high temperature

softening of Hypod particles.
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In process C, the slow drying procedure at high humidity, we dried the samples
for 24 hours at 22 °C and 95% RH, followed by 24 hours at 22 °C and 25% RH. The
samples formed through process C had the lowest permeation coefficients (0.21 £ 0.12
um st MPa?l) of the three drying methods. The combined conditions of lower
temperatures, longer times, and high relative humidities reduced the rate of evaporation
of water from the latex solution. This slower rate of solvent evaporation may lead to
improvement in the quality of films (Figure 2-8 c, f, i), because the particles have more
time to come into a close-packed structure prior to coalescence.®%%%* Furthermore, the
slower evaporation of water gives the particles more exposure time to deforming forces,
leading to enhanced deformation and coalescence of soft particles.*® 7891

We conclude that samples dried through process C have formed essentially
defect-free films, as indicated by no water permeation flux (almost all of the films we
made had no permeation, one or two may have had defects resulting in very low
permeation). The effect of the drying conditions for Hypod films is similar to PVDC
films. However, if the particles are hard (e.g., PTFE and PFA), none of the drying
conditions (even the slow evaporation process) we present in Table 2-4 yielded solid
films on porous substrates. Though, drying conditions influence on hard latexes
deformation on nonporous substrate. For example, SEM images in Figure 2-9 present the
fast drying procedure (Process B) caused that water leaves the PFA particles before they
come in the close contact, and leads to form an un-continuous film on glass. We show in
next section (section 2.05.4) that slow drying of PFA particles (Process A) makes

continuous close packed of particles on non-porous substrates.
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500 nm

Figure 2-9. PFA Deformed Particles on Nonporous Substrate (Glass) Dried at 22 °C and
25% RH for 24 h
2.5.3. Impact of Substrate Material and Pore Size on Film Formation

After we established that the conditions of process C yielded formation of
impermeable thin films of soft latex solutions on porous Anodisc, we studied the effect of
the substrate type on film formation properties. We did this by casting PTFE, PFA,
PVDC, and Hypod on both nonporous substrates (glass plates) and porous substrates
(Anodisc, polysulfone, nylon, PVDF, PTFE, and PES). We dried all cast films according

to process C (24 hours at 22 °C, 95% RH, followed by 24 h at 22 °C, 25% RH).

2.5.4. Comparison of Films Cast on Nonporous and Porous Substrates

Figure 2-10 presents SEM images of the surfaces of the latex films cast on
nonporous glass substrates and porous Anodisc substrates. The hard particles, PTFE and
PFA, deform into a polyhedral structure on nonporous substrates (Figure 2-10 a and b).
However, the discernible particle boundaries in Figure 2-10 a and b are evidence that
coalescence has not yet occurred. Therefore, the resulting PTFE and PFA films are
segmented and are mechanically weak and brittle. Hard PTFE and PFA particles cast on a

porous substrate (Figure 2-10 e and f) show no visible deformation. Hypod and PVDC
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(Figure 2-10 ¢, d, g and h) are soft latexes and deform into continuous films on both
porous (Anodisc) and nonporous (glass) substrates.

When latex solutions are coated onto nonporous glass substrates, the water leaves
the spaces between particles solely by evaporation.®®’* Particles are concentrated into a
closely packed array through evaporation. Further evaporation causes the liquid menisci
(which have negative curvature) between closely packed particles to exert compressive
capillary forces on the particle network.>:"3%46572 However, when latex solutions are cast
onto the porous Anodisc substrate, the water leaves the spaces between particles through
two methods: (1) evaporation and (2) wicking into the pores of the substrate. We held all
substrates vertically during the initial drying period; therefore, water can evaporate from
the backside of the support. Because water is removed by two methods from the porous
substrate, the overall rate of water removal from the latex solution is greater on the
porous Anodisc substrate than on the nonporous substrate. This increased rate of water
removal in porous substrates limits the amount of time the particles have to pack closely,
leaving more space between the particles. Consequently, this additional spacing between
particles causes less negative curvature of the menisci between the not closely-packed
particles.%’ Not only is the capillary pressure from the water trapped between particles
lower on a porous support than on a nonporous support, but the exposure time to the
capillary pressure decreases significantly for particles coated on porous, hydrophilic
substrates due to rapid water removal.

Typically, water has two major roles in latex film formation: (1) it provides a
suspending and stabilizing medium for the particles, and (2) it is important in establishing
polymer-polymer contact through surface-tension driven capillary forces.®? However,
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when water is rapidly removed from the latex solution, such as on a porous substrate, its

typical roles are eliminated.

Hard lLatexes Soft lLatexes

PVDC

Non-porous Substrate
(glass)
L

Porous Substrate
(Anodisc)
L

. ‘ ' 2 um
Figure 2-10. SEM Images of (a, €) PTFE, (b, f) PFA, (c, g) Hypod and (d, h) PVDC on

Glass, a Nonporous Substrate (top) and Anodisc, a Porous Substrate (bottom), Dried for
24 h at 22 °C, 95% RH and then for 24 h at 22 °C, 25% RH.*%®

Despite the decrease in magnitude of the deforming force as well as the decrease
in exposure time to the deforming force on porous substrates, soft latexes make
continuous films while hard latexes do not. This difference in film formation ability
results from the different shear modulus of the hard and soft polymers. In general, the
shear modulus quantifies a material’s resistance to deformation; the larger the magnitude
of the shear modulus, the more a material resists deformation and flow.%%76992 The soft
particles have a lower shear modulus than the hard particles. For the soft particles, the
resistive force of the low shear modulus is less than the reduced capillary pressure on a
porous substrate, so the particles deform (Equation 2-7). However, the reduced deforming

forces on porous substrates compared to nonporous substrates (because of capillary
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pressure reduction) are not strong enough to overcome the large shear modulus of the
hard particles and their resultant greater resistance to deformation (than the soft
particles).

Polymer viscoelastic relaxation plays an important role in elimination of space
between particles.®? Therefore, it is expected that an increase in the interparticle spacing
over which the polymer chain must diffuse would require a simultaneous increase in the
time necessary for closure of voids at a specified temperature.®> Only the DSC scan of
PVDC shows the crystallization peak. Therefore, we conclude that some portions of other
three polymers (Hypod, PTFE, and PFA) were already in crystalline state. Figure 2-11
presents the XRD patterns of the four polymers we used. Here there are crystalline peaks
around 45° for PTFE and PFA. PVDC and Hypod exhibit broad diffuse peaks in their
XRD patterns, indicative of their amorphous structure. In general, the increase in
crystallinity of a polymer is associated with a decrease in mobility of polymer segments
and, consequently, an increase in the rigidity, shear modulus, and hardness of
polymer.®*% As PTFE and PFA latex particles have a crystalline structure, they have
little mobility of polymer segments;*®°” and as a result the polymer chain diffusion is
much slower in these more rigid structures. In separate studies, Lively®® and Kodani®
showed that the increase in crystallinity inhibits proper latex film formation by limiting
the ability of the particles to deform by limiting polymer-polymer interdiffusion. %8°

Overall, film formation of PTFE and PFA on nonporous substrates shows that
these hard particles deform on nonporous substrates because of high capillary pressure
between the particles. However, coalescence of these hard particles cannot occur on
either porous or nonporous substrates because of their viscoelastic properties (high shear
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moduli). Our results clearly demonstrate the significant effect of the substrate porosity on

the deformation of the latex particles and resultant film formation.
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Figure 2-11. XRD Patterns of Latex Films and Arrays

Here, we roughly estimate the degree of crystallinity of these polymers from
measurement of the area under the DSC melting peak by using the following equation:*°

- AH_ —AH,
Degree of crystallinity = —2—=L

Equation 2-9

AHm so0%

where AHm is melting enthalpy (the area under the DSC melting curve), AHc is
crystallization enthalpy, Hmio00% IS melting enthalpy fully crystalline polymer (obtained
from the literature). However, there are following limitations for this method:
1- Determination of baseline is arbitrarily chosen when polymers have low
crystalline structure as well as when the polymers degrade at low temperature in

melting range and show extremely broad melting peak (such as PVDC).%
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2- The heat of fusion is temperature-dependent. The selection of the temperature is
crucial too.1%
3- When rate of crystallization is slow, the rate of DSC scan will impact the results.
4- There is no comprehensive data base for the melting enthalpy of the fully
crystalline polymer. For example, we couldn’t find melting enthalpy of the fully
crystalline polymer for Hypod (Tetrafluoroethylene-Perfluor(Propyl Vinyl Ether)
Copolymer) in the literature, so we are not able to calculate the degree of the
crystallinity of Hypod.
Based on this calculation, we found that the polymers had the following
enthalpies of melting AHm; PTFE: 71.11 J/g; PFA: 35.01 J/g; PVDC: 14.21 J/g and

Hypod: 47.01 J/g. We found that only PVDC had a measurable enthalpy of crystallization

of 3.44 J/g.

2.5.5. Combined Role of Pore Size and Hydrophilicity on Latex Film Formation

To investigate the combined effect of pore size and hydrophilicity of porous
substrates on latex film formation we measured the contact angles of the latex solutions
on the four porous substrates. We successfully cast PVDC and Hypod (from
approximately 6 wt% latex solutions) onto the five porous substrates. The porous
substrates we used were PSF (pore size: < 10 nm), Anodisc (pore size: 20 nm), nylon
(pore size: 100 nm, 200nm), PVDF (pore size: 200 nm), and PES (pore size: 300 nm).
We attempted to cast the latex films on hydrophobic porous supports (PTFE); however,

the latex solution would not wet the hydrophobic support and we could not successfully
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form a film. The results obtained for casting latex solution on PVDF and PES are so

similar, therefore for brevity we didn’t discuss the PES data separately.

2.5.6.1. Contact Angle and Surface Tension Measurements

In order to form a film, it is important that the latex solution wets the substrate
surface. However, for latex film formation on the porous substrates that we used, the role
of hydrophobicity/hydrophilicity of the substrate surface is coupled with the role of pore
size of the substrate. Much literature'®*-1% discusses in detail the effect of roughness and
porosity on contact angle and wetting. Here, we simply considered the measured contact
angle of the diluted latex solutions on our porous substrates and the surface tension of the
solutions; Table 2-5 presents these results.

We found that when the measured contact angle of the latex solution is between
30° and 90°, the diluted latexes easily spread on the porous substrates. However, when
the measured contact angle is less than 30°, the diluted latex solutions did not uniformly
coat the porous substrate; this is because of rapid wicking of the water into their pores.

On PSF the contact angles of diluted latex solutions of Hypod and PVDC are
between 77° and 87°, while pure water has a contact angle of 100°. These solutions
readily spread across the surface of the PSF and form a film because the solvent is not
rapidly wicked into the PSF substrate. However, on PSF the contact angles of diluted
solutions of PTFE and PFA are very low (< 30°); this indicates that the solvent is rapidly
adsorbed into the substrate pores and limits time for ordering of these particles. The
different behavior of the diluted latex solutions on the PSF substrate is related to the
difference in the surface tension of the solutions. As shown in Table 2-5, water has the
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highest surface tension among these casting solutions. This implies that the cohesive
forces between the molecules in the bulk water are greater than the forces resulting from
the interaction between water and the PSF surface.'®” The lower surface tension of the
PTFE and PFA solutions indicates that the interaction forces between these liquids and
the PSF surface are greater than the cohesive forces between the molecules in the bulk

solution.

Table 2-5. Contact Angle of Diluted Latex Solutions (6%) on the Porous Substrates®

=)
Latex Solution  Surface Tension o UL

Type [mN/m] Glass PSF  Anodisc-20 Nylon-100 VOm200 pypg
PTFE 28.15+0.17 <15 2614=1.01 4739082 18332030  <I5 <15
PFA 2637+ 0.07 <15 <15 57.2+243  <I5 <15 <15
PVDC 5230+ 0.12 <15 86.70+0.47 76.50=1.54 37.10=1.52 21.125+1.10 30.58 = 1.48
Hypod 49.72+0.08 <15 7848+0.57 57.48+2.05 59.54+439 35.57+335 38.86+0.85
Deionized Water 72.48+0.15 <15 100+ 1.63 <15 <15 <15 <15

All diluted latex solutions have contact angles greater than 47° on the Anodisc
substrate. Even though the Anodisc substrates have open pore structures with pore
diameters around 20nm, the higher contact angles of the PTFE and PFA latex solutions
on the Anodisc compared to other substrates indicate the low surface energy nature of the
Anodisc substrate. This low surface energy of the Anodisc substrate compared to the
surface tension of the latex solutions results in the wetting, allowing the latex solution to

remain in contact with its surface long enough to form an ordered particle array.
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On nylon-100, nylon-200, and PVDF substrates, the diluted solutions of PTFE
and PFA have contact angles less than 20°, the diluted solutions of PVDC have contact
angles less than 40°, and the diluted solutions of Hypod have contact angles less than 60°.
The lower contact angles of diluted PTFE, PFA, and PVDC solutions on nylon and
PVDF than on the Anodisc and PSF substrates can be attributed either to the high surface
energy of these substrates (nylon and PVDF) or to the wicking action of their large pores.
If the effect of the surface energy of the substrates were dominant, we would expect the
Hypod solutions to have a low contact angle, similar to the other latex solutions. The high
observed contact angle of Hypod is evidence that the wicking action in the large pores of
these substrates must control the contact angle of the solutions on these substrates.
However, the very large particles present in the Hypod solution (up to 3 um) are
significantly larger than the pores of the substrates; these may block the substrate pores
and prevent the normally prevalent wicking action. We observe lower contact angles in
the other latex solutions as the particle sizes are smaller than those found in the Hypod

solution, and may not block the substrate pores as significantly.

2.5.6.2. Effect of Pore Size of Substrate on Latex Film Formation

Figure 2-12 presents SEM images of the surface morphology of the films cast
from diluted PVDC and Hypod solutions (6 wt% and 9 wt%, respectively) on substrates
with different pore sizes. Figure 2-12 a and e show formation of a smooth, even, defect-
free film of PVDC and Hypod on PSF (a polymeric porous substrate with a small pore
size). Figure 2-12 b shows that Hypod forms a rough, but defect-free film on an Anodisc
substrate (which has a larger pore size than PSF), with less particle deformation than on
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PSF. PVDC makes defect free films on both PSF and Anodisc, however, as the SEM
images (Figure 2-12 e and f) show, the film formed on PSF is smoother than that formed

on Anodisc.

PSF Anodisc Nylon PVDF

Pore size < 10 nm Pore size : 20 nm Pore size : 100nm Pore size : 200 nm

Hypod

PVDC

2 pm

Figure 2-12. SEM Images of Hypod on (a) PSF (Pore Size: <10 nm), (b) Anodisc (Pore
Size: 20 nm), (c¢) Nylon-100 (Pore Size: 100 nm), (d) PVDF (Pore Size: 200nm), PVDC
on (e) PSF (Pore Size: <10 nm), (f) Anodisc (Pore Size: 20 nm), (g) nylon-100 (Pore
Size: 100 nm), and (h) PVDF (Pore Size: 200nm).%

Based on the large interparticle spacing seen in Figure 2-12 c, d, g, and h, we
conclude that Hypod and PVDC form discontinuous films on macroporous substrates.
This is because the larger pores of the nylon and PVDF supports result in greater wicking
by gravitational effects than the smaller pores of the PSF and Anodisc substrates. The
water is more quickly removed from the latex solution into the larger pores before the
particles are close-packed. This fast wicking of water into the pores of the support limits

the particle wetting, increases spaces between particles and reduces the interfacial tension

between the water and air. As the pressure differential across the meniscus is inversely
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proportional to its radius of curvature,® larger spaces between the particles reduce the
interfacial forces felt by the particles and result in less particle deformation. A more
tightly curved water surface will create a greater capillary pressure.>® Our results indicate
that the extent of water wicking by the porous substrates depends on its pore size. As a
larger pore size in the support results in rapid wicking and larger spaces between
particles, we conclude that increasing the pore size of the substrate significantly limits
latex film formation.

To control for the substrate material, we synthesized latex films on substrates
made of the same material with different pore sizes. Specifically, we used nylon-100
(~100 nm pores) and nylon-200 (~200 nm pores). Our SEM and permeation results show
that PVDC and Hypod both form defective films on nylon-200 (SEM images depicted in
Figure 2-12). These results are comparable to those that we found for PVDF with 200nm
pore size. We conclude that the relative pore size diameter of the substrates compared to
the average diameters of the polymer particles in the latex solutions is important to latex
film formation. Also, water permeation results verify the defective nature of PVDC and
Hypod films on macroporous substrates (nylon-100, nylon-200, and PVDF).

Both Hypod and PVDC form continuous films on porous substrates, however the
PVDC shows a greater degree of coalescence. As we report in Table 2-3, the Hypod latex
dispersion has a broad size distribution of particles - with particles ranging from 100 nm
to 3000 nm in diameter. The PVDC latex dispersion has a narrow size distribution of
particles centered around 100 nm in diameter.

Figure 2-13 a and b shows the cross section of a thick PVDC film (from 27 wt%
latex solution) and Figure 2-13 ¢ and d shows thick Hypod film (from 27 wt% latex
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solutions) both on Anodisc supports. Here, the larger diameter Hypod particles (>500
nm) retain their shape while small particles readily deform into a continuous network
around the large particles. Small particles of PVDC result in more even coalescence than

observed in the Hypod film.

O e e

2 pm

Figure 2-13. SEM Images of a Cross Section of (a,b) 27% PVDC Film on Anodisc and
(c,d) 27% Hypod Film on Anodisc.

2.5.6.3. Atomic Force Microscopy Results

Figure 2-14 shows AFM picture of PVDC and Hypod films cast on Anodisc and
glass substrates. Figure 2-15 presents the root mean squared (RMS) roughness of Hypod
and PVDC films on Anodisc and glass substrates. Our AFM results show that Hypod
films have the highest surface roughness on Anodisc (RMS = 369.69 £ 65.91 nm, SAD =

54.67 + 11.57%) compared to Hypod films on glass (RMS = 136.24 + 35.11 nm, SAD =
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8.273 + 3.21%), PVDC films on Anodisc (RMS = 28.11 + 12.06 nm, SAD = 5.00 +

0.80%), and PVDC films on glass (RMS =12 + 8.56, SAD = 3.83 £ 0.78).

PVDC on glass 5x5pum Hypod on glass

PVDC on Anodisc 5%x5pum Hypod on Anodisc

Figure 2-14. Atomic Force Microscopy Images of PVDC and Hypod Films Cast on
Anodisc and Glass Substrates

Coalescence refers to the flattening and disappearance of the inter-particle
boundaries within the latex films. A decrease in the surface roughness is considered a
measurement of the increased extent of coalescence.'%®1% Therefore, the low surface
roughness of the PVDC and Hypod films on glass compared to the PVDC and Hypod
films on Anodisc indicates a difference in extent of coalescence forces during film
formation.

Leonardo!® believed that viscoelastic properties (affected by polymer average

molecular weight and filmification temperature) determine how polymer chains migrate
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across particle-particle interfaces.’® In both cases, forming films on the porous and
nonporous substrates, we used the same polymers with the same drying conditions - thus,
the particles we used had the same viscoelastic properties. However, in both cases, when
comparing Hypod on the Anodisc support to Hypod on the glass support and PVDC on
the Anodisc support to PVDC on the glass support, we obtained a rougher (less coalesced
surface) on the Anodisc supports. This indicates that the roughness differences we
observed are attributable to other effective parameters separate from viscoelastic

properties.

500 -

I iy pod (Particle size: 100-3000nm)
PVDC (Particle size ~100nm)

400 +

300 +

200 ~

RMS roughness (nm)

100 +

Anodisc Glass
Substrates

Figure 2-15. Atomic Force Microscopy Results of PVDC and Hypod Films Cast on
Anodisc and Glass Substrates.®

Brown’s theory indicated that the capillary forces depend inversely on latex
particle size.®"® From Equation 2-6, we see that reducing the particle size causes a
greater driving force from capillary forces because of the increased curvature of the

solvent surface. Therefore, when the particles are smaller they can pack more closely and
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particle flattening occurs more easily.®? This theory may explain why the smaller PVDC
particles form a more homogenous film than the larger Hypod particles.

We hypothesize the roughness difference we observe (for the same type of
polymer) on the porous Anodisc versus the nonporous glass substrate is a result of a
lower capillary pressure on the porous support. Because the solvent (water) is rapidly
wicked into the substrate pores of the Anodisc, the polymer particles do not obtain a
close-packed configuration. Therefore, Equation 2-6 does not completely apply — it is
necessary to make adjustments for the larger interparticle spaces found in a non-close

packed configuration.

2.6. Conclusion

In summary, we have described the synthesis of latex films on porous substrates.
Our results show that a latex concentration of less than 10% in the casting solution leads
to formation of thin latex films from soft polymers. We found that the latex solid
concentration in the casting solution is the most important parameter in determining the
ultimate film thickness. For latex film formation two conditions are needed: (1) sufficient
exposure time to strong deforming forces and (2) deformable polymers. Although
capillary forces are necessary to form a latex film, alone they are not sufficient. To obtain
a latex film, the polymer chains of each particle need to diffuse into the surrounding
particles, which may occur slowly in comparison to solvent (water) evaporation. We
found that decreasing the rate of drying for soft latexes enables film formation even when
the solvent (water) is rapidly drawn into the pores of the porous substrate. Consequently,
under the appropriate drying conditions, soft particles are deformable into a defect-free
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film. However hard latexes only create close-packed structures (that are not defect free)
on porous substrates with no polymer chain diffusion. Finally, we found that an increase

in the pore size of a porous substrate limits the ability to form defect-free films.

49



CHEMICAL RESISTANCE OF MEMBRANE
3.1.  Introduction
Polyamide (PA) thin film composite (TFC) membrane dominates desalination
membrane sales, with more than 90% market share.®” TFC membranes considerably
improved separation performance with their high water flux, high salt retention, and
wider operating pH and temperature ranges. However, TFC membranes have low
chemical resistance, especially in the case of corrosive feeds such as NASA wastewater
which has the low-pH. NASA wastewater is a complex solution (Table 3-1) that contains
a number of organic components and four acid-producing components: sodium
phosphate, and potassium phosphate, sulfuric acid, and chromium trioxide. Human urine
naturally contains sodium phosphate and potassium phosphate.>!1® However, the sulfuric
acid and chromium trioxide are added to the raw wastewater to impede microbial growth
and to prevent urea from reacting with ammonia.! The stability of membranes in
wastewater operations is evidenced by chemical resistance to all components of the
wastewater. Materials selection for membrane is complicated due to the low pH and
complex composition of the wastewater brine since material should have both chemical
resistance to all components and acid stability.!°
There is a great deal of research!!''®® analyzing commercial RO membranes’
chemical resistance. Glater et al.!®® investigated the effect of different halogen
disinfection and ozone on the commercial RO membranes.!® They showed that
homogeneous aromatic polyamide is more sensitive to halogen at low pH than at high
pH.13 In another study, Glater et al.'*? studied the structural changes in polyamide type
RO membranes in response to exposure to chlorine.’'? They showed that changes in
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polyamide membrane structure is resulted from attack of chlorine to amide nitrogen and
aromatic rings (Figure 3-1.1*2 Aromatic rings bonded to the N-H group have high electron
density, therefore, they are sensitive to attack by chlorine radicals.!'® The hyperchlorite (-
OCI) induced the attack of chlorine by convert the N - H group to an N - CI group.!!®
Then, the formed N - chloroamide is rearranged to form varied aromatic substitution

products and leads to the collapse of the polyamide.!®
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Figure 3-1. Chemical Attack of TFC Membrane by Chlorine (image drawn by Pinar Cay
Durgun)

Here, we evaluated the long-term tolerance of PVDC and Hypod to synthetic
urine-containing wastewaters. In past research, no pertinent data were found relating to
the acid resistance of PVDC and Hypod. We exposed the latex polymer films used in the
membrane to a synthetic urine brine solution simulating that produced on the ISS to
confirm compatibility and stability for 15 months. We confirmed the highly chemically-
resistant nature of PVDC latex thin films through hydraulically-driven water permeation
tests, attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR),

and X-ray diffraction (XRD).
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3.2. Materials

Polyvinylidene chloride (PVDC Diofan® B 204) was purchased from Solvay and
a polyolefin-based latex (Hypod™ XU 31683) was donated by Dow chemical.
Creatinine, urea, gelatin, sodium chloride (NaCl), sodium sulfite (Na2SO3), disodium
phosphate (Na2HPO4), monopotassium phosphate (Na2HPO4), and ammonium chloride

(NH4CI) were purchased from Sigma Aldrich.

3.3.  Methods
3.3.1. Preparation of Ersatz Space Mission Wastewaters

We prepared synthetic wastewater brine based on communications with
researchers at NASA.10 The chemicals are mentioned in Table 3-1 were mixed with
Milli-Q® water to make 1 L of solution and continuously stirring them for 2 hours. The

pH of prepared solution is 1.94 + 0.11.

3.3.2. Fabrication of Stand-Free PVDC Film

The PVDC and Hypod films are prepared by the solution casting method. Latex
solutions are diluted to a solid concentration of approximately 28%, cast in a Petri dish,
and placed in humidity controlled glove bag at 22 °C and 90% RH for 24 h, then at 22 °C
and 25% RH for 24 h. We made a defect-free film of PVDC and Hypod with thickness of
150-200 pum. We characterized PVDC/ Hypod films before soaking in synthetic brine.
After 15 soaking in synthetic brine, we washed films five times with Milli-Q® water,

dried them at room temperature, and then characterized them.
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Table 3-1. Composition of Ersatz Space Mission Wastewaters Used to Initially Test the
Corrosion Resistance of Polymer Latex, Table Reproduced From Jamieson.'%

Component Amount (g)

Ammonium chloride 3.00
Calcium chloride 0.66
Chromium trioxide 2.00
Gelatin 1.00
Nutrient broth 0.16
Potassium phosphate 2.50
Sodium chloride 9.00
Sodium phosphate 2.50
Sodium sulfate 3.06
Sodium sulfite 3.00
Sulfuric acid 7.50
Urea 25.00

Water To reach 1 L total volume

3.4.  Characterization

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR,
Nicolet 6700, Thermo Electron Company, USA) was used to elucidate the any change in
chemical composition and the bonding arrangement of PVDC and Hypod through
exposure to synthetic brine. Fourier transform infrared spectrometer (FTIR) was done in
the range of 500-4000 cm ™.

We used X-ray diffraction (X’pert Pro, PANalytical, USA) to evaluate any change in

the crystalline structure of PVDC and Hypod after exposure to brine. X-ray diffraction
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patterns were recorded by monitoring the diffraction angle 20 from 5° to 60° under a
voltage of 40 kV and a current of 40 mA.

Before and after film exposure to synthetic brine, we performed water
permeation tests using a hydraulic dead-end filtration system (HP4750 Stirred Cell,
Sterlitech Corp., USA). Before exposure, PVDC and Hypod showed that they are
inherently impermeable to water. After exposure, if these polymers have a good
chemical resistance to synthetic brine, we expect a permeation flux of zero. If water

flux is measurable, this indicates that the synthetic brine destroyed the polymer films.

3.5. Result and Discussion

3.5.1. ATR-FTIR Results of PVDC

FTIR is an effective tool for studying the composition and monitor change in molecular
bonds.*'” The main bands of PVDC structure include C-Cl stretch vibration in 850-
55018 Cm* (655 Cm™), the C—H wag of the -CH,CI group (alky! halides) in 1300-1150
Cm, C-H bending in 1480-1350 Cm (the presence of the 1404 Cm™ band indicating
the block copolymerization of the used PVDC)!!°, and C=0 stretch in 1820-1670 Cm™
(the carbonyl peak caused by the presence of plasticizer, end group modification, or the
presence of comonomer)!®12° (Table 3-2). The main bands are preserved after 15
months’ exposure to brine; however, there are very few differences in the FTIR spectra
obtained for PVDC films after exposure. For comprehensive investigation, special
focus is made on the region of 600-1800 cm™. The differences are a light decrease in

absorbance at 655 cm, a shift to higher wavenumbers at peaks 1200-1100 Cm™ region
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(1137 Cm™), and an increase in absorbance of peak at 1820-1670 Cm™ region (Figure
3-2).

The decrease in absorbance at 655 cm™ is attributed to C-Cl stretch vibration.
This change can be ascribed by the change in the molecular chain orientation or lower
concentration due to sample thickness and smaller path length. The strength of an

absorption band depends on the dipole moment of the bond and the number of specific

Table 3-2. Absorption Frequencies of Characteristic Vibrations of PVDC

Wavenumber (Cm1) Bond Type of bond
850-550 C-Cl stretch Alkyl halide
1100-1000 C-OH stretch Primary alcohol
1300-1150 C-H (of CH,Cl) bending Alkyl halide
1480-1350 C-H bending Alkane
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Figure 3-2. FTIR Spectra of PVDC Film Before and After Exposure to Synthetic Brine
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bonds present. Because film thickness is much greater than depth of penetration, this
change in strength cannot be attributed to film thickness alone. Accordingly, a decrease
or increase in the strength of the C-CI absorption peak implies a change in the
molecular chain orientation of thin film.2

The gradual shift of the CH (1200-1100 Cm™ region) to lower frequency
(higher wavenumber) may have been caused by the lower energy required for CH bond
bending. Lower energy requirements is caused by shortening the C-H bond, which
results from decreasing hydrogen bonding between hydrogen of CH and Y (Y is an
acceptor atom).?2123 Additionally, the position of the peak for the C-H group and
C-H ... Y bond distance was observed, where a lower frequency for the peak correlated
with a shorter hydrogen-bond distance, i.e., a stronger hydrogen bond and a longer C-H
bond.??

The increase in intensity of the peak at 1760 Cm™ of exposed films shows a

change in the molecular chain orientation of the carbonyl group.

3.5.2. ATR-FTIR results of Hypod

Hypod is the aqueous solution of ethene-1-octene copolymer and ethylene
acrylic acid copolymer. The chemical structure of these copolymers is drawn in Figure
3-3. The peaks at 1440-1395 Cm™ and 3300-2500 Cm is attributed to the bending and
stretching of the - OH group, respectively. The large peaks at 295-2850 and 1480-1350
Cm* correlate to the stretching and bending of the - CH group, respectively. The peak
at 1760-1690 Cm™ results from the presence of functional carbonyl group of the
carboxylic acid group. On close observation of the 600-1800 Cm region, three

56



o
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Figure 3-3. Chemical Structure of Hypod (Ethene-1-Octene Copolymer (Left) and
Ethylene Acrylic Acid Copolymer (Right))

Table 3-3. Absorption Frequencies of Characteristic Vibrations of Hypod

Wavenumber (Cml) Bond Type of bond
1440-1395 O-H bending Carboxyl acid
1480-1350 C-H bending Alkyl
1760-1690 C=0 stretch Carboxyl acid
2950-2850 C-H stretch Alkyl
3300-2500 O-H stretch Carboxyl acid
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Figure 3-4. FTIR Spectra of Hypod Film Before and After Exposure to Synthetic Brine
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discernable changes were seen in Hypod FTIR after 15 months’ exposure. First, the
peculiarity in the FTIR absorption spectra of Hypod film after 15 months’ exposure to
synthetic brine is the vanishing of the two peaks at 1405 and 1550 cm™. Another,
significant growth of the C=0 peak at 1702 cm™ can be attributed to the formation
carbonyl group. The absence of fundamental vibration of —CH and formation new

carbonyl groups confirms chemical degradation of Hypod.

3.5.3. XRD Results

To further evaluation the extent of brine effects on polymers, X-ray diffraction
study was carried out on the PVDC and Hypod films. Figure 3-5 and Figure 3-6 show
the diffraction pattern acquired from the polymer films before and after exposure to
brine. Both PVDC and Hypod polymer films show no sharp XRD features since they

are amorphous and semicrystalline in their natures, respectively. Although the PVDC
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Figure 3-5. XRD Spectra of PVDC Film Before and After Exposure to Synthetic Brine
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does not have any sharp crystalline peak (Figure 3-5) to inspect, its amorphous peaks
centered at 15° 24° and 32° are in the same locations on before and after exposure
diffractograms. We conclude synthetic brine does not have any effect on the crystal
structure of this polymer.

In the case of Hypod, the diffraction pattern of this polymer shows its
semicrystalline structure, with the most intense peaks at 19° and 21° (Figure 3-6). The
sequence of XRD patterns shows that brine does not affect crystalline structure of Hypod,

because the shape of the reflections does not change significantly.
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Figure 3-6. XRD Spectra of Hypod Film Before and After Exposure to Synthetic Brine

3.5.4. Water Permeation Results
We performed permeation tests of prepared film before and after exposure to
synthetic brine. The average water permeation coefficient of zero for PVDC and Hypod

films before exposure shows that they are defect-free films. The zero flux permeation
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results of PVDC after 15 months’ exposure show PVDC’s high chemical resistance to
synthetic brine and raw urine. Permeation results of Hypod show that although this
polymer is inherently impermeable to water, after 15 months’ exposure to synthetic
brine, Hypod film absorbs water and swells. This swollen film will be found defective
after exposure to water at high pressure. The Hypod results show that this polymer does

not have sufficient chemical resistance to synthetic brine.
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MOLECULAR SIEVES SYNTHESIS

4.1. Introduction

Zeolites, with the unique crystal aluminosilicate structure, have received
considerable attention because of their unique frame structure, high thermal stability,
and chemical stability. These unique characteristics have expanded the application of
zeolite from household products to industries, e.g., aquaculture, agriculture, water
treatment, detergents, separation adsorbents, catalysts, and ion exchange
materials.'?41% The narrow pore size of zeolite makes it a highly selective membrane
in gas separation and the most technologically important of the molecular sieves.'?
There are more than 40 types of natural zeolites, and there are more than 150 types of
manufactured zeolite.'?” Within this range, we considered pore size of zeolites in order
to select zeolite for our mixed matrix membrane. The main goal of this research is
wastewater treatment; therefore, in selecting pore size, we consider the molecular size
of water (3A)!% and the smallest contaminating molecule of feed, such as urea (5
A)? Therefore, we selected types of zeolite, which have a pore size greater than 3 A
and smaller than 5 A, such as KFI, LTA, MEL, MFI, PAU, SOF, SVR, and TSC.
Among the zeolites, zeolite LTA is of exclusive interest in water treatment because of
its high hydrophilicity and the small size of its pore diameters (4 A) (Figure 4-1). The
second option is MFI zeolite (silicalite-1, ZSM-5) with a pore size of 4.5 - 6 (Figure
4-1). The lower alumina percentage of MFI zeolite provides higher stability in low pH

conditions.110
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Figure 4-1. Zeolite Structure and Pore Size; (a) Zeolite LTA, (b) Zeolite MFI
(Reproduced from Ref.130)

Decreasing the size of zeolite particles results in an increase in their surface-to-
volume ratio; consequently, the external surface area available for interaction in different
reactions rises significantly.®* Plenty of synthetic strategies and methods have been
developed to make nanosized zeolite particles, including laser radiation,!
microemulsion techniques,®! confined space synthesis,®** and using templates (structure-
directing agents).** The common way to decrease zeolite particle size is with organic
templates.”®® However, templates are expensive, environmentally-unfriendly organic
chemicals. Additionally, the calcination process often used to remove the template from
zeolite pores leads to irreversible aggregation of the particles and changes in the Si/Al
ratio.’36-13%1% Therefore, template-free synthesis of uniform nanosized zeolites is a
challenging and highly desirable research area.

One method to alter zeolite crystal size is controlling the ratio of the nucleation
rate to the growth rate by manipulating the degree of supersaturation of the synthesis
solution. Supersaturation of a zeolite precursor solution can be controlled by both

changes in the composition factors (alkalinity, additives, concentration of the template)
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and by change in conditions of crystallization (reaction temperature and time, stirring,
seeding and gel aging,**® and elapsed time between mixing reagents and elevating the
temperature to crystallization temperatures).'*! To control the synthesis of zeolite, one
must understand the fundamentals of nucleation, the initial stages of solid-state formation

from liquid solution, 142144

4.1.1. Principle of Crystallization
Nucleation and growth occur if supersaturation, the difference between the actual
and equilibrium concentration of solute at a specific temperature, exists.!*> From
chemical and thermodynamic points of view, supersaturation is the driving force for
crystallization.}#® Depending on the degree of supersaturation, the chance of nucleation
and growth are different. Figure 4-2 shows the solubility curve’s regions; at the stable
zone, the solution is unsaturated. By decreasing the temperature (below the phase
transformation point), increasing the concentration of solute (more than its equilibrium),
or evaporating the solvent, supersaturation occurs.'*’ The supersaturation region can be
divided into three distinct regions:
» Metastable zone: There is limited chance for new nuclei to be created; previously
existing nuclei can kinetically develop into crystals in metastable zones. 14814
> Nucleation zone (or liable zone): This is a region with sufficient supersaturation for
nucleation and growth, which can occur simultaneously.}*8%° The time for any
given driving force required for the first nuclei to form is called induction time, and
is defined as a period of time which elapses between the achievement of
supersaturation and the appearance of crystals.148-1%0

63



» Precipitation zone: Excess solute spontaneously precipitates because of a very

high level of supersaturation.®>!

Precipitation

Supersolubility
curve

Nucleation zone
(Supersaturated)

Solubility
curve

Metastable zone
(Supersaturated)

Concentration

Stable zone (Unsaturated)

Temperature

Figure 4-2. Solubility and Supersolubility Curve (Redrawn from Ref.1%?)

In supersaturated solution, there is a competition between nucleation and crystal
growth to determine ultimate zeolite crystal size. Higher nucleation rate leads to smaller
particles.®” Increased solute, decreased temperature, and/or evaporated solvent increase
supersaturation and eventually increase nucleation rate. It is worth mentioning that a
decrease in temperature decreases the growth rate as well 153137154

Based on classical nucleation theory, a supersaturated solution tends to decrease
its high free energy via segregate excess solute out of the solution,> and form a new
phase. The total free energy(Gibbs free energy)®™® (Figure 4-3, blue curve) is a sum of
two terms; bulk free energy (Figure 4-3, green curve) and interfacial energy (Figure 4-3,

red curve).
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Figure 4-3. Thermodynamic Effects of Formation of a Second Phase Based on Classical
Nucleation Theory: Increase in Interfacial Energy and Decrease in Bulk Free Energy.
Image Reproduced From Gebauer®®’

The creation of a new phase (solid germ) reduces the bulk free energy (volume
energy) since the free energy of the solid is much less than that of the liquid. However,
the formation of solid germ increases interfacial energy (surface free energy)'*? In brief,
the solid germ formation causes reduction of volume free energy and increases in the

surface energy.}*® Based on classical nucleation theory, the change in total free energy

(AG) due to formation of the solid germ equals to:

AG = —Vs(GE — G3) + (A%HySh) Equation 4-1

AG am R3p.Au + 4mR?
= —n T

3 petlt Y Equation 4-2
where V; [m3] is the volume of the solid sphere, A%* [m?] represents the solid/liquid
interfacial area, Y™~ [J/m?] is surface tension, and (Gy — G3) [J/m®] signifies the
difference between free energies per unit volume of solid and liquid. Since at a

temperature less than melting temperature (Tm) G% is less than G%, the left term of
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Equation 4-1 is negative when temperature is less than Tm, while the right term is always
positive. At the point that the total free energy goes through a maximum, the critical
nucleus radius obtain:

dc Equation 4-3
o = 0 - R.=——

After a solid germ forms, there is a competition between minimizing energy and
maximizing entropy. If size of the formed solid germ is less than critical nucleus radius,
interfacial term dominates and increases overall free energy of the system, so the solid
germ is not stable and will be dissolved. However, if the formed solid germ is larger than

critical nucleus radius, bulk term dominates and decreases overall free energy of the

system, so the solid germ converts to a stable nucleus.

4.1.2. Effect of Aging on Crystallization

Aging is a process of holding zeolite precursor gels at temperatures lower than
their hydrothermal reaction temperature prior to synthesis. Aging of the precursor gel is a
known method to make smaller zeolites with a narrow size distribution,°8-160.142.161
Previous research showed that aging of the precursor gel decreases particle size,%162
shortens induction period,'®314° and increases the crystallization rate, 158159164

The mechanism of the gel aging processes that leads to changes in particle size is
not entirely understood.!** The aging has effect on the initial stages of solid-state
formation from liquid solution.'®® To understand the mechanism of aging, first we discuss
steps of condensation phase transition processes; nucleation, growth, and Ostwald

ripening.16®
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The first step of phase transition occurs as a result of two mechanisms: (1)
nucleation, in which cluster formation starts from a metastable initial state, and (2)
spinodal decomposition (or “barrierless phase transition”)!®’, in which cluster formation
starts from an entirely unstable initial state.!%®%° Binary mixtures that have a negative
curvature of the free energy versus composition curve undergo spinodal decomposition if
they are quenched to a thermodynamically unstable state.1’® From a mathematical point
of view, the theories of spinodal decomposition and nucleation are very different.
However, from a physical point of view, phase separation is the same for nucleation (with
a small thermodynamic barrier to form a new phase) and for spinodal decomposition
(with no thermodynamic barrier to phase separation).}’t The phase separation rate is
influenced by both the diffusion coefficient and the rate of temperature change.l’
Vekilov studied the dependencies of the nucleation rate of the protein lysozyme on
temperature. He observed that upon cooling, the nucleation rate has a sharp maximum
because of the transition from nucleation to spinodal decomposition.!”® Ruberti et al.}’
invented a method to control physical properties of vinyl polymer hydrogels without
chemical cross-links or radiation.}’1”> They modulated the crystallization process by
controlling the temperature. They demonstrated that during the freezing process, the
system undergoes a phase separation through followed by crystallization, which leads to
significant improvement in the mechanical properties of the polyvinyl alcohol
(PVA).174175

Ostwald ripening is a phenomenon appearing in the last stage of phase
transitions.1’®1’” Ostwald ripening is a thermodynamically driven, spontaneous process!’®
to minimize the overall system energy.!’® Larger particles (which are more energetically
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stable than smaller particles) grow at the expense of dissolution of smaller unstable
particles, which have higher solubility as predicted from the Gibbs-Thomson equation. 8
Madras and McCoy showed that Ostwald ripening increases with decreasing temperature
because of the effect of temperature on interfacial free energy, equilibrium solubility, and
growth rate coefficients.’®" Madras presented how to assess the rate of denucleation
according to the appropriate cluster dynamics equations.!’®

Independently, Alfaro et al.** and Bronic et al.*® both demonstrated that zeolite
LTA particles synthesized from precursor gels aged at 22 °C yielded finer and more
monodispersed crystals compared with zeolite LTA particles synthesized from unaged
precursor gels.?*®1>® They hypothesized that aging the precursor gel at room temperature
increases the number of nuclei because the unaged gel and aged gel displayed the same
linear rate of crystallization, while aged gels crystallized for a significantly shorter time
compared to the unaged gel.'®1% Although studies on zeolite LTA819164 showed
aging has no effect on the rate of linear crystal growth, Twomey et al.!’® and Li et al.}4°
independently demonstrated that prolonging aging time strongly increases growth rate of
the silicalite-1 particles.**182 Katovic et al.!® studied the effect of aging in co-
crystallization of zeolites P and X.'8 They showed an increase in the aging time of the
gel decreases the induction periods of both zeolites P and X. Furthermore, prolonging the
aging time increases the yield of zeolite X; this is ascribed to the changes in the chemistry

and structure of the solid and liquid phases as well as the kinetics of crystallization during

183

gel aging.
Koroglu et al.*3 and Zhdanov et al.'®! reported formation of smaller zeolite Y
particles and shortening hydrothermal crystallization times when the zeolite Y precursor
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gel was aged at a temperature below room temperature.’*"1%* The Koroglu team?!3®
showed zeolite Y particles aged at 22 °C are larger than those aged at 4 °C. However,
Feoktistova et al.!® reported different behaviour for zeolite LTA from that observed in
Zeolite Y.1%0 They showed that decreasing the aging temperature from room temperature
to 7 °C leads to the increase in zeolite LTA particle size; however, they did not
hypothesize an explanation for this behaviour.1®

To the best of our knowledge, no previous studies have investigated the aging
temperature range of 7 °C to -20 °C on any zeolite gels. In this work, we investigated the
effect of different aging temperatures (from -20 to 40 °C) and aging times on zeolite LTA
crystal size and composition. Furthermore, the spinodal decomposition phenomenon has
been widely investigated in various systems, including metallic alloys,'8+18 polymers,18-
189 colloids,'®® proteins'”®, and liquid mixtures.'® However, to the extent of our
knowledge, there are no studies on spinodal decomposition in zeolite precursor gels. We
use the concepts of Ostwald ripening and spinodal decomposition phenomena in the

zeolite precursor to describe our results.

4.2. Materials
Sodium silicate, sodium hydroxide and anhydrous sodium aluminate were

purchased from Sigma-Aldrich.

4.3.  Synthesis Procedure
Initial hydrogels were prepared by adding a clear silicate solution into clear
aluminate solution (Figure 4-4, c). The molar composition of the zeolite LTA
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precursor gel is 1.6 Na,O: SiO2: 0.505Al,03: 150H,0.1%! Sodium silicate solution was
prepared by adding 2.452 g of sodium silicate and 1.033 gr of sodium hydroxide in
45.895 g demineralized water (Figure 4-4, a). Sodium aluminate solution was prepared
by dissolution of 1.225 g of anhydrous sodium aluminate in 50 g demineralized water
(Figure 4-4, b). Each solution was stirred for 1 h; then the silicate solution was quickly
poured into the aluminate solution and homogenized using a magnetic bar stirrer
(vigorously) for an additional 1 h. The amorphous precursor gel was left to age for a
certain period of time (0 hours, 7 days, 14 days, 21 days) at various temperatures (-20,
-8, 0, 4, 8, 22, 40 °C) (Figure 4-4, d). To crystallize the precursor gels, we transferred
them into a Teflon-lined stainless steel reactor (CIT-HTC230, COL-INT Tech) (and
placed them in a preheated convection oven at 100 °C for 72 hours (Figure 4-4, e).
After the crystallization was complete, we washed the particles (centrifugation and
decanting of supernatant) with deionized water until the pH value of the supernatant

was less than 9. Finally, we dried the washed particles overnight at 80 °C.

Silicate solution Aluminate solution  Initial hydrogel Aging Hydrothermal reaction

Figure 4-4. Procedure of Zeolite LTA Synthesis Including Precursor Preparation, Aging,
and Hydrothermal Reaction
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4.4. Characterization

We determined the average particle size and solid morphology using scanning
electron microscopy (SEM, FEI/Philips XL-30 Field Emission ESEM-FEG). We used X-
ray diffraction (XRD, X’Pert Pro, PANalytical) to identify the synthesized zeolite
products. X-ray diffraction patterns were recorded by monitoring the diffraction angle 26
from 5° to 40° under a voltage of 40 kV and a current of 40 mA. We utilized PANalytical
X’Pert HighScore Plus, v3.0 (v2.2¢) to index the XRD patterns. We proved formation of
nuclei in aged precursor gels using transmission electron microscopy (TEM, FEI Titan
80-30). To prepare the TEM samples, we dispersed two drops of the precursor gel in 1
mL of ethanol with sonication for 10 minutes, then we placed one drop of the resulting
suspensions onto a copper grid. Finally, we dried it at room temperature. We performed
Raman characterization using a Renishaw inVia Raman microscope at a wavelength of
488 nm with power output of approximately 15 mW. Raman spectra of solid parts of the
aged precursor gels identified any changes in Si/Al ratios. The aged precursor gels were
centrifuged to separate the liquid phase and solid phase. The separated solid phase was
washed once with deionized water, and a drop was put on the microscope slide and dried
for two hours at room temperature prior to Raman analysis. We measured the freezing
temperature of the gel by monitoring the solution as we cooled it from room temperature

in a bath of methanol and dry ice.
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4.5. Results and Discussion
45.1. Effect of Reaction Temperature on Zeolite LTA Crystal Size
The zeolite produced at 100 °C for 72 h displays cubic-shaped crystals with planar
surfaces, well-defined edges, and sharp crystals. Our results show that decreasing
reaction temperature from 120 °C to 60 °C led to significant reduction of zeolite LTA
crystal size (Figure 4-5), but the fraction of crystalized products significantly decreases.
The reason for formation of smaller particle size by a decrease in temperature
reaction is that by decreasing temperature, solubility generally decreases. Therefore,
crystallization occurs at high supersaturation, and, domination of crystal nucleation over

crystal growth, and formation of smaller particles.

Reaction time : 72 h -

Particle Size (um)

O T T T T
60 80 100 120

Reaction temprature (°C)

Figure 4-5. Effect of Reaction Temperature on Zeolite Particle Size

The error bar of Figure 4-5 shows that the higher temperature leads to the
formation of a broad range of particles. When nucleation is fast (lower reaction

temperature), many crystals form in the same time. Through their growth, the medium of
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solute decreases significantly and may cease nucleation; therefore, the monodisperse
particles form.1** In contrast, slow nucleation (higher reaction temperature) leads to slow
depletion of supersaturation, so the nucleation of new crystal continues while some of the
nuclei are grown and a broader range of particle size obtains.

Therefore, we can conclude that decreasing reaction temperature leads to making
smaller particles. But XRD results (Figure 4-6) show there is a limitation to decreasing
the particles’ size by lowering temperature since at lower temperature, the fraction of
crystalized products drastically decreases. The XRD peaks of zeolite crystal synthetized
at 100 °C for 72 h clearly show intense peaks that have excellent compliance with zeolite
LTA reference peaks. However, samples with 60 °C reaction temperature present a few
broad peaks that reveal a lower fraction of crystalized products zeolite. Samples with

40°C reaction temperature did not give reflection in the XRD experiment.
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Figure 4-6. Effect of Reaction Temperature on Crystallinity of Zeolite Particles
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4.5.2. Effect of Reaction Time on Zeolite LTA Crystal Size

Decrease in reaction time from 120 h to 48 h leads to forming zeolite with smaller
crystal size (Figure 4-7). As SEM results show, by decreasing reaction time the size of
the LTA zeolite particles decreases significantly, however, the zeolite crystals embedded
in amorphous aggregates of unreacted chemicals (Figure 4-8). In the other words,

reaction is incomplete and reaction yield is very low. We can conclude that the decrease

Reaction temperature: 100 °C
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Figure 4-7. Effect of Reaction Time on Zeolite Particle Size

48 h at100°C 24h at100°C

100pm
Figure 4-8. SEM Images of Zeolite LTA Synthetized with Different Reaction Time
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in reaction time prevents the complete growth of particles and consequently formed
particles are smaller. However, a great deal of chemical remains unreacted, therefore
decreasing reaction yield.

While decreasing the time and temperature of reaction reduces the yield of the
crystallization reaction, there is a tradeoff between crystallinity and particle size by
decreasing reaction time or temperature. In other words, there is a limit to decreasing the
particle size by reducing temperature or the time of reaction. Therefore, we investigated

the effect of gel aging on particle size.

4.5.3. Effect of Time of Gel Aging On Zeolite LTA Crystal Size

Comparing the particle size of the samples without aging and the aged samples
shows that aging has a significant effect on zeolite particle size (Figure 4-9). Note that the
sample with 30 days aging time presents the smallest crystal size, in contrast with those at
0, 8, or 15 days of aging time. In addition, the 30-day aging time sample has morphology
similar to the other samples, with the characteristic cube shape of the LTA zeolites with
narrow dispersion.

As SEM results (Figure 4-9) show, the morphology of the aged samples which are
crystalized at higher temperature display no difference, while that of the aged sample
crystalized at lower temperature is improved to cubic-shaped crystals with planar
surfaces. The average crystal size of the samples decreased from about 9um to 2um and
4.3 um to 1.8um when the gel aged for 0 to 30 days in 100 °C and 70 °C crystallization
temperature, respectively. The decrease in particle size is sharper in the case of a particle
synthesized at higher reaction temperature (100 °C). However, in the case of particles
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synthetized at lower temperature (70 °C), which formed only a limited small crystal
particles embedded in amorphous aggregates when no aged gel was used, the increase in

aging time leads to formation of the sharply-edged and well-defined small crystals of

zeolite LTA.
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Figure 4-9. SEM Images Show Effect of Aging the Precursor Gel at Room Temperature
on Size and Morphology of Synthetized Zeolite

Forming smaller particles from aged gel is evidence that the nuclei formed at
room temperature are much more numerous than nuclei formed at crystallization
temperature.!®® This can be explained by the fact that the formation of nuclei at lower
temperature is more favorable than at higher temperature because of higher
supersaturation at lower temperature. Therefore, during room temperature aging, the rate
of nucleation increases significantly and a greater number of nuclei is formed. After
aging, by increasing the temperature to the reaction temperature, crystal growth
dominates; consequently, the formed particles are smaller with narrow size distribution.
Therefore, aging at room temperature leads to high nucleation rates followed by faster

growth, resulting in a large number of small crystals.
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Although smaller zeolite crystals could be prepared by aging aluminosilicate gels
before crystallization reaction, once the aging time is prolonged, the rate of this reduction
in crystal size slowed down (Figure 4-10). After two months of gel aging, the decrease in
zeolite LTA particles size is not noticeable anymore, however, the morphology of
particles changes significantly. Figure 4-11 shows that by prolonging the gel aging period
at room temperature, extra peaks (compared with the reference) appear. This change is

discussed in the section 4.5.5.
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Figure 4-10. Effect of Time of Aging at Room Temperature on the Zeolite Particle Size
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Figure 4-11. Effect of Long Room Temperature Aging on Crystallinity of Zeolite
Particles, (Reaction: 72 h at 100 °C)
4.5.4. Effect of Temperature of Gel Aging on Zeolite LTA Particle Size

We aged the zeolite LTA precursor gel at different temperatures, -20, -8, 0, 4, 8,
22 °C, and 40 °C, for times ranging from one week to three weeks. We crystallized all
gels at 100 °C for 72 hours. The SEM results present the morphology of the zeolites
synthesized from unaged precursor gels (Figure 4-12 a) and precursor gels aged at
different temperatures (Figure 4-12 b—f). The zeolites aged at temperatures lower than
room temperature do not display any difference in morphology compared to the zeolites
synthesized from the unaged precursor gels.

Figure 4-13 plots the average particle size of the synthesized zeolites as a function
of the aging temperature with standard errors of the mean. Clearly, Figure 4-12 and
Figure 4-13 demonstrate that aging temperature has a significant effect on average
particle size. Zeolites synthesized from gels aged for two weeks at room temperature had

an average particle size of 4.5 + 0.56 um, while zeolites synthesized from unaged gels
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had an average particle size of 10.4 = 0.4 um. However, gel aging for two weeks at -8 °C
caused an extensive decrease in average particle size to 0.45 + 0.07 um. Based on classic
nucleation theory, we expected that decreasing aging temperature would decrease particle
size because aging temperature reduction increases gel supersaturation, which increases
the nucleation rate. Conversely, we observed that a decrease in gel aging temperature

results in unexpected changes in particle size.

Without aging Aged at 40 °C for two weeks Aged at 22 °C for two weeks
_ - . i : ”
Q@ o b
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Figure 4-12. Effect of Aging Temperature on Zeolite Morphology (Crystallization
Conditions: 72 h at 100 °C).1%?

Previous research®®®1%%164 showed that aging of the precursor gel does has no
effect on the linear rate of zeolite LTA growth. Therefore, the change in particle size
from gel aging can be attributed to the influence of aging solely on the nucleation step.
We hypothesize that the changes in particle size from changing the aging temperature of

the precursor gels result from a combination of two factors: (1) phase separation (either
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nucleation or spinodal decomposition), and (2) denucleation (Ostwald ripening).1®® We
will discuss the effect of aging temperature on particle size in the two following intervals:

aging temperatures from 40 °C to 0 °C and from 0 °C to -20 °C.
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Figure 4-13. Effect of Temperature on Aged Zeolite Particle Size (Crystallization
Conditions: 72 h at 100 °C). Each Aging Time Consists of Three Replicates. Error Bars
Represent the Standard Error of the Mean.%?
45.4.1.  Aging Temperatures from 40 °C to 0 °C

Decreasing the aging temperature of the zeolite LTA precursor gel from 40 °C to
0 °C leads to a significant increase in particle size. We observed that the size of particles
aged at 4 °C is much larger than those aged at room temperature or 40 °C. This is similar
to the LTA results of Feoktistova et al.*®°; however, they proposed no reasons for such an
unanticipated change in particle size.*®® Furthermore, we observed that by increasing gel
aging time, polydispersity significantly decreases. For example, increasing aging time
from one week to three weeks at 8 °C decreases the standard deviation of particle size by
80%.

We hypothesize that the observed increase of zeolite LTA particle size as gel
aging temperature decreased from 40 to O °C occurs because the Ostwald ripening

phenomenon dominates nucleation. As the precursor gel aging temperature decreases
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(from 40 to 0 °C), the system tries to minimize its overall free energy. Therefore, the
thermodynamically-favored larger particles (which have lower surface free energy) grow
at the expense of consumption of smaller particles (which have higher interfacial free
energy). Therefore, we can conclude that the increase in particle size and the decrease in
the polydispersity (size distribution) in this region results from denucleation dominating
nucleation. Consequently, there is formation of fewer particles with larger size as gel

aging temperature decreases.

45.4.2.  Aging Temperatures from 0 °C to -20 °C

Figure 4-13 also shows the effects of lowering the zeolite LTA precursor gel
aging temperatures from 0 °C to -20 °C. Specifically, we observed that particle size
significantly decreases with lower precursor gel aging temperatures. In this temperature
region, the nucleation and denucleation can also be considered as possible phenomena to
control nuclei numbers. In the Ostwald ripening process, after molecules detach from the
surface of smaller crystals, the dissolved molecules should diffuse through the liquid
phase and then deposit on the surface of large crystals.t’®1’” We found that the zeolite
LTA precursor gel freezes at a temperature of -2.7 + 0.5 °C. Therefore, we can conclude
that below the freezing point of the zeolite LTA precursor gel solution, the Ostwald
ripening phenomena is negligible because diffusion through frozen media is minimal.

Lowering the precursor gel temperature increases supersaturation of the solution
and makes the system thermodynamically unstable.'>® The sharp decrease in particle size
observed in this region leads one to speculate that cooling to the freezing point leads to
the spinodal regime, where the barrier for nucleation disappears.'314 At the spinodal
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point, the free-energy barrier for the formation of the crystalline phase is lower than the
thermal energy of the molecules; therefore, the rate of new phase generation is limited
only by the kinetics of cluster growth.!”® The occurrence of spinodal decomposition
creates many nuclei and causes an increase to the maximum nucleation rate.}*® Because
we observe a large distribution in the particle sizes around 0 °C, we conclude that the
spinodal point of our system is very near the observed freezing point of the gel (-2.7 °C).
The wide size distribution of particles in this temperature range demonstrates that the
nucleation mechanism near 0 °C has changed. Consequently, a small variation of
temperature results in a large difference in observed particle size. Our observations are
similar to what Vekilov observed for the nucleation of the protein, lysozyme.l”™ He
observed a sharp maximum in nucleation rate of lysozyme by lowering temperature.!’®
He attributed this sharp change to the existence of a spinodal through the crystal phase.1’
To investigate nuclei formation through aging, we utilized TEM. Figure 4-14 shows TEM
images for zeolite gels aged for two weeks at -8 °C, 8 °C, and 40 °C as well as the unaged
gel. We prepared our TEM samples in ethanol to ensure that no nuclei were formed upon
the drying step.® TEM images at Figure 4-14 (b)-(d) verify formation of nuclei through
gel aging. The remarkable aspect of our TEM observation is that many crystalline
structures form in the gel aged at -8 °C (spinodal region) than those of gels aged at 8 °C
and 40 °C. Additionally, no crystalline structure was observed in unaged gel, while
several crystalline structures aggregate to form a larger crystal domain in the gel aged in

-8 °C.
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Two weeks aged at -8°C

10 nm
Figure 4-14. TEM of (a) Unaged Gel, and Gels Aged for Two Weeks at (b) -8 °C, (c) 8

°C, and (d) 40 °C Before Crystallization Reaction at 100 °C with the Corresponding FFT
Electron Diffraction Diagram in the Insets. 1%2
4.5.5. Effect of Precursor Gel Aging Temperature on Particle Crystallinity

Figure 4-15 presents the XRD patterns of the zeolites synthesized from the aged
precursor gels. All patterns show the identification peaks of zeolite LTA (2-theta of 7.20°,
10.19°, and 12.49°).1% However, there are extra peaks in the XRD patterns of the zeolites
synthesized from the aged precursor gels compared with unaged samples. The samples
aged at 40 °C show new peaks arising at 2-thetas of 5.96°, 9.74°, 9.97°, and 11.42°, which
are attributed to the formation of zeolite X.1%® Zeolite X is composed of four-membered

ring (4R), six-membered ring (6R), and double six-membered ring (D6R)'**, and has a

different crystal structure than zeolite LTA, composed of 4R, 6R, and double four—
83



membered ring (D4R).1%>1%41% For example, the pore diameter of zeolite X is 7.4 A,
while that of zeolite LTA is 4.2 A X%

As Table 4-1 shows, aging the zeolite LTA precursor gels for two weeks at 40 °C
leads to the formation of 27% zeolite X, while aging for two weeks at -8 °C only leads to
formation of 2% zeolite X. This can be attributed to the changes in the chemistry of the
precursor gel during aging.

Figure 4-16 shows the Raman spectra of the zeolite precursor gels that were
separated from the unaged solution and solutions aged for two weeks at -20 °C and 40 °C
in the region between 300 and 1200 cm™. The Raman spectrum of the 40 °C sample is
similar to the unaged sample except for a blueshift (shift to higher frequency) of the band
around 1060 cm™. This blueshift is attributed to the asymmetric stretching vibration of
the Si-O bond between SiO4 and AlO4 or between adjacent SiOg tetrahedra. The influence
of the zeolites’ Si/Al ratio on the Raman frequencies has been reported in previous
research.}”>"" The significant blueshift of Raman bands of the Si-O band is attributed to
the increase in the coupling between SiO4 with adjacent SiO4 or AlO4.Y"" This supports
the idea that the Si/Al ratio in the solid phase of the zeolite LTA precursor gel aged at 40
°C increased!”1"7 compared with that of gels aged at -8 °C or unaged gels.

Ogura et al.™® showed that silicate and aluminate in the solution easily form the
simplest aluminosilicate of 4R.1%1 Ginter et al.!®® showed that heating the gel leads to
dissolution of more silica and thus increases the concentration of silicate anions into the
solution.’® The dissolved silicate species gradually react with the 4R aluminosilicate
clusters to generate 6R clusters, which are essential to form zeolite X.1%41% Therefore, we
concluded that the appearance of zeolite X in the sample aged at 40 °C is likely a result of
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the effect of the high temperature conditions, which increased the silicate anions in the

solution and facilitated the formation of 6R clusters.
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Figure 4-15. Effect of Aging Temperature on Crystallinity of Zeolites Aged for
Two Weeks at Different Temperatures (Crystallization Conditions: 72 h at 100 °C).
The Label “A” Indicates the Zeolite LTA Identification Peaks. The Label “X”
Indicates the Zeolite X Identification Peaks.

Table 4-1. Composition of Synthetized Zeolite from Aged Precursor at Different
Temperatures. Based on PANalytical X Pert HighScore Plus Analysis!®

Temperature of aging (°C) Zeolite LTA (%0) Zeolite X (%)
No aging 100 0
-8 98 )
22 96 4
40 77 23
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Figure 4-16. Raman Spectra of Zeolite Precursor Gels Aged for Two Weeks at -20 °C,
40 °C, and the Unaged Gel. 1%

4.6. Conclusion

For the first time, we demonstrated that aging the zeolite gel prior to the
crystallization reaction at a temperature lower than 0 °C effectively decreases zeolite
LTA particle size. Our results show that two weeks of aging the gel at room temperature
results in a 56% decrease in particle size, and that two weeks of aging the gel at -8 °C
results in a 95% decrease in particle size. It is because aging zeolite LTA precursor gels
near the freezing point (-2.7 °C) results in phase separation through spinodal
decomposition, at which the nucleation barrier vanishes, and a significant decrease in
particle size. The capability of freezing temperature aging to decrease zeolite particle size
is significantly greater than room temperature aging.

Aging at temperatures between -2.7 and 25 °C increases average zeolite particle size
through Ostwald ripening, spontaneous process to minimize the overall system energy by

dissolving small particles and grown larger particles.
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Aging above 25 °C changes the morphology of the zeolite. Aging at higher temperature
increases the chance of formation of zeolite X due to the increased the concentration of
silicate anions in the solution and consequently facilitating the formation of 6R clusters

which are essential to form zeolite X.
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SYNTHESIS OF INNOVATIVE MIXED MATRIX MEMBRANES
5.1. Introduction

Both reverse osmosis (RO) and nanofiltration (NF) processes have received great
interest in water treatment. However, two major challenges are their low rejection of
neutral nonionic molecules such as urea and their low chemical resistance!®, as discussed
in detail in chapter three.

Various studies have evaluated rejection of organic chemicals through commercial
RO membranes. Yoon and Lueptow° studied the rejection of five commercially available
flat sheet RO membranes for three simulated space mission wastewaters.*® They revealed
that the solution with higher pH show higher rejection of ions because the higher pH of
the solution results in higher electrostatic repulsion between ions and the membrane.
They also showed that the rejection of dissolved organic carbon (DOC) depends on
wastewater composition.®® Lee and Lueptow’s®® research investigated the nitrogen
compound rejection of two commercially available RO membranes. They demonstrated
that while the membranes showed very high rejection (>99%) for sodium chloride
(NaCl), they showed very low rejection for urea (~ 20%). Agenson et al.?® investigated
retention of a wide variety of organics, which are carcinogenic pollutants and/or
endocrine disruptors, by nanofiltration (NF) and RO membranes. They showed that
rejection is dependent on type of the membrane and size of the solute, though other
factors like solute-membrane interaction have effects on the result.?®® The size and
branching of solute functional groups has more impact on retention compared to the
molecular weight of solutes.?® Furthermore, solutes with larger widths, larger lengths,
and higher logarithm of octanol-water partition coefficients show higher rejections.?®
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Kastelan-Kunst et al.?®! evaluated performance of commercial FILMTEC™ FT30
membranes (Dow Chemical Company) in removal of organic pollutants from aqueous
solutions via reverse osmosis process.?! They revealed three main conclusions. First, that
the pore size distribution of the FT-30 membrane samples is narrow and unimodal with a
maximum between 5.5 and 6.5 A. Second, that reverse osmosis membrane separation
cannot be thought of as a simple sieving process because there is no correlation between
the organic pollutant separation coefficient and the molecular weight data. Third, that in
the reverse osmosis separation process, the basic parameters are mutual interaction
among the membrane material, organic nonionic solute, and water molecules, because of
the observed relationship between the separation data of different organic pollutants and
the solute molecule polarity.?®* Ozaki and Li investigated the rejection of ultra-low
pressure reverse osmosis membranes for organic compounds.?> They showed that
retention, i.e., the percent removed, of most un-dissociated organic compounds rose
linearly with molecular weight and molecular width when the molecular weight is less
than 150. They also showed that feed pH and pKa values significantly influenced
rejection of dissociated organic compounds.?®? Schutte?®® evaluated the rejection of two
types of commercial RO membranes (cellulose acetate and composite polyamide) for
various organic compounds.?®® He tested the solvophobic theory for predicting the
rejection (preferential sorption) of RO membranes for organic compounds from diluted
solution.?%® Radjenovic et al.?%* showed that NF/RO membranes reject more than 85% of
pharmaceuticals with molecular weight greater than the molecular weight cut-off

(MWCO) of NF/RO membranes.?®* However, the RO membranes showed low rejection
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(73%) for pharmaceuticals with molecular size smaller than that of the MWCO of the
membrane.2%

To overcome these two limitations of RO and NF membranes, we designed a
chemical-resistant mixed matrix membrane with the aim of high rejection for neutral
molecules for recovering water from urine-containing wastewater. In this innovative
mixed matrix membrane design, water-selective zeolites integrate into a liquid-barrier,
chemical-resistant polymer film.*! This MMM manipulates distinctive aspects of the two
materials used to create the membranes: (1) the innate transport and selectivity of the
molecular sieve nanoparticles and (2) the decay-resistant, versatile, and mechanical
strength of the liquid-barrier polymer support matrix. Our new membrane design includes
the following primary distinguishing characteristics, when compared with current mixed
membranes:

First, we use an impermeable polymer matrix, enabling us to use a broader range
of chemical-resistant polymers. In the case of corrosive/aggressive feed solutions, the
polymer matrix of the common MMMs should have high permeability and high
selectivity, as well as have high chemical resistance to feed. These criteria limit the range
of polymers that can be used in a polymer matrix, or alternatively, one criterion will have
to be passed up in selecting a matrix.

Second, we use latex dispersions as the polymer matrix source, enabling us to
replace harsh solvent-based solutions with environmentally friendly water-based
solutions. Latexes have low amounts of volatile organic compounds (VOC), low cost,

and nontoxicity.
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Third, we use the zeolite particles with specific pore size, to ensuring high
rejection of the neutral molecules since water is transported through the zeolite rather
than the polymer. By using zeolites that are somewhat larger than the expected polymer
film thickness, we can ensure that zeolites penetrate the entire thickness of the polymer
film and provide a single particle percolation threshold

In our mixed matrix membranes, a liquid-barrier, chemical-resistant polymer
matrix binds a layer of selective molecular sieve nanoparticles into a versatile and
vigorous nanocomposite thin film (Figure 5-1). This new design of mixed matrix

membrane has the potential to address challenges of chemical compatibility.
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Figure 5-1. Schematic of Innovative Mixed Matrix Membrane in which the
polymeric barrier film acts as a glue binding the molecular sieve particles.
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5.2.  Materials

Following chemicals are used in this study to optimize the method for synthesis
and evaluation of the new design mixed matrix membrane: polyvinylidene chloride
(PVDC, PVDC Diofan B204, Solvay), (3-aminopropyltriethoxysilane (APTES, Sigma
Aldrich), (3-glycidyloxypropyDtrimethoxysilane (GPTMS, Sigma-Aldrich), (3-

chloropropyltriethoxysilane (CPTES, Sigma-Aldrich), 3-chloropropyltrichlorosilane
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(CPTCS, Sigma-Aldrich ), acetone (99.9%, Sigma-Aldrich) , DI water, 0.02um pore size
anodized aluminum oxide membranes (AAO, Anodisc™ 6809-5002, Whatman),
dimethylformamide (DMF, Sigma Aldrich), and toluene (Alfa Aesar), acetone ( Sigma
Aldrich), dichloromethane (DCM, Sigma Aldrich), hexamethylphosphoramide (HMPA)
and tetramethylene sulfoxide (TMSO), sodium chloride (NaCl, Sigma-Aldrich), and

Rhodamine B (RB, C2sH31CIN2O3, Acros).

5.3. Methods

We prepared Linde Type A (LTA) zeolites of various sizes according to the
procedures of chapter four. We added the silane agent (ATES, GPTMS, CPTES or
CPTMS) to the sonicated mixture of solvent (DMF, DCM, acetone or toluene) and
zeolite. We left the zeolite in the silane solution overnight. Then we washed the zeolite
with copious amounts of solvent through repeated sonication, centrifugation and
decanting and put them in an oven at 85 °C for 4 h. Then, the zeolite was dispersed in the
solvent and sonicated for 2 h. We cleaned the porous substrate (Anodisc) by immersing it
in the boiling water for 1 h and then dried it under a gentle stream of argon. The cleaned
substrate was immersed in the dispersion of zeolite in solvent and left overnight. At the
last step, after washing the Anodisc substrate with copious amounts of solvent, it was
dried at 85 °C for 4 h.

We prepared the polymer coating solutions by diluting the PVDC latex to a solid
concentration of approximately 5 to 11 wt% (based on the results presented in chapter 2).
We used dip coating to deposit a thin layer of the polymer latex solutions onto the
Anodisc. To prevent the PVDC solution reaching the other side of the substrate, the
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substrate was sealed on the Petri dish by using Parafilm®. First, we poured the PVDC
solution on the side of substrate on which the zeolite particles were anchored. Second,
after holding the substrate within the latex solution for 40 seconds, we removed latex
solution and held the substrate vertically (to allow the excess solution to drip from the
surface) under our previously determined slow drying procedure (24 h at 22 °C and 95%

RH, followed by 24 h at 22 °C and 25% RH).%°

5.4. Characterization

We used scanning electron microscopy (SEM, FEI/Philips XL-30 Field Emission
ESEM-FEG, USA) to evaluate the morphology of the membrane. We performed water
permeation tests using a hydraulic dead-end filtration system (HP4750 Stirred Cell,
Sterlitech Corp., USA) at 20 bar pressure. Experimentally, the water permeability
coefficient, A [um s? MPa?'], is the measured liquid flux through a membrane
normalized by the pressure applied across a membrane, presented in Equation 5-1.

— l‘iFr -
A= 2p-im Equation 5-1

Here, Jw [um s] is osmotic water flux calculated by dividing the volumetric flux by the
membrane area, AP [MPa] is the applied pressure, and An [MPa] is the osmotic pressure.
To characterize membrane rejection performance, we tested our membrane with
Milli-Q water, NaCl (20 mM), and Rhodamine B (7.5 mg/L) solutions in the mentioned
order, one at a time. The membrane was rinsed with Milli-Q water after each rejection
test. The membrane’s rejection of NaCl was measured by using a conductivity meter
(Accumet Excel XL50, Fisher Scientific, USA). The rejection of membrane for
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Rhodamine B was measured by using a UV-Vis spectrophotometer (UV-1700, Shimadzu,

Japan). The rejection was calculated by

{Cf - Cp]
Cy Equation 5-2

R =100 X

where Cs is solute concentration in feed [g/L], Cp is solute concentration in permeate

[o/L] and R represents the rejection coefficient (%).

55. Results and Discussion
5.5.1. Effective Procedure to Synthesize the Innovative Mixed Matrix Membrane

First we synthetized the mixed matrix membrane by the standard procedure of
dispersing the zeolite particles in the polymer matrix casting solution and then coating on
a substrate followed by drying through solvent evaporation. However, the obtained

membranes show no permeation flux for water for two reasons shown in Figure 5-2.

2 um 2 pm

Figure 5-2. SEM Images of Zeolite in Composite Membrane Covered by the
Impermeable Polymer
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First, the impermeable polymer is deposited on the surface of the zeolite;
therefore, zeolites are not exposed to water. Second, an impermeable polymer film is
formed between zeolite particles and porous substrate, which prevents any water that
penetrates the zeolite from exiting through the substrate. To prevent these obstacles we
performed the following two tasks: (1) we anchored the zeolites to the substrate to
prevent polymer formation between the substrate and the zeolite and (2) we performed
etching of the top surface of the membranes to remove any polymer blocking the top

pores of the zeolite.

5.5.2.  Anchoring Zeolite Particles on Porous Substrate Using Silane Linkages

To prevent formation of an impermeable polymer layer between the zeolite
particles and the porous substrate, we anchored the zeolite particles onto the porous
substrate using silane covalent linkers. The goal of using a silane agent is to form bonds
across the interface between zeolite particles and substrates. Indeed, an ultrathin layer of
molecular linkage is placed between the zeolite and the porous substrate. Previous
studies?®>21% investigated anchoring zeolite to solid substrates; however, our primary goal

is anchoring zeolite to porous organic and inorganic substrates.

55.2.1.  Immobilizing Zeolite to Non-Porous Substrates

Ha et al.?112% micropatterned zeolite particles onto glass by using silane covalent
linkages. They treated the glass with (3-chloropropyl) trimethoxysilane (CPTMS) in
toluene in order to anchor 3-chloropropyl (CP) groups on the glass plates, because
siloxane linkages tend to react with the hydroxyl groups of zeolite surface and
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consequently anchor the zeolite to glass.?!! A different study investigated the effect of
various silylating reagents. They obtained the comparable coverage and bond strengths
by using different silane agents which have different halide as well as different type and
number of anchor groups on the silicon center.?® Kulak et al.?®” demonstrated that
polyamines effectively increase the strength of binding between the substrates and zeolite
crystals. Using the polyamine specifically is beneficial for assembling micrometer-sized
zeolite crystals, which need a large number of interconnects onto uneven curved glass
surfaces.

Chun et al.?!2 presented the capability of urethane agents for anchoring a
monolayer of zeolite onto glass, these are effective because isocyanate groups have a
high tendency to form urethane linkages with hydroxyl groups on glass and zeolites
surfaces.?!2 They showed that diisocyanates are an effective molecular binder to anchor
zeolite crystals to glass substrates. Park et al.?® anchored a highly oriented, closely
packed mono- or multi-layer of zeolite microcrystal onto glass by making adenine-

thymine hydrogen bonding.?*

55.2.2. Immobilizing Organic Molecules to Porous Alumina Substrate
Some researchers have attempted to immobilize biomolecule proteins such as
antibodies and enzymes to nanoporous alumina substrates.?!* Vlassiouk et al.?%®
covalently linked DNA to modified nanoporous alumina. Their immobilizing process
included three steps of silanization of the porous substrate using aminosilane, activation
of the surface with glutaraldehyde, and finally covalent attachment of 5"-aminated DNA
oligomer.?™® In another study, Vlassiouk et al.?*® silanized nanoporous alumina substrate
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to immobilize DNA and used it to detect and separate/purify unmodified target DNA
(and RNA) 216
Despite abundant studies on anchoring biomolecules to nanoporous alumina
substrates, to the best of our knowledge there are only two reports on anchoring inorganic
particles to porous substrates. Holber et al.?!* immobilized (self-assembled) quantum dots
(semiconductor nanoparticles) on nanoporous alumina using silane linkages.
Szczepanski?!® anchored zeolites to porous alumina substrates, in which the alumina
surface was passivated silica. Szczepanski et al.?!? showed that the stability of silanes
covalently bound to the surface of nanoporous alumina substrates depends on the type of
linker used. They passivated alumina surface with an atomic layer of silica in order to
increase the stability of immobilized molecules on alumina surface.?1°
Most of the before-mentioned studies investigated the self-assembly of zeolite on
flat solid substrates which have many functional groups (e.g., glass, silica and metal).
Furthermore, they mostly used environmentally unfriendly organic solvents such as
toluene. To the best of our knowledge, studies about anchoring zeolite to more common
substrates (e.g., rough surfaces, or containing fewer functional groups) are rare.
Consequently, creating applications of zeolite-oriented layers or films, and advancing a
straightforward, efficient and environmentally friendly means to organize zeolite
microcrystals directly, on a range of substrates under varied surface conditions, with a

preferred orientation, is highly desirable.
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5.5.2.3. Principle of Silanization Reaction

Reaction of the silane agents involves four steps; initially, the three hydrolyzable

groups of silane agents are hydrolyzed to form silanol-containing structure, and then

silanol groups are condensed to oligomers. Silanetriols are most stable at pH 3-6, but

condense rapidly at pH 7-9; therefore, if the pH increases, the condensation rate

increases. The oligomers and -OH groups of the substrate/zeolite formed hydrogen bond.

Finally, a covalent linkage is formed during drying or curing. After exposing the

functionalized zeolite / substrate to a non-functionalized zeolite / substrate, the hydroxyl
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Figure 5-3. Schematic Procedure to Anchor Zeolite LTA to a Porous Substrate Using a
Silane Agent (Left, (a), (b), and (c)), and the Mechanism of Reactions between Silane

Agent and Zeolite (Right)
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groups of the zeolite or of the hydroxylated substrate attack and displace the alkoxy
groups on functionalized component, thus forming a covalent -Si-O-Si- bond (Figure

5-3).

55.2.4.  Effect of Silane Agent and Solvent

We used different silane agents as a covalent linker and various solvents with different
dipole moments to control formation of a uniform dense monolayer of zeolite particles on
the porous substrate. The various silane agents (CPTES, CPTCS, GPTMS, and APTES)
are selected based on their leaving group, a molecular fragment which departs with a pair
of electrons in heterolytic bond cleavage (Figure 5-4). The ability of their leaving group
defines the rate of silane agents’ reaction. In addition, we used various solvents, including
acetone and dimethylformamide (DMF) as polar aprotic solvents and toluene, and
dichloromethane (DCM) as nonpolar solvents. The polarity and the ability of the solvent

to stabilize the intermediate carbocation have an effect on the silanization reaction rate.

Cl OCH3
] L
Cl SI—Cl H300‘$I—\/\
~ >~ Cl OCHs O/\g'

3-Chloropropyl trichlorosilane (3-Glycidyloxyprpoyl) trimethoxysilane

GPTMS
(CPTCS) ( )
HSC/\Q N (ID/\‘CHg
HyC._ 08— HiC” 0-Si—~_~ 4
O._CHs HsC._O ?

3-Chl 1) triethoxysil . . .
( oropropyl) tricthoxysilane 3-aminopropyl triethoxysilane

(CPTES) (APTES)

Figure 5-4. Chemical structure of silane agents used in this study
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Figure 5-5 shows SEM results of three different silane agents and solvents used to
anchor zeolites to porous substrates. For example, Figure 5-5 a shows that CPTCS covers
the zeolite surface when it is treated with toluene. However, CPTES in toluene cannot
effectively anchor zeolite to substrates (Figure 5-5 b) and CPTES in DMF causes
noticeable aggregation of particles (Figure 5-5 d).

CPTCS is polymerized on the substrate and blocks the substrate pores when used
with DMF (Figure 5-5 c¢). This issue (blocked pore of Anodisc) can be attributed to the
vigor of their leaving group. All used organosilanes have three hydrolyzable substituents.
Ordinarily, a single bond exists between each silicon atom of the organosilane and the
zeolite or Anodisc surface. The two remaining silanol groups are present in either
condensed or free form. In the case of CPTES and CPTCS, which have the strongest
leaving groups, the chance of condensing two adjacent leaving groups to make
continuous film is high.

The best result for anchoring LTA zeolites to anodicsc wasobtained by using
APTES and GPTMS (Figure 5-5 e and f), which have weaker leaving groups. A mixture
of APTES and acetone anchor more zeolite particles to the substrate in comparison with
the other silane agents and solvents tested. The linkage formed by the opening of the
nucleophilic ring of the epoxy group on APTES tethers to Anodisc, and the amine group

on APTES tethers to zeolite particles.
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200 um 100 um 10 pm

Figure 5-5. SEM Images showing the LTA Zeolites Anchored to Anodisc Substrate
Using Various Silane Agent and Solvents; (a) CPTCS in Toluene, (b) CPTES in Toluene,
(c) CPTCS in DMF, (d) CPTES in DMF, (e) APTES in Acetone, and (f) GPTMS in
Acetone.

5.5.2.5.  Effect of Silanization Procedure

We explored three different procedures for anchoring zeolites to Anodiscs:

1) silanized solely zeolite

2) silanized solely Anodisc

3) silanized both zeolite and Anodisc.
We obtained the best results (highest uniform density of coverage with minimal
aggregation) when just one component was silanized (Figure 5-6). When both particle
and substrate are silanized, the lowest density of anchored particles to Anodisc is
obtained. Indeed, the zeolite particles anchored using silane groups on the surface did not
bind to the silane-tethering Anodisc. This result clearly proves that, in order to form a

covalent link between the zeolite particles and substrate, the existence of both a silane
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group and hydroxyl groups is necessary. In the other words, we can conclude that when
zeolite or substrate is silanized, the functional group on zeolite or substrate will be -NH,
or -Cl which tend to make a hydrogen bond with -OH group of non-functionlized
zeolite/Anodisc. However, when both the LTA zeolite and Anodisc are silanized there is
a much lower tendency between the two -NH groups to react. Also, aggregation of
particles in this case observed more than in the case where just the zeolite or substrate is
silanized. This is beacause the -NH group of some particles bond with -OH group of

other particles.

l(i)-um 100 pm 100 pm
Figure 5-6. SEM Images of the Zeolite Anchored to Anodisc Substrate Using APTES at

Room Temperature through (a) Silanization of Zeolite, (b) Silanization of Anodisc, and
(c) Silanization of Both Zeolite and Anodisc

55.2.6. Lower Density of Anchored Zeolite to Alumina Porous Substrate Compared with
Silica-Based Solid Substrates

While previous research?®® showedhigh density of anchored zeolites to nonporous

silicon-based substrates, our results showed lower density of anchored zeolites to pourous

alumina-based substrate. We hypothesize the main reason for lower density of anchored

zeolite to alumina substrate is to the result of the difference in polarity of Si — O and Al —
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O bonds. The Al — O bond is more polar than the Si — O bond, therefore, Al — O — Si is
more polarized and consequently is much more vulnerable to activation by a base or an
acid than Si — O — Si.?1°

The lower packing density of zeolites onto alumina substrate in comparison to
packing density of zeolites onto silica substrate can be attributed to higher reactivity of
silicone oxide in comparison to alumina oxide. The Al — O bond (U= 2, Do29g= 512 kJ
mol?) is more polar and less vulnerable than the Si — O bond (U= 2, Dozes= 798 kJ mol~
1,2 therefore, the covalent bond between the silicone of the silane agent and the alumina
substrate is more polarized than the bond between the silicone of the silane agent and the
silicon substrate. Therefore, we can conclude that since the Si-O-Al linker is highly
polarized, it is more vulnerable.?%

Furthermore, we believe that substrate’s porous nature has a significant effect on
anchoring density. As previous research reported, a micrometer-sized cubic zeolite-A
crystal requires over 600,000 interconnects in order to anchor to solid supports.?®
Additionally, it was demonstrated that the uneven nature of the surfaces of zeolite-A
crystals and the supports decrease the real number of interconnecting covalent linkages,
because each surface-anchored component is shorter than the peak-to-valley depths on
each uneven surface, as shown in Figure 5-7. Therefore, we can conclude that the
foremost reason for the lower number of covalent linkages in our results is due to the

porosity of the surface.
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Figure 5-7. Schematic of Anchoring Zeolite to Not-Smooth Substrate, Image
Reproduced from Kulak.?%’

5.5.2.7.  Effect of Size and Concentration of Zeolite Particles

We used the various sizes of zeolite LTA particles (0.45, 1.5, 3, and 6 um) at two
different concentrations of zeolite in anchoring solution (0.5 and 1 wt. %). While zeolites
with sizes larger than one micrometer show uniform dispersion (Figure 5-8), the small
particles (0.45 um) show noticeable tendency to aggregate. Therefore, a decrease in the
size of particles leads to a significant increase in the aggregation of particles. The

aggregation of zeolite particles prevents PVDC from effectively filling the gaps between

Figure 5-8. SEM Images of Membrane Cross Section Show (a) High Density of Large
Zeolite (1 wt% Loading 6 pm Zeolite) Anchored to Anodisc Substrate Without
Aggregation, (b) Aggregation of Small Zeolite (1 wt% Loading of 0.45 um Zeolite).
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the particles and forming a defect-free film. Therefore, we decreased the concentration of

zeolite to 0.5 wt% to prevent aggregation.

5.5.3. Remove Impermeable Polymer Layer from Zeolite Surface

After anchoring the LTA zeolites to the substrate, we formed a thin polymer
barrier film via dip-coating to fill the gap between the particles. As Figure 5-2 shows the
impermeable polymer formed a layer on top of the zeolite and prevented zeolite exposure
to the feed water. To remove this excess PVDC polymer layer, we applied either oxygen

plasma or chemical etching to the surface, thereby exposing the zeolite particles to water.

5.5.3.1. Chemical Etching

Hexamethylphosphoramide (HMPA) and Tetramethylene sulfoxide (TMSO) are
two solvents of PVDC that we used to remove the polymer layer from zeolite surface.
First, the composite membrane was placed with the active side (coated side) down into a
dish filled with the TMSO or HMPA for a predetermined amount of time. After which,
the membrane was completely washed with DI water. As SEM images (Figure 5-9 a)
show the membranes were destroyed when the solvent was not diluted prior to use.
Therefore, we systematically changed both the concentration of solvents (10-60%) and
etching time to optimize the results. Evaluation of the SEM results show that HMPA does
not sufficiently remove polymer from the surface of zeolite. The best results have been
attained by using 40% TMSO. However, while one minute of etching with 40% TMSO is
not enough to remove PVDC from zeolite surface, two minutes of etching creates some
gaps at the interface between particles and polymer.
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ZFn 2 um ZTm

Figure 5-9. PVDC-Zeolite Composite After Chemical Etching by (a) 100% TMSO for 1
min, (b) 40% TMSO for 1 min and (c) 40% TMSO for 2 min

5.5.3.2. Oxygen Plasma

Oxygen plasma (plasma cleaning) is an effective and environmentally safe
method for removal of organic contaminants by chemical reaction with highly reactive
oxygen radicals and ablation by energetic oxygen ions. The plasma is created by using
high frequency voltages to ionize the low pressure gas that is excited to higher energy
states.?’ We changed the time (1 to 30 min) of oxygen plasma (7.2 W, 500 mTorr)
systematically changes to obtain best results. As SEM results (Figure 5-10) show that 20

minutes of oxygen plasma leads to sufficient zeolite surface cleaning.

ﬁull‘ / ]H

lp._m lpm 2pum
Figure 5-10. SEM Image of PVDC-Zeolite Composite After 20 min Oxygen Plasma
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Figure 5-11 summarizes the overall membrane synthesis procedure. The first step
is functionalizing the zeolite particles using silane agents such as APTES. Second step is
anchoring the functionalized zeolite particles to the porous substrate. The third step is
filling the gap between the particles using a chemical resistant impermeable polymer such
as PVDC. The last step is removing impermeable polymer film formed on the zeolite

surface using oxygen plasma to expose the zeolite to feed water.

Functionalized zeolites

i%:} i% i‘é%iﬁi} j%‘ﬂ i%%;}g “%’
ﬂllHﬁﬁiHllll“ﬂlllr

Immobilizing zeolite

""“"1"“”"

L
Ty

Figure 5-11. Overall Procedure of Making Innovative Mixed Matrix Membrane;
Tethering LTA Zeolites to Anodiscs with Silane linkage, Forming a Latex PVDC Film,
and Oxygen Plasma Etching to Remove Excess PVDC.

Coat with polymer

5.5.4. Permeation Results
To evaluate the performance of innovative designed membrane in recovering water,
we performed water permeation tests using a hydraulic dead-end filtration system at 20
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bar pressure. Figure 5-12 shows the permeation coefficient for pure water and rejection of

a monovalent salt (sodium chloride) and an organic dye (rhodamine B).
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Figure 5-12. Permeation Results of the Prepared Membranes.

The prepared membranes show low rejection of the NaCl (less than 36%) and high
rejection of the dyes (more than 78%). The low NaCl rejection of the membrane shows
that defects exist in membrane that creates nonselective transport pathways through the
membrane. However, because the membrane shows the size exclusion effect for larger
organic molecules (higher rejection for larger molecules) most of the membrane defects
should be nano-size defects; Therefore, the higher rejection rate of rhodamine B (Mw:
479.02 g/mol), than NaCl (Mw: 58.44 g/mol), can be attributed to its higher molecular

weight.
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Anodisc has bulk pore size of 200 nm and top-layer pore size of 20 nm. If there is
defect in the Anodisc’s top layer as shown in Figure 5-13, instead of micro porous
substrate for membrane, we will have a mesoporous substrate. As we discussed in section
2.5.5, the chance of making defect free latex film on a mesoporous substrate is much less
than on a micro porous substrate. Therefore, defects in the Anodisc (Figure 5-13) can be
considered as a potential reason for the observed low NaCl rejection, because they result
in formation of defective film, which leads to nonselective transport of the water through

the membrane.

Figure 5-13. Defects in Top Layer of Anodisc.

By increasing the zeolite size from 0.5 to 6 um, the rates of rejection of NaCl
increased from 12.00 * 2.80 % to 36.48 £ 2.35 % and rejection of rhodamine B increased
from 78.30 + 8.40 % to 97.38 + 3.50 %. This result shows that the defects decrease with
an increase in zeolite particle size. Therefore, we can conclude the aggregation of small
particles (as shown in Figure 5-8) can be considered as another potential reason for the

defects in membrane which leads to nonselective transport through the membrane.
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By increasing the size of zeolite particles, permeation decreases from 3.5 £ 2.87 to
0.30 + 0.015 pms*MPal. The decrease in permeation coefficient can be attributed to the
increase in resistance to transfer of water through the membrane because of the increase
in path of the water in membrane (the size of zeolite). Based on the design of new
membrane, the zeolite pore is the pathway for transport the water through the membrane,
so larger particles make a longer pathway, and leads to higher resistance to water

transport.
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SUMMARY AND FUTURE WORK
6.1.  Conclusion

Today’s membrane processes offer the capability to increase water recovery from
wastewaters—pretreated urine and urine brines. As mentioned, the key drawback is that
commercial RO membranes rapidly break down when exposed to acidic pretreated urine
and urine brines. Furthermore, another problem with commercial osmotic membranes is
that despite their high rejection of ionic solutes (99%), they lack a sufficient barrier to
small organic compounds commonly found in urine, such as urea.®>?182!% The pbroad goal
of our research is to develop strong mixed matrix membranes that will fortify the
performance and speed up the execution of membrane-based water production
technologies.

The main distinguishing characteristics of our new membrane design compared
with current mixed matrix membranes include: (1) we use an impermeable polymer
matrix enabling a broader range of chemical resistant polymers; and (2) we use latex
dispersions as the polymer matrix source. We manipulated the distinctive properties of
polymer-nanomaterial mixed matrices to produce efficient separation membranes with
customized performance. In our design, the zeolite particles are anchored to the porous
substrate, while a liquid-barrier, chemical-resistant polymer matrix fills the space
between the particles and binds zeolite nanoparticles into a versatile nanocomposite thin
film. The objective of this study was to make a first systematic development and
characterization of this new designed membrane to recover water from corrosive

wastewater.
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In the present stage, the synthesized membranes show promising rejection of
organic molecules. Further adjustment of the new design chemical resistant pressure-
driven membrane will hopefully improve its performance. Strategies for improvement
could include:

1. Controlling the space between the zeolite particles by changing the zeolite
concentration.

2. Modifying the anchoring by functionalizing zeolite with different functional
groups to make oriented monolayer of zeolite.

3. Optimizing polymer layer thickness by varying the concentration of polymer
latex.

Indeed, the synthesis of this new type of impermeable polymer based membranes
with improved performance encouragingly meets the criteria of a next generation
technology, one that may be a viable alternative to current commercial membranes for

water separation applications.
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