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Abstract

Single and bilayer ceramic membranes with deposited y-Al,O3 and Fe-SiO, nanofiltration (NF)
layers were fabricated and evaluated with respect to physical characteristics and salt removal
properties. The fabrication method proved to be generally reproducible, and would be further
improved controlling relative humidity during the coating process. The thickness of the
individual NF layers was found to be dependent on the slipcasting of the y-Al,O3 and Fe-SiO,
materials, regulated by the amount of water in the pores at the time of coating. Layer thickness
was determined by scanning electron microscopy and measurements were compared with
calculated values from nitrogen gas permeation experiments. The y-Al,O3; material had an
average pore diameter of 39A or 43A, depending on the firing temperature (400 or 500°C,
respectively) used to sinter the NF layer to the support; the average pore diameter for Fe-SiO;
was 21A. Porosity of the two materials was found to be 31% for Fe-SiO; and 51% (400°C) or
42% (500°C) for y-Al,03. The MWCOs for rejection of polyethylene glycol were 300 g mol™

and 700 g mol”' for Fe-SiO, and y-ALOs, respectively.

Rejection of charged solutes with the membranes was correlated, in a semi-quantitative manner,
with the value for potential in the center of the pore, as calculated from zeta potential
measurements of the two materials exposed to various electrolytes and solution conditions.
Comparisons between single layer membranes with either Fe-SiO; or y-Al,O; NF layers and
bilayer membranes composed of both materials showed that rejection of salts is highly dependent
on solution conditions and the type of electrolyte. For NaCl, a Fe-SiO; single layer membrane
provides the largest rejection in the range of pH 5.0 to 9.0. A bilayer membrane with the y-Al,Os

layer facing the feed solution shows superior performance for rejection of MgCl, in the same pH



i

range. In general, results demonstrate that the order in which NF layers are deposited on a porous
ceramic support affects rejection; the layer facing the feed solution primarily controls salt
removal properties. Bilayer membranes excel in salt separation, with a C1/SO,” selectivity four

times greater than that obtained with a single layer membrane.

Mone. A Aededsan

Marc A. Anderson, Thesis Advisor

10 June 10, 2015
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1. Introduction



1.1. Global water resources

Freshwater constitutes only 2.5% of the global water supply'. Furthermore, 70% of this
freshwater supply is fixed in glaciers and icecaps, making it unavailable for withdrawal and use.
The other 30% is mostly groundwater, with only 0.3% of freshwater resources being easily
accessible as surface waters. Considering that over 1.2 billion people in the world have
inadequate potable water supplies’, access to clean water is one of the most critical global
environmental (and sociopolitical) challenges we must confront. One avenue for conserving our
freshwater resources is to develop new technologies to reclaim water currently used in
agricultural and industrial processes. In perspective, the global volume of water used in the
industrial and agricultural sectors in 2007 was estimated at 716 Gm® yr”' and 6390 Gm’ yr™,
respectively’. The data is based on the concept of the “water footprint,” which was introduced in
2002 as a way to quantify and compare water consumption among nations and for various
agricultural and industrial products. In 2005, the water footprint was linked to the concept of
“virtual water” *, defined as the volume of water required to produce a commodity or service.
With much effort being dedicated to quantifying water consumption and availability, it is clear
that the issue of freshwater resources is of utmost importance. As human population increases, so
too does the stress on our freshwater supply. Therefore, the development and implementation of
novel newer water treatment technologies, as well as the improvement of current technologies,
will allow for the renewal and reuse of wastewater streams to prevent further withdrawal of the

limited natural sources of freshwater.

1.2. Water Treatment Technology



The scarcity of freshwater resources has resulted in much research and development in the field
of water treatment. Water treatment is the process of removing undesirable chemicals, biological
contaminants, suspended solids or gases from contaminated water. The goal is to produce water
fit for a specific purpose. In general, methods of water treatment can be classified as physical,
biological, or chemical processes. Physical processes for treating water include filtration,
sedimentation and distillation. Examples of biological methods for water treatment are secondary
wastewater treatment and anaerobic digestion. Water treatment can also occur via chemical
means such as flocculation, chlorination and advanced oxidation processes. The technology
chosen for treating a contaminated water stream is dependent on the nature of the water source
(e.g. seawater, municipal wastewater, industrial waters, etc.) and the required quality of the
treated water (potable water for drinking, deionized, industrial reuse, etc.). Often, water
treatment requires the use of multiple techniques in order to ensure the purification process is

effective and efficient.

1.3. Membrane Technology for Water Treatment

A membrane acts as a very specific filter that allows water to flow through, while preventing
suspended solids and/or dissolved substances from passing. In general, there are three different
mechanisms by which membranes filter substances from water. The first is by applying pressure
across the membrane, referred to as transmembrane pressure. The pressure is the driving force by
which small water molecules are forced through the semipermeable membrane while larger
species are excluded. The second method is the use of a concentration gradient, known as
membrane dialysis, which operates on the principle that substances will move from a region of

high concentration to a region of lower concentration until equilibrium is reached. The final



mechanism for treating water with membrane technology is the introduction of an electric
potential across the membrane, known as electrodialysis. This electric potential controls the

transport of charged substances from one side of the membrane to the other.

1.3.1 Pressure-driven membrane filtration processes

The membrane technology in this work utilizes transmembrane pressure to clean water. There
are several types of pressure-driven membrane filtration processes. These are normally defined
by the pore size of the material comprising the membrane and the size range of the substances
they are capable of removing. Microfiltration (MF) and ultrafiltration (UF) are useful for
removing particles from solution. Typically, MF is used to remove suspended solids and colloids
larger than 0.05 pm, while UF is capable of removing biological organisms, such as bacteria, and
soluble macromolecules, such as proteins, that are 2 -100 nm in size. For the removal of
dissolved substances, such as salts, nanofiltration (NF) or reverse osmosis (RO) is required. NF
and RO can be distinguished based on the size of the pores of the materials utilized in these types
of membrane water treatment. RO membranes have pore sizes ranging from 1 — 10 A, while NF
membranes typically have pore sizes in the 10 — 40 A range’. Due to these differences in pore
size, the above membrane technologies have distinct pressure requirements for effective water
treatment. Operating pressures for the different types of membrane technologies are given in

Table 1.1.

Pressure-driven membrane filtration is desirable because it works without the addition of any
chemicals, is easily scalable from a research setting to an industrial application, has a relatively

small operating plant footprint and requires no phase change for water treatment (as opposed to



distillation, for example). However, there are limitations to the use of membrane technology in
water treatment. One such concern is the occurrence of membrane fouling, where the membrane
becomes contaminated with biological organisms, salts, etc. Methods to prevent membrane
fouling, as well as fabricating anti-fouling membrane materials, are current research topics of
interest in the membrane science community. As this type of filtration requires transmembrane
pressure, there is work to be done to reduce the costs associated with pumping the water across
the membrane and the intrinsic costs of pump maintenance. Finally, improvements can be made

with respect to the rate of water flow in current membrane processes.

The effectiveness of the membrane filtration process is typically measured with two parameters
that serve as criteria for evaluating membrane performance. The first is selectivity, which is

given by the rejection (R) of a specific solute according to:

R=1-— Equation 1.1

where Cp refers to the concentration of the solute in the permeate solution (“clean” water) and Cg
is the concentration in the feed solution (contaminated feed stream). Membrane performance is

also measured by the productivity, given by the volume flux (J,) according to:

AP
NRot

Jv = Equation 1.2



where AP is the effective transmembrane pressure, 1) is solute viscosity and Ry is the resistance

to solvent flow. J, is typically expressed as a flux per unit time.

1.4 Nanofiltration

In general, nanofiltration (NF) membranes are defined as a membrane filtration process falling
somewhere between ultrafiltration (UF) and reverse osmosis (RO). NF membranes are
characterized as having pore diameters ranging from one to several nanometers and molecular

weight cut-off (MWCO) values of approximately 1000 Daltons or less®’.

1.4.1 Nanofiltration and reverse osmosis

NF is a relatively new technology for water purification compared to competing processes such
as reverse osmosis (RO). Unlike RO membranes, both polymeric and ceramic NF membranes
have physical pores®. Therefore, while diffusion is responsible for the separation of solutes from
solution in RO filtration’, both diffusion and pore flow contribute to separation in NF.

Although RO yields very high rejection of salts in solution (99.5% for 35,000 mg/L NaCl)'’, the
high operating pressures and relatively low water fluxes in these systems make reverse osmosis
an extremely energy-intensive process for water desalination. This has been the motivation
behind the increase in nanofiltration research over the last 20 years; NF membrane systems are

- 2
much more energy-efficient' "'

. For example, an RO system capable of almost complete

removal of NaCl operates at a pressure of 800 psi with a water flux of 1.2 m’ m™ day™ '°. State-
of-the-art organic NF membranes show moderate rejection of NaCl (50.9 £+ 5.1% for 2000 mg/L
NaCl) and similar flux (1.2 £0.1 m® m™ day™") at a fraction of the operating pressure (200 psi) of

RO systems”.



1.4.2 Polymeric NF membranes
The majority of current studies in NF focus on developing and characterizing polymeric

4718 Tn fact, almost all

membranes, especially polyelectrolyte multilayer (PEM) membranes
commercially available NF membranes are made of organic materials. These membranes consist
of multiple, alternating layers of positively and negatively charged polymers. The most common
materials used in the production of these membranes are polysulfones and polyamides. Synthesis
of multilayered, polyelectrolyte membranes begins with immersion of a porous, charged
substrate into a solution containing a polyelectrolyte. A second immersion in a solution
containing an oppositely charged polyelectrolyte results in an additional layer on the surface, and
repetition of the process produces multilayer films. Terminating these polymers with polycations
leads to positively charged membranes whereas termination with polyanions gives a negatively

18
charged membrane'"'®,

1.4.3 Ceramic NF membranes
Ceramic NF membranes, which are the focus of this study, are composed of nanoporous layers
of amphoteric metal oxides. While very few studies have focused on preparing ceramic NF

membranes'’

, there are numerous advantages to ceramic nanofilters such as greater chemical,
thermal and mechanical stability. Ceramic NF membranes are composed of inorganic materials
with pores that range from 1 nm to a few nanometers in size. These membranes develop charge,
and therefore electric potential, on the pore surface when brought into contact with aqueous
solutions. Most of the ceramic membranes are made of chemically stable metal oxides as TiO,,

Z10;,, and Si0,, which in the colloidal chemistry field are regarded as constant surface potential

materials. This means that the magnitude and sign of the surface charge / potential acquired upon



immersion in a solution is determined by surface adsorption / desorption reactions of ions present
in the solution. In the absence of ions that could specifically adsorb, other than H', the surface
charge / potential will be controlled only by the solution pH. Many of these materials exhibit this
amphoteric behavior in the pH range of interest for NF applications (pH 3 to 11). This implies
that at a certain value of pH between 3 and 11 the surface charge / potential will be zero, and the
magnitude will increase as distance from the pH of zero charge increases. The sign of the surface
charge / potential will be different on each side of the pH of zero charge. Thus, when the solution
contains only indifferent electrolytes, the membrane charge and sign can be controlled by

solution pH alone.

1.5 Ceramic NF Membranes for Salt Removal

Ceramic NF membranes are most highly charged at pH values far from the isoelectric pH (pHicp).
Under these conditions, the surface charge leads to an electrostatic double layer of ions near the
pore wall surface, which results in a decaying electrochemical potential across the pore

23 This potential prevents ions of the same charge (co-ions) from passing through the

diameter
porous membrane. lons of opposite charge (counter-ions) are rejected as well in order to

maintain electroneutrality in solution.

1.5.1 Electrical double layer (EDL) in charged pores

The EDL phenomenon describes the potential distribution at the interface between a charged
surface and a solution containing charged species, such as salt ions. A schematic of the EDL is
provided in Figure 1.1. In the figure, a positively charged surface is the y-axis; this is analogous

to a positively charged pore wall in a ceramic NF membrane. As distance from the surface



increases, so does the electric potential. Also defined in Figure 1.1 are the distances from the
surface at which different potentials are defined. Of particular importance to this research is the
zeta potential (y¢), the measurement of which is used as a surrogate to approximate surface
potential (o). The amount of EDL overlap from one pore wall to another determines the
potential distribution across the pore, which ultimately controls whether or not ions will be
transported through the pores or rejected. The distance the EDL extends from the surface is

known as the Debye length (k') and is given by:

2 3\ 1/2
K = M Equation 1.3
EEGRT

K is dependent only on ionic strength (I) of the solution; F, €, €y and R are constants having their

usual meaning. In addition to ionic strength, the potential distribution across the pore is affected
by solution pH (which determines y; of the membrane material) and pore diameter of membrane
material (through the amount of EDL overlap required to extend across the entire diameter of the
pore). As an example, a schematic of this concept is provided in Figure 2. The absolute value of
the potential is plotted as a function of distance, measured from zero at one pore wall to the pore
diameter at the other wall. The solid line indicates conditions where the potential remains
relatively constant across the entire pore diameter. The dashed line represents an environment
where there is a decrease in the potential at the center of the pore, resulting from incomplete
overlap of the EDLs from opposing pore walls. This drop in potential is expected with large pore
sizes, high ionic strength solutions, or when solution pH is close to the pH;¢, of the membrane

material.
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1.5.2 Donnan potential

Due to the electrochemical potential in pores, a distribution of co-ions and counter-ions occurs at
the membrane / solution interface (Figure 1.1). This results in a space-charge separation and,
consequently, an uneven distribution of electrical charges. The potential that develops across the
membrane as a result of this uneven distribution is known as the Donnan potential. This potential
acts to hinder the diffusion of ions having the same sign as that of the Donnan potential. Due to
electroneutrality requirements, ions of opposite charge to the Donnan potential are also rejected,
leading to salt retention and separation®**’. Thus, fabrication of ceramic nanofilters can be

tailored to specific applications based on pH and ionic strength of the feed solution.

1.5.3 Ion Transport

Rejection of salts in ceramic nanofiltration is influenced not only by properties of the membrane
and the solution, but also the nature of the solute®®. In this research, we are concerned with
treating water containing salt solutions, so the solutes are ions. The extended Nernst-Planck
equation is commonly used as the basis for modeling the rejection performance of charged ions

19,20,27,29

by nanofiltration membranes . This equation provides a quantitative description of the

interaction between ions and a membrane through the calculation of ion flux (J;):

dc; zic;Diy, d .
Ji = =Dy, d_xl — %F % + K; .cify Equation 1.4

where:
Ji = ion flux, mol m?s™' F = Faraday constant, 96487 C mol’'
D; , = hindrance factor for diffusion, m’s y = electric potential, V

¢; = ion concentration, mol m™ T = temperature, K
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K= hindrance factor for convection Jy = volume flux, m’>m?s’!

z; = ion valence R = ideal gas constant, 8.314 J mol ! K!
This equation describes the transport of ions through the pores of charged membranes as a result
of diffusion, convection, and electromigration caused by gradients in concentration, pressure,
and electric potential, respectively. Equation 1.4 is not directly employed in this research, as our
aim is not to model the transport of electrolytes for varying solution compositions and
membranes. Rather, our objective is to determine which of these variables are most useful in

predicting the rejection performance of our membranes.

1.6 Bilayer Ceramic Membranes

Almost all ceramic NF membranes are composed of a single filtration layer that is either
positively or negatively charged for a given solution composition; the sign of membrane charge
determines whether the cation or the anion behaves as the co-ion. Ions with higher valence states
are more readily rejected than monovalent ions due to increased charge density. Therefore,
currently available ceramic NF membranes are best suited for applications where removal of
divalent ions is important and pH of feed solution is far from the pHi, of the nanofiltration layer.
The overall objective of this research is to fabricate, characterize and evaluate bilayer, ceramic
nanofiltration (NF) membranes that limit the transport of ions through the membranes without
hindering water flux. Our hypothesis is that by preparing membranes made of layers having two
different nanoparticulate metal oxide materials, with distinct charging properties as a function of
pH, we will be able to “reject” ions in a wider range of solution conditions than is possible with
current ceramic membrane technology. In addition to verifying this hypothesis, we attempt to

elucidate the major variables affecting ion transport in our bilayer membranes (i.e. solution pH,
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salt concentration, ionic strength of solution, pore size of membrane materials) in order to
provide an experimental set useful for evaluating modeling efforts in the field of nanofiltration.
Our goal is to fabricate ceramic membranes that exhibit high rejection values in a variety of salt
solutions and throughout a range of pH levels without significantly affecting the flux of water
through the membranes in order to improve the competitiveness of ceramic membranes for water

treatment processes requiring the removal of charged ions.

Three major objectives need to be satisfied to meet our overall goal.

1. Synthesize and characterize metal oxide materials that have significantly different pHic,
values. To accomplish this goal, we chose iron-doped silica (Fe-SiO;) and y-Al,O3 as the
materials that comprise the nanofiltration layers in our membranes. For purposes of
comparison, we prepared bilayer membranes according to the schematic provided in
Figure 1.3 as well as single layer membranes of the same materials,.

2. Characterize nanofiltration membranes to determine physical membrane parameters that
affect rejection of ions.

3. Determine solution properties that control rejection in single and bilayer membranes.

The final goal of this dissertation is to relate the concepts and principles of bilayer ceramic
nanofiltration discovered in the above objectives to practical applications in current water

treatment technology.
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Membrane Process Operating Pressure
(psi)
microfiltration <30
ultrafiltration 15-150
nanofiltration 45 -300
reverse osmosis 200 —1200

Table 1.1: Typical operating pressures for different types of pressure-driven membrane
filtration processes.
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Figure 1.1: Schematic of the electrical double layer and resulting charge
distribution at the interface between a charged solid and a solution containing
charged ions. In the drawing, the surface is represented as being positively
charged.
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Figure 1.3: Diagram of proposed inorganic, bilayer NF membranes. Magnified portion of
membrane represents a pore with charged pore walls. Note: sequence of the metal oxide
layers can be reversed.
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2.1. Introduction

Nanofiltration is the most recently developed of all membrane separation techniques. The
technology has attracted the attention of researchers for a number of applications, including but
not limited to: treatment of wastewaters in the textile'*, dairy®”, as well as the food and
beverage™® industries. It has also been employed in the treatment of production water resulting
from manufacturing of fuels such as gas and oil”*. In addition, nanofiltration is currently being
investigated as a mechanism for the aqueous phase removal of organic contaminants, such as
personal care products, endocrine-disrupting compounds, and bisphenyl-A*'°. Nanofiltration is a
promising technology for recycling wastewater streams in order to reduce overall consumption
of freshwater and for recovery of useful by-products in these industrial processes. At a time
when the limited supply of freshwater is becoming an ever-increasing global concern,
nanofiltration has the potential to excel as a water purification technique for a wide range of feed

streams containing molecular and/or ionic solutes.

In general, nanofiltration (NF) membranes are defined as a membrane filtration process falling
somewhere between ultrafiltration (UF) and reverse osmosis (RO). NF membranes are
characterized as having pore diameters ranging from one to several nanometers and molecular

1L12 NF membranes are further

weight cut-off (MWCO) values of approximately 1000 Da or less
classified as organic (polymeric) or inorganic (ceramic). Unlike RO membranes, both polymeric
and ceramic NF membranes have physical pores'”. Therefore, while diffusion is responsible for
the separation of solutes from solution in RO filtration'?, both diffusion and pore flow contribute
to separation in NF. The majority of current studies in NF focus on developing and

characterizing organic membranes, especially polyelectrolyte multilayer (PEM) membranes' .
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In fact, almost all commercially available NF membranes are made of organic materials. While

18-21
, there are numerous

very few studies have focused on preparing ceramic NF membranes
advantages to ceramic nanofilters such as greater chemical, thermal and mechanical stability.
Ceramic NF membranes are composed of inorganic materials with pores that range from 1 nm to
a few nanometers in size. These membranes develop charge, and therefore electric potential, on
the pore surface when brought into contact with aqueous solutions. Most of the ceramic
membranes are made of chemically stable metal oxides as TiO,, ZrO,, and SiO,, which in the
colloidal chemistry field are regarded as constant surface potential materials. This means that the
magnitude and sign of the surface charge/potential acquired upon immersion in a solution is
determined by surface adsorption /desorption reactions of ions present in the solution. In the
absence of ions that could specifically adsorb, other than H', the surface charge/potential will be
controlled only by the solution pH. Many of these materials exhibit amphoteric behavior in the
pH range of interest for NF applications (pH 3 to 11). This implies that at a certain value of pH
between 3 and 11 the surface charge/potential will be zero, and the magnitude will increase as
distance from the pH of zero charge increases. The sign of the surface charge/potential will be

different on each side of the pH of zero charge. Thus, when the solution contains only indifferent

electrolytes, the membrane charge and sign can be controlled by solution pH alone.

Solution flux (Jy) through NF membranes has been described by the widely accepted Donnan-
Steric Partitioning Pore Model (DSPM), which only takes into account electrostatic and steric

/hydrodynamic interactions of the ions with the membrane'®***’

. In this model, solute transfer
through the membrane is the result of a distribution of charged species at the membrane/solution

interface and transport occurs via a combination of convection, diffusion and electro-migration
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of the charged species across the membrane. The rejection of an ion will be determined by ion
properties (ion feed concentration, valence, radius and bulk ion diffusion coefficient) and

membrane parameters. The membrane is characterized according to three parameters:

1. pore characteristics (average diameter, d, and porosity, €)
2. membrane thickness, L,,

3. surface charge density, g,

This present study describes the fabrication of nanofiltration membranes composed of Fe-doped
silica and y-alumina nanofiltration layers deposited on 100 A commercially available ceramic UF
membranes. The resulting single layer and bi-layer membranes are evaluated to determine the
above mentioned physical membrane parameters that influence transport and removal of charged
solutes in aqueous nanofiltration. The pore radius (rp) and porosity (¢) are measured by N»
adsorption isotherms of the materials used to fabricated the nanofiltration layers, subjected to the
same heating processes as the supported membranes. Effective thickness is extracted from ultra-
high purity N, gas permeation as a function of transmembrane pressure. Also the thickness of the
nanofiltration membranes layers (Ly,) is determined using SEM imaging. The value of gy, can be
approximated or surrogately inferred from zeta potential maesurements for a given solution
composition. However, this paper will only provide zeta potential data of the nanofiltration
layers immersed in NaCl to illustrate the different charging properties of the y-alumina and Fe-

silica materials in the range of pH 4 to 10.

2.2. Experimental Methods
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2.2.1 Preparation of nanoporous materials

Four different nanofiltration membranes, using two different materials, were fabricated

for use in these studies (Table 2.1). The materials used to construct the nanofiltration layers on
the ceramic supports are derived from suspensions of metal oxide nanoparticles synthesized

using sol-gel techniques.

2.2.1.1 Synthesis of Fe-doped SiO, sol

The first material used to prepare our membranes was an iron-modified silica sol, the synthesis
of which is similar to that described previously by this research group.** Briefly, a basic SiO,
(silica) sol was prepared by hydrolysis of tetracthylorthosilicate (TEOS, Aldrich, 98%) precursor
in the presence of ammonium hydroxide (Fisher Scientific, Certified ACS). The TEOS was
added to a 2.0 M solution of NH4OH and stirred for 1 hour. The SiO; sol was transferred to 3500
MWCO dialysis membranes, and allowed to dialyze for 2 h with slow stirring in ultra high purity
(Milli-Q) water. The dialysis water was changed and this process was repeated three times. After
completing dialysis , the silica sol was collected and the pH was measured at 8.5. The SiO; sol
was allowed to settle for 24 h and was decanted to eliminate any larger-sized particles that had
formed during preparation. 19.1 mL of a 0.1M iron (III) nitrate nonahydrate (Fisher Scientific,
Certified ACS) solution was then added to 80.0 mL of the silica sol to adsorb iron onto the
surface of the silica particles. The final pH of the Fe-doped silica sol after equilibration was

measured at pH 2.6. The final concentration of Fe-silica in the sol was approximately 20 g/L.

2.2.1.2 Synthesis of y-AIOOH sol
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Nanofiltration layers were also fabricated from alumina sol prepared by the hydrolysis of
aluminum tri-sec-butoxide (ATSB, Acros Organics); the synthesis of this material was first
described by Schultz and Anderson® and was modified for this application as reported by
Wouters et al.** ATSB was diluted with 2-butanol and added to 85°C ultra high purity (Milli Q)
water. The mixture was stirred vigorously for 2 h. Nitric acid (Fisher Scientific, Certified ACS)
was added to the mixture in a 12.9:1 ATSB:HNO;j ratio and stirring continued for an additional 2
h. Boiling stones were then added to the flask and the mixture was allowed to stir for 4 h.
Finally, stirring was stopped and the resulting mixture was allowed to reflux overnight. The
alumina suspension was passed through a 0.45um filter to remove any large particles. The final

concentration of y-AIOOH in the sol was approximately 40 g/L.

2.2.2 Characterization of the microstructure of nanofiltration layers

As surrogates for the actual membranes, unsupported samples of the Fe-silica and alumina
materials were dried by evaporation to create xerogels, then heated at 400 or 500°C for
characterization. The size distribution and average pore size of the xerogels was determined by
nitrogen adsorption using a Micromeritics ASAP 200 instrument. The total pore volume and pore
size distribution in both materials was calculated using the DFT model. Using this method, the
shape of pores must be assumed; for both the alumina and iron-silica materials, the cylindrical
pore model provided the better fit. The porosity of the materials was calculated from the pore

volume and the crystallographic density of the solid phase.

2.2.3 Charging properties of the nanofiltration layers
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The unsupported xerogels were also used to examine the charging properties of the two
materials. Zeta potential, in the presence of sodium chloride in solution, throughout the pH range
2-10 was measured using a Malvern (3000 HS) ZetaSizer. Xerogels were ground to a fine
powder and suspended in solutions of 0.01M NaCl (Fisher Scientific, Certified ACS). pH was
adjusted using sodium hydroxide or hydrochloric acid (Fisher Scientific, Certified ACS

chemicals) to obtain zeta potential values for the xerogels as a function of solution pH.

2.2.4 Fabrication of nanofiltration membranes

The nanofiltration membrane layers were deposited onto commercially available tubular ceramic
membranes with a 100A top layer (U.S. Filter) using a dip-coating technique. The support
membranes have an inner diameter of 7 mm, outer diameter of 10 mm, and were cut to 5 cm
lengths. Using a peristaltic pump, the Fe-silica or alumina sol was drawn into contact with the
interior of the tube and held for 10 min. The coated membranes were then dried over a period of
4 days at room temperature in a controlled environment where relative humidity was gradually
decreased from 85% to 30%. The nanofiltration layers were sintered by heating at 400 or 500°C
for 3 h (5°C min™' ramp rate). This coating, drying, and firing procedure was repeated three or
four times for each deposited nanofiltration layer. In total, four types of membranes were
created, with duplicate versions of each, for a sum of eight ceramic nanofiltration membranes

utilized in this study, as described in Table 2.1.

2.2.5 Nitrogen gas permeation
The permeation flux (mol s™' m™) of ultra-high purity nitrogen (N) gas was measured as a

function of varying transmembrane pressure through both the uncoated support and the eight
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membranes containing the deposited nanofiltration layers. Experiments were performed at room
temperature. In nanofiltration membranes, if there is no involvement of adsorption, the
predominant mechanism of transport in the gas phase is Knudsen diffusion”’. Knudsen

permeance (Q) is given by:

= ﬂ <L>E Equation 2.1
tL,, \9TtMRT

Q
where M is the molecular weight of the diffusing gas, R is the gas constant, and T is temperature.
The permeation also depends on the following properties of the membrane: ¢ is the porosity of
the membrane, d,, is the pore diameter, 7 is the tortuosity, and Ly, is the membrane thickness.
Our ceramic membranes consist of both a 100A support layer and either one or two types of
nanofiltration layers. To separate the permeation through the nanofiltration layer from that of the

total membrane, we model nitrogen gas flow (F) as a series of resistances where:

1 1 1
= + Equation 2.2
Ftotal Fsupport Flayer

and

Q=— Equation 2.3
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where AP is the pressure difference across each region of the membrane. The pressure difference
for the total membrane is determined experimentally by controlling P and measuring a
corresponding Py;en value. The permeation of N, through the support plus nanofiltration layers
falls in the transition between Knudsen and Poiseuille diffusion; thus, the relation between
permeation (Q) and average pressure can be described as follows:

Priigh + Prow PLOW) Equation 2.4

Q = Qiptal + btotal < 2

In this equation, aa represents the Knudsen contribution while the remainder of the left-hand
side of the equation describes the Poiseuille contribution to gas flow. If the flow through the total

membrane is constant, then Py, (pressure at the interphase) can be calculated as:

PH'h+PL PIt+PL
[atotal + btotal <%>] [PHigh - PLow] = [asupport + bsupport <%>] [Plnt - PLow]

Equation 2.5

Where a and b are the y-intercept and slope, respectively, from the experimentally determined
linear regression equations for nitrogen permeation through the membrane. For single layer
membranes, the "support" is the commercial tubular membrane with 100 A top layer (Figure
2.1a). In bi-layer membranes, both the 100 A support and the bottom nanofiltration layer are
considered as the new "support" (Figure 2.1b) to calculate nitrogen permeation through the layer

facing the feed solution exclusively.
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2.2.6 Scanning electron microscopy

Scanning electron microscopy (SEM) was performed using a Zeiss 1540XB CrossBeam Focused
Ion Beam FE SEM. Membrane modules were broken in order to obtain both edge and surface
views of the nanofiltration layers. Segments of the membranes were sputter coated with gold at

20 mA for 60 seconds prior to SEM imaging.

2.2.7 Liquid filtration of neutral species

A schematic of the apparatus used to test the filtration properties of the membrane is provided in
Figure 2.2. The system utilized SS 316 tubing, a LEWA positive displacement pump, and the
pressure was adjusted using manual valves and monitored by a pressure gauge just downstream
of the membrane compartment. The feed solution was continuously circulated throughout the
system while the permeate solution was collected in a glass vessel. Both solutions were at room
temperature and atmospheric pressure. The operating pressure for the filtration system was 250
psi for all experiments and samples were simultaneously collected from both the feed and
permeate solutions after 30 and 45 min of circulation. Between each experiment, ultra-high
purity water was flushed through the filtration line and the membrane for 30 min to prevent
contamination and to ensure complete removal of any solute remaining in the pores, respectively.
Polyethylene glycol (PEG, Alfa Aesar) rejection was investigated to determine the molecular
weight cut-off values for these nanofiltration membranes. Solutions were prepared containing
several sizes of PEG: 200 D, 400 D, 600 D, 1000 D, 2000 D, and 4000 D to reach a total PEG
concentration of 0.2% w/v. The concentration of PEG in feed and permeate samples was
analyzed by gel permeation chromatography (GPC, Shodex OHpak SB-802.5 HQ column) to

obtain molecular weight distribution curves. This was performed for single layer membranes
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only, as bi-layer membranes are fabricated from the same materials with constant pore size and
are therefore assumed to behave similar to their single layer counterparts in size exclusion

experiments.

2.2.8 Membrane durability

As a measure of durability of the membrane module, permeation of N, gas through the Al,Os/Fe-
SiO, membrane was measured after all liquid filtration experiments were completed. The data is
compared with nitrogen permeation through the membrane before experimental use. This
specific membrane is represented as it was most widely used, therefore had the largest volume of

liquid passed, 2600 L m™ of membrane.

2.3. Results and Discussion

2.3.1 Pore structure of unsupported xerogels

The average pore diameter for Fe-SiO, heated to 500°C is 2.1 nm. The average pore sizes for y-
AlLyOj5 heated to 400 and 500°C are 3.9 nm and 4.3 nm, respectively (Figure 2.3). The data show
a much wider distribution of pore size in the y-Al,O3; material compared to the Fe-SiO, material.
By determining the pore radius (r,) of the materials used in the construction of our nanofiltration
layers, we should be able to better understand the mechanism for rejection of ions in solution.
For comparison, values for radii (in units nm) of common ions in solution are: 0.097-0.47 (Na"),
0.070-0.78 (Mg*"), 0.164-0.39 (CI), 0.242-0.55 (SO4), 0.177-0.335 (NO5), 0.241-0.35 (ClO4
). The large variation in the published values is partially due to the different types of radii

calculated by each author and the method used in determining the radius. However, it is clear

that the diameter of each ion is an order of magnitude smaller than the diameter of the pores in
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either Fe-SiO, or y-Al,O;. Therefore, we can assume that the primary mechanism for rejection of

ions in these membranes is electrostatic, as opposed to steric, in nature.

When fired to 400°C, there is a decrease in average pore diameter of y-Al,O3 as compared to the
higher 500°C firing temperature. A smaller pore size is ideal for the nanofiltration of salts in
solution, as an increase in pore diameter leads to a decrease in the electric potential at the center
of the pore for the same surface charge. It has been shown in the literature that the rejection of
ions associated with these type of membranes for a given salt depends largely on the value of the
potential at the center of the pore®, rather than on the potential at the shear plane (zeta potential).
This finding means that decay in potential (and, consequently, charge) across the radius of the
pore is something to consider for these type of membranes. Therefore, the preferred firing
temperature for the y-Al,O3 material following deposition onto the support is 400°C. In all single
and bi-layer membranes prepared, the y-Al,O3 layers are heated at 400°C, with the exception of
the bi-layer membranes with the Fe-Si0O, layer facing the feed solution. In the FeSiO,/Al,03 bi-
layer membranes (reference Table 2.1), the y-Al,Os3 is heated to 500°C during the firing process

of the Fe-SiO; layers.

Another property that affects solute transport according to the DSPM model for nanofiltration
membranes is membrane porosity (€). The y-Al,Os and Fe-SiO, materials were compared with
respect to porosity, calculated from total pore volume and density of the materials. The Fe-SiO,
material fired to 500°C is less porous (31.3%) than the y-Al,O; heated at either 400°C or 500°C,
with porosity values of 50.8% and and 42.2%, respectively. Although the y-Al,O5 at 400°C has a

smaller average pore size, it is a more porous material than its 500°C counterpart.
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2.3.2 Charging properties of unsupported fired xerogels

The rationale for doping the silica sol with iron is evident as shown in a comparison of the
charging properties of these two materials (see Figure 2.4a). While SiO; has a greater magnitude
of zeta potential at increasingly basic pH values, it is less charged at lower pH. Upon addition of
Fe, the zeta potential is practically constant throughout the measured pH range. The Fe-SiO,
should perform well as a negatively charged NF membrane independent of pH. The zeta
potential titration curves for both Fe-SiO, and y-Al,0O3 xerogels exposed to 0.01M NaCl solution
are displayed in Figure 2.4b. Fe-SiO, has a large negative zeta potential at all pH values studied.
It is not possible to determine the isoelectric pH (pHicp) of this material from the data. However,
it is assumed to be below pH 3.0 and probably near pH 2.0. Conversely, y-Al,O3 has a positive
zeta potential at pH < 8.5, with a pHi¢, near 8.7. As pH increases in the basic region, the zeta
potential of y-Al,O3 becomes more negative. Figure 2.4b also shows that the zeta potential/pH
curves are practically overlapping for y-Al,Os heated at 400°C and 500°C and the pHic, has the
exact same value; thus, the charging properties of these two porous materials should be similar.
In the literature, surface charge density (qw) of NF membranes has been determined in several
ways; extraction as a fitting parameter from nanofiltration transport models and determination of
streaming potential are the most common methods for polymeric membranes. However, zeta
potential is the preferred technique for ceramic nanofiltration membranes*. While the
calculation of qy is beyond the scope of the present study, it is certainly reasonable to assume
that membrane materials will have a greater charge density when zeta potential values are
largest. While the magnitude of qy is certainly important for the rejection of charged solutes in

nanofiltration, our materials (Fe-Si0O, and y-Al,O3) were chosen based on the difference in the
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sign (positive or negative) of qy. As Figure 2.4b clearly demonstrates, the two materials are
oppositely charged from pH 5.0 to pH 8.5, a relevant pH range for many salt removal
applications, including those in naturally occurring aquatic systems. Our objective here has been
to fabricate bilayer membranes that behave as bipolar membranes in this pH range. Bipolar
membranes, consisting of two oppositely charged nanofiltration layers, make rejection of ions in

solution possible through either the cation or anion as being the co-ion.

2.3.3 Nitrogen gas permeation through single and bilayer y-Al>O3 and Fe-SiO, membranes

The flux (mol m™ s') of N gas through both our single (Fe-SiO, and Al,O3) and bilayer
(A1,03/Fe-Si0; and Fe-Si0,/Al,03) membranes was measured after layers of the iron-silica and
alumina sols were coated onto ceramic supports. Table 2.1 is provided as a reference for the
specific composition of each membrane type. The permeance, Q, (mol m™ s Pa™) of nitrogen
gas through all eight membranes prepared and the ceramic support alone is plotted as a function
of average pressure (psi) between the two sides of the membrane in Figure 2.5. The data show a
decrease in N, permeation through the porous membranes with deposited nanofiltration layers as
compared to the support. This is to be expected with the decreased pore size of the materials (21
and 43 A) as compared to the 100 A layer of the support. Replicates of each membrane type have
practically overlapping regression lines, indicating that the fabrication process used to create

these membranes is reproducible.

Knudsen diffusion as the primary mechanism for gas transport in our membranes is confirmed in
Table 2.2 by examining the values of slope for the linear regression equations. All membrane

slopes are in the range of 10™ (or smaller) mol m™ s™ Pa™ per psi of increased pressure,
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indicating that nitrogen permeation through the membrane (support + nanofiltration layer) or
through the nanofiltration layer alone is mostly independent of pressure across the membrane.
The data for nitrogen permeation through each deposited layer is useful for comparing the
thickness of layers of the same composition (when equal porosity and tortuosity are assumed) in
different membranes, as gas permeation varies inversely to membrane thickness (L) . The
permeation of nitrogen gas through y-Al,Os nanofiltration layers deposited on the different
membranes is shown in Figure 2.6a. Permeation is lowest in single layer y-Al,O3 membranes and
therefore the thickness of the nanofiltration layer is greater than in either of the bilayer
membranes. This is expected as four layers of the alumina sol were deposited on the single layer
membranes as compared to three layers in the bilayer membranes. In the bilayer membranes, an
equal number of layers of alumina sol were deposited; the variable is the order in which the
layers were applied. It is clear from Figure 2.6a that L, for y-Al,Oj3 layer is greater when applied
on top of an Fe-SiO; layer as compared to when this layer is deposited directly onto the 100 A
support. This difference is most likely a result of the different heating temperatures applied to the
alumina layer when it is the A or B nanofiltration layer. As thickness of the membrane layer (L)
is a physical property of nanofiltration membranes affecting ion transport, we expect the order
that layers are deposited on the support to influence rejection of ions in our bilayer membranes.
The values for a (y-intercept) and b (slope) from the linear regression of permeation through the
v-Al,O3 NF layers are provided in Table 2.3a. The same comparison is provided for single and
bi-layer membranes with respect to permeation through the Fe-SiO, nanofiltration layers in
Figure 2.6b. The a and b values for permeation through the Fe-SiO, NF layers are listed in Table
2.3b. The larger values of slope for the single-layer Fe-SiO, membranes may provide evidence of

physical defects in the nanofiltration layers that could affect solution phase transport. It was not
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possible to compare the data for the two bilayer membranes with oppositely configured layers
due to the increased heating temperature of y-Al,O3; when the top Fe-SiO; layer is heated to
500°C. This is due to the fact that there are changes in porosity and pore size in the alumina layer
the transport properties in the new “support”. The data imply that L, for Fe-SiO, layer is greater
on a bilayer membrane with the Fe-SiO; layer facing the feed solution as compared to a single

layer membrane.

2.3.4 Determining L, for single and bilayer y-Al,0s and Fe-SiO, membranes

SEM imaging was used to determine the thickness (L) of Fe-SiO, and y-Al,O3 NF layers in
both single and bilayer membranes. The micrographs shown in Figure 2.7 (a-d) are images of the
two single layer membranes and a bilayer NF membrane having an Fe-SiO, “A” layer. In Figure
2.7a, the structure of the Al;O3 A membrane is shown with the asymmetric support, containing
increasingly smaller pore sizes with the dense, upper border representing a combination of the
100A layer and the y-Al,O3 NF layer. Unfortunately, as the composition of the two materials is
quite similar, there is not enough contrast in the image to differentiate the border between the

two layers.

2.3.4.1 Ly, of y-Al,O3 NF layers

From Figure 2.7b, thickness of the y-Al,O; NF layer was determined by subtracting the 100A
support layer. This supporting layer was measured at 1.8 um in previous work by Skluzacek et
al. with the same tubular supports™. The total of the 100A and NF layer was measured as 3.9
um, resulting in a y-Al,Oj3 layer with L, = 2.1 pm. This measurement was used to calculate both

T and Ly, for layers in other membranes according to Equation 2.1; the results are displayed in
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Table 2.3a. It is clear from the values of Ly, that the y-Al,Oj3 layer is thicker for the single layer
compared to bilayer membranes. In comparing the two bilayer membranes, the y-Al,Os layer is
more reproducible and has a smaller value of L, when it is deposited as the bottom layer of our

membranes.

2.3.4.2 Ly of Fe-SiO; NF layers

Thickness of the Fe-SiO; layer was determined from the micrograph of the Fe-SiO, B membrane
(Figure 2.7¢) and found to be 0.5 um. This measurement was used to calculate T and L, values
for Fe-SiO, NF layers on other membranes with Equation 2.1; the results are displayed in Table
2.3b. The thickness of the Fe-SiO, layer was also determined from the micrograph of the FeSiO,
A membrane shown in Figure 7d; Ly, for the Fe-SiO, layer on this membrane was similar at 0.4
um. Comparing the values for L, from Table 3b, the Fe-SiO, layer is similar in thickness for the
single layer and bilayer membranes having Fe-SiO; as the top layer. However, in a bilayer
membrane where the Fe-Si0, is deposited as the bottom NF layer, Ly, is almost three times
larger. All data for Fe-SiO;, NF layers indicate that replicate membranes yield reproducible

results.

The differences in layer thickness for the four types of membranes prepared in this study are
likely the result of inconsistencies in depositing the layers during the coating process. The NF
layers are believed to form by a process of slipcasting the sol onto the porous support. In this
process, the thickness of the deposited layer is largely influenced by the capillary suction
capability of the support, which is, in turn, affected by the water content of the pores before

deposition of the y-Al,O3 or Fe-SiO, materials. The amount of water in 100A pores layer seems
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to be largely determined by the relative humidity of the surrounding atmosphere; this is not
controlled during the coating process as layers are deposited in an open system. The observed
high degree of reproducibility for the thickness of a given layer in replicate membranes may be
due to the fact that a given layer of the two membranes was deposited on the same day, thus

under equal relative humidity conditions.

2.3.5 Liquid filtration of neutral solutes

A schematic is provided in Figure 2.8 to clarify the liquid phase membrane filtration process. Jy
indicates the direction of solution volume flux as water and ions are transported from the feed
solution (Cp), through the membrane, and into the permeate solution (Cp). One important
physical property useful for defining nanofiltration membranes is the molecular weight cut off
(MWCO) for uncharged solutes. Typically, nanofiltration occurs in materials where removal of
neutral species with molecular weight 1000 g mol™ is greater than or equal to 90% of the initial
concentration.”” The results for the rejection of polyethylene glycol using single layer Fe-SiO,
and y-Al,O3 membranes are provided in Figure 2.9. In the case of both materials, the layers
coated onto the support are acting as nanofiltration membranes. The 90% MWCOs for the Fe-
Si0; and y-Al,O3 membranes are 700 and 300 g mol™, respectively, indicating that membranes
composed of these materials fall well within the nanofiltration range. In fact, 100% of neutral
species will be rejected at the 1000 g mol”! MWCO. Values for MWCO have been proposed as a
technique for approximating pore diameter in NF membranes’. However, the accuracy of this
method has not yet been described and the calculation is unnecessary for this study as pore

diameter was obtained from nitrogen adsorption isotherms.
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2.3.6 Membrane durability

The permeation of N, gas through the Al,03/Fe-SiO, A membrane before and after liquid
filtration experiments is displayed in in Figure 2.10. A total of 2600 L m™ of solution was passed
through the membrane and there is very little change in nitrogen permeation. From the linear
regression equations, there is only a 24% increase in Knudsen diffusion of the gas through the
membrane. This result predicts a relatively long lifetime for our ceramic NF membranes.
Furthermore, there is likely very little membrane fouling, as any biological or chemical
contamination would cause pore blockage and the permeation of gas through the membrane

would be decreased.

2.4. Conclusions

The sol-gel method provides a useful technique for preparing ceramic membranes. In this study,
both single and bilayer y-Al,O3 and Fe-SiO, nanofiltration membranes were fabricated and
characterized. Zeta potential titration curves show that the two materials are oppositely charged
from pH 3.0 to pH 9.0. The MWCOs for y-Al,0O3 and Fe-SiO, membranes are 700 and 300 g
mol™, respectively, clearly showing that these membranes fall well within the NF classification

range.

Microstructural parameters, relevant for the membrane performance in nanofiltration, including
pore size distribution, average pore size, porosity, layer thickness and tortuosity, can be
experimentally determined. In comparison, for the case of polymeric membranes, many of these

parameters are obtained from nanofiltration models.
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Gas permeation experiments indicate that the mechanism for gas flow in these membranes is
primarily Knudsen diffusion, which is in agreement with the expected result in nanoporous
systems. In general, the physical characteristics of the membranes show good reproducibility for
identically prepared membranes. The results of this study show that the thickness of the
nanofiltration layers depends more on when the layer is deposited (atmospheric relative humidity
conditions) than on the actual substrate (100A layer or nanofiltration layer). The outcome for the
measurement of L,, for identical layers was unexpected, as equivalent amounts and
concentrations of the materials were deposited onto the supports, regardless of the order in which
they were configured. Therefore, it is clear that a variation in atmospheric conditions, and
specifically relative humidity, can affect the degree to which a sol-gel coating is slipcast onto a
ceramic support. In order to allow for maximum capillary motion, and therefore perfectly
reproducible coatings, the pores must be completely free of water. This can only be

accomplished in a controlled relative humidity environment.

We believe that the experimentally measured properties of these ceramic nanofiltration layers
reported in this study should provide a valuable tool for interpreting salt removal performance of
inorganic NF membranes in general. This would be particularly useful for the modeling
community and therefore represents a practical future focus of research in the nanofiltration

field.
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Membrane ID Composition of “A” Composition of “B”
Fe-S10, 4 layers Fe-doped Si0, | N/4
v-AL O, 4 layers y-Al, O, N/A

Al,0,/Fe-SiO,
Fe-SiO,/Al,0,

3 layers y-Al,O4
3 layers Fe-doped S10,

3 layers Fe-doped S10,

3 layers y-Al, O,

Table 2.1: Four types of nanofiltration membranes used in this study. Bilayer membranes
are described with layer “A” facing feed solution in liquid filtration experiments and
layer “B” facing permeate solution.
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Figure 2.1a: Schematic for gas permeation through single layer membranes.
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Figure 2.4b: Zeta Potential titration curves for xerogels of Fe-SiO, (500°C) and y-Al,0,
(400°C and 500°C) measured in 0.01M NacCl solution.
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Figure 2.5: Permeation of nitrogen gas through 100A support and membranes with
deposited nanofiltration layers as a function of transmembrane pressure. Values for
slope and y-intercept of regression lines are provided in Table 2.2.



Membrane a yoral b voral
100 A support 2.66x 10 6.33x 108
Fe-Si0, A 1.40x 10 5.84x 108
Fe-Si0, B 1.31 x 10 5.04x 108
ALO; A 3.94x 10¢ 1.20x 10
ALO; B 3.94x 106 8.58 x 10
AlL,O,/Fe-Si0, A 3.58 x 106 1.69x 108
Al,04/Fe-S10, B 424x 10 1.71 x 108
Fe-Si0,/Al,0; A 1.27x 10 4.14x 108
Fe-S10,/A1,0, B 1.25x 10 4.05x 108
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Table 2.2: Slope (b, ) and y-intercept (a . ,) values obtained from linear regression of N,
permeation data through nanofiltration membranes.
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Figure 2.6a: Calculated permeation of N, gas through y-Al,O; nanofiltration layers.

Values for slope and y-intercept of regression lines are provided in Table 2.3a.
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L d &

Membrane a layer b layer (/U;ni ) (n ’1;’1 ) %) T
AlLO; A 463x10°% -637x10'1  2.1*% 3.9 51 2.7
AlL,O; B 4.02x10% 9.93x 107 24 3.9 51 2.7

Al,O;/Fe-SiO, A  7.65x10% 4.00x 108 1.3 3.9 51 2.7
Al,0,/Fe-SiO, B 1.10x 10°  8.26x 108 0.9 3.9 51 2.7
Fe-SiO,/ALLO;A  2.05x10°  6.73x 10 0.5 4.3 42 2.7
Fe-SiO,/ALLO;B  2.08x 10  7.30x 10® 0.5 4.3 42 2.7

*Indicates value calculated from SEM micrograph; all other L, values were calculated
assuming equal tortuosity.

Table 2.3a: Summary of membrane parameter values for the y-Al,O, nanofiltration layer in

different membranes. Slope (b and y-intercept (a , ) values obtained from linear

layer:

regression of calculated N, permeation through y-alumina layers.

layer)
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Figure 6b: Calculated permeation of nitrogen gas through Fe-SiO, nanofiltration layers.
Values for slope and y-intercept of regression lines are provided in Table 2.3b.
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Membrane a layer b 1ayer L, d, € T
(um) — (nm) (%)

Fe-SiO, A 292x10°  1.84x 107 0.4 2.1 31 3.4

Fe-SiO, B 255x10°  1.42x107 0.5% 2.1 31 3.4

Al,O/Fe-SiO, A 893x10% 4.56x 1038 1.4 2.1 31 3.4
Al,O/Fe-SiO, B 9.11x10% 231x 1038 1.4 2.1 31 3.4
Fe-Si0,/Al,0; A no data no data 0.4* 2.1 31 3.4
Fe-Si0,/Al,0, B no data no data nodata 2.1 31 3.4

*Indicates values calculated from SEM micrographs, all other L, values calculated assuming

equal tortuosity

Table 2.3b: Summary of membrane parameter values for the Fe-SiO, nanofiltration layer
in different membranes. Slope (b layer) and y-intercept (a layer) values obtained from linear
regression of calculated N, permeation through iron-doped silica layers.



56

Figure 2.7: Scanning electron micrographs of single layer y-Al,O, (a,b) and Fe-SiO, (¢) and
bilayer Fe-SiO,/y-Al,O, (d) membranes.
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Figure 2.8: Schematic of transport through NF membrane in liquid filtration experiments
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of solution through membrane.



3. Effect of pH on Salt Rejection Performance of Single and Bilayer y-Al,O;

and Fe-SiO, Nanofiltration Membranes
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3.1. Introduction

In the past 20 years, much of the work in the field of nanofiltration (NF) has focused on
understanding and modeling the complex interactions between charged membranes and solutes
in order to predict and quantify the removal of charged species from solution. Several modeling
efforts have been dedicated to investigating which membrane and solution parameters are most
critical in determining salt rejection. There is general agreement in the literature that positively
or negatively charged NF membranes separate charged species from aqueous solution
predominantly by electrostatic mechanisms. These NF membranes are typically composed of
either organic (polymeric) or inorganic (ceramic) materials. In either case, an NF membrane

performs best in solution conditions where membrane potential is high.

Ceramic NF membranes, which are the focus of this study, are composed of nanoporous layers
of amphoteric metal oxides. These materials are most highly charged at pH values far from the
isoelectric pH (pH;¢p). Under these conditions, the surface charge leads to an electrostatic double
layer of ions near the pore wall surface, which results in a decaying electrochemical potential
across the pore diameter.' This potential prevents ions of the same charge (co-ions) from
passing through the porous membrane. Ions of opposite charge (counter-ions) are rejected as well
in order to maintain electroneutrality in solution. The amount of overlap of electrostatic double
layers (EDL) from opposing pore walls is controlled primarily by the ionic strength (I) of the
solution for a given pH.* Due to the electrochemical potential in pores, Donnan potential
differences develop at the membrane/solution interface. This potential acts to hinder the
diffusion of ions having the same sign as that of the Donnan potential. Due to electroneutrality

requirements, ions of opposite charge to the Donnan potential are also rejected, leading to salt
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retention and separation™®. Thus, fabrication of ceramic nanofilters can be tailored to specific
applications based on pH and ionic strength of the feed solution. Almost all ceramic NF
membranes are composed of a single filtration layer that is either positively or negatively
charged for a given solution composition; the sign of membrane charge determines whether the
cation or the anion behaves as the co-ion. Ions with higher valence states are more readily
rejected than monovalent ions due to increased charge density. Therefore, currently available
ceramic NF membranes are best suited for applications where removal of divalent ions is

important and pH of feed solution is far from the pH;c, of the nanofiltration layer.

In polymeric NF membranes, much of the current research is devoted to the characterization and
evaluation of polyelectrolyte multilayer (PEM) membranes, which are composed of oppositely
charged layers of polymers prepared by immersion in positively and negatively charged
polyelectrolyte solutions’’. The motivation for preparing PEM membranes is to fabricate a NF
membrane that is both bilayer and bipolar. Bilayer NF membranes consist of 2 or more
nanofiltration layers composed of different materials. Depending on solution composition,
bilayer membranes may also behave as bipolar membranes; meaning that for a given solution
pH, ionic strength, and salt species, the two NF layers will develop opposite charges when in
contact with the solution. Thus, rejection performance of NF membranes should increase as both
the cation and anion may act as co-ions. Recently, several modeling efforts have been devoted to

understanding the transport of charged solutes in bipolar PEM memranes'®'",

In the field of ceramic NF membranes, there have been very few studies devoted to developing

an inorganic counterpart to the bipolar membrane. In 2006, de Lint et al.'* published a paper that
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models transport through bilayer microporous silica/mesoporous y-alumina membranes. In
addition, their study compared the calculated values for the rejection of NaCl with
experimentally determined values. The model provides a good fit to the data at some pH values;
however in very acidic or basic conditions the correlation is less strong. Additionally, the authors
themselves express some doubts about the microstructure of the silica layer, as it has extremely
small pores (0.8 nm) and very low porosity (around 15%). Therefore, they were unable to
explain the lack of agreement between predicted and experimental rejection data. It is clear that
there is still much work to be done in fabricating, characterizing and evaluating bilayer, bipolar

ceramic NF membranes.

3.2. Theory

Our objective in this work is to examine the differences in performance between membranes
with a single nanofiltration layer (Fe-SiO; or y-Al,O3) and membranes with two nanofiltration
layers (Fe-Si0O, and y-Al,0O3). These membranes will be evaluated for rejecting single salt
solutions consisting of 1:1, 1:2, or 2:1 strong electrolytes. Furthermore, the scope of the study
will include evaluating the performance of these membranes under different surface charge
conditions. For this purpose, rejection of the different electrolytes will be measured in feed

solutions with pH ranging from 5.0 to 9.0.

3.2.1 Modeling rejection performance of single layer nanofiltration membranes
Our interest in evaluating membrane performance at different pH values is related to the general
consensus, from the predictions of several nanofiltration models, that the charge of the pore walls

in the membrane is a major factor in determining ion partitioning at the solution/membrane
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interface (Donnan exclusion). Size exclusion (steric effects) for these systems can be neglected.
As a consequence of Donnan exclusion, a potential develops at the feed/membrane and at the
permeate/membrane interfaces, known as Donnan potential. The transport of ions across the
membrane is described by the extended Nernst-Planck equation as controlled by convection
(pressure gradient), diffusion (concentration gradient) and electromigration (electric potential
gradient, mainly due to the difference in the Donna potential at the two interfaces). Which of
these mechanisms predominates in the transport of ions depends on properties of the membrane,
such as pore radius (1), thickness to porosity ratio (Ly/€) and the normalized effective membrane
charge density (X). Moreover, it depends on solution conditions such as the nature of the
electrolyte (the relative value of the diffusion coefficients of the anion and cation), and
operational parameters such as the applied cross-membrane pressure (AP). This pressure
determines the permeate volume flux (J,) for a given membrane and solution composition. The
rejection of a membrane for a given salt solution as a function of J, has a logarithmic
relationship; at low values of J, rejection increases almost linearly until reaches a plateau'”. This
maximum possible value for rejection is known as the reflection coefficient of the membrane

(os). For a given 1:1 electrolyte, o5 can be expressed as:

2

2 (53 p;) ~ 1] + & v a2

05 =1- Equation 3.1

where D; is the diffusion coefficient of the counter-ion, D; is the diffusion coefficient of the co-
ion, and £ = X/C [normalized charge density, given as the ratio of fixed charge density (X) to

solution concentration (C)]. This equation shows that the maximum potential for rejection of a
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salt (o,) increases with increasing normalized charge density of the membrane (&). The fixed
charge density (X) of the membrane is related to the surface charge density (qw) by the following

equation:

_ 2w

FrzfJ

X Equation 3.2

with q, having units C m* F is the Faraday constant and 1p 1s the pore radius in meters. There are
several ways to determine the value of qy; however, a convenient and well-accepted method is
by measuring the zeta potential (y;) of the powdered nanomembrane material. For obvious
reasons, this methodology is only applicable to ceramic nanofiltration membranes. The Grahame
equation relates the surface charge density (qw) with the surface potential through a sinh
function; this function can be simplified when the surface potential is < 50mV. Combining this
approximation with the fact that y; can be used as a surrogate for y (surface potential), leads to

the following expression for surface charge density:

_ e

> Equation 3.3
=

w

Where ¢ is the dielectric constant of water and ™' is the Debye length, given by:

2 3\ 1/2
K = M Equation 3.4
EEGRT
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and is dependent only on ionic strength (I) of the solution; F, €, &) and R are constants having

their usual meaning. For all experimental data collected, T =20°C and I = 0.01. Thus, through
this set of equations, the relationship between rejection and zeta potential is apparent: for a given
membrane and electrolyte concentration, a larger zeta potential (y¢) value is indicative of a larger
surface charge density (qw) and, therefore, a larger effective membrane charge (X). Equation 3.1
shows that the maximum rejection value for a given membrane and electrolyte increases with

increasing X.

It is not the aim of this research to model the rejection of electrolytes for varying membranes and
solution compositions. Rather, our objective is to determine, in a semi-quantitative manner, the
relationship between y; and rejection for the different systems evaluated with both single and
bilayer Fe-SiO; and y-Al,O3 NF membranes. Skluzacek et al.* showed that rejection (%R) is

related to potential at the center of the pore (yapr) and therefore to ye, I and r, by:

%R =A+BIn(2)+B ln(lpz) + B(—K)n, Equation 3.5
This equation has one dependent variable (%R), two independent variables (x and y¢) and two
parameters (A and B). Thus, by measuring the rejection of the system for an electrolyte under
two different conditions, one should be able to predict the rejection for other solution conditions

in the case of membranes with a single nanofiltration layer.

3.2.2 Predicted behavior of bilayer nanofiltration membranes
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It is important to note that calculation of the above parameters is relevant for single layer NF
membranes. In bilayer and/or bipolar membranes, the effects of the two oppositely charged NF
layers are much more complex. The most thorough theoretical analysis of the subject was
accomplished by Tsuru et al. in their modeling of ion separation by bipolar membranes.'® One of
the most interesting findings of their study was that rejection of a given electrolyte is affected by
which nanofiltration layer faces the feed solution. To this end, we have prepared bilayer
membranes in two different configurations, with either the Fe-SiO, or y-Al,O; facing the feed
solution. Our goal in this study is to determine how the combination of layers contributes to
membrane potential and, therefore, rejection of ions. In this work, we will examine rejection of
ions in four salt solutions NaCl, NaNOs;, Na,SO4 and MgCl; at pH values from 5.0 to 9.0. In all
our experiments, ionic strength is kept constant in order to relate the nature of the ion (valency,
diffusion, etc.) to membrane rejection independent of concentration effects. We perform the
experiments with both single and bi-layer Fe-SiO; and y-Al,O3 nanofiltration membranes to
evaluate each layer independently and when combined in our bilayer system. We hope that our
experimental data will be a welcome contribution to the body of research on bilayer NF
membranes, since so much of the work thus far has been dedicated to models that are not yet

corroborated experimentally.

3.3. Experimental Methods

3.3.1 Composition of y-Al,03 and Fe-SiO, nanofiltration membranes

The composition of each membranes type used in this study is described in Table 3.1. For
membranes consisting of multiple nanofiltration layers, the material listed first is facing the feed

solution (NF layer "A") during liquid filtration experiments. The fabrication, layer composition
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and gas permeability properties of these multiple-layer nanofiltration membranes were described

in the previous chapter of this thesis.

3.3.2 Charging properties of y-Al1>O3 and Fe-SiO; nanofiltration membranes

Charging properties of the pore walls in nanofiltration layers were evaluated by measuring the
zeta potential of powdered materials identical to the ones that constitute the nanofiltration
membranes. The zeta potential measurements were performed using an electrophoretic mobility
device, Malvern (3000 HS) ZetaSizer. Gels of membrane materials were generated by drying
sols of Fe-silica and alumina to create xerogels, which were then heated at 400 or 500°C to
create Fe-SiO; and y-AL,Os;. Each of these materials was ground to a fine powder and suspended
in salt solutions of interest to perform the zeta potential measurements. Zeta potential
measurements were conducted in a variety of salt solutions with ionic strength, 1=0.01,
including: NaCl, NaNOs, Na,SO4 and MgCls. Solutions were prepared from Fisher Scientific
(Certified ACS) chemicals. Samples were titrated to different pH values using either acidic or
basic solutions (Fisher Certified ACS chemicals) containing cations or anions common to the salt
solution. All samples were allowed to equilibrate for 2 h and pH was re-adjusted if necessary.
Zeta potential measurements, in combination with previously determined pore diameters for the
Fe-SiO; and y-Al,O3 membrane materials, were utilized in the calculation of electric potential
across the pore. Specifically, the absolute value of the potential at the center of the pore is useful

for relating the Donnan contribution to membrane potential to rejection of charged solutes.

3.3.3 Liquid filtration studies

3.3.3.1 The liquid filtration apparatus
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A schematic of the apparatus used to test the filtration properties of the membrane is provided in
Figure 3.1. The system utilized SS 316 tubing, a LEWA positive displacement pump, and the
pressure was adjusted using manual valves and monitored by a pressure gauge just downstream
of the membrane compartment. The feed solution was continuously circulated throughout the
system while the permeate solution was collected in a glass vessel. Both solutions were at room
temperature and atmospheric pressure. The operating pressure for the filtration system was 250
psi, and samples were simultaneously collected from both the feed and permeate solutions after
30 and 45 min of circulation. Between each experiment, ultra-high purity water was flushed
through the filtration line and the membrane for 30 min to prevent contamination and to ensure

complete removal of any solute remaining in the pores, respectively.

3.3.3.2 Rejection of charged solutes

Salt rejection studies for each of the membranes were performed with the same four salt
solutions (NaCl, NaNOs, Na,SO4, MgCl,). Feed solutions, [=0.01, of each salt were prepared
using chemicals from Fisher Scientific (Certified ACS) and ultra-pure (Milli-Q) water. The salt
solutions were then titrated to the desired pH using hydrochloric, sulfuric or nitric acid and
sodium or magnesium hydroxide solutions (Fisher Scientific Certified ACS) for consistent
electrolyte species. For each salt solution studied, solutions were prepared at nine different pH
values: pH 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0. This prepared solution is termed the feed
solution, and the pH of both the feed and permeate (solution after passing through membrane)
solutions was measured using a Mettler Toledo SevenMulti pH meter at the time the sample was
taken. For all data, selectivity values are presented as rejection (R) of the solute, as determined

by the following equation:
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Equation 3.6

where Cp is the solute concentration in the permeate and Cr is the solute concentration in the
feed stream. Feed and permeate samples were analyzed for cation concentration (Na or Mg)
using inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkins Elmer) and
for anion concentration (chloride, nitrate, or sulfate) using ion chromatography (IC, Dionex ICS

2100).

3.4. Results and Discussion

3.4.1 Zeta potential

The zeta potential titration curves for the y-Al,O3 membrane material in a number of salt
solutions with [=0.01 are presented in Figures 3.2a and 3.2b. The data for solutions of NaNOs
and NacCl salts, in which constitute ions are regarded as indifferent electrolytes, clearly show the
pHicp of this material to be close to 9.0 (Figure 3.2a). In solutions of MgCl, the isoelectric point
is slightly shifted to higher pH values (9.5), meaning Mg ions are specifically adsorbed on the
surface of y-AL,Os. As seen in Figure 3.2b, the magnitude of this shift is dependent on the
concentration of magnesium ions in solution. In all salt solutions studied, with the exception of
Na,S0ys, the y-Al203 has the largest zeta potential at pH < 7.5, where the material is positively
charged. In the presence of Na,SO,, the zeta potential of y-Al,O3 is very small below pH 9
(Figure 3.2b). The depression of the positive branch of the electrokinetic curve of y-Al,Oj in the
presence of sulfate ions concurrent with a rather insignificant shift of the pHic, has been reported
several times in literature. The overlapping of these almost antagonist effects has been the cause

of discussion on the nature of the interaction between sulfate ions and the y-Al,O3 surface'*. At
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present, based on vibrational spectroscopy, most authors believe that sulfate ions form outer-
sphere complexes with the surface of the Alumina (electrostatic interaction) rather than inner-
sphere complexes (specific adsorption)"’. However, these authors claim that a small fraction of
the sulfates may be coordinated to the surface of alumina. In the case of our material, when the
sulfate concentration is increased to 0.01M the amount of sulfate coverage is large enough to
cause a large shift (from pH 8.5 to pH 6.2) of the isoelectric point (Figure 3.2b). As noted above,
the y-Al,Oj3 nanofiltration layer should be most active at pH < 7.5. Since the material is
positively charged at these pH values, rejection occurs through Na' or Mg®" as co-ion, regardless

of the type of counter-ion with which the cation is paired.

Figure 3a shows zeta potential measurements for the Fe-SiO, membrane material in 1=0.01
indifferent salt solutions. For this material, the pHic, in NaCl and NaNOjs solutions is at a pH
value below the range in which measurements were taken. Previous studies have shown the pHie,
of this material to be around pH 2.0. As pH increases, so does the magnitude of the zeta potential
of the negatively charged Fe-SiO; in NaCl, NaNOj3 and Na;SO4 (Figures 3.3a and 3.3b). In the
case of sulfate ions, this effect is magnified due to the divalent nature of the anion. The presence
of divalent magnesium cations causes a depression of the electrokinetic curve of Fe-SiO,.
However, as we do not have an exact value of the pHjc, in solutions of monovalent ions versus
solutions with Mg**, the type of interactions of these ions with the surface of the Fe-SiO, can be
electrostatic or specific, depending on pH and ion concentration. This is shown in the decreased
zeta potential of this material in the presence of MgCl, solution, as well as the almost constant
zeta potential across the entire pH range. The effects of sulfate and magnesium concentration on

the zeta potential of Fe-SiO; are shown in Figure 3.3b. When the concentration of magnesium
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ions in solution is increased, there is clearly a charge reversal of the Fe-SiO, material at high pH
values. Because the Fe-SiO, material is negatively charged across the entire pH range studied,
rejection with this material occurs through the anion (chloride, nitrate, or sulfate) as a co-ion. In
the range of pH 5-10, the zeta potential of Fe-SiO, is highly negative in all three sodium salt

solutions, so transport of co-ions should be retarded at these pH values.

3.4.2 Rejection of NaCl in replicate membranes

Rejection of 0.01M NacCl solutions (pH 8 £ 0.5) for duplicate membranes of all four types
fabricated is reported in Figure 3.4. The data demonstrate that identically prepared membranes
show very close salt rejection values. In all future experiments, for efficiency purposes, salt
rejection will be measured using one of the two replicate membranes. Furthermore, we can
examine the behavior of the four membrane types in NaCl solution so as to compare the single
layer and bi-layer nanofiltration membranes. Our Fe-SiO, membranes reject approximately 55%
of NaCl in solution at this concentration. In the case of the negatively charged Fe-SiO,
membrane, Cl is the co-ion and we see a fairly large rejection due to the solution pH being
relatively far from the pH;., of the material. We can compare this single layer membrane with the
bi-layer Al,Os/Fe-SiO, membranes, in which the y-Al,O3 layer faces the feed solution. At pH
8.5, we expect very little contribution to rejection from the y-Al,O3 material, as we are very close
to the isoelectric pH (Figure 3.2a). This prediction is confirmed by the data for the y-Al,O; single
layer membrane, which rejects less than 5% of NaCl at this pH. Both zeta potential and rejection
for the layer facing the feed solution provide evidence that, theoretically, rejection of NaCl with
the bi-layer Al,O3/Fe-SiO, membrane should be equivalent to rejection with the Fe-SiO; single

layer membrane. However, there is a decrease in rejection of NaCl (25% in bilayer versus 55%
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in single layer). Clearly, the y-Al,O3 nanofiltration layer affects the salt rejection properties of
this membrane despite the absence of a bipolar membrane under these solution conditions. In
principle, it would be logical to expect little influence from the y-Al,Oj; layer on the magnitude of
the NaCl rejection, which should be solely associated with the properties of the Fe-SiO, layer,
since this membrane has a high negative zeta potential under these solution conditions. We note
that pore size and membrane thickness are two parameters that may not be totally equal in these
two membrane layers compared to the Fe-SiO; layer in single membranes. We will deal with the

effects of these membrane properties on salt rejection in detail later in this discussion.

We also investigated the effects of depositing the two nano membrane materials in the opposite
configuration. We saw little to no rejection of NaCl at pH 8.0 with the y-Al,O; single layer
membrane. We can compare this membrane with a bilayer Fe-SiO,/Al,O3 membrane where the
Fe-Si0; layer is now facing the feed solution. We can see that in this configuration, the
negatively charged Fe-SiO, layer restricts the transport of chloride co-ions. Rejection of NaCl
with this bilayer membrane is around 15%, three times that of the 5% rejection with the y-Al,O;
single layer membrane. In this case, the Fe-SiO; layer is the one that is first encountered by ions
in solution and acts to inhibit ion transport through the membrane, for the reasons described
above. However, the question remains of why the rejection is much lower than the 55% seen for
the Fe-Si0; single layer membrane and almost half of the value for the bilayer membrane with
the opposite configuration. The initial data clearly show that, with respect to rejecting ions in
solution, bilayer membranes composed of different metal oxide materials behave quite
differently than their single layer counterparts. Additionally, we can see from Figure 3.4 that the

order in which nanofiltration layers are deposited in a bilayer membrane significantly affects the
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salt rejection properties of the membrane. It is important to note that in this solution, the
magnitude of the zeta potential of y-Al,O3 is very small. Therefore, the bi-layer membranes do

not function as bipolar membranes.

To further investigate the salt rejection properties of our membranes, and elucidate the possible
mechanisms for ion rejection, we studied rejection of all four of these salt solutions, with all four
membrane configurations, in the pH range of 5-9. In these studies, we explore solution
conditions for which our bilayer membranes perform as bipolar membranes, where both
materials are simultaneously oppositely charged. In an environment where the materials behave
as a bipolar membrane, rejection may occur through both the cation and the anion as co-ion. This
pH range was chosen to represent the span in which many practical applications of salt removal

are likely to fall.

3.4.3 Symmetric rejection of cations and anions in y-Al;03/Fe-SiO; bilayer membrane

In aqueous solutions, H" and OH  ions are present in addition to the ions from the salt. Therefore,
electro-neutrality in the solution may be reached in more than one way upon the rejection of one
of the salt ions. To this end, we have investigated whether or not the removal of ions for a given
salt is symmetric under different solution conditions. Figure 3.5a shows rejection of both Na"
and CI at nine different pH values for a bi-layer Al,O3/Fe-SiO, membrane. Feed and permeate
solutions were analyzed for both anion and cation concentrations, using ICP and IC techniques,
respectively. At every pH value, the data show symmetric rejection of both ions. Similarly,
Figure 3.5b represents the same experiment with NaNOs as the salt. Again, we see that rejection

is symmetric at every pH value studied. In the interest of efficiency, these results allow for future
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feed and permeate samples to be analyzed for cation concentration only, as rejection of co-ions

and counter-ions is practically equivalent, regardless of ionic species.

3.4.4 Rejection of [=0.01 NaCl solutions as a function of pH

3.4.4.1 Single Layer NF Membranes

We first examine rejection of 0.01M NaCl solutions of varying pH for all four membrane types
(Figure 3.6). For the Fe-SiO; single layer membrane, rejection as a function of pH correlates well
with what one would expect from the zeta potential titration curve (Figure 3.3a). The same is true
for the y-Al,Oj3 single layer membrane; however, the minimum of rejection seems to be shifted to
one pH value lower (Figure 3.2a). If we compare rejection for the two single layer membranes
for a given value of ¢, it is clear that this is measurement alone does not determine rejection.
For example, when the y¢ of both materials is approximately 30 mV in magnitude, the
corresponding pH values are 8.2 and 6.0 for the Fe-SiO;, material and the y-Al,O3; material,
respectively. The corresponding rejection of NaCl is roughly 60% for the former and roughly
20% for the latter. For the Fe-SiO, membrane, the direction of zeta potential is negative, so
rejection is through the chloride co-ion. Meanwhile the y-Al,O3 has a positive y; therefore,
rejection occurs through the sodium co-ion. Thus, it is not expected that the same value of y¢
will render equivalent rejection, since the positively charged co-ion may not have the same
charge density as the negatively charged co-ion. In fact, the cation is expected to have greater
charge density as compared to an anion with equivalent charge. Attempts to model rejection in
nanofiltration membranes of opposite charge have noted that this difference in charge density

will theoretically yield higher rejection when the cation serves as the co-ion.'° Furthermore, e,
yy g ) Vg
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and more accurately the resulting surface charge density of the material, is only one of the

parameters that determines membrane potential.

The potential across the pores of the NF materials determines the extent to which Donnan
exclusion contributes to total membrane potential. We previously reported the average pore sizes
of the Fe-SiO; and y-Al,O3 materials to be 21 A and 43 A, respectively. Using these values, the
absolute value of the central pore potential (yap») is presented for Fe-SiO, in the presence of
various salt solutions in Figure 3.7a and for y-Al,O3 in Figure 3.7b. To return to the previous
comparison of equivalent values of y; yielding differences in rejection of NaCl, we clearly see
the advantage of using yap». Where y; was equivalent (30 mV), yqp2 1s significantly different,
with values of approximately 40 mV and 27 mV for Fe-SiO; and y-AL,O3, respectively. The
reason central pore potential more accurately describes rejection properties of the NF membranes
is that in addition to zeta potential and ionic strength, this parameter incorporates pore diameter,
a physical property of the membrane, into the calculation. The larger sized pores of the y-Al,O3
membrane would experience a larger drop in potential in the center of the pore due to incomplete
overlap of the EDL from pore walls. This allows for ions to be more readily transported through
the porous nanofiltration layer and retained in the permeate solution, therefore decreasing
rejection. For the remainder of the discussion, rejection data will be considered in relation to

Figures 3.7a and 3.7b.

3.4.4.2 Bilayer, Bipolar NF Membranes
One of the major goals of this study was to evaluate whether or not the rejection capabilities of a

single layer nanofiltration membrane (either positively or negatively charged throughout the
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relevant pH range) are enhanced by adding a top layer of a material that is oppositely charged at
the same pH values; hence creating a bilayer membrane that is also bipolar. Several modeling
efforts in the literature have reported that bipolar membranes, which have the ability to restrict
ion transport by interacting with both cation and anion co-ions, are capable of increased rejection

. . . 10,11
of monovalent, symmetric salts in solution. ™

To the best of our knowledge, very few
experimental studies have confirmed this theoretical result and only one such work employed
ceramic (as opposed to polymeric) membrane materials'®. If each of the layers were summed to
determine rejection in a bilayer membrane, one would expect the rejection curve for the bilayer
membranes in Figure 3.6 to be a linear combination of the rejection curves of each of the single
layer membranes in this Figure. However, the rejection curve of the bilayer membrane with -
Al,Os facing the feed solution could not be fit by a linear combination of the rejection curve of
the single layer membranes. Therefore, rejection in bilayer membranes is not an additive

property, at least for every pH value. Rather, the manner in which these nanofiltration layers

interact with each other is more complex.

The comparison for rejection of NaCl between the single layer membranes and the bilayer
membrane with the positive layer facing the feed solution (Al,O3/Fe-SiO,) can be accomplished
considering membrane potential alone. The thickness of the two NF layers is approximately
equivalent when the y-Al,O3 faces the feed solution, so this property of the membrane layers
should not affect rejection. In the pH range 5.0 to 7.0 both NF layers have highly charged pores
(Wapr2 1s 40 mV for Fe-SiO; and around 25 mV for y-Al, O3, Figures 3.7a and 3.7b) so the bilayer
membrane is considered bipolar. As the data show, rejection of NaCl in this pH range is

controlled by the layer facing the feed solution,. As neutral pH is approached and surpassed,
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there is separation between the bilayer and single layer y-Al,O3; membranes' rejection
capabilities. The pH at which we start to see very low rejection (less than 15%, Figure 3.6) from
the y-Al,Oj; single layer membrane corresponds with a drop in the central pore potential of this
material to less than 20 mV (Figure 3.7b). Rejection of NaCl continues to be very low as pH
increases and g2 remains below 20 mV. In this pH range (7.0 to 9.0), the bilayer membrane
shows improved rejection compared to the positively charged single layer membrane. It appears
that although the bilayer membrane is still bipolar in this pH range, there may be a nominal value
of central pore potential, near 20 mV, that is necessary to create enough membrane potential for

the NF layer to contribute to the rejection of NaCl.

In the basic pH range, with little to no contribution from the positive layer, rejection of NaCl
should occur between the CI co-ion and the negatively charged Fe-SiO, NF layer. However,
Figure 6 clearly demonstrates that rejection of NaCl is not equivalent to that obtained with a
single layer Fe-SiO, NF membrane. If we consider the y-Al,Os to be a "neutral" layer in this pH
range, having no rejection capability, this experimental result agrees model predictions of bipolar
membrane performance.'”'®!"” This is due to the concentration polarization that occurs when the
bottom layer has higher rejection than the layer facing the feed solution, increasing the
concentration of sodium cations in the Fe-Si0O, layer. The positively charged cations lower the
membrane potential of the negative layer, decreasing the rejection capabilities of the bilayer

membrane compared to the negatively charged single layer membrane.

When the negative layer faces the feed solution (Fe-SiO,/Al,0O3), the bilayer membrane

outperforms the single layer y-Al,O3 membrane and even the single layer Fe-SiO, at pH values
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lower than 6. However, above this pH value the bilayer membrane shows lower rejection than
the negatively charged single layer membrane. Rejection of NaCl still seems to be dictated by the
feed-facing layer, which is negatively charged in this configuration. Compared to the bilayer
membrane with oppositely ordered layers, rejection is higher in the range pH 5.0 to 7.5 when the
negative layer faces the feed (Figure 3.6); this result is expected with a greater contribution from
the top layer, as the central pore potential in the Fe-SiO, is 30-40 mV compared to 20-30 mV for
v-Al,O3. Around pH 7.5, the rejection vs. pH lines cross for the two bilayer membranes and
rejection is now larger when the positive layer faces the feed solution. As pH increases, the
isoelectric pH of the y-Al,Os is approached; therefore, the bilayer membrane is no longer bipolar.
Above pH 8.0, the bilayer membrane with y-Al,Oj as the layer facing the feed solution shows
much higher rejection. It may be that the rejection is affected by the combined thickness of the
NF layers; in this membrane total NF layer thickness is three times that of the bilayer membrane

with Fe-Si0, facing the feed solution.

3.4.5 Rejection of [ =0.01 NaNQOjs solutions as a function of pH

The trends for rejecting NaNOs as a function of pH are exactly the same as described above for
the NaCl solution. Figure 3.8 shows the data for all four membrane types in NaNOj solution,
which is included here for two purposes. The first is to show repeatability. The rejection
experiments performed in this study are time-intensive, and therefore replication is inefficient.
However, if we obtain comparable data for identical membranes in two different inert
electrolytes, we can use this as a measure of reproducibility. The second purpose is to
demonstrate that despite the difference in anionic species between the NaCl and NaNO;

solutions, at equal pH and ionic strength, rejection of salt is equal as well. Since these are both
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symmetric, monovalent salts, we would assume that all salts of this type should show similar

patterns of rejection with the single and bilayer membranes produced in this research.

3.4.6 Rejection of [ =0.01 NaxSOy solutions as a function of pH

3.4.6.1 Single Layer NF Membranes

Figure 3.9 shows the data for rejection of Na,SOj in solution for all four membrane types. As
expected, rejection with the single layer Fe-Si0, membrane is very high (almost 90%) across the
entire pH range studied. This is due to the divalent nature of the anion, the co-ion interacting
with the negatively charged Fe-SiO, membrane, causing a comparatively larger central pore
potential (Figure 3.7a). In contrast, the single layer y-Al,O3 exhibits little to no rejection at most
pH values. As previously discussed, this is most likely due to specific adsorption of the divalent
sulfate ion to the positively charged y-Al,Os3, effectively discharging the material. This can be
seen by examining Figure 3.7b. The central pore potential is very low in magnitude, less than 10
mV, and reaches a point of zero potential around pH 8.5. However, as pH increases, yq,2 begins
to increase as pH becomes more basic. Although Figure 3.7b displays the absolute value of this
parameter, Wy 1s actually negative at basic pH. It is clear that the interaction between the sulfate
ion and the y-Al,O; surface leads to a charge reversal of this material, the magnitude of which

increases with increasingly basic pH.

3.4.6.2 Bilayer, Bipolar NF Membranes
In the bilayer membrane where the positive layer faces the feed solution (Al,O3/FeSiO,), we
again see the effects of concentration polarization, this time for Na,SO4 rejection, when

compared to rejection with a negatively charged single layer membrane. When pH < 8.5, the low
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magnitude of yqp» for y-AlOj3 restricts the capacity of the bilayer membrane to act as a bipolar
membrane. At increasingly basic pH values, the charge reversal of y-Al,O3 leads to a bilayer
membrane with both layers having negative charge, and the expected result is that at pH greater
than 10 this bilayer membrane may even surpass the single layer Fe-SiO, membrane in rejection
performance for Na,SO4 removal. This result is most likely attributed to the thicker Fe-SiO,
layer in the bilayer membrane than in the monolayer one (0.4 um vs. 1.4 um). When the layers
are reversed and the negative layer faces the feed solution, rejection of Na,SOy is greater at pH <
7. For this case, the bilayer membrane is bipolar in this pH range, and the layer facing the feed
solution has a greater contribution to rejection. At basic pH values, rejection of Na,SOy is greater
when the positive layer faces the feed solution. This result is most likely attributed to the
difference in thickness between the NF layers in the two oppositely configured bilayer

membranes; the one with y-Al,Os as the feed-facing layer is almost three times thicker.

3.4.7 Rejection of [=0.01 MgCl, solutions as a function of pH
The final solution studied in these experiments was MgCl,, another asymmetric salt but with the
cation being divalent. Figure 3.10 shows rejection as a function of pH for all four membrane

types in [=0.01 MgCl, solution.

3.4.7.1 Single Layer NF Membranes

With the divalent cation in solution, the y-Al,O3 membrane shows much higher rejection than the
Fe-SiO, membrane across the entire pH range studied. y-Al,Oj3 interacts with the divalent co-ion
and rejection decreases as pH increases and approaches the pHie, of the positively charged

membrane material. With the Fe-SiO, membrane, the NF layer is negatively charged, but the
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magnitude of central pore potential is less than 20 mV in the pH range studied. This value is
much less than in salts with sodium as the cation, due to previously described interactions
between magnesium ions and Fe-SiO; surface. As described in Figure 3.7a, yqp is fairly
constant at the pH values studied. However, rejection is significantly higher from pH 5 to 6 than
at pH 6.5 and greater. This anomolous behavior is almost certainly a result of electrostatic
contributions from the 100A alumina support layer. In fact, Skluzacek et al.'® evaluated rejection
as a function of the porous support, prior to depositing the NF layers, and found a larger value
for MgCl, compared to other solutions studied. It can be seen in Figure 3.7b that at lower pH
values, yqp 1s very large, near 40 mV. Although the pores are much larger in the support layer
than in the NF layer, there is likely a large enough potential across some pores to result in bipolar
behavior for the single layer Fe-SiO, membrane exposed to MgCl, solution. This result may be
important for future experimental or modeling efforts in ceramic nanofiltration, as the support

itself is typically composed of a ceramic material as well.

4.7.2 Bilayer, Bipolar NF Membranes

Magnesium chloride is the only solution studied in which the bilayer membrane is bipolar
throughout the entire pH range. In the bilayer membrane where the positively charged layer faces
the feed solution, for the divalent cation we see for the first time that rejection is greater for the
bilayer membrane compared to it's single layer counterpart. The addition of the positively
charged y-Al,Os top layer allows for a greater rejection through the divalent co-ion. The bipolar
membrane with this configuration outperforms the single layer Fe-SiO, membrane across the
entire pH range for rejection of MgCl, (Figure 3.10). The data also show that the bipolar

membrane with layers in reversed order (Fe-SiO; facing the feed solution) produces similar
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values for rejection from pH 5 to pH 7. This bilayer membrane outperforms the former at pH
values above 7. In this range of pH, the potential at the pore center in y-Al,O3 decreases from
+20 mV to below +5mV while the potential of the Fe-SiO; is constant at -20 mV. Again, it

seems the feed-facing layer (Fe-SiO;) is the one responsible for the 20 % rejection of this salt.

3.5. Conclusions

Replicate single and bilayer nanofiltration membranes have comparable salt rejection
capabilities. Rejection of ions in solution is symmetric (equivalent rejection of cation and anion
for a given solution) with our ceramic NF membranes, meaning that hydroxide ions and protons
do not participate in the separation process; therefore, changes in pH from the feed to the
permeate stream are negligible. Rejection of 1:1 electrolytes (NaCl and NaNOs) was found to be
similar with all four membrane types. For these salts, the anionic species does not affect the salt

removal properties of our NF membranes.

Depending on solution conditions, and especially solution pH, bilayer membranes may or may
not function as bipolar membranes. This is determined mainly by evaluating the charging
properties of the membranes, which can be deduced from zeta potential values and subsequent
calculation of central pore potential. Whether or not the bilayer membrane behaves as a bipolar

one has significant consequences for rejection of salts in solution.

In this study, bilayer membrane rejection values generally fell in between rejection values found
with the single layer membranes consisting of the same two NF layers. The results show that the

order in which nanofiltration layers are deposited onto the support (whether y-Al,Os or Fe-SiO;
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faces the feed solution) greatly affects the salt rejection properties of the resulting membrane.
Specifically, the data imply that the layer facing the feed solution is more important in
determining rejection performance in bilayer membranes. In the case where the bilayer
membrane is also bipolar, interactions between the membrane and the solute will be through the
feed-facing layer, so the co-ion will be the one with the same sign of charge as the NF layer that
faces the feed solution. If the bilayer membrane is not bipolar, or perhaps only slightly so, and
the feed-facing NF layer has a smaller value of yqp» compared to the layer facing the permeate
solution, the concentration polarization phenomenon enhances solute transport. Under these
conditions, rejection for the bilayer membrane is lower than with the single layer counterpart,
even though the “A” layer can be considered a neutral layer. These findings confirm model

predictions for bilayer NF membrane behavior.

For NaCl and NaNOj; (symmetric monovalent salts), the Fe-Si0O, single-layer membrane
performed best throughout the entire pH range studied. However, in comparing a positively
charged y-Al,O; with a bilayer membrane where the Fe-SiO; layer faces the feed solution,

rejection of NaCl and NaNOs is greater with the bilayer membrane.

For MgCl, and Na,SO4 (asymmetric 1:2 or 2:1 salts), a single layer y-Al,O3 or Fe-SiO,
membrane, respectively, is capable of rejecting more salt in solution than is either configuration
of bilayer membrane. However, the data presented in Figures 3.9 and 3.10 clearly show that

either bilayer membrane would perform better if we had a mixture of both salts in solution.
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In these experiments, we worked at constant ionic strength; in the future, we plan to investigate
how changing solute concentration would affect salt rejection properties in our bilayer
membranes. In addition, we hope to continue experiments with the bilayer membranes to further
elucidate the mechanisms of salt rejection in hopes that we can apply the findings towards
practical applications for which the nanofiltration layers act as a bipolar membrane and show

excellent salt removal and/or separation capabilities.
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Membrane ID Composition of “A” Composition of “B”
Fe-S10, 4 layers Fe-doped Si0, N/A
v-ALO,4 4 layers y-Al,O4 N/A
Al,O,/Fe-S10, 3 layers y-Al,04 3 layers Fe-doped S10,
Fe-S10,/Al1,0, 3 layers Fe-doped S10, 3 layers y-Al O,

Table 3.1: Four types of nanofiltration membranes used in this study. Bilayer membranes are
described with layer “A” facing feed solution in liquid filtration experiments and layer “B”
facing the permeate solution.
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Figure 3.1: Schematic of liquid filtration experimental apparatus.
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Figure 3.2a: Zeta potential measurements of y-Al,O3 membrane material heated at
500°C, 3h exposed to [=0.01 monovalent, symmetric salt solutions at different pH values.



50
40
30
20

Zeta Potential (mV)
=

pH

—6—0.0017M MgCI2
-G -0.01M MgCI2
—A—0.0017M Na2S04
-7 - 0.01M Na2S04

‘G“"G‘~_Q

91

Figure 3.2b: Zeta potential measurements of y-Al,O3 membrane material heated at 500°C,
3h exposed to salt solutions with varying concentrations of Mg*" and SO, ions at different

pH values.
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Figure 3.3b: Zeta potential measurements of Fe-SiO, membrane material heated at 500°C,
3h exposed to salt solutions with varying concentrations of Mg*" and SO4* ions at

different pH values.
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Figure 3.5a: Rejection of Na and CI at various pH values with AlLO,/Fe-Si0, A membrane.
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Figure 3.5b: Rejection of Na and NO3_ at various pH values with Al,O,/Fe-SiO, A membrane.
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Fe-Si0, exposed to various I = 0.01 salt solutions.
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Figure 3.9: Rejection of [=0.01 Na,SO, as a function of pH for single and bilayer membranes.
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4. Evaluating Bilayer y-Al,O3 and Fe-SiO; Nanofiltration Membranes: Nature of the Ion,

Concentration Effects, and Salt Separation
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4.1. Introduction

Nanofiltration (NF) is currently utilized in niche markets. However, there is interest in more
widespread use of the technology in many water treatment processes. One proposed avenue for
broadening the implementation of NF membranes is by fabricating bilayer or bipolar
membranes'*. Commercially available NF membranes are either positively or negatively
charged and, therefore, reject some species while retaining others in the permeate solution.
Additionally, many current NF membranes are only effective under specific solution conditions,
such where pH and ionic strength are limited to certain values. Multilayer NF membranes consist
of 2 or more nanofiltration layers of different materials capable of having opposite charges.
Depending on solution composition, bilayer membranes may also behave as bipolar membranes;
meaning that for a given solution pH, ionic strength, and salt species, the two NF layers will
develop opposite charges when in contact with the solution. Thus, performance of NF
membranes with respect to rejecting salts should increase as both the cation and anion may act as
co-ions. To date, most of the models and experimental data describing bilayer and/or bipolar NF

membranes are centered on membranes composed of polymeric materials.

Previously, we have fabricated and evaluated porous, ceramic single layer and bilayer NF
membranes with respect to both physical characteristics of NF layers and membrane rejection of
1:1, 1:2 and 2:1 electrolytes at constant ionic strength and varying pH. For reference, Table 4.1 is
provided as a summary of physical characteristics of these membranes. Much of the work was
devoted to correlating the rejection of salts with charging properties of the membranes, and
especially with the potential in the center of the pore. Experimental results were compared for

single and bilayer membranes to determine feed solution conditions under which bilayer
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performance exceeded that of conventional NF membranes. The purpose of the present study is
to examine how characteristics of the solution affect the rejection of different salts in our ceramic

bilayer NF membranes.

Rejection of 1:1 electrolytes of NaCl and NaNOs was found to be equivalent with our bilayer
membranes. In order to confirm this result, we measured rejection of an additional 1:1 electrolyte
(NaClO4) and compared rejection values to central pore potential calculations. According to
Shang et al., depending on the concentration and composition of the feed stream, diffusion may
play a role in hindering ion transport, along with electrostatic interactions’. As different ions
exhibit different transport diffusivities, rejection in bilayer membranes may be affected by the
size and/or geometry of the ion, in addition to its valence state. The particular electrolytes chosen
for these studies have relevant applications in water treatment. The chloride ion is ubiquitous in
many contaminated water streams, and is of particular interest in the desalination of seawater.
Nitrate and perchlorate are groundwater contaminants, and nanofiltration is a promising

. . 4-8
technique for the removal of these ions from water resources™ .

All previous experiments were performed at constant ionic strength. It is well known that ionic

strength affects the thickness of the electrical double layer and, therefore, central pore potential,
membrane charge, and rejection capabilities of nanofiltration membranes. Our goal has been to

study how changes in concentration of a given electrolyte affect rejection, and to relate this to

mechanisms of ion transport in NF.
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One area in which bilayer NF membranes have been predicted to excel is in separation of salts in
solution, and in particular divalent and monovalent ions. In a recent review paper, Van der
Bruggen et al. focused on the drawbacks of NF that currently prevent its application on a larger
scale’. The authors focus on six specific challenges in NF and offer solutions for avoiding or
overcoming these issues. One of these six areas for improvement is in the separation ability of
NF membranes. It is widely reported that NF membranes selectively transport monovalent ions
as compared to divalent or multivalent ones'® '?; separation of monovalent and divalent ions is
especially relevant in considering nanofiltration as a pretreatment for reverse osmosis
desalination of seawater. Bipolar membranes, having both positively and negatively charged
layers, might improve the separation of multivalent from monovalent ions, due to the ability of
these NF membranes to interact with a wider variety of chemical species. In particular, bilayer
polymeric NF membrane separation of sulfate and chloride ions has been reported in the

13-15

literature ™ . In the present study, we will compare performance of our ceramic bilayer NF

membranes with single layer ones with respect to separating given monovalent and divalent ions.

One of the drawbacks of nanofiltration discussed by Van der Bruggen is related to the generation
of a concentrated brine as a liquid residual, which is often referred to as the “concentrate” °. This
is the water that will need to be disposed of, as the salt concentration is too high for further
effective treatment. The treatment or disposal of the concentrated brine stream is an intrinsic
problem for all pressure-driven membrane processes, as well as for other water treatment
technologies. The goal in water treatment is to reduce the volume of brine discharge in order to
(1) recover more clean water and (2) reduce the amount of contaminated wastewater needing

disposal. Brine minimization is an active area of research within the water treatment, and
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especially desalination, community. The composition of the concentrate should be similar to that
of the feed stream, but having increased concentration. The concentration factor (CF) can be
calculated as a ratio of the concentration of component i in the retentate (C, ;) to that in the feed

(C..p) according to the equation:

CF =— Equation 4.1

The Concentration Factor can be a useful tool for comparing different water treatment
technologies with respect to disposal of waste streams. The volume and composition of
wastewater generated during the nanofiltration process is a critical parameter from not only an
environmental perspective, but may also have legal and/or financial consequences. This study
attempts to elucidate which of the solution characteristics affect the rejection of given salts and
also to evaluate the findings in light of some of the practical considerations in nanofiltration

membrane technology.

4.2. Experimental Methods
The composition of the NF membranes and the experimental apparatus utilized in all liquid

filtration studies were previously described in Chapter 2 of this thesis.

4.2.1 Salt rejection with y-A1,03 and Fe-SiO; bilayer membranes
In order to investigate the effects of concentration and the nature of the ion on salt rejection in
bilayer NF membranes, liquid filtration experiments were performed with both membrane

configurations, i.e. either y-Al,O3 or Fe-SiO; facing the feed solution. Feed solutions of NaCl,
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NaNOs, and NaClOy at various concentrations (0.025 M, 0.01 M or 0.005 M) were prepared
using chemicals from Fisher Scientific (Certified ACS) and ultra-pure (Milli-Q) water to
maintain constant anionic species in all experiments. The salt solutions were then titrated to the
desired pH using hydrochloric, sulfuric or nitric acid and sodium or magnesium hydroxide
solutions (Fisher Scientific Certified ACS) to maintain consistent electrolyte species in solution.
For each salt solution studied, solutions were prepared at nine different pH values: pH 5.0, 5.5,
6.0,6.5,7.0,7.5, 8.0, 8.5, 9.0. The pH of both the feed and permeate solutions was measured
using a Mettler Toledo SevenMulti pH meter at the time the sample was taken. For all data,
selectivity values are presented as rejection (R) of the solute, as determined by the following

equation:

R=1-—— Equation 4.2

where Cp is the solute concentration in the permeate and Cr is the solute concentration in the
feed stream. Feed and permeate samples were analyzed for Na concentration using induced

coupled plasma-optical emission spectroscopy (ICP-OES, Perkins Elmer).

4.2.2 Salt separation with y-Al;O3 and Fe-SiO; bilayer membranes

Feed solution conditions for all experiments were pH 8.5 + 0.5, [=0.01 with equal concentrations
of NaCl and Na,SOs; pH was adjusted by the addition of NaOH. The solution was prepared
using chemicals from Fisher Scientific (Certified ACS) and ultra-pure (Milli-Q) water. Feed and
permeate samples were again analyzed for Na concentration using induced coupled plasma-

optical emission spectroscopy (ICP-OES, Perkins Elmer). Samples were also analyzed for sulfate
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and chloride concentration using ion chromatography (IC, Dionex ICS 2100). For comparison,
experiments were duplicated with single layer Fe-SiO, membranes. In all liquid filtration studies,
applied transmembrane pressure is kept constant at 250 psi in order to eliminate any influence of

volume flux, Jy, on solute rejection.

4.2.3 Charging properties of y-Al1>O3 and Fe-SiO; nanofiltration membranes

Charging properties of the pore walls in nanofiltration layers were evaluated by measuring the
zeta potential of powdered materials identical to the ones that constitute the nanofiltration
membranes. The zeta potential measurements were performed using an electrophoretic mobility
device, Malvern (3000 HS) ZetaSizer. Gels of membrane materials were generated by drying
sols of Fe-silica and alumina to create xerogels, which were then heated at 400 or 500°C to
create Fe-SiO; and y-AL,Os;. Each of these materials was ground to a fine powder and suspended
in salt solutions of interest to perform the zeta potential measurements. Zeta potential
measurements were conducted in [=0.01 solutions of NaCl, NaNO3 and NaClO4 prepared from
Fisher Scientific (Certified ACS) chemicals. Samples were titrated to different pH values using
either acidic or basic solutions (Fisher Scientific Certified ACS chemicals) containing cations or
anions common to the salt solution. All samples were allowed to equilibrate for 2 h and pH was
re-adjusted if necessary. Zeta potential measurements, in combination with previously
determined pore diameters for the Fe-SiO, and y-Al,O; membrane materials, were utilized in the
calculation of electric potential across the pore. Specifically, the absolute value of the potential at
the center of the pore is useful to predict the strength of the Donna exclusion upon normalizing

for pore size (r,) and ionic strength (I).
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4.2.4 Determining concentration factor (CF) for a bilayer y-Al,03/Fe-SiO; membrane

The experiment to determine CF was conducted at AP = 250 psi with the previously described
liquid filtration apparatus utilizing a bilayer membrane having a y-Al,O3; NF layer facing the feed
solution. The feed solution was I = 0.01 NaCl titrated to pH 9.0 using NaOH (Fisher Scientific
ACS Certified chemicals.) Solution pH was monitored and adjusted throughout the experiment
to keep this variable constant; in an open system, solution pH will decrease from 9.0 due to
equilibrium between the aqueous phase and atmospheric carbon dioxide. The feed solution was
cycled through the membrane in a continuous circulation loop for 14 h. Initial feed solution
volume was measured at 3500 mL and final volume 875 mL; the experiment was terminated at
this point as a further reduction in volume was not possible due to system requirements. Samples
of the feed and permeate solutions were taken at 30 min intervals and were analyzed for Na

concentration using I[CP-OES (Perkins-Elmer.)

4.3. Results and Discussion

4.3.1 Influence of anion species on bilayer membrane rejection of salt solutions

4.3.1.1 Bilayer membrane rejection with positive y-Al,O3; NF layer facing feed solution

We have already shown that the maximum rejection obtained in nanofiltration (o, reflection
coefficient) depends on membrane charge and diffusion coefficients of the co-ion and counter-
ion. The rejection of single salts solutions for three different 1-1 electrolytes having a common
cation but differing anions is displayed in Figure 4.1. As previously discussed in Chapter 2 of
this thesis, rejection of NaCl and NaNOs is equivalent for this membrane. The data clearly show
that rejection of NaClOy differs, despite the obvious similarities in the monovalent, symmetric

nature among the three salt solutions. Our method for comparing the charging properties of the
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membrane is by calculalting central pore potential. The data is provided in Figure 4.2 for all
three salt solutions. Clearly, the absolute value of gy is similar for chloride, nitrate, and
perchlorate throughout the pH range studied. Therefore, differences in rejection cannot be
attributed to differences in membrane charge, X. From Figure 4.1, at low pH values, rejection of
NaClOy is greater than rejection of NaCl or NaNOs. In the range of pH 5.0 to pH 7.0, this bilayer
membrane behaves as a bipolar membrane and the thicknesses of the individual NF layers are
practically equivalent. Membrane potential, and therefore rejection, in this pH range is
determined by the positively charged, feed-facing y-Al,O; layer. This means that the Na" is the
co-ion. The difference in rejection at acidic pH values should then be related to counter-ion
diffusion coefficients (D;), which is the only other variable that determines o that differs among
the solutions. From Table 4.2, the lower diffusivity (1.792 x 10” cm® s™") of the perchlorate
counter-ion lowers transport through the membrane resulting in higher rejection of this salt as
compared to NaCl and NaNOs. Furthermore, this result is in agreement with the findings of
Colic et al.'® regarding counter-ion interactions with a charged surface. These authors saw that
smaller counter-ions, having a greater affinity for water, are able to penetrate more deeply into
the surface hydration layer than larger ions. In the basic pH region, the opposite effect is
observed. The rejection of NaClQy is less than that of NaCl and NaNOs; (Figure 4.1). In this pH
range, the y-Al,O3 can be considered a "neutral" layer resulting in concentration polarization due
to the larger magnitude of charge density (X) for the bottom Fe-SiO, NF layer. Rejection is
controlled by the negatively charged Fe-SiO,, and now the anion is the co-ion. The lower
rejection of perchlorate can be attributed to the decreased charge density of this ion as compared
to either chloride or nitrate ions, resulting in decreased electrostatic repulsion between the

membrane and the co-ion in these solution conditions.
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4.3.1.2 Bilayer membrane rejection with negative Fe-SiO, NF layer facing feed solution
Throughout the entire pH range studied and as shown in Figure 4.3, when the negatively charged
NF layer faces the feed solution, there is less rejection of NaClO4 than of NaCl and NaNOs. In
this bilayer configuration, the membrane is bipolar and rejection is controlled primarily by the
Fe-SiO; layer. The negative layer has a larger magnitude of central pore potential than y-Al,Os at
all pH values. Additionally, at basic pH values, as the pHi, of y-AL,Os is approached, the bilayer
membrane is no longer bipolar. The data of absolute potential in the center of the pore for Fe-
SiO; in the three salt solutions is displayed in Figure 4.4, and indicate X cannot account for the
comparably decreased rejection of NaClO4. The lower rejection of the perchlorate co-ion

supports the discussion of anion charge density provided above.

4.3.2 Influence of concentration on bilayer membrane rejection of salt solutions

4.3.2.1 Bilayer membrane rejection with the positive y-Al,O3; NF layer facing the feed solution
The data presented in Figures 4.1 and 4.3 demonstrates that rejection in bilayer NF membranes
can be affected by the type of anion, even when comparing ions of equivalent valence state. In
order to further elucidate the mechanism(s) that determine this result, we measured rejection of
NaCl and NaClO; as a function of pH when solute concentration was varied. Rejection of NaCl
solutions at two different concentrations is shown in Figure 4.5 for a bilayer membrane having y-
AlLOj; layer facing the feed solution. As the concentration of the solute increases from 0.01M to
0.025M, there is very little rejection across the entire pH range (<5%). This result is expected, as
the increase in concentration results in a compression of the electrical double layer at the pore
walls. This compression lowers the value of central pore potential. Therefore, ions are freely

transported through the pores of the NF membrane to the permeate solution. In Figure 4.6,
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rejection of NaClOy at varying concentrations is shown for the same membrane. When the y-
Al;O3 NF layer faces the feed solution and solution pH < 6.5, Na" is the co-ion and is rejected by
the positively charged layer. Therefore, ClO4 is the counter-ion. In this pH range, the system is
less concentration dependent, as there is less separation among the rejection values for 0.005M,
0.01M and 0.025M NaClOy, solutions as compared to rejection in the basic pH range. Compared
to rejecting NaCl for this same membrane, rejection of NaClO4 is much larger at 0.025M. This is
unexpected, as rejection of both solutions should be equivalent as they contain the same co-ion.
Therefore, this difference can only be attributed to the different species of the counter-ion. When
CI is the counter-ion, the spherical shape of this chemical species allows for efficient packing of
the negatively charged ion on the EDL at the interface between the positively charged surface
and the solution. As previously discussed, this shielding of the EDL by chloride ions explains the
lack of rejection at high NaCl concentration. Conversely, the ClO4 counter-ion exhibits different
geometry (tetrahedral) as well as lower charge density due to its larger size. Therefore, packing
in the EDL layer does not provide as complete surface charge shielding compared to CI". This
explains why increasing NaClO4 concentration does not have as significant of an effect on
rejection. In fact, the difference in rejection between 0.01M and 0.025M sodium perchlorate

solutions is less than 5% at most pH values in this range.

With values of solution pH > 7, the bilayer membrane becomes less bipolar as the pHiep, of y-
Al,Os is approached. As discussed in Chapter 2 of this thesis, at a basic pH, the y-Al,O3 behaves
as a neutral layer, and rejection is controlled by the more highly charged Fe-SiO, layer.
Perchlorate is now the co-ion and sodium is the counter-ion. Concentration polarization results in

enhanced transport of Na" through the y-A1,05 feed-facing layer, which increases the amount of
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cation packing within the EDL layer of Fe-SiO, pore walls, decreasing central pore potential of
this material when it faces the permeate solution in a bilayer membrane. This phenomenon
provides an explanation for the larger separation in rejection values between 0.01M and 0.025M
solutions of NaClOy in this pH range. We also measured rejection of a 0.005M sodium
perchlorate solution over this same pH range. From Figure 4.6, it is clear that the three different

solution concentrations exhibit much more of a dissimilar rejection at higher than at lower pH.

4.3.2.2 Bilayer membrane rejection with the negative Fe-SiO, NF layer facing the feed solution
For comparison, we studied the concentration effect for rejecting sodium perchlorate with a
bilayer membrane having the Fe-SiO, layer facing the feed solution. In this configuration of NF
layers, rejection is governed by the negatively charged Fe-SiO; layer with Cl1O4™ being the co-
ion. The results for rejecting NaClOy at different concentrations as a function of pH for the
bilayer membrane with Fe-SiO, facing the feed solution are given in Figure 4.7. In this type of
bilayer membrane, rejection of perchlorate is constant at pH > 6, even when concentration is
more than doubled. The concentration independent rejection of sodium perchlorate at [NaClO4]
> (0.01M has important practical consequences. For this salt at least, rejection is still possible
even at very high concentrations. This has practical implications as this bilayer membrane is
versatile with respect to effectiveness in concentrated feed solutions. In addition to the
commercial and environmental applications of this result, it should also be of value to verifying
nanofiltration model predictions concerning the concentration effects on the rejection of salts in

solution.

4.3.3 Salt separation with y-Al;O3 and Fe-SiO; bilayer membranes
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Nanofiltration is a well-known technique for separating divalent ions from monovalent ones.
Furthermore, both models and experimental data predict that membrane selectivity towards
monovalent ions is increased in bilayer NF. Selectivity values for both single and bilayer
membranes are given in Table 4.3, and are reported as the ratio of chloride ions to sulfate ions
obtained in the permeate solution. Data is provided for both the results of the experiments in this
study with feed solution containing equivalent concentrations of both ions (mixed salt solution).
In addition, the selectivity value was calculated for previous experiments with single salt
solutions of either NaCl or Na,SOj at the same ionic strength and pH as the mixed salt solution.
The data clearly show that y-Al,O3 and Fe-SiO; bilayer membranes outperform Fe-SiO; single
layer membranes in separating sulfate ions from chloride ions. This experimental result is in
agreement with predictions and reported data in the literature'”. Additionally, we can see from
the data that the calculation of this selectivity factor from single salt solutions is a fairly accurate
predictor of the experimental data obtained when the salts are in solution together for a single
layer membrane. Also, this calculation predicts that bilayer membranes will more effectively
separate chloride and sulfate as compared to a single layer membrane. At pH 8.5, rejection will
be dictated by the anion (CI” or SO4>) as the co-ion. Sulfate, being divalent, will be strongly
repelled by the first NF layer and will therefore be rejected. When a second NF layer is added,
the sulfate is diluted prior to approaching the layer, so rejection through the second layer will
also be sufficient. This agrees with the data for Cl1O4 showing greater rejection when the solution
is more dilute (Figures 4.7 and 4.8) and clarifies the greater separation of sulfate and chloride

with a bilayer membrane than a membrane with a single layer.
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For the bilayer membrane having y-Al,Oj; as the NF layer facing the feed solution, there is a
significant increase in the selective transport of Cl" when the two salts are mixed in one solution.
In this case, sulfate and chloride co-ions compete with respect to their interaction with the
negatively charged membrane. Repulsion of divalent SO4” is still much stronger as compared to
the monovalent CI". Due to the Donnan potential that develops from co-ion rejection, Na"
counter-ions are more readily transported when CI is in solution compared to when the only ions
are Na' and SO,”. This may explain the larger value for selectivity with the bilayer y-Al,O3/Fe-
SiO, membrane compared to the predicted value from calculations of rejection of single salt
solutions. The enhanced separation ability with bilayer membranes has practical applications in
both seawater desalination and in the use of nanofiltration as a pretreatment to reduce the large

energy requirements associated with reverse osmosis.

4.3.4 Concentration Factor (CF) for NaCl rejection with a bilayer y-Al,O3/Fe-SiO, membrane
In order to determine the volume and chemical composition of the brine solution generated in
our nanofiltration system, the liquid filtration apparatus was operated continuously until the
volume of the feed stream approached the minimum possible to operate the pump (near the dead-
end volume of the reactor). The concentration of the feed and permeate solutions as a function of
time is given in Figure 4.8; rejection as a function of time is plotted on the secondary y-axis in
this Figure. The feed solution volume was decreased by 75% in this experiment; the
concentration factor, calculated from Equation 4.1, is CF = 1.25. However, the actual value is
predicted to be larger, considering the limitations due to the volume requirements for our

filtration. Furthermore, this experiment was performed in NaCl. For other salt solutions, the
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value of CF will likely change. This prediction is based on the effects of solute charge density,

geometry and concentration in the comparison of chloride and perchlorate anions.

The results of linear regression analysis for the three variables indicate that the concentration of
sodium chloride in the permeate remains relatively unchanged even as the feed concentration
steadily increases; accordingly, rejection increases throughout the experiment as well. From the
data, it is reasonable to assume that if the liquid filtration apparatus required less volume to
operate, the brine stream could be reduced further in volume with sustained rejection.
Experimental values for brine volume and composition are critical for analyzing the practical
feasibility of nanofiltration technologies for specific purposes. These brine wastes need to be
further treated or properly disposed; the amount of wastewater and the contaminants present
determine the ecological and perhaps legal and financial ramifications of this type of water

treatment process.

4.4. Conclusions

In this work, we have investigated the properties of the solute that affect rejection in our ceramic
NF membranes. In particular, we found that bilayer membranes do not provide equivalent
rejection amongst all strong of the 1:1 electrolytes examined. Although comparable values were
found for NaCl and NaNOs3, the rejection of NaClO4 was not equivalent. Therefore, the nature of
the ion (charge density, diffusivity, geometry) is important to the understanding of
solute/membrane interactions in NF membranes, even when comparing ions of the same valency.
These interactions are important for corroborating model predictions and have practical

applications for the concentration-independent rejection of perchlorate.
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Bilayer membranes show excellent selectivity for transport of chloride as compared to sulfate.
Our bilayer NF membranes show better separation of mono- and divalent anions than the single
layer counterpart. Furthermore, separation with bilayer membranes is greater than predicted
based on rejection data with single salt solutions. The bilayer configuration seems to enhance
transport of sodium ions when chloride and sulfate are both present in the solution, therefore
resulting in greater separation. This finding has practical consequences for seawater desalination

and suggests that nanofiltration may be a desirable pretreatment process for reverse osmosis.

Our bilayer y-Al,O3/Fe-Si0, showed continuous rejection of NaCl as the feed stream volume
decreased by 75%. However, the results of the experiment are somewhat inconclusive, as our
ability to calculate concentration factor is limited by the volume requirements of the filtration
system employed in this research. Still, this result is promising with respect to evaluating brine
water recovery and disposal, which has ecological implications that must be considered when

selecting the appropriate technology for a specific water treatment purpose.
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L, L, d, d, € €
Membrane ALO;  Fe-Si0, ALO; Fe-5i0, ALO; Fe-SiO, ;0 Fe_gl, o
W) ) m) ) (%) (%) ’
ALO; A 2.1 3.9 50.8 2.7
ALO, B 24 3.9 50.8 2.7
Fe-Si0, A 0.4 2.1 31.3 34
Fe-SiO, B 0.5 2.1 31.3 34
ALOyFe-SiO,A 13 1.4 3.9 21 508 313 2.7 3.4
ALOyFe-Si0,B 0.9 1.4 3.9 21 508 313 2.7 3.4
Fe-SiO,/ALO;A 0.5 0.4 43 21 422 313 2.7 3.4
Fe-SiO,/ALO, B 0.5 43 21 422 313 2.7 3.4

Table 4.1: Physical properties of single and bilayer NF membranes.
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Figure 4.1: Rejection of [=0.01 monovalent symmetric salts as a function of pH with
bilayer membrane having y-Al,0, NF layer facing the feed solution.
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Figure 4.2: Central pore potential (y dp/2) as a function of pH for y-Al,O, membrane material
exposed to I =0.01 monovalent asymmetric salt solutions with Na cation and varying anion.
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Ionic lon Size' coDel]]j?‘FiLZleOnr;*
Species (nm) (107 em? 571)
Na* 0.097 - 0.47 1.334
Cl- 0.164 - 0.39 2.032
NO;  0.177-0.335 1.902
ClO, 0.241-0.35 1.792

*CRC Handbook of Chemistry and Physics. 85th ed. CRC Press: Boca Raton, FL, 2004-2005.
"Values compiled from several sources. See footnote.

Table 4.2: Size range (in nm) and diffusion coefficients (in cm2 s_l) for ions in this study.
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Figure 4.3: Rejection of [=0.01 monovalent symmetric salts as a function of pH with
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Figure 4.4: Central pore potential (y i ,») as a function of pH for Fe-SiO, membrane material
exposed to I =0.01 monovalent asymmetric salt solutions with Na cation and varying anion.
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Selectivity CI/SO / in

Selectivity CI/SO /" in

Membrane single salt solutions mixed salt solutions
Fe-SiO, 1.43 1.36
v-Al,O,/Fe-Si0, 2.60 5.81
Fe-SiO,/y-Al, O, 5.50 5.88

Table 4.3: Transport selectivity for mono- and divalent anions in bilayer membranes; Fe-
Si0, single layer membrane data shown for comparison. Feed solution conditions for all

experiments were pH 8.5 + 0.5, [=0.01.
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Figure 4.8: Rejection (secondary y-axis) of [ =0.01, pH 9.0 NaCl solution as a function

Rejection

of time with bilayer membrane having y-Al,O; NF layer facing the feed solution. On the

primary y-axis, the time-dependent solute concentrations in the feed and permeate

solution are displayed.
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5. Conclusions and Future Directions
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5.1 Introduction

Almost all ceramic NF membranes are composed of a single filtration layer that is either
positively or negatively charged for a given solution composition; the sign of membrane charge
determines whether the cation or the anion behaves as the co-ion. Ions with higher valence states
are more readily rejected than monovalent ions due to increased charge density. Therefore,
currently available ceramic NF membranes are best suited for applications where removal of
divalent ions is important and pH of feed solution is far from the pHi, of the nanofiltration layer.
In this work, we fabricated, characterized, and evaluated the performance of bilayer ceramic
membranes composed of y-Al,O3 and Fe-Si0, nanofiltration layers. Our ceramic membranes are
an alternative to commercially available NF membranes, almost all of which are made from
polymeric materials. Specifically, state-of-the art NF membrane research and development is
centered around polyelectrolyte multilayer (PEM) membranes. The concept behind a PEM
membrane is comparable to our bilayer ceramic membranes; the use of multiple materials during
fabrication results in a membrane that may contain oppositely charged NF layers in certain
solution conditions. However, it is widely accepted that ceramic materials have greater thermal,
mechanical, and chemical stability, making NF membranes derived from these materials
desirable for many water treatment applications. Furthermore, much of the published work
towards researching PEM membranes focuses on modeling their performance. Our wealth of
experimental data obtained in these studies should be a welcome contribution to the field of

multilayer membranes for comparison purposes.

5.2 Major Conclusions

5.2.1 Physical properties of membranes
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The sol-gel method provides a useful technique for preparing ceramic membranes. Bilayer y-
Al O3 and Fe-SiO; nanofiltration membranes were fabricated and characterized to determine the
parameters of the membrane that contribute to ion transport. For comparison, single layer
membranes were prepared from the same materials. These physical properties of our y-Al,O3 and
Fe-Si0,, such as pore size, porosity and NF layer thickness, helped contribute to our
understanding of the mechanisms for salt rejection with our bilayer ceramic membranes.
Furthermore, while there is generally good reproducibility in the data for similarly prepared
membranes, our findings indicate that a controlled relative humidity environment is necessary
for fabricating membranes that are exactly identical in every detail. For example, the thickness of
a NF layer of y-Al,O3 or Fe-SiO; is affected by the method of deposition. A layer cannot be
perfectly slipcast onto the support unless the conditions ensure that the pores of the support are
completely free of water. This discovery will be important for future work in ceramic
nanofiltration, as improvements in the methodology for fabricating membranes will result in

more effective, and therefore more competitive, membranes for water treatment applications.

5.2.2 Salt rejection performance of bilayer membranes

Our hypothesis was that by preparing membranes made of layers having two different
nanoparticulate metal oxide materials, with distinct charging properties as a function of pH, we
will be able to “reject” ions in a wider range of solution conditions than has been otherwise
impossible with current ceramic NF membrane technology. In comparison to single layer
membranes made of the same materials, our bilayer y-Al,O3 and Fe-SiO, membranes showed
intermediate rejection capabilities for 1:1 electrolytes, with values falling between those for the

two single layer membranes. However, the data shows that the bilayer membranes can show
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superior performance for rejecting 1:2 or 2:1 electrolytes, and especially when the cation is the
divalent ion. We measured rejection for several electrolytes throughout the pH range of 5.0 to 9.0.
This data proved to be valuable for determining whether or not the bilayer membrane behaved as
a bipolar membrane. While pH has been predicted to affect membrane charging properties, very

few experimental studies have explicitly evaluated these pH effects.

In addition to pH and ionic strength of the solution, we found that the nature of the ion affects
rejection as well. When comparing rejection of symmetric, monovalent salts with our bilayer NF
membranes, we discovered differences that were contributed by the nature of the ion itself. Ion
charge density, diffusivity, and concentration are important parameters when modeling the
interaction between a nanofiltration membrane and a salt solution. Furthermore, these ion effects

have practical applications for concentration-independent rejection.

5.2.3 Salt separation performance of bilayer membranes

Our bilayer membranes excelled in the area of salt separation in solutions containing both
sodium sulfate and sodium chloride. The results were compared with the separation ability of a
single layer membrane, and bilayer membranes were found to be four times more selective
towards chloride transport as compared to that of sulfate. This is an area of great practical
importance, as sulfate and chloride are the major ions present in seawater. Desalination of
seawater using membrane technology, such as reverse osmosis, is a much more efficient process
when the feed stream can be treated to first separate these two anions. The use of these ceramic

nanofiltration membranes as a pretreatment for seawater desalination may be a possible market
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for these membranes. Separation of salts is relevant to many wastewater feed streams in both

industrial and naturally occurring systems.

5.3 Recommendations for Future Work

The results of these studies provide a better understanding of the properties of both the
membrane and solution that determine rejection in ceramic membrane bilayer nanofiltration.
Specifically, a comprehensive set of experimental data was generated and analyzed that will be
useful for future modeling efforts to validate theoretical predictions. Our goal is to collaborate
with other researchers to make these predictions, as the experimental techniques in nanofiltration
are labor and time-intensive. Increased accuracy in model predictions will enable one to evaluate
performance of NF membranes in a more cost-effective manner that would allow for a more

rapid advancement in research and development.

From a practical standpoint, the logical next step would be to compare our bilayer NF
membranes with competing technologies. The comparison would be based on selectivity
(rejection or separation of salts), productivity (rate at which “clean” water can be produced),
stability and efficiency (amount of energy required for operation), as well as brine water volume
and composition. Treatment of wastewater streams is often accomplished with multiple
technologies tied together as unit operations in series in an effort to maximize the above
parameters. The global supply of freshwater is limited and increased demand for this resource
warrants the pursuit of creative solutions to address water stress and scarcity. As many industrial
processes generate a wastewater stream during production of goods, this is one sector where

water reclamation would support the conservation and preservation of our freshwater resources.
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Nanofiltration membrane technology is currently being used for this type of water treatment, as
the production of potable, purified water is not necessary. Rather, this industrial water needs to
be treated only to a certain accepted standard in order for sustained use of a constant volume,
thereby reducing the water footprint of the process and the goods produced. Further
improvements in performance, with respect to removal of ions and other contaminants, would

allow for the more widespread implementation of nanofiltration technology for this application.

Recently, nanofiltration has also been proposed as an excellent technology for the removal of
organic contaminants, such as bisphenyl-A'~, personal care products™* and other
pharmaceuticals’ and emerging trace organic contaminants’. Although this is a very new
application for nanofiltration (within the last year or two), it is an exciting potential market for
this technology, as these substances are often found in very low concentrations and are difficult

to remove with traditional water treatment methods.

Lastly, in order for ceramic membranes to penetrate this nanofiltration market, they will first
have to operate in niche target areas as they are almost 100 times more costly than their
polymeric counterparts. Efforts should be made to reduce these costs, which largely lie in the
expense of producing the microporous ceramic support. If one could reduce the cost of preparing
these supports by a factor of 10, these ceramic nanofiltration membranes would be able to find

many more applications, where their superior performance would justify a 10-fold cost increase.
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