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SEPARATION POTENTIAL CHARACTERIZATION AND ITS ROLE IN
SELECTING NANOFILTRATION MEMBRANES FOR THE REMOVAL OF
INORGANIC IONS
Shardul Sudhir Wadekar, Ph.D.

University of Pittsburgh, 2018

Water desalination with nanofiltration (NF) and reverse osmosis (RO) membranes presents an
excellent solution to meet the ever—increasing water demand. NF membranes can achieve higher
permeability at lower operating pressures and hence are energetically favorable compared to RO
membranes. As such the overall motivation of this study was to improve the fundamental
understanding of separation potentials for NF membranes and provide sound guidance for the

selection of NF membranes for particular applications.

The first objective of this study was to explain the importance of different separation potentials
for the rejection of inorganic ions by two most commonly used active layers of NF membranes —
polyamide (PA) and poly(piperazineamide) (PP). Effective pore size measurements, zeta
potential and crossflow ion rejection were used to establish that both Donnan (charge) and steric
exclusion are important for ion rejection with PP membranes and that steric exclusion was the
dominant mechanism for PA membranes. Specific studies with barium and strontium ions
confirmed the dominance of steric exclusion for PA membranes. Experimental studies were

conducted to unravel the impact of chemical cleaning on physicochemical characteristics and
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performance of PA and PP membranes. In general, chemical cleaning with HCI and NaOH
increased membrane permeability and decreased ion rejection due to the increase in effective
pore sizes and changes in zeta potential but PP membranes were affected significantly more than
PA membranes. The second objective of this study was to evaluate the use of NF membranes for
treatment of abandoned mine drainage (AMD). Laboratory-scale optimization followed by
pilot-scale testing demonstrated that polymeric NF membranes could achieve >98% removal of
total dissolved solids without significant decrease in permeate flux. Polymeric NF membrane
achieved higher permeability and ion rejection than ceramic NF membrane. This study
demonstrated that AMD can be treated with polymeric NF membranes to recover high quality
permeate and highlighted the need for improving ceramic NF membranes. The results obtained
in this study provide new insights into NF separation mechanisms and their use for the treatment
of AMD and contribute to further improvements in current membrane technologies to provide
solutions for significant environmental problems and meeting the ever—increasing demand for

clean water.
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1.0 INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Alarming increase in population growth, global warming and contamination of natural
freshwater sources pose a significant threat to clean water supply in many parts of the world. A
dramatic increase in water scarcity has been predicted in the coming decade in many regions
including China, Southeast and Southwest Asia, India, Middle East, North Africa, South Africa
and the western United States [8]. Water scarcity is the focus of the work presented in this thesis.
As of 2015, it was estimated that 660 million people lack access to adequate drinking water
source [9] and an unbelievable 3.5 billion people are expected to live in water stressed areas by
2050 [10]. Majority of people in rural communities rely on water sources such as rivers, lakes,
groundwater and rainwater that are often contaminated with bacteria and chemicals, which may
be dangerous for human consumption [11]. In addition to remote rural communities, water
concerns are also wide—spread in industrial areas, where water demand is higher and where
shrinking groundwater resources are becoming increasingly brackish as withdrawals continue to
increase. The increasing withdrawal of water can be clearly seen from Figure 1.1. Thus, research
efforts towards desalination of brackish groundwater and seawater are thriving [12]; however,
increase in performance and decrease in energy demand for desalination by novel technologies,

such as building more efficient membranes, are at the forefront [13]. Also, securing water in new



ways has added importance to the recovery of water from different sources including wastewater,
abandoned mine drainage, etc. because water recovery from sources that are less saline is more
energetically favorable (less osmotic pressure) as compared to desalination of seawater or

brackish groundwater.

1995 2025

Water withdrawal as percentage
of total available

M over 40% W 20%~10%
| 40%-20% M Less than 10%

Figure 1.1. Water withdrawal in 1995 and 2025 (projected) [10]

1.2  ABANDONED MINE DRAINAGE

Management of water from the mining industry is becoming increasingly scrutinized and there is
a growing need to treat, discharge and reuse mine water [14]. Treatment of abandoned or acid
mine drainage (AMD) or acid rock drainage (ARD) has been a major research focus for over 50
years [15] because these contaminated streams represent a pervasive environmental problem for

both working and abandoned mines. Natural oxidation of sulfide minerals like pyrite (FeS>),



chalcocite (Cu»S) and mackinawite (FeS) when exposed to water and oxygen contribute most of
the contaminants in the AMD [16]. Typically, it is characterized by high acidity (pH 2-4), high
sulfate concentrations (1-20 g/l), and high concentrations of potentially toxic elements (PTES)
such as Al, As, Ca, Cd, Cu, Fe, Mg, Mn, Ni, Pb and Se [17]. Generation of AMD can be

explained by the following set of equations [16, 17]:

FeSy + 7/2 Oz + Ha0 > Fe*? + 2 SO42 + 2H* (1-1)

Fe** +1/4 0 + H* > Fe®* + 1/2 H,0 (1-2)

FeS; + 14 Fe®* + 8 H,0 > 15 Fe?* + 2 SO, + 16 H* (1-3)
Fe** + 3 H,0 > Fe(OH)3 (s) + 3 H* (1-4)

FeS, + 15/4 Oz + 7/2 H0 > Fe(OH)s (S) + 2 SO4% + 4 H* (1-5)

Equation (1-1) describes the direct oxidation of pyrite in an oxic environment and equation
(1-2) shows the oxidation of ferrous ions to ferric ions, which occurs depending on the
availability of a sufficiently acidic and oxidizing environment that is supported by
microorganisms. Ferric ions can oxidize to pyrite (Equation (1-3)) or form insoluble ferric
hydroxide (Equation (1-4)). Both of these reactions produce acidity that can assist in leaching
metals from other ambient rocks. Equation (1-5) summarizes equations (1-1), (1-2) and (1-4),
thereby showing the acidity generation, pyrite oxidation, and precipitation of Fe(OH)s [18].

Outflow from an abandoned coal mine in southwestern Pennsylvania is shown in Figure 1.2.



Figure 1.2. Outflow from an abandoned coal mine in southwestern Pennsylvania [19]

Traditionally, lime or limestone neutralization has been used to mitigate the effects of AMD.
Lime or limestone is added to increase the pH and to precipitate the sulfate as gypsum and other
metals as hydroxides which is followed by gravity separation of the solid product [20-22]. This
process generates large quantities of sludge contaminated with PTEs. Another important
disadvantage of this process is that the sulfate concentration can only be reduced to about 1,440
mg/l (considering gypsum solubility) [17] while Environmental Protection Agency (EPA) and
World Health Organization (WHO) stipulate a sulfate limit of 250 mg/l as one of the criteria for

unrestricted discharge [23].

1.3 MEMBRANE TECHNOLOGY

Conventional water treatment technologies including a combination of coagulation, flocculation,
clarification, filtration and disinfection are effective for some chemical contaminants but less for
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others [24]. Advanced water treatment technologies include methods such as advanced
oxidation, ultraviolet disinfection, membrane processes and achieve better performance along
with being economically and energetically favorable. The focus of this work is on membrane
processes, which collectively refers to different types of membrane technologies, namely reverse
osmosis (RO), nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF). These are
essentially selective barriers that separate different solutes in water to varying degrees and differ
depending on the size of solute or particle that passes through the membrane (i.e., pore size of
the membrane) and the operating pressure. Figure 1.3 shows different membrane types and their
general attributes. Since the primary interest in this work was to remove dissolved inorganic
salts, the following discussion is focused on RO and NF. RO membranes almost completely
remove mono— and multivalent ions while NF membranes have a slightly more open structure
than RO and can reject most of the multivalent ions and some monovalent ions. NF membranes
achieve higher flux but lower rejection compared to RO membranes. RO membranes were
originally developed for seawater desalination in the 1960s and were made of cellulose acetate
[25], however, they required high operating pressures and had high energy consumption (> 10
kWh.m) [26]. Numerous improvements lead to the development of NF membranes in the late
1980s to achieve higher water permeability and reduced energy consumption [27, 28]. The focus

in this work will be on nanofiltration membranes for the rejection of dissolved inorganic salts.
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Figure 1.3. Schematic of membrane types

1.4 NANOFILTRATION MEMBRANES

NF membranes can be manufactured as thin film composites (TFC) or could also be made of
various ceramics. TFC polymeric membranes include the ultrathin active layer (~20 — 200 nm)
responsible for the rejection, permeability, hydrophilicity, and roughness of the composite
membrane, followed typically by polysulfone support matrix (~20 — 50 um) and a non-woven
polyester fiber backing (~300 um) for mechanical stability and strength [29]. Figure 1.4 shows a
typical polymeric TFC NF membrane. The active layer can be made of different polymers
including but not limited to polyamide, poly(piperazineamide), combination of polyamide and
poly(piperazineamide), polyether sulfone, cellulose acetate, etc. [30]. Interfacial polymerization
(IP) is the most commonly used technique for synthesizing these TFC membranes. The amine
monomers in water are brought into contact with acid chloride monomers in solvent to form a
thin film of polyamide on the substrate [31-34]. Two of the most commercially successful
recipes to make the polyamide films are: 1) 1,3-benzenediamine (m-phenylenediamine) (MPD)

with trimesoyl chloride (TMC) and piperazine (PIP) with TMC [29]. Molecular weight cut—off
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(MWCO) (defined as molecular weight of a neutral organic molecule corresponding to 90%
rejection by a particular membrane) is usually used to describe the tightness of a particular NF
membrane. With polymeric membranes, MWCO’s between 200 — 1000 can easily be established
by varying the active layer chemistry, reaction times during IP, reaction temperature, etc. [35].
Ceramic membranes have recently been gaining prominence due to better resistance to fouling,
easier cleaning, lower maintenance, better thermal resistance and greater mechanical strength
[36, 37]. Ceramic NF membranes are commonly made using the sol-gel technique with Al>Os,
ZrO» or TiO- as the active layer, with the latter two preferred due to greater stability [38]. They
are typically available with molecular weight cut—off (MWCO) close to ~1000 Da and have been
applied to remove organic molecules and natural organic matter (NOM) [39, 40]. Newer
manufacturing techniques like atmospheric pressure atomic layer deposition (APALD) [41] and
DNA template technology [42] are being studied to manufacture ceramic NF membranes with
MWCO below 500 Da that could effectively reject multivalent ions. One ceramic membrane
manufactured using DNA template technology and several polymeric TFC membranes were

selected for this study because they were commercially available.

Microporous polysulfone
support layer

Fabric layer /
Mechanical strength /' J

Active layer

Figure 1.4. A typical thin film composite nanofiltration membrane



NF membranes utilize a number of different mechanisms to create separation between
water and dissolved solutes. Specific separation mechanisms include steric (size) exclusion,
charge (Donnan) exclusion, dielectric exclusion [43, 44] and are dependent on the type of
membrane, feed composition, pH, temperature, etc. [45]. In addition to these separation
mechanisms, precipitation, dehydration, and sorptive interactions may also be important in
specific cases [46-48]. Size or steric exclusion is an important separation mechanism that is
based on the physical hydrated size of a solute. However, the separation is a bit more complex
compared to simple sieving because neither the size of the solutes nor the pores are uniform [49].
Charge exclusion may be a dominant rejection mechanism in cases where the solute size is
smaller than the effective pore size of the membrane [50]. NF membranes are usually negatively
charged because of the dissociation of the carboxylic acid groups at the active layer surface at pH
above the iso—electric point (IEP) of the membrane [51]. The negatively charged membrane
surface interacts with ions in the feed solution to increase repulsion of the anions in the feed. The
equilibrium established as a result of these interactions is called the Donnan equilibrium and is
characterized using the Donnan potential [52]. The Donnan potential is impacted by surface
charge and chemsistry of the membrane surface and pH and specific ion concentration and ionic
strength of the feed. Dielectric exclusion occurs due to: (1) Born effects that occur by changes to
the equilibrium and dynamic properties of the solvent in the confined geometry of the nanopores,
and (2) image forces due to the difference in dielectric constants between the membrane matrix
and the solution [53]. The transport of ions as a result of these different separation potentials can
be described by diffusion, convection and electromigration [54]. Hindered diffusion occurs in
membrane processes as solute moves from a more concentrated side (i.e., feed) to the less

concentrated side (i.e., permeate). Convective transport is directly related to the permeate flux



and thus to the applied operating pressure and concentration while electromigration is directly
related to the charge interactions involving both Donnan and dielectric exclusion mechanisms.
The importance of the exclusion mechanisms with respect to the active layer chemistries will be
the focus of this study.

A membrane’s capability to deliver stable performance depends not only on the
characteristics of its active layer but also how easily can it be cleaned and restored to achieve its
original performance. All membrane processes are affected by membrane scaling or fouling at
high water recoveries. Membrane scaling or fouling is caused by the deposition of organic and
colloidal matter as well as precipitation of inorganic salts on the membrane surface, which
increases mass transfer resistance and affects membrane performance. It is dependent on the type
and composition of the feed solution, process flow conditions, antiscalants use, etc. [55] Thus,
periodic chemical cleaning to recover the permeate flux and solute rejection is an inevitable step
in NF/RO membrane applications and is considered a major drawback of NF/RO filtration
processes [56]. Typically, chemical cleaning is initiated when there is a 10% drop in the
normalized permeate flow or a 15% increase in the normalized pressure drop (feed pressure
minus concentrate pressure) or when the normalized salt passage increases by 5 — 10% [57, 58].
Several studies have addressed the impacts of different cleaning chemicals on various types of
foulants [59-61] with acidic and basic cleaning strategies being most commonly applied.
Interestingly, a particular cleaning chemical can have different effects on the performance of
different NF membranes. Understanding the effects of cleaning chemicals on the ion rejection

characteristics of different active layers of NF membranes will also be the focus of this study.



1.5  THESIS ORGANIZATION

Overall, there is a great need for improved water treatment solutions to meet the ever—increasing

water demand. NF membranes present an excellent treatment option because of their ability to

remove ionic impurities while achieving higher permeability at lower operating pressures (hence,
energetically favorable) compared to RO membranes. However, there are still several
improvements to be made with NF membranes including finding newer materials for active
layers, integration of renewable energy, better mechanistic understanding of separation by
different active layer types, influence of chemical cleaning agents, etc. Hence, this makes NF an
exciting research area with the potential for tackling current real challenges presented by the
water crisis.

The overall aim of this study was to provide better understanding of the NF process with

a view of applying the technical knowledge to find solutions for the water shortage problem.

Accordingly, this study was divided in two segments:

(A)Understanding the separation mechanism of different active layers in nanofiltration
membranes. This section can be divided into 3 main parts:

e Unravelling the underlying separation potentials for the rejection of dissolved inorganic ions
for two commonly used active layer NF membranes — polyamide and poly(piperazineamide)
with a view of realizing new potential applications for the recovery of water from different
sources. This was achieved by (i) Characterizing effective membrane pore radii (ii)
Measuring zeta potential under different feed conditions and (iii) Conducting crossflow
rejection experiments at low and high ionic strength to determine the relative importance of

steric and charge (Donnan) exclusion for the two types of active layers. (CHAPTER 2.0)
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Elucidating the effects of chemical cleaning on the physicochemical characteristics and
performance of two commonly used active layers of NF membranes — polyamide and
poly(piperazineamide). This was studied by (i) Characterizing effective membrane pore radii
(i) Measuring zeta potential, (iii) Characterizing the chemical changes and elemental
compositions of NF membranes with chemical cleaning and (iv) Conducting crossflow
rejection experiments with single divalent ions and mixture of salts to illustrate the relative

importance of exclusion mechanisms for the two types of active layers. (CHAPTER 3.0)

Understanding the rejection of barium and strontium ions using a polyamide NF membrane
with a view of testing the results obtained in the first two studies. This was achieved by (i)
Measuring zeta potential, (ii) Studying the rejection characteristics of barium and strontium
as a function of pH and (iii) Influence of crossflow velocity, feed pressure and concentration
of ions on rejection was also studied and an equation was developed using the Spiegler—
Kedem model to predict the rejection behavior of barium and strontium over a hundred—fold

feed concentration range. (CHAPTER 4.0)

(B) Application of nanofiltration membranes for treatment of abandoned mine drainage (AMD).

This section can be divided into 2 main parts:

Testing the ability of polymeric NF membranes to treat AMD at pilot—scale for complete
reuse. This was done by (i) Selection of an optimized (high rejection and high permeability)
commercially available NF membrane based on laboratory—scale screening, (ii) Testing the

optimized NF membrane at laboratory—scale using real AMD, (iii) Pilot—scale testing of the

11



optimized membrane and (iv) Fouling analysis of NF membranes used in pilot—scale testing.

(CHAPTER 5.0)

e Comparing the performance of polymeric and ceramic NF membranes for treatment of
AMD. This was achieved by (i) Testing the effect of permeate recovery on ion rejection with
polymeric and ceramic NF membranes, (ii) Elucidating the effects of chemical cleaning with
the two membranes, (iii) Studying the effect of fouling mitigation strategies (iv) Studying the
fouling characteristics with and without the use of antiscalant and (v) Testing a tight
polymeric NF membrane to produce permeate that meets drinking water standards.

(CHAPTER 6.0)

Chapter 7.0 discusses all the key findings and provides insights into several NF related aspects

that were studied in this work as future recommendations.
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2.0 INFLUENCE OF ACTIVE LAYER ON SEPARATION POTENTIALS OF

NANOFILTRATION MEMBRANES FOR INORGANIC IONS

This work has been published as:
S.S. Wadekar, R.D. Vidic, Influence of Active Layer on Separation Potentials of
Nanofiltration Membranes for Inorganic lons, Environmental Science & Technology, 51 (2017)

5658-5665.

Active layers of two fully aromatic and two semi-aromatic nanofiltration membranes
were studied along with surface charge at different electrolyte composition and effective pore
size to elucidate their influence on separation mechanisms for inorganic ions by steric, charge
and dielectric exclusion. The membrane potential method used for pore size measurement is
underlined as the most appropriate measurement technique for this application owing to its
dependence on the diffusional potentials of inorganic ions. Crossflow rejection experiments with
dilute feed composition indicate that both fully aromatic membranes achieved similar rejection
despite the differences in surface charge, which suggests that rejection by these membranes is
exclusively dependent on size exclusion and the contribution of charge exclusion is weak.
Rejection experiments with higher ionic strength and different composition of the feed solution
confirmed this hypothesis. On the other hand, increase in the ionic strength of feed solution when

the charge exclusion effects are negligible due to charge screening strongly influenced ion
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rejection by semi—aromatic membranes. The experimental results confirmed that charge
exclusion contributes significantly to the performance of semi—aromatic membranes in addition
to size exclusion. The contribution of dielectric exclusion to overall ion rejection would be more

significant for fully aromatic membranes.

-

Exclusion:
Steric
Hindrance??
Electrostatic
Repulsion??

Nanofiltration
Active Layer \

- /

Figure 2.1. Abstract art illustrating the influence of active layer on separation potentials of nanofiltration

membranes for inorganic ions

2.1 INTRODUCTION

Application of membrane technologies for water purification gained greater attention in
recent years due to population boom and worldwide industrialization [62]. Major technological
advancement and cost reduction lead to increased use of reverse osmosis (RO) and nanofiltration
(NF) membranes in desalination, wastewater treatment and reclamation [13, 29]. Modern NF
membranes are predominantly thin film composite (TFC) membranes consisting of three layers:

the topmost layer is the selective active layer followed by the microporous polysulfone support
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layer and a non—woven fabric layer for mechanical strength [29]. Of these, the topmost dense
layer with thickness of about a few hundred nanometers is the most important layer responsible
for permeability, ionic selectivity, fouling resistance, roughness and hydrophilicity of the
composite membrane [63]. lon rejection by this active layer is due to three different separation
potentials: Steric hindrance (pore size effects), Donnan exclusion (by fixed surface charge) and
dielectric exclusion (by Born effect and image forces) [64, 65]. Modeling efforts have attempted
to explain these effects and predict the rejection behavior of NF membranes [66-68]. The
separation by NF membranes was initially modeled using the Donnan steric partitioning pore
model (DSPM) [66] but the steric, electric and dielectric model (SEDE) [67, 68] was developed
later due to the inability of DSPM to predict the rejection of divalent cations. SEDE model is a
four parameter (i.e., membrane’s effective pore size, thickness to porosity ratio, volume charge
density and the dielectric constant of solution inside the membrane pores) model and is able to
predict the rejection performance of NF membranes reasonably well.

Interfacial polymerization (IP) is the most commonly used technique for synthesizing these
TFC membranes. The amine monomers in water are brought into contact with acid chloride
monomers in solvent to form a thin film of polyamide on the substrate [31-34]. Two of the most
commercially successful recipes to make the polyamide films are: 1) 1,3-benzenediamine (m—
phenylenediamine) (MPD) with trimesoyl chloride (TMC) and piperazine (PIP) with TMC [29].
In the first reaction scheme, both monomers (i.e., MPD and TMC) are aromatic and hence the
membrane can be designated as fully aromatic (FA) while the membranes prepared using the
second scheme can be designated as semi—aromatic (SA) because PIP is an aliphatic monomer.
These membranes are often coated with different groups to alter membrane properties [69]. For

example, it has been found that a neutral hydrophilic coating can affect surface charge, surface
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roughness, permeability and salt rejection of TFC membranes [70]. Thus, understanding the role
of active layers in achieving ion rejection by a particular separation mechanism is of utmost
importance to understand the potential use of these membranes for specific application.

Tang et al. [63, 70] characterized seventeen commercially available RO and NF membranes
and have shown how the active layer chemistries and coatings affect hydrophilicity, surface
roughness and permeability of these membranes. Verissimo et al. [31] evaluated the effect of
combining different aliphatic monomers (i.e., PIP, 1,4-bis(3—aminopropyl)—piperazine (DAPP),
N,N’—diaminopiperazine (DAP) and N,N’—(2—-aminoethyl) —piperazine (EAP)) with TMC on the
performance, surface morphology and charge of composite semi—aromatic membranes. They
found that water permeability was the highest for DAP-TMC membrane but that PIP-TMC
membrane performed better in terms of salt rejection. In a similar study, Li et al. [32] evaluated
the effect of other aliphatic monomers on salt rejection and anti—fouling properties of thin—films.
Ahmad et al. [33] found that permeate flux and separation capabilities of polyamide NF
membranes greatly depend on the diamine ratio and the IP reaction times while effects of
polyamide chemistry on amino acid separation have also been compared [34]. Other studies have
also evaluated the ionization behavior of functional groups [71-73] and surface heterogeneity
[74, 75] of active layer towards understanding the rejection by these membranes. However, the
underlying separation mechanisms of NF membranes with different active layers have not yet
been fully unraveled because none of the previous studies attempted to fully characterize all
three separation potentials as a function of active layer chemistry.

Since semi—aromatic poly(piperazineamide) and fully aromatic (polyamide) membranes
are the most commonly used NF membranes, the aim of this study was to investigate the

separation potentials of these active layer types in different applications. Separation potentials
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(i.e., steric, Donnan (charge) and dielectric exclusion) of these active layers were characterized
to elucidate their relative contribution to rejection of inorganic ions in an effort to develop new
applications and to improve membrane selection process for the separation of inorganic ions.
Sulfate was the key ion selected for this study since it is found in many wastewaters, surface and
ground waters at widely different concentrations [76] and since it is one of the contaminants of
concern in abandoned mine drainage, which is a pervasive problem in many parts of the US [77,
78]. All membranes used in this study are commercially available and hence the information

about their separation potential and performance is relevant to their application in practice.

2.2 EXPERIMENTAL

2.2.1 Membranes and chemicals

Four commercially available flat sheet NF membranes were used in the study. NF90 and
NF270 membranes were purchased from DOW Filmtech (Edina, MN); TS40 and TS80 were
purchased from Sterlitech Corporation (Kent, WA). Key properties of these membranes reported
in the literature and those provided by the manufacturers are shown in Table 2.1 and the
chemical structures of the polymers forming the two types of active layers are shown in Figure
A.4 in Appendix A.1l. Deionized (DI) water used for water permeability experiments (resistivity
= 18 kohm.cm™) was obtained using MilliQ water system (Millipore, Billerica, MA). All
chemicals used were analytical grade and were purchased from Fisher Scientific (Pittsburgh,

PA).
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Table 2.1. Membranes used in this study

Membranes Fully Aromatic (FA) Semi—Aromatic (SA)
NF90 TS80 NF270 TS40
Polymer Polyamide  Polyamide Polypiperazine— Polypiperazine—
amide amide
MWCO ~200?2 ~150¢ ~200-300° ~200¢

2q[76], °[79], “Provided by manufacturer

2.2.2 Apparatus and filtration process

All experiments were carried out in the laboratory—scale SEPA-CFII test cell (GE
Osmonics, Minnetonka, MN) shown in Figure A.3 (Appendix A.1) with usable membrane area
of 140 cm? and has been described in detail elsewhere [6]. Pump power (Hydra—cell diaphragm
pump, Wanner Engineering, MN), feed control valve and concentrate control valve were used to
adjust the desired feed pressure (20 bar) and flow rate (1 GPM), which were held constant
throughout the study. All experiments were performed in total recirculation mode at a constant

feed pH of 5.6 = 0.1. Temperature was maintained at 22 % 1°C using an immersed cooling coil

connected to a chiller (6500 series, Polyscience, Niles, IL). Prior to the experiment, each
membrane was immersed in DI water for at least 24 hours to ensure complete wetting. Each
membrane was first compacted with DI water at 50 bar and then used to filter DI water until a
stable flux (LMH/bar) was reached (typical stabilization times ranged between 20-24 hours).
Once, a stable flux had been established, the feed was adjusted to the required composition and
the system was allowed to equilibrate for two hours. The permeate flux was measured over the
next two hours during which samples were collected every 15 min for chemical analysis.

Sulfate, magnesium and calcium were introduced as Na>SOs-10H,0, CaCl>-2H.0 and

MgCl2-6H.O salts. The filtration experiments were carried out at dilute (low) and high
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electrolyte concentrations to evaluate the relative importance of the Donnan (charge) exclusion
effects. Experiments with dilute feed were performed at sulfate concentration of 96 mg/L with
calcium and magnesium concentrations up to 40 mg/L and 24 mg/L (i.e., 1 mM each),
respectively. For experiments at high ionic strength, sulfate concentration was adjusted to 650
mg/L and magnesium and calcium ions were introduced at 1,000 mg/L each. This feed
composition was chosen for two reasons: it assured that the surface charge is screened at high
concentrations and it also represents abandoned mine drainage [17], which is a pervasive
environmental concern in many areas of the US [78]. All cations and anions were analyzed using
inductively coupled plasma—optical emission spectroscopy (ICP-OES) system (5100 ICP-OES,
Agilent Technologies, Santa Clara, CA) and ion chromatography (IC) system (Dionex 1CS-1100
with lonPac AS22 carbonate eluent anion—exchange column, Dionex, Sunnywale, CA),

respectively.

2.2.3 Attenuated total reflection — Fourier transform infrared spectroscopy (ATR-FTIR)

FTIR was used to determine the chemical composition of the active layer for all four
nanofiltration membranes selected for this study. Infrared spectra were obtained using Nicolet
6700 (Thermo Scientific, Pittsburgh, PA) FTIR spectrometer with the active layer of the
membrane pressed tightly against the crystal. At least two replicates were obtained for each
membrane type and each spectrum was averaged from 256 scans collected from 1800 cm™ to

800 cm™.
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2.2.4 Membrane pore size measurements

Membrane potential technique [80] was used to measure the effective pore sizes of the NF
membranes. The membrane sample (exposed area of 12.5 cm?) was held between two acrylic
half—cells (700 cm? each) filled with NaCl solutions at different concentrations but identical pH,
temperature and hydrostatic pressure. The ratio of ion concentrations in the two half cells,

c? /ci*, was maintained at a constant value of 2, with the active layer always facing towards the

half-cell with higher concentration. NaCl concentrations ranged between 3 — 250 mM. Each
experiment was repeated at least twice and the electrodes were also interchanged between the
two compartments to cancel the asymmetric potential effect [80]. Prior to each experiment, the
membrane was immersed in solution of lower concentration for at least 24 hours to ensure
saturation of the support layer and to avoid any interference from the concentration gradient in
the support layer. All the experiments were carried out at ambient temperature of 22°C with
continuous stirring of each cell using magnetic stirrers. The output from Ag/AgCl electrodes
(RE-5B, BASI Electronics, West Lafayette, IN) submerged in each cell was amplified
(INA826EVM, Gain = 97.76, Texas Instruments, Dallas, TX) and measured by a multi-meter
(Fluke 21 Series 11, Fluke Corporation, Everett, WA). The membrane pore radius was calculated
using the procedure described Table A.1 and the apparatus used for the measurement of the

membrane potential is shown in Figure A.1 in Appendix A.1.
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2.2.5 Zeta potential measurements

Zeta potential of the membranes was analyzed using Surpass 3 Electro—kinetic Analyzer (EKA)
equipped with the Adjustable Gap Cell (AGC) (Anton Paar, Ashland, VA). For each

measurement, two 10 mm X 20 mm membrane samples were inserted into the AGC and 1 mM

KCI solution was used as electrolyte to obtain the isoelectric point of each membrane. An
automatic pH sweep from ~5.6 to 2 was accomplished by the addition of 0.05 M HCI solution
and from ~5.6 to 10 using 0.05 M NaOH. Following the isoelectric point determination, the
membranes were also tested with the following electrolyte solutions at pH 5.6 = 0.1: 1 mM
Na2S0s, 1 mM NaxSOs + 1 mM CaClz and 1 mM NaxSOs + 1 mM MgClz. These experiments
were designed to determine the change in zeta potential of these NF membranes with the
addition of divalent cations using sulfate as the base anion. Each of these experiments was

repeated at least four times with a maximum standard deviation of 4 mV.

2.3 RESULTS AND DISCUSSION

231 ATR-FTIR

ATR-FTIR spectra of the four NF membranes in the range 1800 — 800 cm™ are shown in
Figure 2.2. This range would reflect both the active layer and the polysulfone support layer as the
FTIR signal has relatively deep penetration (> 300 nm) [63]. Since the focus of this study is to
differentiate between fully and semi—aromatic membranes, only the relevant peaks are discussed

here and information about all other peaks is included in Appendix A.1.
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As seen from Figure 2.2, the peaks at ~1664, 1610 and 1545 cm™ are present only for NF90 and

TS80 membranes and are absent for NF270 and TS40 membranes. The peak at ~1664 cm™ can

be assigned to C=0 stretching (dominant contributor), C—N stretching and C—C—N deformation

vibration in a secondary amine group [81, 82]. The peak at ~1610 cm™ is due to N-H

deformation vibration for the aromatic amide [83] while the peak at ~1545 cm™ is due to amide

Il band for the N-H in—plane bending and N-C stretching vibration of CO-NH group [63].
These three peaks are clearly seen to be absent from the spectra obtained for the semi—aromatic

membranes (NF270 and TS40). On the other hand, the peak at ~1630 cm™ is observed only in

the case of NF270 and TS40 and is absent for NFO0 and TS80 membranes. This peak is due to
amide | band (poly(piperazineamide)) [84]. Tang el al. [63] have shown that NF90 and NF270
are uncoated NF membranes by comparing the FTIR and XPS spectra of several commercially
available NF membranes. Figure 2.2 shows that the spectra for TS80 is identical to NF90 and
that of TS40 is identical to NF270. Based on these results, it can be concluded that TS80 and
NF90 are uncoated fully aromatic polyamide membranes and TS40 and NF270 are uncoated
semi—aromatic poly(piperazineamide) membranes. Therefore, this study included two
membranes that are truly representative of each category of membrane chemistry (i.e., full
aromatic (MPD-TMC) and semi-aromatic (PIP-TMC)) without any coating or any

modifications of the polyamide and poly(piperazineamide) active layers.
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Figure 2.2. ATR-FTIR spectra of NF270, TS40, TS80 and NF90 nanofiltration membranes

2.3.2 Effective pore size measurements

Variation of membrane potential (A,,) with chloride concentration is shown in Figure

2.3. Each point on this figure represents a mean of at least four measurements at each
concentration of the single salt (NaCl). As can be seen from Figure 2.3, the membrane potential
first increases with an increase in chloride concentration and then plateaus, which corresponds to
the diffusion potential (i.e., limiting value at high concentration) where both the image forces
and the Donnan (charge) effects are screened [80]. A maximum standard deviation of + 0.6 mV
was observed for membrane potential values when chloride concentration in solution was below

0.1 M and it was only = 0.1 mV at the plateau of membrane potential. The asymmetry potential

was below + 0.1 mV.
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The effective mean pore sizes of the four NF membranes were evaluated using plateau
levels of the membrane potential (i.e., diffusion potential) where the diffusion potentials of 6.14
mV, 6.0 mV, 5.66 mV and 545 mV were measured for NF90, TS80, TS40 and NF270
membranes, respectively. Using the procedure described in Appendix A.1, the effective mean

pore radii of 0.68 £ 0.02 nm, 0.71 £ 0.02 nm, 0.80 *+ 0.03 nm and 0.87 £ 0.02 nm were

calculated for NF90, TS80, TS40 and NF270 membranes, respectively. Thus, the calculated
effective pore sizes of these four membranes differed only slightly (i.e., 0.19 nm difference
between NF90 and NF270). Also, it was noted that the two semi—-aromatic membranes (TS40
and NF270) had larger effective pore sizes as compared to the two fully aromatic membranes
(NF90 and TS80). Lo et al. [85] used Density Functional Theory (DFT) analysis to suggest that
the reaction between MPD and TMC (i.e., FA membranes) is much facile as compared to the
reaction between PIP and TMC (i.e., SA membranes), which explains the greater crosslinking

and smaller effective pore size for fully aromatic membranes.
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Figure 2.3. Membrane potential as a function of chloride concentration in solution
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The mean pore size of NF membranes can been measured using three different
techniques: 1) atomic force microscopy (AFM) [86, 87], 2) retention of neutral organic solutes of
different molecular weights [66, 88] and 3) membrane potential analysis (used in this study) [68,
80]. Selection of a particular method should be based on specific application because NF
membranes behave differently in different feed solutions. This study is focused on the rejection
of inorganic ions and hence membrane potential technique is more suitable for pore size
measurements because it is based on the diffusional potential of ionic species through the
membrane pores. Hilal et al. [87] used AFM technique and reported the membrane pore radii of
NF90 and NF270 membranes to be 0.257 nm and 0.341 nm, respectively. Nghiem et al. [88]
reported the pore radii of NF90 and NF270 membranes as 0.34 nm and 0.42 nm, respectively, by
modelling the retention data of organic solutes of different molecular weights. Mean pore sizes
determined in this study differ for both membranes but they agree that pore size of NF90 is
smaller than the pore size of NF270 membrane. Similarly, by modelling the retention data of
neutral organic solute, mean pore radius of TS80 membrane (~ 0.52 nm) has been reported to be
smaller than that of TS40 membrane (=0.65 nm) [89].

AFM provides a semi-visual determination of the pore size since only the membrane
surface is evaluated and no transport of species takes place through the membrane. It is known
that the pores in the NF membranes are non—-homogeneous and hence surface evaluation of pores
cannot accurately determine the mean effective membrane pore radius. In case of modeling the
retention data of neutral organic solutes of different molecular weights, actual retention
experiments have to be carried out in order to measure the rejections, which involves introducing
a convective factor in these experiments. Hence, in addition to the dependence of the effective

membrane pore radius on the steric partitioning coefficient, it is now also dependent on the
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convective hindrance factor. In the case of membrane potential technique, the effective pore
radius is dependent on only the diffusive hindrance factor or the steric partitioning coefficient
since there are no convective forces at play. This difference in the convective and diffusive
hindrance factors contributes to the observed differences in the measured effective membrane
pore radii between the membrane potential technique and neutral organic molecule retention
technique.

Apart from the membrane pore size measurements, the results in Figure 2.3 can also be used to
determine the approximate solute concentration where the Donnan (charge) separation potential
becomes negligible. As can be seen from this figure, the Donnan (charge) separation potential
has already canceled out at chloride concentration of 0.09 M for all four membranes as
evidenced by the leveling of the membrane potential. This observation indicated that hindered
diffusion and convection are the only relevant transport mechanisms in NF systems where the

ionic strength of the feed is above about 0.1 M.

2.3.3 Zeta potential measurements

Figure 2.4 (a) shows zeta potential of the four nanofiltration membranes in the pH range
between 2 — 10 using 1 mM KCI as the electrolyte. It can be seen from this figure that the
isoelectric points (IEPs) for NF90, TS80, NF270 and TS40 membranes are 4.60, 2.54, 2.43 and
2.40, respectively. An IEP in the neighborhood of pH 4 typically indicates that the surface is
either neutral or inert [51]. Hence, the zeta potential for NF90 suggests that it has similar
concentrations of dissociable acidic carboxylic groups and basic amine groups. The remaining
three membranes have low IEP, which indicates dominance of dissociable acidic carboxylic
groups over dissociable basic amine groups. Artug et al. [79] and Tu et al. [90] have reported the
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IEP’s of NF90 and NF270 at 4.2 and 2.8 and 4 and 2.8, respectively. Since the reaction between
MPD and TMC (i.e., FA membranes) is much facile as compared to the reaction between PIP
and TMC (i.e., SA membranes) [85], there will be more unreacted acyl chloride in the active
layer in the case of PIP-TMC (i.e., SA type) and the charged carboxylic entities will impart more
negative surface potential to these membranes. TS80 membrane has IEP very close to that of the
SA type membranes even though it has been confirmed to be a FA type membrane (Figure 2.2).
The excess carboxylic groups on TS80 membrane suggests that this membrane may have been
immersed in the TMC solution for a longer time during the interfacial polymerization process as

compared to NF90.
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Figure 2.4. (a) Isoelectric Point (IEP) determination (with 1 mM KCI) (b) Zeta potentials with different solution
composition (1) 1 mM NazSOs; (2) 1 mM NaSO4 + 1 mM MgCly; (3) 1 mM NaSO4 + 1 mM CaCly, pH =5.6 +

0.1) for NF90, TS80, NF270 and TS40 membrane
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Zeta potentials of the selected membranes were also measured using three different
electrolytes at pH = 5.6 + 0.1 as shown in Figure 2.4 (b). The results in this figure suggest that
both SA type membranes (i.e., NF270 and TS40) have a more negative zeta potential than both
FA type membranes (i.e., NFO0O and TS80), which suggests that the contribution of Donnan
(charge) exclusion towards the separation by SA type membranes would be greater than for FA
type membranes. Figure 2.4 (b) also shows an increase in zeta potential with the addition of
divalent cations to the electrolyte solution for all four membranes. Childress et al. [91, 92]
proposed that the complex formation or electrostatic interactions between the divalent cations
and the negatively charged membrane surface lead to adsorption of cations on membrane surface
and an increase in zeta potential, which was also supported by other studies [93, 94]. It can also
be observed from Figure 2.4 (b) that the relative increase in zeta potential is about the same for
TS80, TS40 and NF270 membranes but is less pronounced for NF90 membrane, which is due to
the fact that NF9O is less electronegative than the other three membranes (Figure 2.4 (a)). Also,
the similar zeta potential values measured with the addition of Ca?" and Mg?* can be explained
by the fact that both Ca?* and Mg?* have similar diffusivity and Stokes radii (Table A.2,
Appendix A.1) and hence have a similar impact on the membrane surface. The main conclusion
from the zeta potential study is that the semi—aromatic membranes are more electronegative and

have more fixed charges on the membrane surface compared to the fully aromatic membranes.

2.3.4 Membrane performance

Membrane permeability was measured with DI water where the permeate flux was
monitored for two hours and is shown in Figure 2.5. Figure 2.5 (a) shows linear dependence of
measured permeate flux on operating feed pressure and hence provides evidence that the
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effective pore sizes of the four membranes reflect their pure water permeability values. Also, the
selected operating feed pressure of 20 bar for all crossflow rejection experiments in this study,
was in between the linear ‘pure water flux — operating feed pressure’ range. In addition, pure
water permeability values correlate well with the membrane pore radii measured using
membrane potential method (Figure 2.5 (b)). An increase in the permeate flux of 143% (4.7
LMH/bar for NF90 to 11.4 LMH/bar for NF270) was measured with an increase in the effective
pore radii of 28% (0.68 nm for NF90 to 0.87 nm for NF270). Similar values have previously
been reported by Hilal et al. [95] and Santafe-Moros et al. [96] for NF90 and NF270
membranes. The membrane potential technique is new and not usually used in literature where
the method employing MWCO’s to determine the membrane pore radius has been used
frequently. Hence, it is very difficult to compare the pure water permeability and membrane pore
radii values of other commercial NF membranes available in literature. It would be interesting to
investigate the scope of linearity of the curve shown in Figure 2.5 (b) as a function of the

effective pore radii, however, such an investigation was beyond the scope of this thesis.
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Figure 2.5. (a) Pure water flux as function of operating feed pressure and (b) Pure water permeability as a function
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Figure 2.6 shows rejections of various ions for both dilute (Figure 2.6 (a), (b)) and

concentrated (Figure 2.6 (c), (d)) feed strengths. These experiments were conducted to determine

the dominant separation mechanism knowing that the surface charge is screened at high ionic

strength and that the contribution of Donnan effect to separation potential would be negligible.
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Figure 2.6 shows that sulfate rejection was always greater than 98% and that the

FA type membranes performed better than SA type membranes in all cases. High sulfate

rejection can be explained by negative surface charge of all four membranes for all solution
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compositions investigated in this study (Figure 2.4). The rejection order of the ionic species
observed in these experiments is: R(SO4%) > R(CI) (for anions) and R(Mg?*) > R(Ca®*") >
R(Na") (for cations); rejection of magnesium being marginally more or equal to the rejection of
calcium. According to the Donnan exclusion theory for single salt solutions and negatively
charged membrane surfaces, the sequence of rejection of cations should be in the order R(Na™) >
R(Mg?") ~ R(Ca?*) [97]. With single salt solutions, the effect of single valence cations on the
electronegativity of the negatively charged membrane surface will be less drastic as compared to
that of multi—valence cations [98] and hence, the rejection of Na* is expected to be greater than
Mg?* and Ca?*. The rejection order of R(Mg?*) > R(Ca?*) > R(Na*) observed in Figure 2.6 with
multiple ions in the feed can be explained by ionic diffusivity and Stokes radii of magnesium,
calcium and sodium ions. With multiple ions in the feed, the rejected sulfate will be largely
electro—neutralized by divalent cations that will also experience greater steric rejection potential
than the monovalent cations owing to their larger Stokes radii (Table A.2, Appendix A.1).
Hence, rejection of Mg?* and Ca?* will be greater than Na*. When comparing the rejection of
Mg?* and Ca?*, the ionic diffusivity and Stokes radii play a major role. Because Mg?* has lower
ionic diffusivity and larger stokes radius than Ca®* (Table A.2, Appendix A.1), it will be rejected
more than Ca®". In the case of anions, SO4* with a valence of —2 will experience greater
electronegative repulsion from the negatively charged membrane surface as opposed to CI™. In
addition, SO+%* has larger Stokes radius and lower ionic diffusivity than CI- (Table A.2,
Appendix A.1), which will also contribute towards greater rejection of SO4>~ than CI-.

In the case of dilute feed composition (Figure 2.6 (a) and (b)), both Donnan
(charge) and steric effects would contribute to ion rejection [98]. FA type membranes achieved >

98% rejection of calcium and magnesium ions while the SA type membranes achieved 92 — 94%
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rejection of these cations. Also, FA membranes achieved > 95% rejection of sodium and chloride
ions in each case while the rejection of these ions by SA membranes ranged between 62 — 73%.
The fact that SA membranes achieved lower ion rejection despite having more electronegative
surfaces than FA membranes (Figure 2.4) clearly suggests that the steric rejec