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ABSTRACT
ION TRANSPORT THROUGH MULTILAYER POLYELECTROLYTE
MEMBRANES AND CONDUCTIVE MEMBRANES
By

Chao Cheng

lon separations are essential in applications such as water softening, salt
purification and waste-water treatment. Membrane-based processes are
attractive for such applications because of their low energy and capital costs, but
success in these processes requires selective, ultrathin membrane skins. The

minimal skin thickness affords high flux along with selectivity.

Alternating adsorption of polycations and polyanions is a promising approach
to form highly charged skins on porous membranes. Remarkably, as few as four
bilayers of adsorbed poly(styrenesulfonate)/poly(allylamine hydrochloride)
(PSS/PAH) on alumina membranes provide K+/Mg2+ selectivities >350 in
diffusion dialysis. The same modified membranes show K+/Mg2+ selectivities of
only 16 in nanofiltration (NF), however, suggesting that coupled transport of
water and ions in small membrane defects reduces ion-transport selectivities.
Transmembrane potential measurements show that PSS/PAH films are much
more permeable to Cl than Mg2+, and this leads to -200% rejection of trace K
during NF of MgCly solutions in NF (the K" concentration in the membrane

permeate is three times that in the feed).



The high diffusion dialysis selectivities of (PSS/PAH)s-coated membranes
translate to electrodialysis with an accompanying increase in ion fluxes due to
electromigration. Specifically, (PSS/PAH)s-coated commercial NF membranes
show K+/Mg2+ selectivities around 100, and the K* flux in electrodialysis is 45
times the flux in diffusion dialysis. However, the K" transference number is at
most ~0.35, because protons and anions carry most of the current.
Electrodialysis with chloride salts damages membranes, presumably because of

electrically generated chlorine.

Controlling the membrane surface charge by application of an electric potential
via a conductive membrane skin layer may greatly increase ion rejections and
ion-transport selectivities. Dilute polymerization of polyaniline leads to a film of
conducting polyaniline nanofibers on the membrane surface, and the resistance
across the surface of such coated membranes is in the kQ range. Unfortunately,
initial experiments did not show a significant change in ion fluxes with an applied

potential and conductive membranes, but this area requires further work.

Overall, generating a highly charged and dense polymer film on a porous
membrane provides remarkably selective ion transport in electrodialysis and
diffusion dialysis. Whether electrical potentials applied to conductive membranes

can enhance this selectivity is an open question.
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Chapter 1 Introduction and Background

This dissertation investigates selective ion transport through membranes
modified with layer-by-layer (LBL) polyelectrolyte multilayers (PEMs) or
conductive polymer nanofibers. In some cases, differences in ion sizes and
charges lead to selectivities >350 in the transport of monovalent over
multivalent ions.1 Adsorption of PEMs generates a relatively dense film on top
of a porous support to create a membrane skin that exhibits size-based
selectivity. Moreover, the surface charge on the thin film excludes ions with the
same charge sign, especially multivalent ions. Increasing the charge on the
membrane surface through application of an external potential might enhance
selectivity, and to this end we are developing membranes with conducting
polymer skins.

To provide background for the work, this chapter first reviews methods to
generate polymer thin films, including spin coating, dip coating,
physical/chemical vapor deposition, polymer grafting, interfacial polymerization
and LBL deposition. | emphasize the two main techniques employed in my
work, LBL polyelectrolyte adsorption and dilute polymerization to form
conductive polymers. Subsequent sections discuss membrane-based ion

separations, conductive polymers, and the outline of this dissertation.



1.1 Applications of Thin Polymer Films
Polymer thin films can serve as conductive layers in electronic devices,”
optical absorption coatings in solar cells,B'11 active interfaces for chemical and

. . 12-15 . . . 16-18
biochemical sensors, and anti-corrosion coatings for metals.

Consequently, optimization of the fabrication and properties of functional
polymer films is essential for reducing production costs and improving
performance. Moreover, understanding the mechanism of film formation and
the factors that control film interfacial properties is crucial for future
applications. This dissertation explores polymer-coated membranes for ion
separations where the polymer thin film serves as a selective skin. Thus, film

deposition is a vital part of this work.

1.2 Fabrication of Thin Polymer Films

A partial list of methods to fabricate thin polymer films includes spin
coating, dip coating, physical/chemical vapor deposition, polymer grafting,
interfacial polymerization and LBL adsorption. This section reviews these
techniques with emphasis on LBL adsorption and dilute polymerization of

conducting polymers.



1.2.1 Spin coating

In this method, an excess amount of polymer solution is placed on a flat
substrate, usually in the center, which is rotated so that the polymer solution
spreads over the entire substrate by centrifugal force. The continuous
rotation spins the solution off the substrate from the edge while the solvent

evaporates, leaving a thin polymer layer on the substrate (see Figure 1.1).

Figure 1.1 lllustration of the spin-coating technique for forming polymer thin
films. The film becomes thinner as the substrate rotates to bring the polymer

solution to the edge, and eventually a uniform thin film forms on the substrate.



Figure 1.1 (cont'd) (Reprinted with permission from Colloids and Surfaces B:
Biointerfaces, 2005, 42,115-123) For interpretation of the references to color in
this and all other figures, the reader is referred to the electronic version of this

dissertation.

The film thickness generated by spin coating depends on the spinning

. . . . . 19,20 .
velocity and the coating solution viscosity. Generally, faster rotation and
less viscous solutions lead to thinner films. Emslie et al. first modeled the
evolution of film thickness as thinning of a Newtonian liquid on a spinning

disk.21 This gives rise to equation (1.1)

dh _ 2rw?h3 11

where h is the liquid film thickness, t is spinning time, r is liquid density,
w is spin speed, and 7] is the initial solution viscosity. When % reaches a
specified evaporation rate, E, the film is essentially immobile as the solvent
evaporates to make the solution viscosity too high to maintain flow. Initially,
equation (1.2) describes E

E=Kk(x)— x100) (1.2)
where K is the mass transfer coefficient (equation (1.3)), x{’ is the initial
solvent mass fraction in the polymer solution, and X1, is the solvent mass

fraction that would be in equilibrium with that in the gas phase.22



D
= (C J )(lel) 1/2 (1.3)

u927‘
In equation (1.3), C is a constant which depends on the gas phase Schmidt
number, Dgis the binary diffusivity of the solvent in gas phase, Ug is the
kinematic viscosity of the gas phase, pf is the vapor pressure of the pure

solvent at temperature T, M is the solvent molecular weight, and R is gas

constant.

Equations (1.1) to (1.3) allow calculation of the wet film thickness hW

shown in equation (1.4).

]1/3 (1.4)

o = [(2) k! — 1)

2p

After the coating solution reaches the immobile state, evaporation leads to a
final film thickness hf given by equation (1.5).

he = (1 —x{)hy, (1.5)
Schubert and coworkers suggested that the film thickness also depends on the
solute molar mass and molar mass distribution, as the solution viscosity is
related to both of these values based on the Mark-Houwink equation,
No = KM%, where M is the average polymer molar mass and a and K

are parameters that depend on the particular polymer-solvent systems.23

Spin coating is a simple and fast method that creates uniform thin films

with thickness on the order of micrometers and nanometers, and the spin rate



controls the polymer film thickness. However, a typical spin coating process
only utilizes 2-5% of the coating solution, because the remaining 95%-98%
spins off the substrate.24 Both loss of expensive polymer solutions and waste
disposal contribute to the cost of spin coating. Moreover, the technique is

primarily effective on flat substrates.

1.2.2 Dip coating

Dip coating is an especially simple method for manufacturing thin films.
Figure 1.2 shows the dip coating process. After vertical immersion in the
coating solution for a desired waiting time, pulling the flat substrate out of the
solution at a uniform rate leaves a thin polymer solution deposited on both
sides. The excess liquid will drain from the substrate, and the volatile solvent
evaporates to generate the thin film. A gas flow may accelerate the drying

process.
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Figure 1.2 lllustration of the dip-coating process. (Reprinted with permission

from Macromol. Mater. Eng. 2005, 290,114-121)

The film thickness and morphology are functions of the dip-coating
withdrawal speed, temperature and solvent vapor pressure in the gas phase,
as well as the polymer concentration in solution and the solvent volatility.
Generally, the film deposition falls into one of three regimes based on the
dip-coating withdrawal rate. From low to high withdrawal rates, deposition
moves from the capillary regime to the intermediate regime to the viscous drag
regime, generating a curve of film thickness versus withdraw speed with a

. o . . 25,2
lowest point falls in intermediate regime. > 20



Roland and coworkers showed that the in the capillary regime when the
dip-coating withdraw rate is smaller than 0.1 mm/s, a combination of
. I . . . 27, 28
convective capillarity and evaporation effects govern the film thickness.
Usually in this regime, an ultra-thick film forms as the solvent evaporation rate
is faster than the motion of the drying line (vapor, liquid and solid three-phase

frontier), leading polymer solution to a continuous upward motion to fill the

meniscus by capillary action.

Substrate . aterial

<

VWA=
vy Capillary feeding

K \& N \ijaporation

Evaporation

Figure1.3 The capillarity regime associated with low dip-coating rates.
(Reprinted with permission from J. Phys. Chem. C 2010, 114, 7637-7645.

Copyright (2010) American Chemical Society.)



When the dip-coating speed is between 0.1 to 1 mm/s, a film with minimal
thickness forms. At this critical speed range, the thin film thickness could
decrease to a few nanometers with dilution of the initial solution. For
dip-coating speeds higher than 1 mm/s, a gravity draining force, which
removes excess coating on the substrate, prevents ultra-thick film formation.

Faustini and coworkers developed a model for the overall film thickness as a

function of the dip-coating speed.26 The model yields equation (1.8)

E 2
hy = kij(— + Dus) (1.8)
Lu
where hg is the film thickness, k; is a solution composition constant, E is
the solvent evaporation rate, L is the substrate width, u is the dip-coating
speed and D is a constant representing the solution physical-chemical

characteristics, such as fluid viscosity, density and wetting.26 The dip-coating

temperature influences the film thickness by controlling the solvent
evaporation rate and drying speed of material above the drying line. Higher
temperatures lead to more solution entering the meniscus to generate thicker
films. Nevertheless, the temperature does not necessarily affect the viscous
drag regime. If the initial solution is highly diluted, which reduces ki in
equation (1.8), the curve representing the film thickness versus the withdrawal

speed shifts downward. A few studies examined mesoscopic patterning of



polymer thin films,zg'31 and the composition evolution of supramolecular block

. L . 27,28
copolymer films in dip-coating processes.

The dip-coating technique allows film formation on both sides of an object
in a continuous process, and the loss of coating solution is low compared to
spin coating or spray coating. However, if not all components in the substrate

are submersible, the coating process may require a mask.

1.2.3 Physical/Chemical vapor deposition

Physical vapor deposition (PVD) methods are common techniques for
inorganic thin formation in the semiconductor industry. However, PVD of
polymers has recently drawn attention because of the development of organic

electronic devices. PVD can give a variety of polymer thin films that include

fluoropolymers,32’ 3 polyimides,34'36 vinyl polymers,3 and
polypeptides.40’ 41

In the most primitive PVD of polymers, one simply heats the polymer
source material to induce evaporation and subsequent deposition on a
substrate (Figure 1.4(a)). This strategy usually requires weak intermolecular
interactions in the source material to allow evaporation at low temperatures

that avoid thermal degradation of the polymer. This restriction limits the

10



range of polymers available for direct vapor deposition.

Figure 1.4(b) shows generation of a polymer film through coevaporation of
two monomers in vacuum. Because of the vacuum, collisions between two
monomers seldom occur in the chamber, and polymerization only happens
during annealing of the two monomers absorbed on the substrate. This
method is most applicable to polyimide and polyamide deposition.

A third strategy for PVD leading to polymer films employs radical
polymerization (Figure 1.4(c)). Initiation occurs through radicals generated in
the vacuum chamber, and these species induce polymerization of monomers
adsorbed on the substrate. This method yields thin films containing polymers
with high molecular weights. In addition to generating free monomer radicals in
vacuum, initiators immobilized on the substrate can react with monomer vapor

to grow a polymer covalently linked to the surface (Figure 1.4(d)).

11
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Figure 1.4 Four methods for PVD of polymer thin films. (Redrawn from
Preparation of Polymer Thin Films by Physical Vapor Deposition, Wiley-VCH

Verlag GmbH & Co. KGaA, 2011)

Chemical vapor deposition (CVD) methods involve chemical reaction of
precursor gases brought by a carrier gas to a substrate.
adheres to the substrate and decomposes to generate a thin film and release
byproduct, which along with the unreacted precursor flows out of the chamber.

Initiated CVD (iCVD) and oxidative CVD (oCVD), in particular, can generate
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biocompatible, functional and electrically conducting polymer films.42 IniCVD,

an initiator decomposes into radicals as Scheme 1.1 shows, these radicals
react with vinyl monomers, and the product radicals propagate the
polymerization. The chain terminates by reaction with any radical species in

the reaction chamber. Based on the methods to initiate the chemical reactions,

there are different types of CVD, including hot-wire CVD,43’ 44

48, 49
a

plasma-enhanced CVD,45'47 microwave plasma enhanced CVD, nd

50, 51

laser CVD . In oCVD, the monomer first reacts with an oxidant to generate

cation radicals (Scheme 1.2). Two cation radicals form dimers followed by
removal of two protons with the oxidizing agent anion. This process is

repeated forming the polymer chain.

13
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Scheme 1.1 Generic free-radical polymerization mechanism. |2 represents any

initiator and R represents any radical species. See the text for a detailed
mechanistic description of the mechanism. (Redrawn from Phys. Chem. Chem.

Phys. 2009, 11, 5227-5240)
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Scheme 1.2 Oxidation polymerization mechanism. See text for a detailed
description of the mechanism. (Redrawn from Phys. Chem. Chem. Phys. 2009,

11, 5227-5240)

Unlike PVD, which requires a vacuum below 0.1 mbar to avoid molecular

- . 52 .
collisions in the chamber,”” CVD can occur even at atmospheric pressure.

15



Because CVD is a multidirectional deposition procedure, compared to PVD
CVD gives more conformal films.53 Nevertheless, the poisonous byproducts
often produced during the CVD process cause safety and contamination
problems. In most cases, films generated by PVD or CVD have weak adhesion

to the substrate.

1.2.4 Surface-initiated growth of polymer brushes

Polymer brushes are ultrathin polymer coatings with one chain end or
portion of the polymer chain attached to a substrate or interface. For true

polymer brushes, the polymers must have a high chain density that forces the

polymer chains to extend from the surface.54 The synthesis of polymer

)

brushes typically occurs through “grafting to” and “grafting from” techniques.5

56 The “grafting to” approach involves a chemical reaction or physical

interaction between the polymer chain and the substrate (Figure 1.5(a) and
1.5(b)). In the “grafting from” approach polymer chain grows from an initiator
immobilized on the substrate (Figure 1.5(c)). The biggest drawback of the
copolymer adsorption method (Figure 1.5(a)) is the weak interaction between
polymers and the substrate and the resulting film instability.56 Covalent bonds
between polymer chain ends and the substrate provide more robust polymer

brushes. Compared to the “grafting from” approach, “grafting to” methods yield

16



polymer brushes with lower chain densities because steric hindrance prevents
incoming polymer chains from approaching covered binding sites to generate

dense films.

o\ g
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Figure 1.5 Preparation of polymer brushes: (a) Physical adsorption of the

red blocks of diblock copolymers to the surface (“grafting to” method); (b)
chemical association of the polymer chain end with a complementary
functional group on the substrate (“grafting to” method); (c) growth of polymer

from surface-tethered initiators (“grafting from” method). (Reprinted with
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Figure 1.5 (cont'd) permission from Chem. Rev. 2009, 109, 5437-5527.

Copyright (2009) American Chemical Society.)

.. 57-59 " . . . .
Cationic, anionic, ring-opening, and ring-opening
. . _,. 6567 .
metathesis polymerization are common strategies to grow polymer
brushes from a surface. Controlled radical polymerization methods are
particularly attractive because they provide control over the polymer brush
thickness, composition and architecture with relatively low polydispersity and
allow incorporation of a wide range of functional groups into the film. There are
many strategies for polymer brush synthesis through controlled radical
polymerization, including surface-initiated atom transfer radical polymerization

(ATRP),68'70 surface-initiated reversible-addition fragmentation chain transfer

polymerization,71’ 72 surface-initiated nitroxide-mediated polymerization,73'75

and surface-initiated photoiniferter-mediated polymerization.m'78

Surface-initiated ATRP is the most common technique to grow polymer
brushes as it utilizes a simple procedure and employs inexpensive catalysts to
form versatile polymer brushes. In addition, ATRP affords fine control of the
polymer chain length, topology, composition and functionality, as well as robust
attachment to the surface.

As Scheme 1.3 shows, the ATRP reaction wusually utilizes a

transition-metal complex as catalyst (Mtn-Y/Ligand, where Mt is the metal ion

18



and Y is another ligand or counterion.). Oxidation of the metal ion in the
catalyst accompanied by removal of a halogen atom X from the polymer chain
end or initiator (R-X) generates a radical that initiates or propagates the
polymerization. The resulting halogen anion compensates the extra charge on
the catalyst, and the polymer chain grows with the addition of monomer to the
radical at the polymer chain end. A low activation rate constant, kact, compared

to the deactivation rate constant, kqgeact, leads to a low radical density that

limits the termination of the polymer chains through radical coupling and
disproportionation. A number of parameters control the polymerization rate,
including the amount and reactivity of the catalyst, the counterion, solvent,

ligand and initiator.

kact
R-X + Mt"-Y/Ligand L Re + X-Mt””-Y/Ligand
kdeact k
P k \
t . .
monomer termination

Scheme 1.3 Transition-Metal-Catalyzed ATRP.79

1.2.5 Interfacial Polymerization

Interfacial polymerization (IP) is the main technique for fabricating a dense
polymer film on a porous support to generate NF or reverse osmosis (RO)
membranes. Generally, two monomers react to create a thin polymer film at

the interface of immiscible aqueous and organic solutions on a porous support.

19



Because the film forms a barrier between the immiscible solutions and slows
down the reaction, the film can be exquisitely thin (10-100 nm).80 This
technique allows the film to have a rough surface to improve the water flux for
NF and RO membranes. Several types of polymer films were synthesized by IP,
including polyamides,81 polyureas,82 polyesters,83 polyurethanes84 and

polysiloxanes.85

Song and coworkers weighed the polyamide layer removed from a
substrate to study film growth as a function of trimesoyl chloride (TMC) and
p-phenylenediamine (PPD) concentrations and IP time.86 Figure 1.6 shows a
schematic drawing of interfacial polymerization with these monomers. They
showed that there is an optimum ratio of TMC and PPD (3.5 g/L TMC and 20
g/L PPD) to achieve the highest crosslinking degree for a dense film, as this
film generates the highest NaCl rejection. The film unit area yield reached a
plateau within 30 s when the TMC concentration was higher than 1.0 g/L,
suggesting a dense barrier formed between two phases to block the PPD
diffusion.87 Filtration experiments show that films fabricated with high TMC
concentrations (3.5 g/L or 5.5 g/L) exhibit NaCl rejections >90%, confirming a
dense film. At high TMC concentrations (5.5 g/L), the films prepared with

different concentration of PPD reach the “self-limiting” stage rapidly,

20



suggesting a high concentration of TMC is necessary for the “self-limiting”

phenomena to occur as PPD diffuses to the interface more easily than TMC.2®
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Figure 1.6 Scheme of interfacial polymerization.
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Ghosh et al. investigated the impact of the solvent on the thicknesses of
polyamide films prepared by IP.8‘9 Transmission electron microscopy images
showed that the film thicknesses were 350+100, 200+100, 150100, and
100+£50 nm for cyclohexane, hexane, isopar, and heptane, resppectively, with
other polymerization conditions the same. Higher m-phenylenedianmine (MPD)
solubility in a given solvent produces thicker films with less crosslinking, as the
acetyl chloride groups on TMC react with MPD monomers instead of amine
groups within the polymer chains. In addition, the hydrolysis of TMC reduces
the number of acetyl chloride groups available within the polymer chains and

hence generate a less cross-linked film.
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The properties of interfacially polymerized films (e.g. thickness,
hydrophobicity, roughness and permeability) are the result of many factors. A
partial list of the factors includes monomer concentrations in each phase,
monomer ratio, solvent type, reaction time, additives and post treatment (e.g.

. . . 86, 89
curing time and curing temperature).

1.2.6 Layer-by-layer assembly

LBL assembly techniques can rapidly provide selective skins for

. 90 . . 91
membrane separations, ~ responsive layers in biosensors™  and capsules for

drug delivery.92 This simple film formation approach relies on adsorption of

complementary alternating layers. The affinity between the alternating layers

can arise through electrostatic interactions,%'95 hydrogen bonding,%'98

. 99101 . 102, 103
covalent bonding, hydrophobic forces, and supramolecular

interactions.104’ 105 In the most popular LBL method, Decher and coworkers

first employed electrostatic interactions between polyanions and polycations to

fabricate polymer multilayer films.93 Typically, this technique employs

alternating exposure of charged substrates to oppositely charged species with

rinsing between each adsorption step. The deposition can also occur using dip

coa’[ing,106 spin coating,107’ 108 spray coating109 and flow-based

techniques.94 Moreover, polyelectrolytes amenable to LBL methods include

22



. .94, 110, 1M1 ., M2, 113 111, 114
simple polymers, proteins, colloids, DNA, dye

115, 116 .
molecules, and other charged species.

Figure 1.7 illustrates LBL polyelectrolyte deposition on a flat surface.
Initially, immersion of the positively charged substrate in a polyanion solution
yields a polyanion layer on the surface because of multiple
polyelectrolyte-surface interactions. This is an entropically favored process
because the attachment of a single polymer chain releases multiple
counter-ions into the deposition solution.117 Excess polyanion adsorption
leads to overcompensation of the positive surface charge and a negatively
charged surface. After rinsing, substrate immersion in a polycation solution

adds another adsorbed layer and reverses the surface charge. Repetition of

this process leads to the desired film thickness or number of Iayers.95
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Figure 1.7 LBL assembly of polyelectrolyte bilayers using electrostatic
interactions on a flat surface. (Reprinted with permission from Science 1997,

277,1232-1237)

Below | discuss the factors that influence PEM thicknesses, including
polyelectrolyte structure, supporting electrolyte concentration and other
deposition conditions (e.g. pH, rinsing protocol, solvent composition,

temperature and deposition time).
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1.2.6.1 Polyelectrolyte structures
For some polyelectrolyte combinations, e.g. poly(4-sodium styrene
sulfonate)/poly(allylamine  hydrochloride) (PSS/PAH) and poly(acrylic

acid)/poly(allylamine hydrochloride) (PAA/PAH), the PEM thickness increases

linearly function with the number of absorbed Iayers.118'120 In contrast other

polyelectrolyte pairs such as poly(L-glutamic acid sodium salt)/poly(L-lysine
hydrochloride) (PGA/PLL) and poly(4-sodium styrene sulfonate)/poly(diallyl
dimethyl ammonium chloride) (PSS/PDADMAC) with excess supporting
electrolyte show an exponential increase in film thickness as the number of
adsorbed bilayers increases.121'124 (Figure 1.8 shows the structures of these
polyelectrolytes.) Such exponential film growth occurs when one of the
polyelectrolytes in a pair diffuses into the entire PEM during the deposition.
Upon exposure to the next polyelectrolyte, the previously deposited
polyelectrolyte “diffuses out” of the PEM film to generate a very thick
polyelectrolyte complex. Thus the thickness of each deposition layer increases

as the number of layers in the film increases.125 Usually the polyelectrolyte

that diffuses throughout the PEM has a low charge density and high solubility

. 126
in water.
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Figure 1.8 Structure of common polyelectrolytes used in LBL adsorption.

Even when comparing films that all exhibit either linear or exponential

growth, the polyelectrolyte architecture affects film thicknesses.127'130 Ma et
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al. showed that a PAH/poly(2-hydroxyethyl methacrylate)-graft-poly-(acrylic
acid) (PHEMA-g-PAA) film with 10 bilayers is about 4 times thicker than a
10-bilayer (PAH/PAA) film deposited at the same pH.127 Thus the comb shape
of the PHEMA-g-PAA leads to a much thicker film than adsorption of linear
PAH (Figure 1.9 (b)). Choi et al. found that PEMs fabricated with star-shaped
PAA and star-shaped poly[2-(dimethylamino) ethyl methacrylate] (PDMAEMA)

are two or three times thicker than linear PAA/PDMAEMA films with the same

8

number of deposition cycles (Figure 1.9 (c)).12

Figure 1.9 Comparison of multilayers containing two linear polymers (a),

linear and comb-shaped graft co-polymers (b), and two star-shaped polymers

127,128
(c).

In addition to the polyelectrolyte composition and architecture, the

27



polyelectrolyte molecular weight influences the PEM thickness, although initial
studies reported mostly weak correlations between molecular weight and
thickness. For example, Losche et al. reported that the thickness of PSS/PAH
films is independent of the PSS molecular weight.131 More recently, Kujawa et
al. showed that polyelectrolytes with higher molecular weight (Hyaluronic acid
(HA), 360,000 Da; chitosan (CH), 160,000 Da) doubled the thickness of
12-bilayer CH/HA films compared to low molecular weight ones (HA, 30,000
Da: CH, 31,000 Da).">? In addition, in PSS/PAH adsorption, Milkova and
Radeva found that the thickest bilayers result from the use of low molecular
weight PSS (70 kDa) rather than 150 kDa or 350 kDa PSS.133 They suggest
this is due to an increase in the surface roughness with the lower molecular
weight PSS. Schlenoff et al. demonstrated atypical multilayering
characteristics when adsorbing polymers in the 10 kDa range. In this case, the

multilayer exhibits loss of materials from the film as the result of the formation

of quasisoluble polyelectrolyte complexes.134

Several research groups showed that the polyelectrolyte concentration in

solution affects the PEM thickness. At low concentrations, film thickness

. . . 135-138
increases as the polyelectrolyte concentration rises, but as the

concentration continues to increase the film thickness stays nearly

constant.139 Fleer et al. suggest that this correlation stems from the

interaction between polyelectrolyte chains and the surface.140 At low
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polyelectrolyte concentrations, a given polymer chain binds to many sites on
the surface to give a flat conformation and relatively thin film. On the other
hand, high polyelectrolyte concentrations lead to fewer interactions between a
given polymer chain and the surface because many polyelectrolytes approach
the substrate simultaneously. This should lead to more extended polymers

and thicker PEMs.

1.2.5.2 Supporting electrolytes

Addition of salt to deposition solutions is one of the most common
methods for increasing the thicknesses of PEMs. When adsorption takes
place from solutions without supporting electrolytes, the polymer chains adopt
extended conformations to minimize the charge repulsion between the
repeating units. Adsorption of these extended chains parallel to the substrate
yields thin PEMs. Conversely, supporting electrolyte can screen the charge in
the repeating unit, allowing polymers to coil and from loops and tails. As a
result, thicker films form from supporting electrolyte solutions, and in solution
these films show higher surface charge than films formed in the absence of

139, 141-144

salt Increased surface charge also leads to more polyelectrolyte

139, 143-146

adsorption and, hence, thicker films. Samanta and coworkers

showed that when the salt concentration reaches a critical level, the PEM

. . 147 .
surface roughness increases dramatically. High roughness leads to
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higher surface areas for adsorption and relatively thick films.
In addition to the supporting electrolyte concentration, the salt composition
also influences film thickness. According to several studies, the PEM

thickness correlates with the Hofmeister ordering of the univalent anions in the

139, 145, 148-151

supporting electrolyte. The interaction between chaotropic

anions and polycations is strong and partially neutralizes the polycation charge
to generate a thick film (Figure 1.10(a)). On the other hand, the interaction
between cosmotropic anions and polycations is weak so the polycation chain
stretches to decrease the charge repulsion between repeating units. Thus a
flat and thinner multilayer forms in the presence of cosmotropic anions (Figure
1.10(b)). In addition, the least hydrated and highly polarizable cations provide

the thickest PEM films due to the higher interaction with charged

. 139, 152 . . .
polyanions. However, compared to anions, the influence of cation

composition on the PEM film growth is less significant.
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Figure 1.10 PSS/PAH film formation with chaotropic (a) or cosmotropic (b)
anions in the supporting electrolytes. (Reprinted with permission from

Langmuir 2009, 25, 2282-2289. Copyright (2009) American Chemical Society.)
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Dressick and coworkers found that supporting electrolyte salts with
divalent anions give rise to higher PEM thickness than salts with monovalent
anions.153 Based on their experimental results, they suggested that PAH
aggregated in solution due to intra- and interchain anion bridges through
divalent anions such as SO42' (Figure 1.11). Because the rigid bridging is
relatively stable, PAH does not relax to accommodate additional incoming PAH,
leaving thick layers with void defects which were observed by AFM. However,
after rinsing with salt solution and water, the removal of divalent anions causes
the collapse of the PAH aggregates and eventually the exterior chains exhibit a
more open structure and thus voids heal when the PSS is absorbed on the

film.
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Figure 1.11 Anion-bridging model for PSS/PAH films formed from
polyelectrolyte solutions containing sulfate or other divalent bridging anion
salts. The different shades of blue or red show the chain entanglement in the
multilayer. (Reprinted with permission from Langmuir 2012, 28, 15831-15843.

Copyright (2012) American Chemical Society.)
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1.2.5.3 Deposition conditions

Other deposition variables such as pH,154'156 method (simple immersion,

128, 157, 158

. . . . . o 151
spray coating, spin coating or dip coating), rinsing protocol,

... 139, 159, 160 161-163 . . 164
solvent composition, temperature and deposition time

all affect PEM deposition.

Choi and coworkers found that spin-assisted LbL deposition generates

thinner (PDMAEMA/PAA), films than the conventional immersion method
(Table 1.1).128 The spin-assisted method prevents intermixing within the
multilayer by limiting diffusion time and provides a smoother PEM surface.
However, this result contradicts findings from Kharlampieva et al.,158 in which
a spin-assisted method gave rise to thicker PSS/PAH multilayers than dipping.
The difference between these studies might stem from the lower charge
density of PDMAEMA compared to PAH. Interdiffusion of polyelectrolytes

may be much more important with PDMAEMA than PAH.
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Table 1.1 Ellipsometric thicknesses for (PDMAEMA/PAA), films formed

though dip and spin deposition methods. The polyelectrolyte deposition

solution pH was 6 in both cases. (Taken from J.Am.Chem.Soc. 2011, 133,

9592-9606)
(PDMAEMA/PAA), Thickness (nm)
method n=9 n=18 n=30
dip 141.3+£0.5 514.6+15.0 959.1+39.7
spin 31.6+1.5 70.0+1.0 114.5+0.3

Long et al. studied the influence of solvent on the growth of poly(sodium
2-acrylamido-2-methylpropanesulfonate) (PAMPS)/PDADMAC  multilayer
films."™ They employed a quartz crystal microbalance (QCM) with dissipation
measurements to investigate the PEM growth as a function of the methanol
molar fraction in water (X,s) (Figure 1.12). As equation (1.9) shows, the
decrease in the QCM resonant frequency (Af) is proportional to the mass
change (Am) after each deposition step as long as the adsorbed layer is rigid
and evenly distributed, and much thinner than the crystal.

Am = —c& (1.9)
n
In equation (1.9), C is the mass sensitivity constant and n is the overtone

number (n =1, 3, 5, ...). Figure 1.12 shows that the film growth changes from a
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linear to an exponential trend as the methanol molar fraction increases.
Poptoshev and Caruso observed a similar trend for PSS/PAH multilayer
adsorption in mixtures of water and ethanol.160 The change in
PAMPS/PDADMAC growth mode may result from a gradual rise in the surface
roughness of the film when polymers become more coiled as the fraction of
organic solvent increases. Such increases in roughness lead to more surface
area for adsorption of the subsequent layer. As X, initially increases, the
screening of electrostatic repulsion between the charged polyelectrolyte
repeating units decreases because the dielectric constant of the solvent drops.
This leads to more adsorption of coiled polyelectrolytes. However, both the
polyelectrolytes have a minimum ionization degree in 75% methanol, as
determined by measuring the conductivity of the polyelectrolyte solution in the
solvent mixture. This gives rise to the smallest chain charge density and

thereby the most coiled polyelectrolyte conformation.
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Figure 1.12 The frequency shift as a function of PAMPS/PDADMAC layer

number for deposition from solvents with different molar fractions of methanol

(Xpm)- Even and odd layer numbers represent deposition of PDADMAC and

PAMPS respectively. Deposition solutions also contained 2.0 mM NaCl.
(Reprinted with permission from Langmuir 2013, 29, 3645-3653. Copyright

(2013) American Chemical Society.)

1.3 Conducting polymers

With PEMs, the maximum zeta potential is typically around 50 my. %0 16

In the future we hope to apply much larger electrical potentials at the surface of
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conducting membranes to increase electrostatic exlusion of ions and enhance
ion-transport selectivities.  Chapter 4 describes our initial studies on
depositing conducting polymer films at the surface of filtration membranes, and

this section provides an introduction to conducting polymers.

Conducting polymers contain conjugated, delocalized double bonds along
their backbones. The polymers are conductive due to the movement of
electrons in unoccupied energy states (n-type) or movement of holes in filled
energy states (p-type). The conductive electrons or holes result from chemical
oxidation or reduction, respectively. Chemical oxidation, for example, removes
electrons to generate conductive polymers with positive charge on the
repeating unit, and anions compensate this charge to form polymer salts. The
oxidation (or reduction) process with compensation of the polymer charge is
termed doping and enhances the conductivity of conductive polymers by
several orders of magnitude, from the semiconductor to the metal level. Most
conductive  polymers are p-type, including polyaniline (PAN),
poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole, and polythiophene.

The section below further discusses PAN, which is a major focus of this work.
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1.3.1 Polyaniline

Polyaniline (PAN) was first discovered as a conductive polymer in the mid
1980s, although it was first prepared in the 1840s. It has three oxidation states
(Figure 1.13), the fully reduced form (leucoemeraldine), the half oxidized form
(emeraldine) and the fully oxidized form (pernigraniline). Only the emeraldine
salt (doped polyaniline) is highly conductive. The conventional chemical
oxidation synthesis method in a protonic acid gives rise to the emeraldine salt
form of PAN, or doped PAN. The emeraldine base consists of alternating
reduced and oxidized units as shown in figure 1.14. The emeraldine salt could

be dedoped (deprotonated) and redoped (protonated) by base and acid.

Figure 1.13 Scheme structure of polyaniline with three oxidation states.
n=1 m=0, leucoemeraldine — white or colorless
n=m=0.5, emeraldine- blue

n=0 m=1, pernigraniline — blue or violet
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Figure 1.14 Deprotonation (dedoping) and protonation (doping) of
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polyaniline salt (bottom) and emeraldine base (top).

1.3.2 Synthesis of PAN nanofibers

Polyaniline nanofibers on a membrane surface may enhance the charge
density of the selective skin layer upon application of a potential. There are

numerous approaches based on chemical oxidative polymerization to
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synthesize polyaniline nanofiber coatings including the use of hard

166-169

170-17
templates, surfactants, 0-173

.. 174, 175 .
electrospinning, interfacial

167, 176 177-179

polymerization, and seeding polymerization. However, these

methods are complex, expensive and include multiple steps. Chiou et al.
developed an easy and inexpensive method, dilute polymerization, to

synthesize supported, aligned polyaniline nanofibers by exposing the

. . . ) 1 181
substrates to monomer and oxidant solutions with low concentrations. 80,18

The mechanism of fiber formation is unclear; however, Chiou et al. suggest a
nucleation and growth process, where some nanofibers formed on the
substrate serve as the nucleation sites for additional nanofibers. With a higher
concentration system, the individual polyaniline nanofibers pack very densely

and merge with each other, and the nanofiber structures disappear.

1.4 lon Separations with Membranes
The focus of this thesis is the development of new membrane coatings for

highly selective ion separations. Membrane-based techniques for ion

182-184 182, 185-187

separations or water desalination include NF, RO diffusion

91, 192 193-195

dialysis,188-190 electrodialysis,1 facilitated-transport dialysis,

196, 197

) et us 198 ..
forward osmosis, and membrane distillation. Reverses osmosis is

now an accepted technique for creating potable water from seawater, whereas
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NF is especially useful in water softening and employed in water treatment.
Forward osmosis and membrane distillation are emerging techniques for
applications such as desalination and food processing, whereas electrodialysis
and diffusion dialysis typically aim at synthesis or purification of specific salts.
Facilitated transport is a highly selective membrane separation technique that
has not yet been widely applied due to technical challenges.199 This section
focuses on the membrane processes examined in this dissertation including

NF, diffusion dialysis and electrodialysis.

1.4.1 Nanofiltration

NF is a pressure-driven membrane filtration process similar to RO, but NF
requires less transmembrane pressure and provides lower rejection for
monovalent ions. Low monovalent ion rejections and high membrane
permeabilities make NF membranes more energy efficient than RO systems

for water softening and organic pollutant removal.

In some cases, the solution-diffusion model effectively describes the
performance of NF membranes. Although more commonly employed with

RO, the solution-diffusion model should also apply to “tight” NF membranes,

200, 201

which contain a relatively dense skin on a porous support. In the

solution-diffusion model, ions permeate through the membrane due to a
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concentration gradient. Equation (1.10) describes the salf flux, ]j, where B
is the salt permeability constant and Co and Cj, are the salt concentrations

on the feed and permeate sides of the membrane, respectively.

Ji = B(¢j, —¢j,) (1.10)

The water flux,/,,, depends on the pressure drop across the membrane, Ap,

the solution osmotic pressure, Am, and a permeability constant A (equation

(1.11)).
J, = A(Ap — Am) (1.11)

The membrane performance in terms of salt removal is reported in terms of

rejection, R, and selectivity, a, which are defined in equation (1.12) and (1.13),

R = (1 — Cﬂ) x 100% (1.12)
le
100—R,
R (1.13)

where R1 and R2 represent the rejection of solute 1 and solute 2 respectively.

The salt rejections depend on both size-based and Donnan exclusion. In
Donnan exclusion, the charged membrane creates a potential that excludes
ions with the same charge, particularly multivalent ions. Schaep et al. studied

the influence of ion size and charge on salt rejection in NF.202 For both NF 40

(negatively charged) and UTC 20 (positively charged) membranes whose pore
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radii are around 0.4 nm, the rejections of NaSO4, MgClz2 and NaCl were
similar, suggesting that charge is not the primary factor in salt rejection by
these membranes. However, salt rejection correlated inversely with the salt
diffusion coefficients in water. In contrast, for a NTR 7450 membrane, which
has larger pores (~0.8nm), Donnan exclusion primarily determined salt

rejection.

By optimizing the membrane surface charge, Ouyang et al. achieved a
Na*/Mg?"* selectivity of 22 along with a 0.85 m>/(m? day) solution flux (4.8 bar
transmembrane pressure) using membranes composed of five bilayers of
(PSS/PAH) on alumina supports.90 In addition, Stanton et al. reported
CI/SO4°" selectivities as high as 35 with (PSS/PAH)4PSS films on alumina
supports,.203 By switching the top layer from PSS to PAA, the selectivity

increased to about 85 although the water flux dropped about 50%.

D . . . 204 .
NF applications include recovering monovalent ions, softening

90, 205 206, 207

water, and removing heavy metal ions. Chapter 2 examines

the unusual phenomenon of negative ion rejection in NF, where a salt
concentration on the permeate side of the membrane is higher than that in the
feed. This negative rejection might prove useful for trace ion removal from a
multivalent salt solution. That chapter provides a longer discussion of negative

rejection.
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1.4.2 Diffusion Dialysis

Diffusion dialysis employs a concentration gradient across a selective
membrane as the driving force to achieve ion separation or enrichment.
Wallace first applied diffusion dialysis as a separation method to enrich
radioactive species.208 He employed 0.01 M UO2(NOg3)2 as the feed solution
for a cation selective membrane, and 2 M nitric acid as the receiving solution
(Figure 1.15). Because of the 2 M concentration gradient, protons diffused
through the membrane to the feed side, whereas anions could not permeate

through the cation exchange membrane. To maintain electrical neutrality,

U02+ diffused to the receiving solution with a 28-fold enrichment.
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Feed Strip

0.01 M UO,(NO,) 2M HNO,
No HNO;, 0.04 ml/min
- [IIIII]
Raffinate
Product HNO;
0.28 M UO,(NO;), €— —> 0.02 M UO,(NO3),

Figure 1.15 lllustration of diffusion dialysis to enrich uranyl nitrate. (Redrawn from Membrane Technology and Applications.)209
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Diffusion dialysis is mostly used for acid recovery from solutions containing

189, 210 or alkali recovery.211 Oh et al. studied how acid

heavy metals,
recovery in diffusion dialysis depends on the metal cation.210 Within the
different concentration ranges for each metal ion, the acid recoveries for HNO3,
HCI and H2SO4 were 90%, 90% and 70% respectively. The dialysis
membrane effectively rejected Fe3+, Cu2+, Ni2+, Cr3+ and Zn2+, with the
exception of Zn2+ in HCI, which showed high leakage. Wang et al. studied
the acid adsorption on the anion exchange membranes by obtaining a
breakthrough curve of acids as they diffuse through the membrane. The acid
adsorption is related to acid concentration and acid species, and both high

acid concentration and low valence of the acid species lead to a high

212
permeance.

Chapters 2 and 3 show that membranes containing a (PSS/PAH), film on

porous alumina exhibit K+/Mg2+ selectivities >350 in diffusion dialysis. The

solution ionic strength also influences the membrane permeability. Chapter 2

provides a detailed discussion.

1.4.3 Electrodialysis

Electrodialysis is a separation process that employs electric currents to

move ions across membranes. For example, Figure 1.16 shows one method
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for desalination using electrodialysis. Salt solutions enter specific cells and the
electrical potential drives Na' to the left through the cation exchange
membrane and CI to the right through the anion-exchange membrane.
Because the Na' does not permeate through anion exchange membranes and
Cl does not pass through cation exchange membranes, salt collects in the
pickup cells and desalinated water exits from the feed cells. Other applications
. L . 213 . 214

of electrodialysis include water softening, acid recovery, heavy metal

215 . 216 . . .
removal, whey desalting, and removal of acids from wine and fruit

L2217
juice.
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Figure 1.16 Scheme of electrodialysis for desalination. (Redrawn from Membrane Technology and Applications.)209
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Lambert et al. studied the electrodialytic removal of trivalent chromium in
wastewaters resulting from leather tanning.215 After electrodepositing PEI on
a Nafion membrane, the selectivity of sodium over chromium increased from 3
to about 16. Mulyati and coworkers employed an anion exchange membrane
coated with 15 bilayers of PSS/PAH for electrodialysis.>'® The PSS/PAH
coating simultaneously improved the monovalent CI'/SO42' selectivity and

decreased fouling by an anionic surfactant. = However, the CI'/SO42'

selectivity was still low.

In Chapter 3, we utilize a PSS/PAH-modified alumina membrane as a
monovalent cation selective membrane in electrodialysis and demonstrate a
4-fold increase of monovalent ion flux compared to diffusion dialysis. A
PSS/PAH-coated NF membrane shows a 45-fold increase of monovalent flux
in electrodialysis compared to diffusion dialysis, and the membrane maintains

a monovalent over multivalent ion selectivity higher than 100.

1.5 Dissertation Outline
This dissertation focuses on ion separations that use polymer-modified
membranes in diffusion dialysis, electrodialysis, and NF. Chapter 2

investigates the factors behind the high (>350) K+/Mg2+ selectivity of

PSS/PAH-modified alumina membranes in diffusion dialysis. Unfortunately,
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selectivity is much lower (~16) in NF due to the coupling of water and ion
transport through membrane defects. Measurements of transmembrane
electrical potentials show that the transference number for M92+ in MgCl2
solutions, especially at low concentration, approaches zero. However, these
high anion/cation selectivities decrease as the solution ionic strength increases.
In NF, the high asymmetry of membrane permeabilities to M92+ and CI'
creates transmembrane diffusion potentials that lead to negative rejections
(the ion concentration in the permeate is larger than in the feed) as low as -200%
for trace monovalent cations such as K  and Cs'. Moreover, rejection
becomes more negative as the mobility of the trace cation increases. These
studies demonstrate that PSS/PAH-modified membranes are attractive for salt

purification and water-softening applications.

Chapter 3 compares K+/Mg2+ selectivities and cation fluxes in diffusion

dialysis and electrodialysis through membranes coated with PSS/PAH films.
In both techniques, K+/Mg2+ selectivities reach values >100, and with

(PSS/PAH)s-coated NF membranes the K" flux in electrodialysis is 45-times

the flux in diffusion dialysis.  Thus, the applied electric current can increase

flux without decreasing selectivity. However, the K" transference number is

at most ~0.22 because protons and anions also carry current. lon fluxes and

K*/Mg2+ selectivities depend on the anion of the K+/Mg2+ salts. Sulfate
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decreases the surface charge on (PSS/PAH)s-coated membranes and
reduces K+/Mg2+ selectivities to ~40 for films on porous alumina in both
diffusion dialysis and electrodialysis. Chlorine generated during electrodialysis
with chloride salts damages (PSS/PAH)s-coated membranes, and selectivities
decline dramatically after 60 min. This work demonstrates that electrodialysis
is an applicable method for (PSS/PAH)-modified membranes to achieve high

monovalent/multivalent ion separation efficiency.

Chapter 4 demonstrates the successful modification and characterization of
different porous supports with conductive polyaniline nanofibers by dilute
polymerization. However, the ion separations with these membranes in
diffusion dialysis and NF are still under investigation. Preliminary results did
not show increases in ion-transport selectivity when applying electrical

potentials.

The final chapter briefly summarizes the research and touches on future
work, particularly relating to the conductive polymer modified membranes for

ion separations.
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Chapter 2 Fundamentals of Selective lon Transport

through Multilayer Polyelectrolyte Membranes

2.1 Introduction
Layer-by-layer adsorption of polycations and polyanions on porous

supports is a convenient method for controlled formation of ultrathin

)

membrane skins. 2 Although this multistep procedure may be cumbersome

for large-scale membrane applications, polyelectrolyte multilayers (PEMs) on

porous supports provide a unique platform for examining mechanisms of ion

transport.3’ 4 Commercial membranes, such as those formed by interfacial

polymerization, are very effective in water treatment but determining the

properties of the membrane skin is challenging.5'9 Deposition of PEMs on
well-defined supports such as nanoporous alumina gives membrane skins
whose thickness and surface charge controllably vary with the number of

adsorbed layers. Transport properties also depend on the specific

polyelectrolytes and the deposition conditions, i.e. pH and ionic strength.m'14

Under optimized conditions, ultrathin PEMs can serve as the selective skins in

. 15-18 . 19,20 21-24
pervaporation, gas-separation,

nanofiltration (NF), and forward

0osmosis membranes.

Similar to reverse osmosis (RO), NF involves pressure-driven passage of
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water or another solvent through a membrane. However, RO membranes are
denser than NF membranes, so NF requires lower pressures for a given flux,
and monovalent ion rejections are typically lower in NF than RO. The
solution-diffusion model,29 which assumes that transport through the
membrane occurs solely by diffusion, adequately describes RO, but NF
membranes may contain pores large enough to allow for some convective salt
transport.3o’ 31 Supported PEMs behave as NF membranes, selectively
rejecting divalent ions.21’ 23 Moreover, the well-defined structure of PEMs
gives a convenient system to examine the applicability of the solution-diffusion
model through a combination of NF experiments and diffusion dialysis.

Tieke and coworkers first reported NaJr/Mg2+ diffusion dialysis selectivities
as high as 113 with 60-bilayer protonated poly(allylamine)
(PAH)/poly(4-styrenesulfonate) (PSS) films on a porous polymer support.
Films with 5 and 10 bilayers showed selectivities between 30 and 40.14 In later
dead-end, single-salt NF experiments, the NaJr/Mg2+ selectivity was only 10
for 0.01 M chloride salt solutions, even with a 60-bilayer
polyvinylamine/polyvinyl sulfate film. Nevertheless, selectivities appeared to be
higher at lower salt concentrations (0.001 M) where M92+ rejections
approached 100%.32 Ouyang and coworkers achieved 95% M92+ rejection
along with a NaJr/Mg2+ selectivity of 22 using feed solutions containing both

NaCl and MgClz and porous alumina membranes coated with (PSS/PAH)5
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films.21 However, they presented no diffusion dialysis studies, so testing of the
solution-diffusion model was not possible.

In addition to simple diffusion, electric fields that arise spontaneously due
to different membrane permeabilities to cations and anions also influence ion
transport across NF and RO membranes. This is especially evident in NF of

mixed salt solutions, where the concentration of a given ion may be higher in
. . D 21, 33, 34 . .
the permeate than in the feed (negative rejection). In particular with
solutions containing both NaCl and MgClz, NF through (PSS/PAH)4
membranes results in small negative Na" rejections (about -30%)21 because
- + 2+ 14 .
the PEMs are more permeable to Cl and Na than Mg~ .  Initial passage of

excess Cl creates a negative potential that pulls extra Na+ through the

membrane (see Figure 2.1).

This study examines the mechanisms of cation transport through PEMs
deposited on nanoporous alumina. Specifically, we first combine diffusion
dialysis and NF experiments to determine whether the solution-diffusion model
applies to NF through PEMs. Second, we measure transmembrane potentials
to investigate the selectivity of the PEMs for anions over cations at various salt
concentrations. These studies also include an examination of diffusion dialysis
and NF as a function of salt concentrations. Finally, we study negative
rejections of trace ions, which depend on both the electric potential developed

across the membrane (due to anion/cation selectivity) and the membrane

68



permeability to the trace ions.
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Figure 2.1 Schematic, qualitative drawing of ion distributions and transport
during NF of a solution containing MgCl2 and trace amounts of NaCl. The high
permeability of CI relative to Mg2+ leads to a negative electric potential drop

across the membrane. This potential enhances the transport of trace Na" ions
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Figure 2.1 (cont'd) and can lead to higher concentrations of Na® in the
permeate than in the feed. The arrows qualitatively show the relative fluxes
due to diffusion (blue) and electromigration (red) for each ion. In the absence

of convection, the total flux is the sum of the arrows.

2.2 Experimental Section

2.2.1 Materials

Poly(sodium 4-styrenesulfonate) (Mw=70,000 Da) and poly(allylamine

hydrochloride) (Myw=15,000 Da) were obtained from Aldrich. Salts were

purchased from Columbus Chemical with the exception of CsCI (Aldrich) and
LiCl (Jade Scientific). LiCl and CsCl are hygroscopic, so we prepared stock
solutions from freshly opened bottles. All chemicals were used as received
without further purification. Deionized water (Milli-Q system, 18.2 MQcm) was
employed in all experiments. The pH of the polyelectrolyte solutions was

adjusted with dilute aqueous HCI or NaOH.

2.2.2 Film Deposition
Porous alumina membranes (0.02 pm Whatman Anodisk filters, all

membranes were used from the same box unless specified otherwise) were

treated with UV/O3 (Boekel UV-Clean Model 135500) for 15 min and placed in
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a home-built O-ring holder that exposes only the feed side of the membrane to
polyelectrolyte solutions. The deposition solutions (pH 2.3) contained 0.02 M
(with respect to the repeating unit) polyelectrolytes along with 1 M NacCl for
PAH and 0.5 M NaCl for PSS. The low deposition pH is common for PSS/PAH
films,35 and addition of 1 M NaCl to PAH adsorption solutions leads to a high
surface charge for monovalent/multivalent ion separations.21 Polyelectrolyte
multilayers were adsorbed by alternatively exposing the top surface of the
membrane to polyanion and polycation solutions for 5 min with 1 min rinsing
with deionized water between each deposition step. PEMs usually contained
four PSS/PAH bilayers to allow high water flux while still providing full

coverage of the support.1 1,21

2.2.3 Nanofiltration

NF experiments were performed with a home built system described
previously.22 Briefly, the crossflow apparatus was pressurized with N2, and a
centrifugal pump circulated the feed solution across the membranes at 26
mL/min to minimize concentration polarization. A stainless steel prefilter (Mott
Corp.) removes rust or insoluble particles prior to passing solution over the
membrane. The exposed membrane external area was 1.7 cm2. After 18 h of
filtration to reach steady state, permeate aliquots (<10 mL) were collected for

periods ranging from 30 min to 2 h, and the feed solution was sampled at the
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end of the experiment. The feed volume was initially 2 L. The concentrations of
most cations were determined using inductively couple plasma-optical
emission spectroscopy (Varian 710-ES). Cs’ was analyzed by atomic
emission spectroscopy (Varian AA240), and nitrobenzene was analyzed by
UV-Vis absorbance measurements (Perkin Elmer Lambda 40). The rejection,
Re, was calculated with equation (2.1), where Cf and Cp are the feed and
permeate concentrations, respectively. Selectivity, for ion 1 over ion 2, Aq1/2,

was calculated using equation (2.2).

Cr—C
Re =2 2.1)
Cr
C1,p/C1f _ 100—Req
)y = = (2.2)

C2p/Caf  100-Re,
Multiple permeate samples from each of at least two membranes were
collected for determination of ion rejections and solution fluxes. The * values

represent standard deviations of at least 4 values.

2.2.4 Diffusion Dialysis

Diffusion dialysis was performed as described previously.36 A membrane

was sandwiched between the source and receiving cells, and the solutions in

each cell (initially 90 mL each) were stirred vigorously. The cells exposed a

membrane area of 2.1 cm2. One-mL aliquots were withdrawn periodically

from the receiving cell to monitor the analyte concentration as a function of
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time, and similar aliquots were taken from the source phase to maintain equal
volumes. Because the diffusion flux is relatively small, the concentration
gradient across the membrane is essentially constant. Moreover, the
transporting salt concentration in the source phase was limited to 0.01 M to
minimize osmosis. In most experiments, the receiving phase was initially
deionized water. For diffusion dialysis experiments as a function of solution
composition, we added a background salt in equal concentrations to both the
source and receiving reservoirs to keep osmosis and diffusion of the added
salt negligible. At least three membranes were used to obtain the diffusion

fluxes, and * values represent standard deviations where n is typically 3.

2.2.5 Membrane Potential

Membrane potential measurements were carried out using the diffusion
dialysis apparatus (no convective flow) with solutions containing different salt
concentrations on each side of the membrane. Before measuring the
transmembrane potential, the two Ag/AgCI reference electrodes (saturated
KCI, CH Instruments) were placed in the receiving phase solution to determine
the electric potential difference between these electrodes. This potential drop
was subtracted from the membrane potential reading, which was obtained
when the reference electrodes were placed on the different sides of the

membrane. The difference between the junction potentials of the electrodes in
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the source and receiving solutions was also subtracted (see Appendix A). To
minimize the diffusion boundary layers at the membrane surface, both
. . . . L - 37, 38
solutions were stirred vigorously. Solution activity coefficients for KClI,

MgSO4,39 and MgCI240 were usually obtained by interpolation of literature

data. For MgCly at concentrations <0.00464 M, activity coefficients were

estimated from the Debye-Huckel equation. Three membranes were used to
obtain values of the membrane potential, and * values represent standard

deviations.

2.3 Results and Discussion

lon transport through PEMs may include diffusion, convection, and
electromigration components, and the film permeability often varies with the
solution compos.ition.41 Thus, ion flux is a complicated function of salt
concentrations and transmembrane volume flow. To evaluate the effects of
different variables on transport, this section first examines salt permeabilities in
diffusion dialysis where transmembrane volume flow is negligible. Subsequent
NF studies show that transmembrane volume flow significantly enhances ion
transport, and measurements of membrane potentials assess relative
permeabilities of cations and anions. Finally, NF measurements with mixed
salts at varying concentrations show remarkable negative rejections due to

spontaneously-arising transmembrane electric potentials that result from
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higher membrane permeabilities to anions than cations.

2.3.1Diffusion Dialysis

In dialysis experiments, ions diffuse across a membrane from a
concentrated source phase to a dilute receiving phase. Figure 2.2 shows the
evolution of the receiving phase K" and M92+ concentrations during aqueous
dialysis of 0.01 M MgClz or 0.01 M KCI through a porous alumina membrane
coated with a (PSS/PAH), film. (The receiving phase initially contains
deionized water.) Based on the slopes in Figure 2.2 and in similar replicate
experiments, the flux of KCl is 2.4+0.5 x 10 mol cm™ s'1, whereas the flux of
MgCly is <7 x 1072 mol cm™ s™. As Table 2.1 shows, these fluxes lead to a
remarkable K*/Mg®* selectivity >350, and in dialysis with a source phase
solution containing both MgCl2 and KCI, the fluxes of each cation are
essentially similar to those in single-salt experiments. Tieke and coworkers
performed dialysis using (PSS/PAH)60 films on porous
poly(acrylonitrile)/poly(ethylene terephthalate) supports and achieved a
Na+/Mg2+ selectivity of 113 with source phase concentrations of 0.1 M.14 The
support and number of layers in the film as well as the source phase

concentration likely affect selectivities.
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Figure 2.2 Amount of KCI (blue diamonds) or MgCl2 (red squares) in the

receiving phase as a function of time in diffusion dialysis of 0.01 M KCI or 0.01
M MgCl2 through a porous alumina membrane coated with a (PSS/PAH)4 film.

The inset shows an enlarged region for the MgCly.

Dialysis using porous alumina coated with a (PSS/PAH)4PSS film gives
salt fluxes (Table 2.1) similar to those with (PSS/PAH)4-coated membranes.

Hence, the surface charge is not a dominant factor in controlling transport, and

the K+/Mg2+ selectivity likely results primarily from the difference in hydrated

ion sizes (or solvation energies) rather than charge exclusion. Previous SEM
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images of these membranes show that the interiors of the pores are open, and

selectivity only increases dramatically after full coverage of the support.”’ 21

Thus the primary effect of the polyelectrolyte adsorption results from the film
on the surface and not adsorption within pores.42 The relatively dense PEM
structure is essentially impermeable to M92+ (hydrated diameter of 8 A) but
much more permeable to K* (hydrated diameter of 3 A).43 Studies with the

transport of neutral molecules suggest that the effective pore diameter in

(PSS/PAH)7 films is around 0.8-1.0 nm, which is consistent with the exclusion

of M92+.36
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Table 2.1 lon fluxes and selectivities in diffusion dialysis of KCI and MgCl2

through bare porous alumina membranes and similar membranes coated with

(PSS/PAH)4 and (PSS/PAH)4PSS films.

Single Salt lon
Selectivity
Membrane lon Flux )
+ +
Y (K Mg~
(nmolcm s )
+
K 6.43£0.65
Bare Alumina 1.47+0.15
Mg=* 4.36£0.04
(PSS/PAH)4-coated K" 2.39+0.50
>350
Alumina Mg?" <0.007
(PSS/PAH)4PSS-coated K" 3.09+0.18
27693
Alumina Mg?" 0.011+0.004

lon fluxes through these composite membranes are affected by both the PEM
and the alumina support. In each of these membrane regions, equation (2.3)
describes the salt flux, J, where AC is the concentration gradient across the
region and P is the local permeance.

J = PAC (2.3)
According to the series resistance model,44 equation (4) describes the
permeance of the PEM, Pfilm= where Pcomposite is the permeance of the

PEM-coated membrane and

78




PcompositePsupport
Priym = (2.4)

Psupport—Pcomposite

Psupport is the permeance of the bare alumina. We calculated the values of
Peomposite and  Psyppore for KCl using equation (2.3) with 0.01 M for AC
and diffusion fluxes of 6.4 and 2.4 nmol cm > s through the bare and modified
membranes, respectively. Equation (2.4) then reveals that the permeance of
the PEM, Pfilm’ is 3.8 ym/s. In contrast, the PEM permeance to MgCly is

<0.007 pm/s.

2.3.2 Nanofiltration

In NF with PEM-coated porous alumina, a pressure drop forces water
across the membrane while the feed solution flows parallel (crossflow) to the
membrane surface. If water and ion transport occur solely by independent
diffusion, the solution-diffusion model should describe the ion rejection. In this
model, equation (3) still describes the salt flux across the membrane, with
P = Pfilm- Assuming negligible concentration polarization in the feed
solution, or ACf;;, = Cr — Cp, equation (2.5) describes the salt rejection

based on the solution-diffusion model,

P .
Re=1-—L" (2.5)
]v+Plem

where ]v is the volumetric flux through the membrane (see Appendix A for

more details on the solution-diffusion model).
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Table 2.2 shows experimental and predicted salt rejections in NF with
alumina membranes coated with (PSS/PAH)4 films. We predicted the
rejections using the Pfilm values from diffusion dialysis, the experimental
values of J,,, and equation (2.5). Notably, the solution-diffusion model greatly
over predicts the NF rejections. Although the K+/Mg2+ selectivity in NF is 16,

which is similar to the Na+/Mg2+ selectivity in our previous Work,21 this

selectivity is much lower than the value of >350 observed in diffusion dialysis.
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Table 2.2 Experimental and predicted ion rejections and K+/Mg2+ selectivities in NF® of 0.01 M KCl or 0.01 M MgCl2 through

porous alumina membranes coated with (PSS/PAH)4 films. The table also presents values of the solution flux through the

membrane.

Predicted Valuesb

Experimental Values

Rejection (%) Rejection (%) Solution Flux (m°/m?/day)
Selecti\éity Selectivzity
+ + + +
K /M K /M
< M92+ ( g ) + Mgz+ o Mgz+ ( g )
85.314.3 >09.96 >350 47.3+x4.4 96.7+£0.7 1.91+0.07 1.61£0.07 16.0+£1.3

@NF occurred with a transmembrane pressure of 5 bar and a crossflow rate of 26 mL/min.

bThe predicted values were calculated from the diffusion dialysis results and the solution-diffusion model.
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The lower than expected rejections in NF likely stem from convective

transport of ions. However, given the assumption of a ~20 nm21 thick

polyelectrolyte layer, the permeability coefficients estimated from the diffusion

dialysis data are 4 and 7 orders of magnitude lower than the bulk diffusivities

for KCI and MgCly, respectively. Such strongly reduced diffusivities are hardly

compatible with the picture of a nanoporous medium, which is required to have

noticeable convective coupling in a defect-free matrix. Thus, the increased

passage of MgClo in NF most likely stems from convection through film

imperfections that arise due to inhomogeneities in the alumina support. Some
SEM images reveal defects in the alumina skin layer on the porous alumina
supports (see Appendix A Figure A5), and such imperfections will likely lead to
defects in the PEM. NF rejections and diffusion dialysis fluxes seem to vary
when we use membranes taken from different boxes, and SEM images
suggest that the defect density varies from box to box (see Appendix A).
Therefore, the data above were all obtained using one box of alumina

supports.

Concentration polarization may also decrease K+/Mg2+ selectivity in NF

compared to diffusion dialysis. However, the M92+ rejection is not a strong

function of either crossflow rate or permeate flux, so concentration polarization
is not the primary factor leading to low rejection. Moreover the concentration
polarization factors needed to make the NF results consistent with dialysis
data seem unreasonably high (see Appendix A for a longer discussion of

concentration polarization).
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2.3.3 Membrane Potential

The rate of salt diffusion through a membrane depends on the solubility
and diffusivity of both the cation and the anion, but transport experiments
typically assess only a composite salt permeance. In contrast, electrical
potential drops across membranes exposed to salt concentration gradients

inherently reveal the relative permeabilities of cations and anions. Ideally, the

electrical potential drop across the membrane, E, is a function of the

transference numbers of the cation and anion, £, and t_, respectively,

according to equation (2.6).45

E = (t—++t—‘)};—Tlna— (2.6)

Zy  Z_ a,
In this equation, R is the gas constant, Z, and Z_ represent the charges
of the cation and anion, respectively, T is the temperature, F is the Faraday
constant and a4 and a, are the salt activities in the source and receiving

phase solutions, respectively. The transference numbers depend on the
charge, concentration, and diffusivity of each ion, as equation (2.7) shows for

the cation.

£ = |z4+|C+ D+
t T |zplCeDy+]z_|C_D_

(2.7)

In this equation, C, and C_ are the concentrations and D, and D_ are

the diffusion coefficients of the cation and anion, respectively. Because for

MgCl2 most of the mass transport resistance of the coated membrane stems
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from the PEM, the transference number is essentially that in the film, and the
support can be neglected. For KCI, the transference number reflects the

selectivity of both the support and the PEM.

Figure 2.3 shows the potential drop across (PSS/PAH)4- and
(PSS/PAH)4PSS-coated alumina membranes as a function of log(a,/a,)

for MgClz solutions. (In these experiments, the receiving phase concentration

is always 0.001 M). For low source phase concentrations, the slopes of the

linear fits to data for both types of membranes are around -57 mV, indicating

that the transference number for M92+ is essentially zero. For completely
selective membranes with no permeability to M92+, the slope would be -59 mV.

The low M92+ transference number is consistent with the negligible MgCl2 flux
in diffusion dialysis. Regardless of whether the film terminates with PAH or
PSS, the membrane is much less permeable to Mg2+ than CI', suggesting that
size exclusion or a difference in ion solvation energies is the dominant
mechanism behind the low M92+ transference number. The high electric field

across the PEM (as high as 35,000 V/cm) is common in interfaces and double

45
layers.
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Figure 2.3 Transmembrane potential as a function of log(a1/a2), where a4 and
a2 are the activities of MgClz in the source and receiving phases, respectively.
The source phase MgClz concentrations ranged from 0.001 to 0.0215 M,
whereas the receiving phase always contained 0.001 M MgCly. Squares and
triangles represent alumina membranes coated with (PSS/PAH)4 and

(PSS/PAH)4PSS films, respectively.

At the higher source phase concentrations in Figure 2.3, the decrease in

slope implies that the M92+ transference number increases with the MgClo

concentration. Fixing the source to receiving phase concentration ratio at 2,
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while varying the concentrations in both solutions more clearly reveals the

influence of ionic strength on transference number. As Figure 2.4(a) shows,

the M92+ transference number increases from around zero with a 0.0043 M
MgCl2 source phase to 0.42 in a 0.20 M MgCl2 source phase. This trend

occurs with both (PSS/PAH)4 and (PSS/PAH)4PSS films, suggesting that the

increasing transference number at high ionic strength is not simply due to

screening of surface charge and that the membrane becomes more permeable

to M92+ as the MgCly concentrations increases. Farhat and Schlenoff

provided evidence that at high ionic strength polycations and polyanions

. . . . 41
dissociate to create more ion-exchange sites and enhance transport. ~ Control
experiments with uncoated porous alumina also show more permeability to CI

than M92+, presumably because the alumina is positively charged. However,

the effect is much smaller than in coated membranes (Figure 2.4(a)). At the

lowest concentrations, the potential drops across bare membranes are only

-8.3 mV compared to -16.7 mV across membranes coated with (PSS/PAH)4

films.
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Figure 2.4 Transference numbers of cations as a logarithmic function of the a)

MgCl2 b) MgSO4 and c) KCI source phase concentrations (from 0.0043 M to

0.20 M) employed in transmembrane potential measurements with bare

alumina membranes (diamonds), (PSS/PAH)4-coated membranes (squares)

and (PSS/PAH)4PSS membranes (triangles). The ratios of the source and

receiving phase concentrations are 2 in all cases.

Despite the large size of 8042' relative to CI, the M92+ transference
numbers for MgSOg4 diffusion through (PSS/PAH)4-coated membranes are

only slightly smaller than those with MgCly (compare Figures 2.4(a) and
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2.4(b)). The M92+ transference number is <0.1 with 0.0043 M MgSOy in the

source phase (Figure 2.4(b)). The PSS-terminated membrane likely

electrostatically excludes SO42',23 and this might explain why in the case of
MgSOQOyg4, the M92+ transference numbers are a little higher for (PSS/PAH)4PSS

films than (PSS/PAH)4 films.

Interestingly, at source phase concentrations of 0.0043 M, even KCI
shows a cation transference number of only ~0.25 (Figure 2.4(c)). This is in

contrast to aqueous solutions where the potassium and chloride transference
numbers are nearly equal.45 The low cation transference number stems in part
from the positively charged alumina substrate, which excludes cations, but the

K" transference number is significantly lower for membranes coated with
(PSS/PAH)4 and (PSS/PAH)4PSS than for bare alumina. The low K*

transference number suggests a slight positive charge on these films.46

2.3.4 Diffusion Dialysis and Nanofiltration as a Function of Solution
Composition

The transmembrane potential measurements suggest that the membrane

permeability to M92+ increases with the ionic strength of the surrounding

solution. To further assess the effect of ionic strength on ion transport, we

performed diffusion dialysis of 0.01 M KCI while adding equal amounts of

MgCl2 to the source and receiving reservoirs. Figure 2.5 shows that on going
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from 0 to 0.0464 M MgCl2 in both the source and receiving phases, the K" flux

increases by a factor of ~1.6. Corresponding addition of MgClz to both source
and receiving phases in diffusion dialysis with bare alumina does not increase

flux. Thus the primary effect of MgClz addition is an increase in the
permeability of the polyelectrolyte film to KCI. Similarly, the M92+ permeability

(0.01 M MgClz in the source phase) increases ~1.5 times upon the addition of

0.119 M KCI to both source and receiving phases. (The addition of 0.119 M

KCI gives the same solution ionic strength as the addition of 0.0464 M MgClo

to 0.01M KCI.)
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Figure 2.5 Normalized K fluxes in diffusion dialysis of 0.01 M KCI through
bare and (PSS/PAH)4-coated alumina membranes. All experiments occurred

with 0.01 M KCI as the source phase, and the MgCl2 concentrations in the

source and receiving phases varied simultaneously from 0 to 0.0464 M. Fluxes

are normalized to those with no MgClo, which were 6.4 nmol cm™? s and 2.4

-2 -1 . .
nmol cm ~ s ', for bare and coated membranes, respectively. (All experiments

with diffusion dialysis as a function of salt composition were performed using

alumina supports from a new box.)

Compared to diffusion dialysis, NF may show different trends in ion flux as
a function of ionic strength because ion transport occurs in part through

convective coupling with water flux. As Figure 2.6(a) shows, within
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experimental uncertainty, the MgCl2 rejection in NF is constant with feed

concentrations ranging from 0.001 M to 0.0232 M MgCl2 (rejection ranged

from 98.6 to 98.8%). At an even higher feed concentration (0.0464 M), the

rejection decreases slightly to 96.9%. The results in Figure 2.6(a) are mostly

consistent with a primary Mg2+ transport mechanism of convective coupling,
probably through defects. In transport through defects the M92+ flux should be

proportional to the MgCly feed concentration, and rejection should be

independent of concentration.

2.3.5 Negative Rejections in Nanofiltration.
Diffusion potentials created by MgCl transport through imperfection-free
regions of the membrane may affect the transport of other charged species.

This should be particularly true for K" because diffusion through the

defect-free region may dominate its transport. To examine the effects of MgCl2

on the transport of other species in NF, we added trace amounts of

nitrobenzene (0.10 mM) and KCI (0.5% of the concentration of MgClp) to the
NF solutions. The nitrobenzene rejection is ~20%, regardless of MgCla

concentration, suggesting that the presence of MgClo has a marginal effect on

the overall membrane permeability. Consistent with minimal variation in film

permeability to nitrobenzene, the water flux is also relatively constant at
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essentially equal driving pressures. We varied the applied pressure to keep the

driving force, applied pressure minus osmotic pressure, for solution flux

approximately constant, and the solution flux ranged from 0.63 m3/m2/day to

0.86 m3/m2/day over the range of MgClz feed concentrations in Figure 2.6.
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Figure 2.6 Rejections of a) MgClz and b) trace KCI in NF through porous

alumina membranes coated with (PSS/PAH)4 films. The MgCly feed

concentrations ranged from 0.0010 M to 0.0464 M while the KCI concentration
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Figure 2.6 (cont’'d) was 0.5% of that for MgClz. Both graphs are from the same

experiments repeated with more than 3 membranes. The applied pressure
was adjusted from 2.8 to 6 bar to keep the difference between the applied
pressure and osmotic pressure approximately the same and maintain a nearly

constant volume flux. The crossflow rate was 26 mL/min.

In contrast to MgClp, Figure 2.6(b) shows that NF rejection of K
decreases significantly with increasing MgCl> concentrations and becomes

highly negative. At the highest M92+ feed concentration, the amount of K" in

the permeate is 2.5 times that in the feed. The negative rejection reflects a

negative electrical potential drop (from feed to permeate) across the

membrane that enhances K+ and M92+ transport while decreasing transport of
Cl to maintain zero current (see Figure 2.1). However, the reason for the

decreasing K' rejection with increasing MgCl2 concentration is not readily

evident because the transference numbers obtained from membrane

potentials decrease with increasing MgClz concentration (see Figure 2.4(a)).

Increased permeability to K" with increasing MgCla concentrations (Figure 2.5)

can compensate a fraction of the decreased membrane potentials at higher

MgCl2 concentrations, but this may not account for the 3-fold increase in K'

passage on going from 0.0010 M to 0.0464 M MgCl as the dominant salt.

The high negative rejections might stem from selective convective
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transport of CI over M92+ in the defect-free region of the matrix. Such a

mechanism should increase transmembrane potentials and give more

negative rejections with increases in permeate flux. However, Figure 2.7

clearly shows less negative K+ rejection as flux increases. In fact, the
concentration of K in the permeate is almost proportional to the solution flux.

This shows that K" flux, which predominantly occurs through diffusion and
electrical migration, is essentially independent of solution flux, and higher

permeate flow rates simply dilute the K+. Thus, selective convective transport
of Cl over M92+ does not contribute to negative rejection. Currently, we do
not have a satisfactory explanation for why the K" NF rejection becomes more
negative with increasing concentrations of MgClp, although increases in film

permeability may contribute to this phenomenon. The M92+ rejection is

relatively independent of solution flux (see Figure 2.7 and Figure A4 in
Appendix A), so for this highly rejected ion, convective coupling (presumably
mostly through defects) is important because diffusion through the membrane

is very slow.
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Figure 2.7 MgCl2 and KCI rejections as a function of permeate flow rate in NF
of 0.0215 M MgCl2, 0.11 mM KCI through porous alumina coated with a

(PSS/PAH)4 film. The Mg?* rejections range from 97.1% to 98.7%. The applied

pressure varied from 2 to 5 bar, and the crossflow rate was 26 mL/min. (Figure

A4 shows an enlarged plot of the Mg2+ rejection.)

Consistent with negative rejection stemming from electrical migration, the

trace cation rejection varies with the mobility of the cation. Figure 2.8(a) shows

rejections of trace Li+, K+, and Cs". The mobility of Li* is about half that of K
and Cs+, and the amount of Li" passing through the membrane is indeed

about half that for the other alkali ions, as reflected by the -40% rejection of Li*
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and the -200% rejection of K" and Cs".
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Figure 2.8 lon rejections during NF of solutions containing a) 0.0464 M MgCl2
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Figure 2.8 (cont'd) or b) 0.0464 M MgSQ4. Both feed solutions also contained

0.232 mM LiCl, 0.232 mM KCI and 0.232 mM CsCl. NF occurred at 6 bar

through porous alumina membranes coated with a (PSS/PAH)4 film. The

crossflow rate was 26 mL/min.

When MgSO4 is the dominant salt instead of MgCly, the rejection of Mg2+

decreases to 67%. This is consistent with the higher transference numbers of

M92+ in MgSO4 than in MgClo. The lower diffusion potential across the

membrane with MgSOg relative to that with MgClz also leads to less negative

rejections of monovalent cations (compare Figures 2.8(a) and 2.8(b)).
Nevertheless, the monovalent-ion negative rejections still follow the ion
mobility trend, where LiCl has the smallest magnitude of negative rejection

while CsCl has the most negative rejection.

2.4 Conclusion

PSS/PAH films show remarkable K'/Mg>" selectivities >350 in diffusion
dialysis. However, the corresponding selectivity in nanofiltration is only 16,
suggesting that convective transport of Mg2+ occurs (probably through

membrane imperfections). Nevertheless, the extremely high dialysis
selectivities might prove useful in electrodialysis, and we are investigating this

possibility. Transmembrane electric potentials under concentration gradients
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show that PSS/PAH films are selectively permeable to anions, but this

selectivity decreases with increasing salt concentrations. In nandfiltration, the

differences in M92+ and ClI permeabilities give rise to electrical potentials

across the membrane that lead to negative K+ rejections as low as -200%. The

magnitude of negative rejection increases with the trace ion mobility and might
prove useful in selective removal of alkali cations from electrolyte mixtures

containing multiply charged cations.
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A1. Determination of Transmembrane Potentials

Ag/AgCl Ag' /AgCI’
AN A1

S2 S3

Source Receiving

Phase v Phase
Membrane

Figure A1. Apparatus for measuring transmembrane potentials. The symbols
S1 to S4 denote various solutions separated by either frits or membranes. S1
and S4 are saturated KCI solutions, and S2 and S3 indicate the solutions in the
source and receiving phases, respectively. The diagram does not show the

stirrers on each side of the membrane.

Figure A1 illustrates the experimental setup for transmembrane potential

measurements. As equation (A1) illustrates, the electrical potential drop

between the
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¢Ag' _ ¢Ag — (¢Ag’ _ ¢S4) + (¢54 _ ¢S3) + ((pss _ (psz) +
(5% — 951) + (95 — p49) (A1)

two electrodes (Ag’ and Ag) includes a series of potential drops. In this
equation, ¢ represents the electric potential in each of the phases as

indicated in the diagram. Of course, we are only interested in the

transmembrane potential, (¢S3 - ¢52). Thus, we need to determine or
!
estimate the other potential drops. To determine (¢Ag —(]554) +

(ngl — qug), we put both reference electrodes in the receiving phase and

measure the potential difference between the two electrodes. In this case,
because both reference electrodes contain the same filling solution and they
are immersed in the same solution, the junction potentials at the two reference
electrode-solution interfaces should cancel. In the actual measurement of
transmembrane potential, however, the reference electrodes are immersed in

two different solutions and the junction potentials will not cancel exactly. To
approximate these junction potentials, (¢>* — ¢53) and (¢p°2 — Pp51),
we employ equation (A2), which is also known as the Henderson equation.*’

In this equation,

Zi%[ci(ﬁ)—ci(“)] RT, Xilzilp;Ci(w)

Zi

Ej=¢ﬁ_¢a_

— — A2
SR GE-G@] F O SialG®) (A2)

Ej is the junction potential, Z; is the ion charge, p; is the ion mobility, Ci is

the ion concentration, and a and ( denote different solution phases.
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!
Using the measured potential, (qug — qug) along with the
estimated values for the junction potentials, (5% — ¢>1) and (% —

¢53), and the measured value for (gbAg, — ¢54) + (¢51 — ¢Ag)

with the reference electrodes in the same solution, we can determine

(¢53 _ (I)SZ).

Tables A1 to A3 list typical values of the measured potentials, calculated

junction potentials and activity coefficients.
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Table A1. Example Data from MgCl2 membrane potential measurements with a (PSS/PAH)4-modified membrane. The table

also gives activity coefficients, junction potentials, and reference electrode potential differences employed to calculate the M92+

transference number. The subscripts s and r denote the source and receiving phase.

Experiment 1 2 3 4 5 6

Cs M)’ 0.0043 | 0.00928 0.02 0.043 0.0928 0.2
v, 0.77 0.68 0.68 0.61 0.53 0.50

C, (M) 0.00215 | 0.00464 0.01 0.0215 | 0.0464 0.1
Y 0.83 0.76 0.71 0.67 0.60 0.52
(p49" — $5*) + (¢5! — ¢pA9) (mv) 0.7 0.0 0.2 0.4 0.7 16
HA9" — pAI(mv) -14.3 -12.6 -10.5 -8.6 7.4 -5.9
®52% — p51(mv) -3.01 -2.54 -2.02 -1.36 -0.50 0.69
d5* — P53 (mv) 3.37 2.96 2.50 1.96 1.29 0.40
¢33 — P52 (mv) -15.36 -13.02 -10.78 -8.80 -7.49 -5.39
t, 0.01 0.08 0.23 0.29 0.32 0.46

aCS denotes the salt concentration in the source phase.

byis denotes the average activity coefficient of the salt solution in the source phase.

CCf denotes the salt concentration in the source phase.

dyir denotes the average activity coefficient of the salt solution in the receiving phase.
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Table A2. Example Data from MgSO4 membrane potential measurements with a (PSS/PAH)s-modified membrane.

The table
2+

also gives activity coefficients, junction potentials, and reference electrode potential differences employed to calculate the Mg

transference number. The subscripts s and r denote the source and receiving phase.

Experiment 1 2 3 4 5 6

Cs (M)° 0.0043 | 0.00928 | 0.02 0.043 | 0.0928 0.2
v4S° 0.55 0.43 0.33 0.25 0.18 0.13

Cp (m)° 0.00215 | 0.00464 | 0.01 0.0215 | 0.0464 0.1

v 1 0.66 0.53 0.42 0.32 0.24 0.18
(p29" — $5*) + (¢S — ¢A9) (mv) 0.4 0.1 0.0 0.1 0.0 0.0
HA9" — AT (mv) 5.2 -4.1 2.9 -1.8 -0.7 0.0
$°% — 5t (mv) -3.07 -2.67 -2.27 -1.84 -1.35 -0.80
b5t — P53 (mv) 3.40 3.02 2.63 2.23 1.79 1.30
d53 — Pt (mv) -5.93 -4.35 -3.26 -2.09 -1.14 -0.50
t, 0.03 0.15 0.22 0.32 0.40 0.45

aCS denotes the salt concentration in the source phase.

byis denotes the average activity coefficient of the salt solution in the source phase.

CCf denotes the salt concentration in the source phase.

dyir denotes the average activity coefficient of the salt solution in the receiving phase.
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Table A3. Example Data from KCI membrane potential measurements with a (PSS/PAH)s-modified membrane. The table

also gives activity coefficients, junction potentials, and reference electrode potential differences employed to calculate the K*

transference number. The subscripts s and r denote the source and receiving phase.

Experiment 1 2 3 4 5 6

Cs (W)? 0.0043 | 0.00928 0.02 0.043 0.0928 0.2

v 5P 0.93 0.90 0.87 0.82 0.75 0.72

C, (M)° 0.00215 | 0.00464 0.01 0.0215 | 0.0464 0.1
y4re 0.95 0.93 0.90 0.86 0.82 0.77
(p29" — $5*) + (¢S — PpA9) (mv) 0.3 15 1.1 0.3 0.3 0.2
¢Ag’ — A9 (mv) 7.1 -5.0 3.7 -3.0 1.8 -0.9
$°% — 5t (mv) -3.36 -2.99 -2.62 -2.25 -1.88 -1.51
d5* — P33 (mv) 3.69 3.32 2.95 2.58 2.22 1.85
d53 — P2 (mv) -7.73 -6.83 -5.13 -3.63 -2.44 -1.44
t, 0.27 0.30 0.35 0.39 0.42 0.46

aCS denotes the salt concentration in the source phase.

byis denotes the average activity coefficient of the salt solution in the source phase.

CCf denotes the salt concentration in the source phase.

dyir denotes the average activity coefficient of the salt solution in the receiving phase.
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A2. Salt Rejection Based on the Solution Diffusion Model

The solution diffusion model assumes that equation (A3) describes the

flux, J;, of a given species i across a membrane, where Cf and Cp are

the concentrations of species i at the feed and permeate sides of the

membrane, respectively.

Ji = BAC=P;(Cr — Cp) (A3)

(Pj is the product of the partition and diffusion coefficients.) Equation (A4)

defines rejection, Re.

Cr—C
Re = fc—f” (A4)

We also note that

Ji =Gy (A5)

where Jy is the volumetric flux across the membrane. Equating equation (A3)

and (A5) yields

C. = Priim(Cr—Cp)

p Jv (A9)
Substituting this expression for Cp in equation (A4) gives
Priim(Cf—Cp)
Re = Jv (A7)

Cr
Simplification of this expression noting the definition of rejection in equation

(A4) leads to
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Re_l_PfLmRe

= A8
7 (A8)
and reorganization yields equation (A9).
P .
Re =1-—L,1_ (A9)

Jv+Pfritm

A3. Salt Rejection with Concentration Polarization
Because the PEMs exclude ions such as M92+, their concentration will
rise at the membrane surface, even with a high cross flow rate. Figure A2

qualitatively shows the concentration profile of an ion that is rejected by the

membrane in NF.

Feed Membrane Permeate

Figure A2. Salt concentration profile in the nanofiltration cell.
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To account for concentration polarization, in Equation (A6) C; should be

replaced with C,,, the salt concentration at the membrane surface. Noting that
Cm = BCs (A10)

Equation (A6) becomes

C. = Piim (BCs—Cp)

) o (A11)

Substituting this expression for C, in Equation (A4) and considerable

simplification gives Equation (A12).

Re = 1 — —~fimP_ (A12)
Jv+Pfilm

A4. Is Concentration Polarization Responsible for Unexpectedly Low Mg2+

Rejections in Nanofiltration

In concentration polarization, convective flux to the membrane surface
and salt rejection lead to an enhanced salt concentration, C,,, at the
membrane surface, which increases the salt flux. Equation (A13) shows how
the concentration polarization factor, Cm/Cf or f, varies with the
transmembrane flow rate in the case of a simple homogenous system with a
single mass transfer coefficient k.30 The approximation assumes that the ion

concentration is much smaller in the permeate than in the feed.

—exprl=-T= (A13)
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Flow along the membrane surface reduces concentration polarization by
decreasing the thickness of the stagnant boundary layer and increasing k.
Although the membranes in this study are circular so the concentration
polarization is not homogeneous over the membrane surface, enhanced

crossflow will nevertheless decrease the local concentration polarization.

Figure A3 shows how MgCl2 rejection varies with the volumetric crossflow rate.

(We cannot accurately determine the linear crossflow velocity because the
height of the feed channel depends on the compression of the o-ring that seals
the membrane cell. However, assuming no o-ring compression, the linear
velocity is around 23 cm/s for a crossflow rate of 26 mL/min). Increasing the
crossflow rate from 3.5 to 98 mL/min increases rejection from 97% to 99%, but
the rejection plateaus at crossflow rates >50 mL/min. This suggests that
concentration polarization is not a large factor in decreasing the rejections

relative to those deduced from diffusion dialysis. Moreover, based on equation

(A12), the concentration polarization polarization factor, ,8 , would have to be

88 to account for the increase in salt flux in NF relative to diffusion dialysis. For

a simple model of the mass transfer coefficient as D /&, where D is the

diffusion coefficient and & is the boundary layer thickness, a concentration

polarization factor of 88 would require a boundary layer thickness of 0.3 mm

(M92+ diffusion coefﬁcient48 of 1.2 x 10'5 cm2/s). Given the crossflow rate and

cell height (0.4 mm without o-ring compression), such a boundary layer

thickness is not realistic. Even with a 10-fold concentration polarization factor,
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the calculated MgClo NF rejection would be 99.6% using the upper limit of the

Pfilm value from diffusion dialysis.

|
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Figure A3 MgCl2 rejection as a function of crossflow rate during NF of 0.0215

M MgCl2 through a porous alumina membrane coated with a (PSS/PAH)4 film.

The transmembrane pressure was 5 bar.

As equations (A12) and (A13) illustrate, both concentration polarization
and rejection vary with the volume flux across the membrane, which is a
function of the transmembrane pressure. In the absence of concentration
polarization, higher fluxes should lead to an increase in rejection due to dilution

of the permeate, assuming that water and ion transport are not completely
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coupled. If concentration polarization is severe, however, increases in volume
flux can lead to decreases in rejections due to the exponential increases in 8

(assuming negligible permeate concentrations). Figure A4 suggests that

rejection initially increases slowly with ]v, but then levels off when increasing

concentration polarization offsets increases in rejection due to greater water

flux. However, the changes in rejection are relatively small for a four-fold

increase in ]v- Even at the low volumetric fluxes (0.22 m3/m2/day) where

concentration polarization is small, rejections calculated from diffusion

P .
permeabilities using Re = 1 — __fum (equation (2.5) in the discussion)
JvtPfritm

are 99.7%, whereas the measured rejection is only 97%. This represents a

ten-fold difference between predicted and measured salt passage.
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Figure A4. MgCl2 rejection as a function of permeate flux in NF of 0.0215 M
MgCl2 and trace 0.11 mM KCI through a porous alumina membrane coated

with a (PSS/PAH)4 film. The osmotic pressure of the 0.0215 M MgClz is ~1.4

bar, which allows us to vary the flow rate using transmembrane pressures

ranging from 2 to 5 bar. The crossflow rate was 26 mL/min.

In summary, concentration polarization does not account for the large
increases in ion flux in NF as compared to diffusion dialysis. Convective
transport through defects in the porous support (see the paper and below) is

likely the dominant effect.
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A5. Imperfections in Porous Alumina Supports

The porous alumina supports in this study all came from the same box
except those used for the diffusion dialysis studies as a function of background
salt composition. Compared to the old box of nanoporous alumina, coated

membranes prepared with the new box of membranes give ~5 times higher

M92+ permeabilities but similar K permeabilities in diffusion dialysis. The

difference in the M92+ permeabilities may arise from obvious defects, such as

those in Figure A5, on the alumina supports from the new box. These
membrane supports have a skin layer of 20 nm pores on top of a base with
200 nm pores. When there is a defect in the skin layer, the PEMs will not
completely bridge the underlying large pores. These defects areas likely

occupy less than 1% of the total area. Compared to the new box, coated

. 2+
nanoporous alumina membranes from the old box show both lower Mg

permeability and far fewer defects. In fact, defects were hard to find.
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Figure A5. SEM images of bare alumina membranes from the new box. (a)
low-magnification view showing several defects. (b) an enlarged

membrane defect.
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Chapter 3 Cation Separations in Electrodialysis
through Membranes Coated with Polyelectrolyte

Multilayers

3.1 Introduction

Alternating adsorption of polycations and polyanions is a simple method
for ultrathin film formation with fine control over film thickness.l’ 2 For
polyelectrolytes with a high charge density and solutions that do not contain
supporting electrolytes, each adsorption step increases film thickness only ~2
nm.3 Such control over film thickness makes polyelectrolyte multilayers (PEMS)
particularly attractive as the selective skins of separation membranes because

the skin permeance is inversely proportional to its thickness.

A number of studies demonstrate that layer-by-layer adsorption of PEMs
can yield thin, essentially defect free flms on porous supports..A"6 Tailoring of
deposition conditions (polyelectrolyte structure and concentration, pH, and
supporting electrolyte composition and concentration) leads to relatively dense
PEMs with highly charged surfaces,7 and such films can serve as the

. . . . 8-13
selective skins of membranes for nanofiltration (NF), reverse

. 13-15 .12, 16, 17 . 18-20 .
0SmMosis, pervaporation, and forward osmosis. Highly
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charged PEMs are especially attractive for their high selectivity for

: : e o 8,921
monovalent- over multivalent-ion passage in diffusion dialysis and NF.

We observed K+/Mg2+ selectivities >350 during diffusion dialysis through
porous alumina membranes modified with (PSS/PAH)4 films.8 However, the
K" flux in diffusion dialysis was relatively low (2.4+0.5 nmol cm’™® s'l), and NF,
which provides higher throughput, showed selectivities >20-fold lower than
diffusion dialysis when comparing the same membranes and feed solutions.8
Ideally, we would like to combine the selectivity of diffusion dialysis with a
technique that provides more throughput (flux). This work investigates whether
application of an electric current through a PEM-coated membrane
(electrodialysis) can increase ion transport while maintaining the high

monovalent/divalent ion selectivity of diffusion dialysis.

Electrodialysis through anion- and cation-exchange membranes is a
well-known technique for potential applications such as brackish water
... 22,23 .24 , e .
desalination, water softening, and desalting or deacidifying certain

2 . . . :
foods. > Typically an electric current or potential applied across a feed

chamber bracketed by an anion- and a cation-exchange membrane leads to
passage of salt from the chamber, where cations migrate toward the cathode
and anions migrate to the anode. Couples of anion- and cation-exchange

membranes placed between two electrodes create multiple feed and
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concentrate compartments. In contrast, this paper investigates electrodialysis
with PEM-modified membranes to separate monovalent from multivalent
cations because the membrane is highly selective among cations and not

simply between cations and anions.

Two recent papers examined electrodialysis through membranes coated
with PEMs. Mulyati and coworkers reported that after modification of an
anion-exchange membrane with a (PSS/PAH)7PSS coating, the CI'/SO42'

selectivity reversed from 0.8 to 2.5.26 They also explored the antifouling

potential of PEM-modified membranes in electrodialysis, and found that a
negatively charged, hydrophilic PEM decreases the rate of membrane fouling
. . 26, 27
by an anionic surfactant, sodium dodecylbenzene sulfonate. In other
work, adsorption of single layers of polyethyleneimine or poly(styrene
sulfonate) lead to increased monovalent/multivalent ion selectivities in

. .28, 29 L . .
electrodialysis. However, the selectivities we describe herein are at

least an order of magnitude higher than those mentioned in prior studies.

This study employs (PSS/PAH)5 films as a selective barrier on porous

alumina or commercial NF membranes to separate monovalent and
multivalent cations in diffusion dialysis and electrodialysis. We compare

selectivities and fluxes in diffusion dialysis and electrodialysis, examine film

stability during electrodialysis, and study how K" and M92+ fluxes depend on
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the anion in the solution. Remarkably, K+/Mg * selectivities in electrodialysis
are typically >100, and with a commercial NF membranes as a support,
electrodialysis fluxes are more than an order of magnitude higher than

diffusion dialysis fluxes.

3.2 Experimental Section

3.2.1 Materials

Poly(sodium  4-styrenesulfonate) (PSS, My=70,000 Da) and
poly(allylamine hydrochloride) (PAH, M\y=15,000 Da) were purchased from
Sigma-Aldrich. Salts were obtained from Columbus Chemical Industries,
Sigma-Aldrich, Spectrum Chemical, and J.T.Baker. All chemicals were used
as received without further purification. Alumina membranes were purchased
from Whatman (surface pore size 0.02 um), and NF270 membranes were a

gift from the Dow Chemical Company.

3.2.2 Surface Modification

Porous alumina membranes were cleaned with UV-O3 (Boekel UV-Clean

Model 135500) for 15 min to remove organic contaminants on the membrane

surface, and NF270 membranes were rinsed and immersed in deionized water
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for 5 min prior to film deposition. The alternating adsorption of PSS and PAH
occurred by exposing the feed side of the membrane (membrane skin) to the
polyanion or polycation solution for 5 min followed by 1 min of rinsing with
deionized water to remove excess polyelectrolyte. Adsorption began with the
polyanion, which likely adsorbs to the NF270 surface via hydrophobic
interactions. Both the polyelectrolyte solutions contained 0.02 M polymer
repeating units and were adjusted to pH 2.3. The PSS solution also contained
0.5 M NaCl, whereas 1 M NaCl was added to the PAH solution to increase the
film's positive surface charge to enhance monovalent/multivalent cation
separations.9 The use of five PSS/PAH bilayers to coat membranes minimizes
cation permeation through defects without giving a thick film that has a low
permeance.5 The membranes were stored in deionized water. (Drying
membranes leads to a decrease in their monovalent/multivalent ion

selectivities).

3.2.3 Diffusion Dialysis

The diffusion dialysis apparatus was described previously.30 The

membrane was clamped between source and receiving cells with an O-ring on

source-phase side. The modified surface faced the source-phase solution. The

source phase contained K™ and Mg2+ salts that permeated through the
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membrane to the receiving cell, and the discussion section provides specific
solution compositions for each experiment. Both source-phase and
receiving-phase solutions (initially 90 mL each) were stirred vigorously during
passage of ions from the source phase to the receiving phase through the
membrane. The effective area of alumina membranes (2.1 cm2) was defined
by a polyethylene ring affixed to the top of the membrane by the manufacturer.
For NF270 membranes, the O-ring on the source side of the dialysis apparatus
exposed an area of 3.15 cmz. Periodically 1-mL aliquots were taken from each
cell to determine the moles of ions permeating through the membrane per unit
area as a function of time. These aliquots were analyzed using inductively
couple plasma-optical emission spectroscopy (Varian 710-ES). All the
experiments were performed with at least three different membranes, and the

uncertainties represent the standard deviation.

3.2.4 Electrodialysis

The electrodialysis experiments used the same cells and membranes
employed for diffusion dialysis to facilitate comparison of these two techniques.
Platinum wire electrodes were inserted in each cell to apply an electric current
through the membrane. To obtain an approximately constant current of 8 mA,

a constant electric potential (4.44 V) was applied across a resistor (555 Q)

126



using a CH Instruments model 604 potentiostat. As Figure 3.1(a) shows, the
lead for the working electrode was connected to one end of the resistor, and
the lead for the reference electrode was connect to the other end of the
resistor as well as the Pt electrode in the source-phase solution. The lead for
the counter electrode was connected to the Pt electrode in the receiving phase.
However, the current in this apparatus is sometimes limited by the potentiostat
and less than 8 mA. To achieve higher currents, we employed a DC power
supply (Protek, 3006B) to apply a potential between electrodes in the source
and receiving phases. A multimeter (TEK DMM249) in series measured
currents (Figure 3.1(b)). The results and discussion section describes the
solution compositions in the source and receiving phases for electrodialysis.
Notably, the electrodialysis receiving phase contained both a sodium salt to
make the solution conductive and an acid to prevent precipitation of Mg(OH)>.
The anode and cathode were in the source phase and receiving phase,
respectively, so the current moved cations from the source phase to the
receiving phase and anions from the receiving phase to the source phase.
The primary electrode reactions likely generated protons in the source phase
and hydroxide in the receiving phase. Solution pH values were determined

with a pH meter after 1.5 h of electrodialysis.

127



a)

Stirrer  Resistor

Receiving

I Magnetic
Stirbar

Membrane

b)

Stirrer

=
I Magnetic
Stirbar

Membrane

Figure 3.1 Home-built electrodialysis apparatuses consisting of two 100-mL
glass cells filled with salt solutions connected by a 2.5 cm neck that contained
the PEM-modified membrane. Both source and receiving phases were stirred

vigorously to create homogeneous solutions. (a) By controlling the potential
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Figure 3.1 (cont'd) across a resistor between the working and reference
electrode terminals, a potentiostat controls the current through the working and
counter electrodes. (b) An applied potential across the membrane generates a

current that is determined with a multimeter.

3.2.5 Zeta potential

Streaming potentials were determined with a Brookhaven Instruments
Electrokinetic Analyszer (Holtsville, NY) containing a clamping cell (Anton Paar,
Graz, Austria). Polyethersulfone (PES) membranes (Pall Corp.,100 kDa, 30
mm x 50 mm) were used as substrates instead of alumina membranes due to
the large surface area required by the clamping cell. The membranes were
soaked in deionized water for 1 h before polyelectrolyte deposition, and the
deposition procedure was the same as with the alumina membranes. The
polyelectrolyte-modified, PES membranes were placed against a 10 mm x 20
mm piece of grooved poly(methyl methacrylate) (PMMA), and the streaming
potential was measured between the two Ag/AgCl electrodes of the clamping
cell during pumping of the test solutions (1 mM MgCly or 1 mM MgSOy)
through the cell. As the PMMA spacer also contributes to the zeta potential, its
zeta potential (¢ spacer) Must be subtracted from the sample zeta potential.

Equation (1) shows the zeta potential for the test sample,
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Zsample = 2(average - (spacer (3.1)

where Zsample is the zeta potential of the PEM-modified membrane,
¢ average 1S the effective zeta potential measured with the sample pressed
against the PMMA spacer, and Zspacer is the zeta potential with a piece of
PMMA pressed against the cell (-7.8 mV in MgCly solution and 1.4 mV in

MgSO4 solution). The reported zeta potentials are the averages of values

determined for three different pieces of PES membranes, and the uncertainties

are the standard deviations of these values.

3.3 Results and Discussion

This work investigates whether the high diffusion-dialysis selectivities of
PEM membranes translate to electrodialysis, and whether applied electric
currents or potentials significantly increase ion flux compared to simple
diffusion dialysis. Electrically driven transport adds several complications to a
dialysis experiment, including electrode reactions that alter the compositions of
source and receiving phases, generation of reactive species that may
decrease membrane stability, and a need for a conductive receiving phase.
Additionally, in electrodialysis several ions will carry current, but for
energy-efficient separations the ion of interest should carry as high a fraction

of the current as possible.
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Below we compare diffusion dialysis and electrodialysis separations of K*
2 . . . .
and Mg ¥ using PEM membranes deposited on either porous alumina or
. + 2+ .
commercial NF membranes. We chose the K /Mg~ separation because
2 . e
(PSS/PAH)4-coated membranes show K+/Mg ¥ selectivities >350 in diffusion
., . 8 : : . .
dialysis.” The next few subsections examine cation transport as a function of

the accompanying anion during dialysis through (PSS/PAH)s films deposited

on porous alumina. The anion affects flux, current efficiency, and membrane
stability during separations. The final subsection examines electrodialysis
through (PSS/PAH)5 coatings on NF270 membranes. Relative to porous
alumina, the NF270 support vyields more convincing evidence that
electrodialysis enhances ion flux while maintaining the high selectivities of

diffusion dialysis.

3.3.1 Diffusion Dialysis and Electrodialysis with KCI and MgCl

In diffusion dialysis with a 0.01 M KCI, 0.01 M MgCl> source phase and an

initial receiving phase of deionized water, a concentration gradient drives ions
across the membrane. Moreover, because the concentration in the receiving
phase is constant, the amount of K" in the receiving phase increases
essentially linearly with time (Figure 3.2(a)). The amount of Mg2+ in the

receiving also increases linearly, albeit very slowly, and in some cases the
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increase is not detectable. Specifically, the KCI flux during diffusion dialysis

through porous alumina membranes coated with a (PSS/PAH)s film is 3.5+0.6
nmol cm s, whereas MgClo flux is 7.6+4.1 pmol cm™ s, and the K+/Mg2+

selectivity is >290 (Table 3.1). 2
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Figure 3.2 Moles of K and Mg~ in the receiving phase as a function of time

during (a) diffusion dialysis with 0.01 M KCI, 0.01 M MgClz in the source phase
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Figure 3.2 (cont’'d) and water in the receiving phase and (b) electrodialysis with

0.01 M KClI, 0.01 M MgClz in the source phase and 0.04 M NaCl, 0.01 M HCl in

the receiving phase. The membranes consisted of (PSS/PAH)s5 films on

porous alumina, and the electrodialysis experiment employed 7.7 mA of

current. Note the large differences in scales for K" and MgZ+.

134



Table 3.1 Cation fluxes and K+/Mg2+ selectivities in diffusion dialysis and electrodialysis with chloride or nitrate salts and

(PSS/PAH)s-modified alumina membranes.

Diffusion Dialysis

Electrodialysis

Diffusion Dialysis (NO3

Electrodialysis

(ClI' Salts) (Cl Salts) Salts) (NO3™ Salts)
0.01 M KClI 0.01 M KCI 0.01 M KNOs3 0.01 M KNOs3
Source Phase
0.01 M MgCly 0.01 M MgCl2 0.01 M Mg(NO3)2 0.01 M Mg(NO3)2
Receiving Phase Deionized Water 0.04 M NaCII Deionized Water 0.04 M NaNO3
0.01MHC 0.01 M HNO3
K" Flux (nmol cm™® s ™ 3.5+0.6 11.4+1.9 4.7+0.3 7.1+1.8
2+ L, Lem2 st 7 644 1 16.2 + 14.3 (initial 20 min) £ 942 1 126476
M F 614, 912, .617.
g Flux (pmolem s ) 1320+40 (last 45 min)
a,. .. .
- >390" (initial 20 min
Selectivity >2902 ( ) >5402 >340°
4.3+2.7 (last 45 min)
Current (mA) - ~7.4 - ~7.6

®These values represent the lowest selectivity from at least 3 replicate experiments.
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In electrodialysis experiments the receiving phase contained 0.04 M NaCl to

decrease solution resistance and allow passage of significant currents, and

0.01 M HCI to prevent precipitation of Mg(OH)2. As in diffusion dialysis, the
source phase contained 0.01 M KCl and 0.01 M MgCly. During application of
7.7 mA of current across the membrane, the K* flux was 11.4+1.9 nmol cm'2
s'l, or about 3 times the flux in diffusion dialysis (Table 3.1). For the first 20

min of electrodialysis, the M92+ flux was <30 pmol cm_2 s_l, so the K+/Mg2+

selectivity was >390, or similar to that in diffusion dialysis. Thus, the applied

current initially increased K" flux compared to diffusion dialysis while
maintaining selectivity. However, as Figure 3.2(b) shows, after the initial 30

min of electrodialysis the amount of MgZJr in the receiving phase increased
. 2+ 2 -1
much more rapidly, and Mg~ flux reached 1.3 nmol cm ~ s = over the last 30

min of the experiment. This enhanced M92+ flux gives a K+/Mg2+ selectivity

of only ~4. Subsequent diffusion dialysis through the same membranes also

showed low K+/Mg2+ selectivities, indicating that the membrane permeability

changes during electrodialysis. This change in permeability likely stems from

PEM damage due to Cly generated during the electrodialysis. The standard

electrode potential for chlorine generation is similar to that for water oxidation

(Equations (3.2) and (3.3)). 31
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0, + 4H* + 4e~ = 2H,0 E° =123V (3.2)
Cl,(g) + 2e~ = 2CI" E° = 1.36V (3.3)

We sensed a strong Cl odor after long periods (4 h) of electrodialysis, and the

membrane damage did not occur when using other anions in the source and

receiving phases.

3.3.2 Diffusion dialysis and electrodialysis with KNO3 and Mg(NO3)2
Nitrate has a similar mobility (see Table 3.2) and the same charge as
chloride. Thus we thought that nitrate salts would give diffusion dialysis and

electrodialysis cation fluxes similar to those with chloride salts while

eliminating Clo damage to the membrane. Table 3.1 shows that in diffusion

dialysis (columns 2 and 4), K" and M92+ fluxes change by less than 35% when

using nitrate rather than chloride.
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Table 3.2 Electrophoretic mobilities (infinite dilution, 25 °C) of ions relevant to

this work.3*
Cations K Na' Ht Mg
w; @0*em?stvly| 7.6 5.2 36.2 55
Anions cl NO3 OAc SO42_
w; @0 *em?stvlhy| 7.9 7.4 4.2 8.3

Perhaps more importantly, K+/Mg2+ selectivities are >340 in both diffusion

dialysis and electrodialysis with nitrate salts, and these selectivities are stable

over the course of the experiment (1.5 h). Thus, with nitrate salts

electrodialysis does not damage the membrane. However, application of ~8
mA of current across the membranes only increases the K flux from 4.7 to 7.1

2 -1 + . .
nmol cm ™~ s If K were the only ion that carries current across the
membrane we would expect an electromigration flux of 40 nmol cm'2 s'1 with 8

1 .

mA of current.3 Equation (3.4) shows how the transference number for a
given ion, t;-the fraction of current carried by that ion, depends on the ion

mobility, U;, charge, Z;, and concentration, C;, along with the product

|Zj |uj Cj for all the ions in the solution.

138



|zi|u;C;
L

= iR (3.4)
Yjlzjluic;

+ . . L . +
The small K flux during electrodialysis implies a low K transference
2+
number. However, the even lower Mg~ flux across the membrane suggests

that K~ should be the primary current-carrying cation unless the proton

concentration on the source-phase side of the membrane becomes significant.
Unfortunately, due to proton generation at the cathode and diffusion of protons
from the receiving phase to the source phase, the pH of the source phase

decreases from ~5 to ~2 over 1.5 h of electrodialysis. Given that the mobility

of protons is 5 times the mobility of K' ions (Table 3.2), the protons in the

receiving phase may carry a large fraction of the current.

Nitrate electromigration from the receiving phase to the source phase will

also carry current. Notably, the K" concentration in the source phase is 0.01
M whereas the NO3 concentration in the receiving phase is 0.05 M. The
combination of proton and NO3 electromigration likely explain why the
experimental K" flux increase is only 2.4 nmol cm_2 s_l on going from diffusion

to electrodialysis.8 The increase might be even lower than this value if in

diffusion dialysis the receiving phase contained the same salts as in

electrodialysis (see below).
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3.3.3 Diffusion Dialysis and Electrodialysis with K2SO4 and MgSO4

Relative to salts containing monovalent anions, diffusion dialysis and
electrodialysis using salts with multivalent anions may change fluxes and
selectivities because of either a low anion permeability or divalent anion

adsorption that changes the membrane charge or structure. In diffusion

dialysis with a 0.01 M KCI, 0.01 M MgCly source phase, the Mg2+ flux is ~8
2 -1 +, 2+ o .
pmolcm ~ s~ and the K /Mg~ selectivity is >290 (Table 3.1). In contrast, with
the same membranes diffusion dialysis with a 0.005 M K2SO4, 0.01 M MgSO4
. . 2+ + 2+
source phase lead to a >10-fold increase in the Mg~ flux and a K /Mg

selectivity of only ~30 (Table 3.3). A subsequent experiment with the same

membranes showed a K+/Mg2+ selectivity of >320 when the source-phase

solution returned to 0.01 M KCI, 0.01 M MgCly. Thus, SO42' does not

damage the PEM, but it decrease selectivity when present. The large

selectivity drop in the presence of 8042' might result from a change in the

. +
PEM structure that enhances the membrane permeability. However, the K

flux with the sulfate salts does not increase dramatically compared to chloride

salts, and a neutral molecule, nitrobenzene has a similar flux through the

membrane with both chloride and nitrate salts (1.1+0.1 nmol (:m'2 s'1 ina0.01
M KCI, 0.01 M MgCl> solution and 1.4+0.1 nmol em? st in 0,005 M K>SOy,

0.01 M MgSOg4 solution).
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Although the sulfate anion does not significantly alter K* or nitrobenzene

flux, it decreases the PEM surface charge, which likely gives rise to the

increase in Mg2+ flux. Measurements of streaming potentials show that

(PSS/PAH)s-modified PES membranes have a zeta potential of 27 + 5 mVin 1

mM MgClo and 8 £1 mV in 1 mM MgSOQg, indicating that the polyelectrolyte

film has less surface charge when exposed to a MgSOg4 solution rather than a

MgCl2 solution. Adsorption of sulfate presumably decreases the electrostatic
. 2+ ,

exclusion of Mg~ from the film.

Although sulfate salts give rise to lower selectivities than chloride salts in

diffusion dialysis, electrodialysis with sulfate salts gives a K’L/Mg2+ selectivity

of 46, which is similar to the diffusion dialysis selectivity. (In electrodialysis, the

source phase was the same as in diffusion dialysis, but the receiving phase

contained 0.018 M NaS0O4 and 0.005 M H2SOg4, rather than deionized water.)
Importantly, as Table 3.3 shows, the K* flux in electrodialysis with ~6.9 mA of

current is 5 times the K flux in diffusion dialysis with deionized water as the
receiving phase. However, when diffusion dialysis employs the same
receiving phase composition as in electrodialysis, the K fluxes in diffusion
dialysis and electrodialysis are very similar (Table 3.3). In diffusion dialysis

with salt and acid in the receiving phase, diffusion of protons and Na" from the
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receiving phase to the source phase should generate a transmembrane
potential that accelerates K* transport. This diffusion potential should

decrease during electrodialysis as protons generated in the source phase

reduce the proton concentration gradient across the membrane. Thus,

guantitating the increase in K transport during electrodialysis is challenging

because the composition of the source and receiving phases may change due

. +
to electrogenerated species. In any case, K fluxes are much smaller than

the expected value of 40 nmol cm'2 s'1 based on K" carrying all of the applied

current.
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Table 3.3 Cation fluxes and K+/Mg2+ selectivities in diffusion dialysis and

electrodialysis  with

membranes.

sulfate salts

and

(PSS/PAH)s-modified alumina

Diffusion Dialysis

Diffusion Dialysis

Electrodialysis

Source Phase

0.005 M K2S0Og4
0.01 M MgSO4

0.005 M K2S0Og4
0.01 M MgSO4

0.005 M K2S0Og4
0.01 M MgSO4

Receiving Phase

Deionized Water

0.018 M Na2S0O4
0.005 M H2S0O4

0.018 M Na2S0O4
0.005 M H2S0O4

+

KRl 2.2+1.5 8.3+0.2 8.3+3.9
(nmol/cm ~s ™)

M 2+ Flux

g =X 86+6 243+103 181487
(pmol/lcm ~ s 7)

Selectivity 30+12 38+13 46+0
Current (mA) - - ~6.9

3.3.4 Diffusion dialysis and electrodialysis with KOAc and Mg(OAc)2

. . . . . + .
Acetate solutions might give rise to higher K transference numbers in the

membrane because acetate will buffer the source-phase solution to keep

proton concentrations low. Moreover, the aqueous mobility of acetate is only

50% of that for CI' (Table 3.2), and a low acetate mobility in the membrane

should also lead to higher cation transference numbers during transport
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through the membrane. In diffusion dialysis with 0.01 M KOAc and 0.01 M

Mg(OACc)2 in the source phase and deionized water as the receiving phase,

the K flux is about 20-40% lower than the same experiments with chloride or

nitrate salts (compare Tables 3.1 and 3.4). Presumably, this reflects a low
membrane permeability to acetate salts in comparison with chloride and nitrate

salts.
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Table 3.4 Cation fluxes and K+/Mg2+ selectivities in diffusion dialysis and electrodialysis with acetate or nitrate salts and
(PSS/PAH)s-modified alumina membranes.

Diffusion Diffusion Electro- Diffusion Electro- Electrob
Dialysis Dialysis dialysis Dialysis Dialysis Dialysis
0.01 M KOAC 0.01 M KOAc 0.01 M KOAc 0.01 M KOAcC 0.01 M KOAcC 0.01 M KOAcC
' 0.01 M 0.01 M 0.01 M 0.01 M 0.01 M
Source Phase 0.01M
Mg(OAC)> Mg(OAc)2 Mg(OAc)2 Mg(OAc)2 Mg(OAc)2 Mg(OAc)2
0.03 M HOAc 0.03 M HOAc 0.03 M HOAc 0.03 M HOAc 0.03 M HOAc
o I 0.01 M NaOAc 0.01 M NaOAc 0.01 M NaNO3 0.01 M NaNO3 0.01 M NaNO3
Receiving Phase | Deionized Water
g 0.03 M HOAc 0.03 M HOAc 0.03 M HOAc 0.03 M HOAc 0.03 M HOAC
K+ Flux
2 1 2.8+0.1 1.1+0.1 1.3+0.3 1.2+0.1 3.0+0.2 4.8+0.5
(nmol/cm ~ s 7)
M 2 Flux
9 2 1 8.8+4.3 5.0+2.7 6.4+2.8 5.3#x1.5 7.8+4.1 9.8+1.6
(pmol/cm ~ s 7)
Selectivity® >190 >125 >110 >180 >220 >450
Current (mA) - - ~4.2 - ~5.0 ~16

a .. . .
These values represent the lowest selectivity from at least 3 replicate experiments.

bElectrodialysis carried out with the apparatus in Figure 3.1(b) to obtain higher currents. Other electrodialyses were carried out with
set up shown in Figure 3.1(a).
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For electrodialysis with acetate salts, we employed a receiving phase that

contained 0.01 M NaOAc to provide conductivity and 0.03 M HOAc to acidify

the solution and prevent precipitation of Mg(OH)2. We also performed diffusion

dialysis with this receiving phase to facilitate comparisons of diffusion dialysis
and electrodialysis. Unfortunately, application of an electric current (4 mA)

increased flux only 20% relative to diffusion dialysis with the same receiving

. . +
phase, again showing a very low transference number for K .

Unexpectedly, if KNO3 instead of KOAc is the supporting salt in the
receiving phase, K" flux is 2.5 times the flux in diffusion dialysis with the same

receiving phase (Table 3.4). With 16 mA of current, the K' flux is 4 times that

in diffusion dialysis. Thus this particular system shows the largest increase in
flux on going from diffusion dialysis to electrodialysis through coated porous

alumina membranes. Although we reproduced this result with 3 different

membranes at each current level, the reason for the increased K" flux in
electrodialysis when using KNO3 rather than KOAc in the receiving phase is
not clear to us. The lower pH of the receiving phase with KNO3 or a higher
permeability to NO3 than acetate should decrease the transference number
+ . . . . + 2+
for K, leading to a lower electrodialysis flux. Nevertheless, the high K /Mg
selectivity of 500+40 along with the high K flux in electrodialysis (4-fold higher

than in diffusion dialysis) provides strong evidence that the selectivity in
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electrodialysis is the same as in diffusion dialysis. Moreover, we performed

1.5-h electrodialysis experiments 8 times with the same membrane without

losing the high monovalent/multivalent ion selectivity or K" flux. Thus, in the

absence of chloride, these membranes are stable during electrodialysis.

3.3.5 Electrodialysis and diffusion dialysis through PEMs deposited on NF270

membranes

Because alumina membranes are fragile and expensive, we also
investigated diffusion dialysis and electrodialysis through (PSS/PAH)s films
deposited on NF270 nanofiltration membranes. Figure 3.3 shows the amount
of K and Mg2+ in the receiving phase as a function of time during diffusion

dialysis followed by electrodialysis with the same solutions and membranes.

Interestingly, although the coated NF270 membranes allow only very low

fluxes (170 + 30 pmol cm'2 s_l) during diffusion dialysis with sulfate salts, in

electrodialysis the K* flux is 7.6 * 0.9 nmol em™? st and the K+/Mg2+

selectivity is 95 = 42 when the source and receiving phases contain sulfate

ions. The dramatic increase in flux upon application of current shows that

. + —
essentially all of the K transport results from electromigration. Moreover, the

selectivity is at least as high as with alumina supports, which show decreased

2 _ : . .
K+/Mg ¥ selectivities when sulfate, rather than chloride or nitrate, is the
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counterion. Electrodialysis with bare NF270 membranes showed K+/Mg2+

selectivities of only 11.

Figure 3.3(b) shows that the flux of both ions during electrodialysis

decreases with time, most likely due to a buildup of hydrogen ions on the feed
side and a corresponding decrease in K" and M92+ transference numbers.
(The flux values given above are average fluxes over the entire experiment.)

Using the average flux values, the K" transference number is 0.34 for the 6.8
mA of current in this experiment. (A current of 6.8 mA should give a K" flux of
22.4 nmol cm'2 s'1 if the K~ tranferrence number were 1)) This is the

. 2-
highest transference number that we saw, perhaps because of a low SOy

permeability. The transference number decreases with time due to the
decreased pH of the source phase. Low transference numbers are clearly a
major challenge when not using anion-exchange or cation-exchange
membranes for electrodialysis. With ion-exchange membranes, only cations
or anions pass through the membrane so transference numbers may be high
relative to corresponding transference numbers in PEMs that allow passage of
both cations and anions. However, the high selectivities of PEMs may make

them attractive for purifying specific ions.
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Figure 3.3 Moles of K" and M92+ in the receiving phase as a function of time

during (a) diffusion dialysis with 0.005 M K2S0QO4, 0.01 M Mg SO4 in the source

phase and 0.018M Na2SOg4, 0.005M H2SOg4 in the receiving phase and (b)

subsequent electrodialysis using the same membranes and source and
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Figure 3.3 (cont'd) receiving phases. Dialysis occurred through (PSS/PAH)s5

films on NF270 membranes, and the electrodialysis experiment employed 6.8

mA of current. Note the large differences in scales for K" and Mg2+ and for

diffusion dialysis and electrodialysis.

When using chloride solutions, electrodialysis with the coated NF270

membranes gives a K+/Mg2+ selectivity of 62+13, and the K' flux is again
much higher in electrodialysis (7.4 + 0.5 nmol cm'2 s_l) than diffusion dialysis
(78 £ 20 pmol cm'2 s'l). Similar to NF270 membranes with sulfate salts, the
K" transference number decreases with time, likely due to a buildup of

. 2+ . o
source-phase hydrogen ions. In some cases, the Mg~ increases with time,

suggesting that these membranes may also suffer from instability due to

chlorine generation.

3.4 Conclusions

Application of a current through (PSS/PAH)s-coated membranes can

increase the K flux relative to diffusion dialysis while maintaining K+/Mg2+

selectivities >100 or more. However, selectivities depend on the anion of the

salts as well as the membrane support. Sulfate anions decrease membrane
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zeta potentials and reduce K+/Mg2+ selectivities to ~30 for diffusion dialysis
through (PSS/PAH)s films adsorbed on porous alumina. In the case of
chloride salts, Clo generation in electrochemical reactions appears to damage
membranes coated with (PSS/PAH)s and greatly reduces selectivity.

(PSS/PAH)s-coated NF270 membranes show a 45-fold increase in flux upon

application of an electric current, mostly because the diffusion dialysis flux

through these membranes is low. One drawback to these separations is that

the K* flux is at most ~35% of the flux that would occur if K+ carried all the

current. Protons and anions carry most of the current.
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Chapter 4. Towards Electrically Driven Ion
Separations in Porous Membranes Modified with

Conductive Polymer Films

4.1 Introduction

Nanofiltration (NF) and reverse osmosis (RO) are both pressure-driven
membrane processes that require less energy than conventional
water-treatment techniques such as distillation. Nevertheless, increases in
permeability and selectivity will further enhance the efficiency of membrane
processes. High charge densities at the membrane surface, in particular, may
dramatically increase ion-transport selectivities in nanofiltration, diffusion
dialysis and electrodialysis because charged surfaces exclude ions with the
same charge, especially multivalent ions.l’ 2 A number of studies aimed to
increase membrane surface charge to enhance monovalent/multivalent ion
selectivities.3’ 4 We hypothesized that an electrical potential applied between a
conducting, permeable membrane skin and the surrounding solution would
further exclude anions or cations, particularly divalent ions, to increase
rejections and ion-transport selectivities in NF or diffusion dialysis (Figure 4.1).
In addition, application of an electrical potential will help elucidate how

membrane surface charge affects ion rejections and ion-transport selectivities.
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Polyaniline (PAN) was the first polymer reported to possess metallic
conductivity.5 When doped with acid, films of the half-oxidized form of PAN
(emeraldine) show a conductivity of 70 S cm'l.6 In some cases, PAN
membranes are highly selective in gas separations, which demonstrates that
these materials have a relatively dense, defect-free structure.7’ 8 To fabricate
a membrane with a high water permeability to examine ion separations, we
deposited PAN nanofibers as a conductive and permeable skin layer on a
porous support. The nanofibers align perpendicular to the support and should
not provide a significant resistance to water flow. There are numerous

approaches to the synthesis of PAN nanofibers including polymerization in the

9-12 .13, 14 . ,
presence of hard templates, electrospinning, interfacial

polymerization,1 > and seeding polymerization.l(s'18 Chiou et al. developed
dilute polymerization to synthesize aligned PAN fibers by exposing a substrate

to monomer and oxidant solutions, which is particularly simple and

’

inexpensive. This chapter describes modification of membranes with

PAN nanofibers through dilute polymerization and early studies of whether

potentials applied with these membranes affect ion transport.
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Bulk Conductive Membrane
Solution Layer Support

Figure 4.1 lllustration of an applied potential between a conductive membrane
skin and an electrode in solution. The electrical double layer that develops at
the membrane surface should exclude ions (cations in this case) to enhance

ion rejections and monovalent/divalent ion selectivities.
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4.2 Experimental Section
4.2.1 Materials

Aniline, ammonium  persulfate, perchloric acid, poly(sodium

4-styrenesulfonate) (PSS, My=70 000 Da), poly(allylmine hydrochloride) (PAH,

Mw=15 000 Da) and salts were purchased from Sigma-Aldrich and used

without further purification. Polyvinylidene difluoride (PVDF) membranes

(Durapore® Millipore, 0.45 um, hydrophobic), Polyethersulfone (PES)

membranes (Pall Corp., 100 kDa), and alumina membranes (Whatman 0.02

um) were utilized as the porous substrate for conductive film deposition.

4.2.2 Dilute PAN polymerization on membranes

The alumina membranes were first modified with 2 bilayers of PSS/PAH to
partially cover the pores and generate a relatively smooth surface for
subsequent deposition of polyaniline nanofibers.1 Specifically, alumina

membranes were cleaned with UV/O3 (Boekel UV-Clean Model 135500) for 15

min, and the top surface of the membrane was sequentially exposed to
polyanion (0.02 M PSS, 0.5 M NaCl, pH 2.3) and polycation (0.02 M PAH, 1 M
NacCl, pH 2.3) solutions for 5 min with a 1 min rinse with deionized water after

exposure to each polyelectrolyte solution. PVDF and PES membranes were

used as received. The (PSS/PAH)2 modified alumina membranes and bare
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PVDF or PES membranes were floated (with the membrane active layer down)

on a solution which contained 0.02 M aniline, 0.01 M (NH4)S20g and 1 M

HCIO4. The solution was stirred for 24 h in an ice bath. PAN nanofibers were

generated at the solution-air interface, on the membrane surface and in the

solution as well.

4.2.3 Membrane Characterization

The membranes were cracked in liquid nitrogen, mounted on a glass slide
with carbon glue and subsequently sputter coated (Pelco model SC-7 auto
sputter coater) with 8 nm of gold. Scanning electron microscope (SEM) images
were obtained with a Hitachi S-4700 Il field-emission SEM. The PAN-modified
PVDF membranes were etched with a focused ion beam to generate a tilted
and smooth cross section to observe the film formation on the membrane
surface by dual-column focused ion beam-secondary electron microscopy

(FIBSEM, Carl Zeiss Auriga).

The membrane conductivity was measured using 4-probe measurements
(Lucas Signatone Corp, 302 Resistivity Stand). Modified membranes were
immersed in 1 M HCI or 0.02 M phosphate buffer solution (PBS) at pH 2, dried
in air, and placed on a glass slide with the four probes pressing gently on the
membrane. At least four measurements were carried out with in one area of

the membrane and at least four areas were interrogated. A contact angle
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analyzer (FTA200 (first ten angstroms)) was used at room temperature to

evaluate the membrane hydrophobicity.

4.2.4 lon Separations

NF with an applied electrical potential was performed with the home-built
apparatus shown in Figure 4.2. The feed solution contained 0.01 M MgCl, and
0.01 M KCI, with 0.02 M phosphate buffer solution (PBS) at pH 2. We
employed a low-pH solution because polyaniline exhibits poor conductivity in
solutions with pH values higher than 3.20 The feed solution was pressurized
with N2 and forced through a stainless prefilter (Mott Corp.), a flow meter, and
across the PAN-modified PES membrane using a centrifugal pump. The NF
cell exposed a membrane area of 2.4 cm2, and the rententate was circulated
back to the feed tank. Figure 4.3 shows the design of the membrane cell. The
conductive membrane served as one electrode and the gold-coated portion of
the upper piece of the cell served as a second electrode. The electrical
potential drop was applied between the membrane surface (through the
copper O-ring) and the upper electrode. Permeate aliquots (<10 mL) were
collected without electrical potential applied and with 2 V applied at the
membrane surface (the membrane was positive with respect to the upper
electrode). The feed solution, which had an initial volume of 2 L, was sampled

at the end of the experiment, and all solution concentrations were determined
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using inductively couple plasma-optical emission spectroscopy (Varian

710-ES).

Figure 4.2 NF apparatus: (1) N2 tank, (2) stainless steel feed tank, (3)
centrifugal pump, (4) prefilter, (5) flowmeter, (6) membrane cell, and (7) power
supply. All solid lines represent pressurized tubing, and dashed lines denote

electrical wires.
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Figure 4.3 Diagram of the membrane cell for NF. a) side-view cross section: (1)
and (2) inlet/outlet ports (threads not shown), (3) upper electrode coated with a
thin layer of gold, (4) rubber O-rings, (5) membrane that functions as an
electrode via copper foil connections attached to the membrane with silver
epoxy, (6) porous stainless steel frit. b) a bottom view of the upper portion of
the cell: (4) rubber O-rings, (7) and (8) inlet and outlet flow distribution

channels.
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Diffusion dialysis was performed as described previously.21 A
(PSS/PAH)2/PAN-modified membrane with a copper foil ring attached to the

top of the membrane with silver epoxy was sandwiched between the source
and receiving cells, and the solutions in each cell (initially 90 mL each) were
stirred vigorously. The cells exposed a membrane area of 2.1 cm2. One-mL
aliguots were withdrawn periodically from the receiving cell to monitor the
analyte flux as a function of time, and similar aliquots were taken from the
source phase to maintain equal volumes. The source phase contained 0.01 M
MgCl2 and 0.01 M KCI with 0.02 M PBS at pH 2, while the receiving phase
initially contained only pH 2 PBS. To apply the electrical potential, the working
electrode of the potentiostat was connected to the copper ring on the
membrane. A Ag/AgCI reference electrode and a platinum counter electrode
were placed in the source cell. A constant electric potential (-2 V) was applied
between the membrane surface and the reference electrode using a CH

Instruments model 604 potentiostat.

4.3 Results and Discussion

4.3.1 Membrane Characterization

The bare PVDF membrane has a static water contact angle of 113° at

room temperature. After polyaniline modification, the water contact angle

decreases to 25°, showing that the polyaniline nanofibers make the
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membrane surface hydrophilic. The PAN modified membrane shows an
average sheet resistance of 4000 + 3000 Q/sq after immersion in 1 M HCI,

and 9000 + 2000 Q/sq after immersed in 0.02 M PBS at pH 2.

Figure 4.4 shows the top of an alumina membrane modified with a
(PSS/PAH)2 film and PAN nanofibers. The fibers are clearly visible on the
membrane surface and completely cover the pores in the alumina support.
Figure 4.5 shows SEM images of PVDF membranes before and after
modification. The fibers are uniformly deposited on the spongy membrane
surface, but they do not cover the relatively large pores in these membranes.
Figure 4.6 presents images of cross sections of the membranes, and indicates
that the nanofiber length is on the order of a tens of nanometers. The PAN
nanofibers deposit only on the membrane surface and do not modify the inner
pores. The PVDF membrane has a hydrophobic surface, which likely serves
as a barrier to monomer diffusion from aqueous solution into the membrane

inner pores.
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Figure 4.4 SEM image of the top of a (PSS/PAH)2/PAN-coated alumina

membrane.
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Figure 4.5 SEM images of the tops PVDF membranes (a) before and (b) after

modification with PAN nanofibers.
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Figure 4.6 FIBSEM images of cross sections of PVDF membranes modified

with PAN nanofibers. The two images show different magnifications.

4.3.2 lon Separations

In one NF experiment without an applied potential, a PAN-modified PES
membrane showed rejections of 71% and 50% for Mg2+ and K+, respectively.
Upon application of a 2 V potential between the membrane electrode and the
upper gold-coated electrode (the membrane electrode is positive with respect

to the gold-coated electrode), the Mngr and K rejections were 66% and 56%,

respectively. Thus, the ion rejections and ion selecitivities did not change
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substantially upon application of an electrical potential. However, poor
electrical connections between the copper foil ring and the membrane may
have affected this result. After the NF experiment (>20 h), the copper ring
peeled off the membrane. In addition, the membrane surface conductivity may
not be sufficient to apply a uniform potential across the membrane. The main
electric potential drop may occur from the membrane edge to the membrane
center instead of from the membrane surface to the solution, as the membrane

sheet resistance is around 9000 /sq after immersion in 0.02 M PBS at pH 2.

In diffusion dialysis without an applied electrical potential the
(PSS/PAH)./PAN-modified alumina membrane allowed a K* flux of 2.1 nmol
cmZ st and a M92+ flux of 0.3 nmol cm™® s+, (The source phase contained
0.01 M MgClp, 0.01 M KClI in 0.02 M phosphate buffer solution (PBS) at pH 2,
and the initial receiving phase contained deionized water.) Because the ion
flux is on the order of nmol cm'2 s'l and a positive potential applied on the
membrane should further decrease the flux, ion analysis would be a challenge.
Thus, with the same system, we applied -2 V between the membrane surface
and a Ag/AgCI reference electrode in the source phase, and the K flux was

2.8 nmol cm™ s and M92+ flux was 0.4 nmol cm™> s>, This very small

increase in flux with an applied potential suggests that anion exclusion from an
electrochemical double layer does not significantly alter the flux in this case.

However, more studies are in progress to provide a firmer conclusion as to
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whether potentials applied with conductive membranes can alter ion fluxes in

NF and diffusion dialysis. We also aim to test positive potentials.

4.4 Conclusion

Dilute polymerization yields a dense covering of PAN nanofibers on the
surface of porous membranes. PVDF membrane surfaces become hydrophilic
after modification with PAN nanofibers, and four-probe measurements show
that membrane resistance across the membrane is less than a few MQ. Initial
experiments did not show significant effects of applied potentials (between the
membrane and the source phase or feed) on ion transport, but further studies

are needed to verify this conclusion.

171



REFERENCES

172



REFERENCES

(1) Cheng, C.; Yaroshchuk, A.; Bruening, M. L., Langmuir 2013, 29,
1885-1892.

(2) Mulyati, S.; Takagi, R.; Fujii, A.; Ohmukai, Y.; Maruyama, T.;
Matsuyama, H., J. Membr. Sci. 2012, 417, 137-143.

3) Ouyang, L.; Malaisamy, R.; Bruening, M. L., J. Membr. Sci. 2008, 310,
76-84.

(4) Ng, L.Y.;Mohammad, A. W.; Ng, C. Y., Adv. Colloid Interface Sci. 2013,
197-198, 85-107.

(5) Cao, Y.; Smith, P.; Heeger, A. J., Synth. Met. 1992, 48, 91-97.
(6) Chiou, N. R.; Epstein, A. J., Adv. Mater. 2005, 17, 1679-1683.

(7)  Anderson, M. R.; Mattes, B. R.; Reiss, H.; Kaner, R. B., Synth. Met.
1991, 41, 1151-1154.

(8) Hasbullah, H.; Kumbharkar, S.; Ismail, A. F.; Li, K., J. Membr. Sci. 2011,
366, 116-124.

(9) Jackowska, K.; Biegunski, A. T.; Tagowska, M., J. Solid State
Electrochem. 2008, 12, 437-443.

(10) Zhang, X.; Chan-Yu-King, R.; Jose, A.; Manohar, S. K., Synth. Met.
2004, 145, 23-29.

(11) Parthasarathy, R. V.; Martin, C. R., Chem. Mat. 1994, 6, 1627-1632.

(12) Mazur, M.; Tagowska, M.; Palys, B.; Jackowska, K., Electrochem.
Commun. 2003, 5, 403-407.

(13) Attout, A.; Yunus, S.; Bertrand, P., Polym. Eng. Sci. 2008, 48,
1661-1666.

(14) Hong, K. H.; Kang, T. J., J. Appl. Polym. Sci. 2006, 99, 1277-1286.

(15) Li, R.Q.; Chen, Z.; Li, J. Q.; Zhang, C. H.; Guo, Q., Synth. Met. 2013,
171, 39-44.

(16) Wang, D. H.; Ma, F. H.; Qi, S. H.; Song, B. Y., Synth. Met. 2010, 160,
2077-2084.

(17) Zhang, X.Y.; Goux, W. J.; Manohar, S. K., J. Am. Chem. Soc. 2004,
126, 4502-4503.

173



(18)

(19)

(20)

(21)

Xing, S. X.; Zhao, C.; Jing, S. Y.; Wang, Z. C., Polymer 2006, 47,
2305-2313.

Chiou, N.-R.; Lui, C.; Guan, J.; Lee, L. J.; Epstein, A. J., Nat.
Nanotechnol. 2007, 2, 354-357.

Chiang, J.-C.; MacDiarmid, A. G., Synth. Met. 1986, 13, 193-205.

Liu, X.; Bruening, M. L., Chem. Mater. 2004, 16, 351-357.

174



Chapter 5. Conclusion and Future Work

This dissertation demonstrates remarkable monovalent/divalent
ion-transport selectivities in diffusion dialysis and electrodialysis through
membranes coated with PEMs. Mechanistic studies suggest that these high
selectivities rely in part on highly charged surfaces, so we began preparing
conductive membrane to investigate whether greater control over surface
charge can further enhance selectivity. In this regard, chapter 1 reviews
common methods for fabricating polymer coatings, discusses specific
techniques for membrane-based ion separations, and provides a brief
introduction to conductive polymers.

Chapter 2 demonstrates that the PSS/PAH coatings on porous support
can provide K+/Mg2+ selectivities higher than 350 in diffusion dialysis. The

K+/Mg2+ selectivity drops to 16 in NF with the same membranes, suggesting

that small defects in the membrane coating lead to convective coupling of
water and salt transport. Measurements of transmembranes potentials show
that (PSS/PAH)4 coatings are much more permeable to Cl than M92+, and the
resulting transmembrane potential gives rise to a -200% rejection of trace K" in

. . . + . . .
nanofiltration (the concentration of K in the permeate is three times the

concentration in the feed solution). Knowledge of single-ion permeabilities is

vital for predicting the performance of polyelectrolyte films in the separation

173



and purification of mixed salts.

Chapter 3 investigates whether the diffusion dialysis selectivities of
PSS/PAH-modified membranes translate to electrodialysis. Remarkably, with
coated commercial NF membranes the K' flux increases 45-fold when
comparing diffusion dialysis and electrodialysis, while the membrane
maintains a K+/Mg2+ selectivity around 100 in electrodialysis. However, the K*
transference number is <0.34 because protons and anions carry most of the
current. The anions of K+/Mg2+ salts dramatically affect ion fluxes and
monovalent/multivalent ion selectivities. Adsorption of sulfate in PEMs on
porous alumina reduces the membrane surface charge, to give a K+/Mg2+ only
around 40. With the same membranes, nitrate salts give K+/Mg2+
selectivities >540. Chlorine generated in electrodialysis with chloride salts
damages the (PSS/PAH)s-coated membranes, and K+/Mg2+ selectivities
decline dramatically as a result. Future work should examine selectivities
among more valuable ions and methods for increasing the transference
numbers for the ions of interest.

Chapter 4 proposes of the use of conductive polymer-modified membrane
for ion separation with an applied electric potential between the conductive
polymer skin and solution. We modified several membrane substrates with
conducting PAN nanofibers. However, preliminary results of ion separations
with these membranes show no significant changes in ion fluxes or

selectivities upon application of an electrical potential. This may due a low
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conductivity in polymer film or large gaps between conducting regions..

Future work should examine more conductive materials for the membrane
coating (e.g. poly(3,4-ethylenedioxythiophene), sulfonated polyaniline and
carbon  nanotube-polymer complexes).l'3 Some improvements on
experimental designs, such as a low-resistance connection between
membrane surface and a copper foil ring are essential to help achieve
significant ion separations with conductive membranes. In addition, application
of a potential with conductive membranes provide a potential method to
combat membrane biofouling.4 Future work may well demonstrate significant
improvements in fouling control and ion rejections when using conductive

membranes and applied potentials.
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