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ABSTRACT

Novel Polymer Films for Separations in Nanofiltration

By

Matthew D. Miller

Nanofiltration (NF) is a powerful separation technique, capable of
operation in both large- and small-scale applications. Despite extensive
developments in the NF field, increased permeate fluxes as well as greater
control over membrane properties are constant objectives. A common target for
NF performance enhancement is the membrane, which is the selective barrier
between the feed and permeate solutions. In this dissertation | detail how the
deposition of ultrathin polymer films on porous supports yields selective, high flux
membranes.

To form composite NF membranes with ultrathin polymer skins, | employ
alternating adsorption of polycations and polyanions on a porous support.
Separations can be optimized by varying the constituent polyelectrolytes, and in
general, the use of polycations and polyanions with lower charge densities allows
greater passage of larger analytes, presumably because ionic crosslinking
decreases with decreasing charge density. In situ ellipsometry confirms that
lower charge densities result in highly water-swollen films. Careful selection of
polyelectrolytes results in membranes capable of separating salts, sugars, or,

remarkably, even proteins such as myoglobin and bovine serum albumin.



Additionally, membrane transport characteristics such as rejection and solution
flux can be optimized by simple changes in the film deposition process.
Moreover, water fluxes through these films are 1.5-5 times greater than through

commercial NF membranes.



To my mom and dad.
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Chapter 1

INTRODUCTION

Chemical separations are essential processes in diverse applications
ranging from chromatographic analysis to petroleum refining to the isolation of
pharmacologically active plant components.'® Techniques employed in such

separations  include distillation,*®  recrystallization,”®  centrifugation,®"!

15-17 18-20

sublimation,'>"* dialysis, and chromatography. This research focuses
specifically on nanofiltration (NF), which is a membrane-based process similar to
reverse osmosis. Membrane separations are often employed in large-scale
industrial processes such as desalination?' and gas separations,??* though they
are also important in small-scale applications such as membrane introduction
mass spectrometry.?>?*® These separations rely on the interaction of chemical
compounds with a selective phase, the membrane, to effect separations. The
selective phase is the foundation of these separations and should be amenable
to key improvements that employ novel film chemistry.

This dissertation explores the use of multilayer polyelectrolyte multilayer
(PEM) films as the discriminating layer in membranes. The minimal thickness of
the polyelectrolyte films allows fluxes that are 1.5 to 5-fold greater than those
through commercial membranes, and Chapter 2 discusses how careful selection
of the constituent polycations and polyanions in these films allows development

of membranes with a wide range of molecular weight cutoffs. Multilayer

polyelectrolyte films are particularly promising for sugar and salt/sugar



separations. Chapter 3 discusses how the ellipsometrically measured swelling
behavior of these films relates to their transport properties, and Chapter 4
investigates how slight changes to polyelectrolyte deposition systems can
significantly enhance several practical separations.

To put these results in context, this introduction first briefly discusses
separation mechanisms in the area of NF as well as some membrane synthesis
methods. The next section describes prior research on the formation and
structure of multilayer polyelectrolyte films. Finally, an outline for the other

chapters of the dissertation is given.

1.1 Membranes and Nanofiltration
Membrane systems utilize a

discriminating layer (the membrane) C

to allow selective transport between O

two phases as shown in Figure 1.1.

@
CAP

3
©
‘,0@0
o 0°©

Several forces can drive transport C)e

across this layer, including pressure "/ o ) '
. . G ©
differences, e.g., nanofiltration O O o
(NF),? reverse osmosis (RO),?! and I
gas separations; 2% a
membrane
concentration gradient, eg.,

Figure 1.1: Schematic depiction of
dialysis;?® or even an electrical a pressure-driven, size-selective
membrane separation
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potential difference, e.g., electrodialysis. Membrane separations can occur

between two liquid phases,* from a liquid to a gas phase (pervaporation),3*
and between two gas-phases.*®*3® This work focuses on liquid-liquid separations
that include diffusion dialysis and NF, but the primary emphasis is on NF
because of its higher fluxes and greater practicality. In this technique, pressure
drives a solvent (with some accompanying solutes) across a membrane against
a concentration gradient. NF is similar to reverse osmosis, but NF membranes
are more permeable so lower pressures can be applied to achieve similar
fluxes.3394% The use of lower pressure makes NF more economical than RO for
separations that do not require high NaCl rejections.

The term “nanofiltration” was initially coined by the membrane company
Filmtec™ in the mid-1980s, but the name was retroactively applied to
separations with water fluxes from 0.2-2 m®/(m? day bar) and NaCl rejections of
20-80%.*'*? The molecular weight cutoff (MWCO, solute molecular weight
needed to achieve <10% passage of the solute through the membrane) of NF
membranes is generally between 200-10000 g/mol,** so NF applications include
selective removal of molecules such as sugars,** herbicides,*® pesticides,*® and
dyes.*” The largest application of NF is the softening of water (removal of Mg?*
and Ca®' ions), and some plants have been built that can process 40 million
gallons of water per day.48 Despite these applications, improved membranes
with higher permeabilities, greater stabilities and lower propensities for fouling

would certainly be beneficial for expanding the scope of this technique. Hence



the goal of this work is to develop a versatile method for forming ultrathih films
that are capable of a wide range of high-flux separations.

Separation Mechanisms in NF. NF membranes rely primarily on two
mechanisms for selective transport: charge exclusion and sieving. In both
mechanisms, transport is often modeled by assuming equilibrium at the feed and
permeate interfaces and allowing transport within the membrane to occur by
convection and diffusion (Figure 1.2). In charge exclusion (also called Donnan
exclusion), a high density of charge on the membrane surface results in
exclusion of species in solution with a charge of the same sign.***®* Because
exclusion increases with the charge on the species, this mechanism can
separate singly and doubly charged species such as chloride and sulfate®®* or

sodium and magnesium ions.*°

To understand how a charged membrane rejects ions, consider a

membrane exposed to a solution of a single binary salt, AxBy, where z, is the

charge on the cation and zg is the charge on the anion. Because of the fixed
charge on the membrane, the concentrations of mobile cations and anions within
the membrane are not the same. At equilibrium, this creates an electrical
potential (the Donnan potential), which is described by Equation 1.1,%* where
WYoon is the Donnan potential, R is the gas constant, T is temperature, F is

Faraday's constant, a¥ is the activity of the ion in the membrane, and a° is

RT as RT as
Yo, =| — |In| 2L | and W, =| — |In| =&
Don (ZBF} (ag,J Don [ZAF] [a%] (1.1)



Solute

- Pressure

Feed Side “ Permeate
Side

Figure 1.2: Representation of the concentration profile in NF. Charge or
size exclusion of the solute at the membrane-feed interface results in
rejection.
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the activity of the ion in solution. This equation applies to both the cation and
anion of the salt. Equating the Donnan potential for each species and assuming
that solutions are sufficiently dilute that concentrations, ¢, equal activities yields

Equation 1.2.

RT c5 _RT 3 -
ZBF Cg’ ZAF CQ\” ( ) )

The assumption of charge neutrality both in solution and in the membrane results
in Equations 1.3 and 1.4, respectively, where c® is the species concentration in
bulk solution, c™ is the species concentration in the membrane, and cx™ is the

concentration of fixed charge due to the membrane material.
S S
|2a|Ca =|25|C3 (1.3)
M M M
[za|CA =|28|C8' +|2x|Cx (1.4)
Finally, substituting Equations 1.3 and 1.4 into Equation 1.2 leads to the
distribution coefficient for the anion shown in Equation 1.5. A similar expression
can be derived for the cation. In the case of a divalent and monovalent sodium
salt and a negatively charged membrane, this equation will result in a much
smaller distribution coefficient for the divalent anion.

Cg - |ZB|Cg A
Cs ||zs|CH +|zx|C¥

Zg
Zx

(1.5)




For neutral molecules, the major separation mechanism in porous
membranes is sieving, in which transport into membrane pores depends on
solute dimensions. The most important variables for predicting the rejection
properties of a sieving membrane are the radii of the solutes and membrane
pores.®® Figure 1.3 describes a very
simple partition model with spherical

solutes and cylindrical pores used to

estimate steric-based membrane
rejection, where r is the radius of the
solute and R is the radius of the pore |

(assuming a uniform pore-size). This

R-r \
model assumes that the closest a : 4

Figure 1.3: lllustration depicting the
size-exclusion model described in
Equation 1.6

solute can approach the pore wall is
the radius of that solute, r. Thus, the
center of the solute can only occupy a fraction of the cross-sectional area, (1-
r/R)? (also called ®). Essentially, the ratio of solute to pore radius determines an
effective partition coefficient, ®, that dictates how well molecules can enter the
membrane. If transport to the permeate side is primarily due to convection, the
partition coefficient can also predict rejection as described by Equation 1.6.41445°
Hindered convection or diffusion will result in a more complicated model of

transport. #4567

2
Percent Rejection = {‘I —{1 - %1 ]‘100% (1.6)



Equation 1.7 (a form of Fick’s first law) describes steady state diffusion
through a membrane, where j; is the solute flux, D; is the diffusion coefficient of
the solute through the membrane, ci. - and cjx-a« are the concentrations of the
solute in the membrane at the feed and permeate sides of the film, respectively,

and Ax is the thickness of the membrane.

Ci,X=0 _CI,X=AX (1 7)

Ji=-D o~

However, the concentrations of solute at the membrane/solution interfaces are
controlled by ®, where c;r and c;, are the concentration of the solute in the feed

and permeate, as shown in Equation 1.8.

= Ci x=0 _ Ci x=Nx (1.8)
Cir Cip '

Also, the diffusion coefficient in Equation 1.7 is a combination of the diffusion
coefficient of the solute at infinite dilution, D; s, as well as the hindrance factor for
diffusion, K; 4, and the film porosity, & as shown in Equation 1.9.

D; = D;nKi g€ (1.9)
Note that K;4, assuming a homogeneous velocity across the membrane pores, is
similar to the enhanced drag coefficient, K/, which is a function of the ratio of
solute to pore radius, and expressions for calculating this value are available in
literature.**>” Substitution of Equations 1.8 and 1.9 into Equation 1.7 results in
Equation 1.10, an expression for diffusive flux through a membrane.

d(c;s - c,yp)

Ji =Dijjnt Kig € (1.10)



Solvent flux in pressure driven processes like NF is described by Equation
1.11, where 7 is the solvent viscosity, 7 is the pore tortuosity, and AP is the

pressure drop across the membrane.

_ eR?AP
8ntAx

(1.11)

v

Including both hindered diffusion and hindered convection, K;, the expression for

solute flux in NF is shown in Equation 1.12.

dc;

i =K. Cd. —D. oK. 3%
Ji i,cCivv iinflNid€ dx

(1.12)

The hindered convection term can be approximated by the lag coefficient, G,
which is also a function of the ratio of solute to pore radius. Again, expressions
for calculating this value are available in the literature.** Finally, integration of
Equation 1.12 with the boundary conditions in Equation 1.13, results in an
expression for rejection that combines hindered diffusion and convection with the

ratio of solute to membrane pore radius, Equation 1.14.4%%7

The partition
expression does not factor into the solute concentration on the permeate side of
the membrane in Equation 1.13 because that side is not stirred with the NF

system discussed in this dissertation (only the feed side is stirred with our cross-

flow equipment).

Cir P =Cjy=0; Cip = Cix=Ax (1.13)
: . Ki c(D
Rejection =1- P, ‘J (1.14)
i AX
1-exp| - 1% —"-—] 1-K;
[ Kig Diinte (1-Kic)



While the previous theoretical discussion describes the pore-flow model, it
is also possible that a solution-diffusion mechanism influences solute and solvent
transport. In this model, solute and solvent dissolve in the film, cross the
membrane via diffusion, then desorb into the permeate. In the case of solution-
diffusion, Equation 1.15 describes the solvent flux in NF (J;), where D; is the
diffusion coefficient of solvent in the membrane, K; is the sorption coefficient of
the solvent, c; is the concentration of the solvent, An is the osmotic pressure, R is
the gas constant, T is temperature, and v; is the molar volume of the solvent.

_ D,‘K,'C/’Vi(AP—Aﬂ)
- AXRT

Ji (1.15)

Equation 1.16 describes the solution-diffusion solute flux through the membrane
where D is the diffusion coefficient of the solute, K is the sorption coefficient of
the solute, and Ac is the concentration change of the solute across the
membrane.

J; =____D/'Z;A°f (1.16)
A more in-depth derivation of these equations is beyond the scope of this
dissertation, though it is available elsewhere.*!

It is often difficult to determine the contribution of solution-diffusion or
transport through pores to the solute transport through the membranes described
in this dissertation. Baker states that the transition between the two mechanisms
occurs when the effective radii of membrane pores are between 0.25-0.5 nm.*!

The pore size of the membranes described in this dissertation are likely above

this threshold. A previous modeling study with similar, more rejecting films found
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the average pore radius of the membranes to be between 0.4-0.5 nm.** An
investigation of the local solute environment using a technique like fluorescence

lifetime measurement®®

may elucidate if transport occurs through the water-filled
pores or along the polymer backbone. Tedeschi et al. performed a similar study
with PEMs utilizing pyrene fluorescence as a polarity sensitive probe,*® but
unfortunately most of their data were collected when the films were under varying
degrees of relative humidity and not immersed in water.

Synthesis of NF membranes. Sieving properties of membranes are a function of
pore size, and one of the largest factors that affect this variable is the method of
membrane synthesis. Most current NF membranes are made by interfacial
polymerization, phase inversion, or surface modification of preexisting
membranes.®’ Interfacial polymerization is the process of loading a porous
support with a reactive species (such as a diamine) dissolved in solvent A, and
then immersing it in a complementary reactive species (e.g, a di-acid chloride)
dissolved in solvent B. The two solvents are immiscible so the polymerization
occurs only at the solution A/solution B interface.®® Such membranes are
advantageous in that very little material is needed in the thin skin layer, so
expensive, high-performance polymers can be employed to make the skins.
Many recent membranes made by this process utilize trimesoylchloride as one of
the reactive species.®™® This monomer is popular because it possesses three
active sites that can be reacted to varying degrees depending on stoichiometric
control. The unreacted groups are subsequently hydrolyzed, lending additional

control over the hydrophilicity to the membrane.®® The amine co-reactant is often

1



m- or p-phenylenediamine,®%* however, bipiperidine or bisphenol derivatives are
often used to increase chemical resistance.®4%®

Phase inversion is another popular technique, which yields asymmetrically
skinned membranes. In general, these structures are made by the precipitation
of a solvated polymer to form a membrane whose surface has very small pores
and sits on top of a porous, spongy bulk. Some of the methods for producing
these films include immersion of dissolved polymer into a solvent in which the
polymer is not soluble, removal of solvent from a solution of a polymer in a
solvent/non-solvent system, temperature reduction, and placement of a cast film
in an atmosphere that contains non-solvent saturated with a solvent. The
porosity of these films is controlled by a combination of the polymer type, casting
solution, post-casting treatment, coagulation method, and post-precipitation
treatment.*'°

Loeb and Sourirajan pioneered the phase inversion technique and
specialized in making membranes from cellulose acetate.®” Since cellulose
acetate membranes suffer from chemical instability,®® asymmetric membranes
have since been produced from several different polymers, including
polyamides,®®  polyimides,®® sulfonated polysulfone,”° and brominated
poly(phenylene oxide).”! Many recent phase inversion membranes involve co-
polymers of poly(vinylidene fluoride) (PVDF).”*”” For example, Jeon and co-
workers cast a mixture of poly(vinylidene fluoride-co-hexafluoropropylene) and

poly(ethylene oxide-co-ethylene carbonate) to form high flux, highly stable

membranes for use in a polymer electrolyte system.”® Another novel system by
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Zhai et al. involves membranes made from a co-polymer of PVDF and 2-(2-
bromoisobutyryloxy)ethyl acrylate, the latter acting as an initiator for atom
transfer radical polymerization.””

The final general membrane preparation technique discussed here is the
one used in this dissertation, the physiochemical modification of membrane
surfaces. One such method involves the plasma treatment of polymeric
membranes. This process can form groups that increase permeability or,
depending on the type of plasma used, induce cross-linking to increase

stability.”®

Membranes can also be chemically treated to increase performance,
i.e. sulfonation to increase water flux and ion rejection.”” Another surface
modification technique involves the direct attachment of polymers to the
membrane surface.®%% Ulbricht and Yang demonstrated this method when they
grew acrylic acid from initiators trapped at the surface of polypropylene
membranes.®

The specific surface modification method utilized here involves the layer-
by-layer adsorption of anionic and cationic polyelectrolytes on a ceramic alumina

membrane. 5878

More than 40 years ago, Michaels demonstrated that
precipitated polycation/polyanion complexes are capable of selective
separations,”® and a number of studies examined adsorption of single

polyelectrolytes on the surface of separation membranes.®'

However,
deposition of multilayer polyelectrolyte films differs from adsorption of single
polyelectrolytes in that the multilayer films do more than just modify the

membrane, they become the selective layer. Moreover, in comparison to
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precipitated polyelectrolyte complexes, the layer-by-layer process should provide
much better control over both membrane thickness and permeability. The next
section more thoroughly discusses the large body of research concerning the

properties and structure of muiltilayer polyelectrolyte films.

1.2 Multilayer Polyelectrolyte Films as Skin Layers in NF Membranes

Multilayer assemblies formed via layer-by-layer deposition have been
extensively explored in recent literature.>*'® A variety of interactions can be
used to assemble such films, including both covalent and hydrogen bonding'%% %
as well as donor-acceptor coupling.®® However, the most popular method for
forming muitilayer films employs electrostatic interactions between polycations
and polyanions.'® Assembly of such films can occur using the simple “dip-and-
rinse” procedure illustrated in Figure 1.4, where charged substrates are
immersed in a polyelectrolyte solution, rinsed with water, immersed in a solution
of oppositely charged polyelectrolyte, and rinsed again.'” This process is
repeated until a film of desired thickness is produced. These films are attractive
as skin layers of membranes because their thickness can be controlled simply by
varying the number of deposited layers, and the use of a variety of constituent
polyelectrolytes should allow control over film permeability.

PEM Assembly and Structure. Knowledge of the structure of PEMs will be vital

to understanding their permeability, and a number
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of insightful studies have been performed in this regard. '%'%'2' Some of the
earliest reports of PEMs by Decher and coworkers state that smooth, ordered
films can be built up with over 100 layers with little to no change in adsorption

characteristics.'%®

Additionally, these films do not exist in a discrete, layered
structure, as interpenetration between the layers is estimated to be at least 4
polymer layers thick,'%'% though this value can vary depending on film type and
assembly conditions.

The structural properties of PEM films made with strong polyelectrolytes
(polyelectrolyte repeat units that are fully ionized in solution) are heavily
influenced by the salt concentration present during deposition.''®''2  High
concentrations of supporting electrolyte result in screening of the charges on the
polyelectrolyte and lead to coiled polymer chains that form thick films.""®'"" For
example, Dubas and Schilenoff demonstrated that there is a linear relationship
between salt concentration in deposition solutions and the thickness of
poly(styrene sulfonate) (PSS)/poly(diallyldimethylammonium chloride)
(PDADMAC) films.'"® The structure of films made with weak polyelectrolytes
(polyelectrolyte repeat units that are not completely ionized in solution, such as
primary amines and carboxylic acids) is especially sensitive to deposition pH,
which controls the degree of polyelectrolyte ionization.''*'"> Yoo et al. showed
that bilayer composition, surface wettability, layer interpenetration, and layer
thickness are all controlled by simply varying the polyelectrolyte deposition pH.'™*

Interestingly, some polyelectrolyte systems grow exponentially (as

116-121

opposed to linearly) with the number of added polymer layers. This rapid
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growth may occur because at least one of the polyelectrolytes is capable of
penetrating and diffusing through the bulk of the film, as opposed to linearly
growing films that interpenetrate only over a couple of bilayers. When the film is
rinsed, polyelectrolytes that diffuse throughout the film are not readily removed,
and when the membrane is brought into contact with a polyelectrolyte with
opposing charge, the previously deposited polymer chains diffuse back towards
the solution/film interface, precipitate with the new polyelectrolyte and form an

120,122

extremely thick layer. Films constructed from hyaluronic acid (HA) and

chitosan exhibit this non-linear growth behavior''®'%!

and possess very
interesting permselectivity and swelling properties, as discussed in Chapters 2
and 3 of this dissertation.

Separations with PEMs. Careful consideration of properties such as
polyelectrolyte type (strong or weak polyelectrolytes, linearly or exponentially
growing) and deposition conditions (pH and salt concentration) should allow

33,35,44,49,53,123

tailoring of the permeability of PEMs. Many studies of transport

through PEMs have been published, and include techniques like

3334124127 \F 4483123128 5nd gas separation.*®'?® Krasemann and

pervaporation,
Tieke reported that 60-bilayer films exhibit a diffusional selectivity of over 100 for
a mixture of Na*/Mg®* and 45 for a mixture of CI" and SO4%."*° However, these
results were obtained with thick films that limited flux. Tieke’s group also

produced PEMs for NF that exhibited SO4* rejections of up to 98.5%, but

solution flux was only 0.003 m*/(m? day bar).'? Stanton et al. used much thinner
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PEM films to obtain a sulfate rejection of 95% with a solution flux of
0.4 m*/(m? day bar), a stark improvement in hydraulic permeability.*

Despite their charged nature, PEMs are not limited to ionic separations.
They recently found utility in pervaporation separations and are attractive for
removing water from organic/water mixtures. 334124125127 yiery recent work by
Schwarz and Malsch demonstrated that PEMs can separate cyclohexane and
benzene via pervaporation.'® However, these separations are likely based upon
solute solubility in the membrane material, so fractionation of molecules with
similar polarities may be challenging.

This work explores the use of PEMs in NF of neutral molecules and in the
separation of salts from neutral molecules. Although a few papers examined NF
of salts using PEMs, only one study, published by our group, examined NF of
neutral molecules with PEMs.** That work showed that high selectivities
between glucose and sucrose are possible, but the high rejection of organic
solutes (the rejection of even methanol is 70%) may limit the use of these
membranes in applications where high solute recovery is desired. This work
shows that both control over MWCO and increased NF fluxes are possible with
appropriate selection of the polyelectrolytes in PEMs. Moreover, ellipsometric
data demonstrate that film swelling in aqueous solutions increases with
decreasing charge density of the constituent polyelectrolytes and correlates well
with MWCO.

This dissertation also shows the promise of multilayer polyelectrolyte films

for two specific applications: the fractionation of oligosaccharides and the
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separation of salt from sugar. Process streams in sugar refining consist of a
variety of sugar oligomers, such as glucose, sucrose, raffinose, and stachyose,
that all fulfill various chemical and biological roles.''** |deally, membranes with
carefully controlled MWCOs could fractionate these sugar oliogomers, which vary
in molecular weight by 160-180 g/mol per additional ring unit. One commercial
membrane utilized for this task, the DS-5-DL from Osmonics, exhibits a
glucose/sucrose selectivity of about 40, but the solution flux through these films
is less than 0.2 m*(m? day bar)."' The PEM NF membranes detailed in this
dissertation are capable of achieving similar selectivities, but with twice the flux.
Another possible application of PEM membranes involves the separation
of salt and sugar. During the sugar refining process, the feed is passed through
a bed of anion exchange resin to remove color bodies and other impurities.
Once the anion exchange resin reaches its total exchange capacity, it is
subsequently regenerated with NaCl."*® The regeneration effluent contains a
significant amount of sugar as well as excess salt not used in the regeneration
process. This solution is usually considered waste, but NF membranes are
capable of recovering the salt as well as the sugar for future use. NF45
membranes from Dow Chemical/Filmtec have been investigated for this
separation, but they exhibit a water flux of only 0.1 m*(m? day bar) and have a
relatively high NaCl rejection of ~40%."** The membranes in this dissertation
can increase flux by a factor of 4 over commercial products as well as produce

sucrose rejections greater than 99% with 75% NaCl recovery.
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The above applications, in concert with several others discussed in this
dissertation, demonstrate the power of PEMs as NF membranes. Interestingly,
simple variation of constituent polyelectrolytes, deposition conditions, and
capping layer results in films with diverse retention and flux properties. Utilizing
all of these parameters, the PEMs presented in Chapters 2-4 are capable of
effecting the selective separation of species ranging in size from salts to albumin

(Mw 70000).

1.3 Outline of this Dissertation

Chapter 2 of this dissertation shows how PEMs can be tailored for specific
separations by varying film composition. Liu and Bruening previously
demonstrated that in NF, PSS/poly(allylamine hydrochloride) (PAH) films exhibit
glucose/sucrose selectivities in excess of 100. However, glucose passage in
those experiments was <3%, limiting the potential for saccharide separations.*
The data in Chapter 2 show that changing the polycation from PAH to the less
densely charged PDADMAC results in membranes that exhibit at least twice the
flux of PSS/PAH films with glucose recoveries in excess of 40%.
PSS/PDADMAC films also separate NaCl and sucrose with high recoveries of
salt and fluxes 2-3 times greater than commercial membranes (Typical water
fluxes through commercial membranes are about 0.9 m*/(m? day) at 5 bar.*%).
Additional experiments show that these transport properties are highly dependent
on top-layer choice, as PSS/PDADMAC films capped with PDADMAC exhibit
raffinose dialysis fluxes 300 times greater than films with PSS as the terminating

layer (the reason why this occurs is discussed in Chapter 3). Finally, the use of
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exponentially growing PEMs with even lower charge densities demonstrates the
potential for high-resolution separations of the proteins myoglobin (M 17000)
and bovine serum albumin (My 70000).

The results in Chapter 2 clearly show that variables such as constituent
polyelectrolytes, top-layer charge, and deposition conditions directly affect
transport properties. In an effort to better understand the permeability of
polyelectrolyte films, Chapter 3 aims at correlating transport through PEMs with
their swelling in aqueous and ethanolic solutions. PEM swelling has been
previously investigated in several published reports.'**'%> Wong et al. showed
that swelling of PSS/PAH films is proportional to relative humidity.'*® Hiller and
Rubner reported that PSS/PAH films exhibit unique swelling behavior as a
function of swellant pH,"* and Burke and Barrett observed that HA/PAH films
swell as much as 8-times their dry thicknesses,'*° one of the highest expansions
reported. Despite the various reports describing PEM swelling, however, very
few data correlate solvent uptake with transport.'3%'4¢

The in-situ ellipsometry experiments discussed in Chapter 3 demonstrate
that in water, permeability increases as film swelling increases. For example,
HA/chitosan films swell 4 times more than PSS/PAH coatings, and in NF
experiments, the HA/chitosan membranes permit a 250-fold greater fractional
passage of sucrose. Similar results are seen for diffusion dialysis experiments.
PEMs also display diverse swelling properties in ethanol, but transport rates do
not correlate with ethanol uptake, most likely due to a complex interplay between

hydrophobicity and ionic crosslinking.
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Despite these advances in membrane performance by utilizing PEMs,
further improvement is always desirable. Previously reported PSS/PAH films
exhibit glucose/sucrose selectivities 6 times greater than the PSS/PDADMAC
films described in Chapter 2,* but PSS/PDADMAC films have solution fluxes 2-3
times greater than those through PSS/PAH films and 10-fold greater glucose
recoveries. An “ideal” PEM for NF of sugars would combine the best features of
both PSS/PAH and PSS/PDADMAC films to give high selectivity, flux, and
glucose recovery. Chapter 4 describes two types of film modifications that are
intended to improve performance: adsorption of the capping layer of PSS/PAH
films from high ionic strength and deposition of highly selective PSS/PAH layers
on high flux PSS/PDADMAC “gutter layers.” Hybrid PSS/PAH/PSS/PDADMAC
flms are capable of improving selectivities in sugar and NaCl/sucrose
separations compared to pure PSS/PDADMAC films. Interestingly, simply
increasing the solution ionic strength during the deposition of the final PSS-layer
in PSS/PAH films results in high selectivities coupled with greater fluxes than
pure PSS/PAH assemblies. This increased performance is likely because the
high ionic strength induces reorganization throughout the film. In addition to
revisiting sugar/sugar and sugar/salt separations from Chapter 2, Chapter 4
presents results from the purification of an idealized fermentation broth mimic to
show an example of a salt/neutral molecule separation where salts are the
rejected species.

Finally, Chapter 5 brings together several conclusions about this work.

Overall, improvements in NF are possible through the use of novel polymeric
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films. Polyelectrolyte multilayers can serve as highly tunable, selective skin
layers for NF membranes and are capable of separating multiple types of

analytes. Chapter 5 also briefly discusses possible future paths of research for

PEMs in the field of separation science.
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Chapter 2

CONTROLLING THE NANOFILTRATION PROPERTIES OF MULTILAYER
POLYELECTROLYTE MEMBRANES THROUGH VARIATION OF FILM

COMPOSITION

SUMMARY

This chapter describes the use of a variety of polyelectrolyte multilayers
(PEMs) as selective skins in composite membranes for nanofiltration (NF) and
diffusion dialysis. Deposition of PEMs occurs through simple alternating
adsorption of polycations and polyanions, and separations can be optimized by
varying the constituent polyelectrolytes as well as deposition conditions. In
general, the use of polycations and polyanions with lower charge densities allows
separation of larger analytes. Depending on the polyelectrolytes employed, PEM
membranes can remove salt from sugar solutions, separate proteins, or allow
size-selective passage of specific sugars. Additionally, because of the minimal
thickness of PEMs, NF pure water fluxes through these membranes typically
range from 1.5 to 3 m3/(m? day) at 4.8 bar. Specifically, to separate sugars, we
employed poly(styrene sulfonate) (PSS)/poly(diallyldimethylammonium chloride)
(PDADMAC) films, which allow 42% passage of glucose along with a 98%
rejection of raffinose and a pure water flux of 2.4 m*/(m? day). PSS/IPDADMAC
membranes are also capable of separating NaCl and sucrose (selectivity of ~10),
while high-flux hyaluronic acid/chitosan membranes (pure water flux of

5 m®/(m? day) at 4.8 bar) may prove useful in protein separations.
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2.1 Introduction

Nanofiltration (NF) is an important membrane-based separation technique
that is similar to reverse osmosis (RO), but the relatively high permeability of NF
membranes allows high-flux separations at operating pressures that are much
lower than those used in RO."® The economic advantages of lower operating
pressures have recently led to applications of NF in several areas.*'? Water
softening is probably the biggest NF operation, and plants have been designed to
treat as much as 40 million gallons of water per day."”> Other NF applications
include recovery of ammonium lactate from a fermentation solution,* recycling of
NaCl from textile dyeing wastewater,’ and reduction of the salinity of seawater for
its use as a body washing solution."” Development of stable membranes with
even higher fluxes and selectivities, as well as resistance to fouling could further
expand the utility of NF.

This chapter examines the potential of a new class of NF membranes
(polyelectrolyte multilayers) for the separation of different saccharides and
isolation of sugar from salt solutions. Because of the industrial importance of
such separations, several groups have investigated the performance of
commercial membranes in this area.’*'® Wang et al. used NF45 membranes
from Dow Chemical to separate glycerol and several saccharides and obtained
rejections of 20%, 81%, 95%, and near 100% for glycerol, glucose, sucrose, and
raffinose, respectively.'* Though this membrane could recover saccharides, the
high glucose rejection would pose a problem for sugar separations, and pure

water flux was only 0.5 m*(m? day) at 4.8 bar."*'® Wang also succeeded in
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separating NaCl from sugar but reported a 0.01 M NaCl rejection of ~40%, which
may lead to difficulties in recovering salt from a process stream.'® Similarly,
Vellenga and Tragardh used a DS5 membrane from Desalination Systems to
separate NaCl and sucrose, but NaCl rejection was above 60%.'® Another
commercial membrane, the DS-5-DL from Osmonics, successfully separated
glucose from higher saccharides, but it allowed a water flux of only
~1 m*(m? day) at 5 bar."”® Hence, membranes with fluxes >1 m*/(m? day) at a
pressure <5 bar and the ability to provide low (<40%) rejection of salts or glucose
while rejecting larger saccharides should provide performance improvements
over commercial systems. Of course, in addition to rejections and fluxes, fouling
resistance and stability are vital to the application of any membrane.

To achieve high fluxes, separation membranes generally contain a dense,
thin layer on a porous support. The “skin” layer provides selectivity, but its
minimal thickness still allows high flux. In contrast, the porous support supplies
mechanical stability while adding little resistance to mass transport. Several
recent studies suggest that polyelectrolyte multilayer (PEM) films are promising
candidates for “skin” layers in composite membranes.?>?*® PEM films are
attractive for this role because of their deposition procedure, which simply
involves alternating adsorption of polycations and polyanions.®® This layer-by-
layer technique affords control over thickness through variation of the number of
adsorbed layers and allows formation of “skins” with thicknesses less than 50

26,31

nm Of equal importance, a wide range of polyelectrolytes are capable of

34



32-35

forming PEM films, and judicious selection of constituent polyelectrolytes

should permit tailoring of flux, selectivity, and possibly fouling rates.?2%-35-38

In spite of the versatility of PEM films, NF studies of membranes
containing these materials have thus far focused primarily on
poly(vinylamine)/poly(vinyl sulfate) and poly(styrene sulfonate)/poly(allylamine
hydrochloride) (PSS/PAH) systems. Tieke and coworkers showed that 60-bilayer
poly(vinylamine)/poly(vinyl sulfate) films exhibit sulfate rejections greater than
95%, but flux through these membranes was relatively low due to the large
number of bilayers.?® Our group examined 4.5-bilayer PSS/PAH films (the extra
0.5 bilayer indicates that PSS is the top layer in the film) deposited on porous
alumina and also achieved 95% Na,SO, rejection with appropriate deposition
conditions.?’”  Moreover, the use of 4.5-bilayer films affords fluxes that are
comparable to or higher than those of state of the art commercial NF
membranes.®>??3° More recently, Liu and Bruening examined NF of methanol,
glycerol, glucose, and sucrose to probe the size-based selectivities of PSS/PAH-
containing membranes.?  While these membranes show glucose/sucrose
selectivities in excess of 100, the rejection of both sugars is large enough to
preclude the use of PSS/PAH films for realistic saccharide separations.?®

Building on previous work, this chapter demonstrates the control over NF
fluxes and rejections that is possible through varying constituent polyelectrolytes
in PEM-containing membranes. In an effort to lower the rejection of glucose
while still separating it from sucrose or raffinose, we examined

PSS/poly(diallyldimethylammonium chloride) (PDADMAC) fiims because
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literature reports show that PSS/PDADMAC is much more permeable than
PSS/PAH in pervaporation and diffusion dialysis (DD) applications.?*3
Optimization of PSS/PDADMAC films permits high-flux (>2 m*(m? day))
glycerol/sucrose and glucose/raffinose separations that would not be possible
with PSS/PAH. In stark contrast to PSS/PDADMAC and PSS/PAH, PEM films
prepared from hyaluronic acid (HA) and chitosan allow essentially quantitative
passage of glucose, sucrose, and raffinose along with a pure water flux of
5m’(m? day) at 4.8 bar. Even for myoglobin (Mw 17000), HA/chitosan
membranes exhibit rejections <15%. These data are consistent with the
mechanism of formation of HA/chitosan films which likely involves diffusion of
chitosan throughout the film.*> However, HA/chitosan films do show 97%
rejection of bovine serum albumin (Mw 67000). Thus, the use of different
polyelectrolytes should allow separation of molecules with molecular weights
ranging from 100 to ~30,000 along with pure water fluxes from 2 to 5 m®(m? day)

at only 4.8 bar.

2.2 Experimental

Materials. Poly(styrene sulfonic acid) sodium salt (PSS, Mw 125000, Alfa
Aesar), poly(diallyldimethylammonium chloride) (PDADMAC, My 100000-
200000, 20 wt% in water, Aldrich), NaCl (CCl), glycerol (anhydrous, CCI),
glucose (Aldrich), sucrose (Aldrich), raffinose (Aldrich), myoglobin (Horse, Mw
17000, Aldrich), bovine serum albumin (BSA, Mw 67000, Aldrich), hydrogenated

dextran (Mw 4000 — 6000, Polysciences), chitosan (“medium molecular weight”

36



(Mw 190000-310000 based on viscosity measurements by Aldrich) , 75-85%
deacetylated, Aldrich), hyaluronic acid (HA, MW 1.5 x 10°- 1.8 x 10°, sodium salt,
Fluka), and 3-mercaptopropanoic acid (MPA, Aldrich) were used as received.
The porous alumina supports (0.02 ym Whatman Anodisc filters) were UV/O;
cleaned with the filtrate side up (Boekel UV-Clean model 135500) for 15 min
before film deposition. Deionized water (Milli-Q, 18.2 MQ cm) was used for
membrane rinsing and preparation of polyelectrolyte solutions.

Film Deposition. A UV/Os-cleaned bare alumina support was oriented in
an O-ring holder so that only the feed side of the alumina contacted the
polyelectrolyte solutions. PSS/PDADMAC deposition started with immersion of
the support in an aqueous solution containing 0.02 M PSS in 0.1 or 0.5 M NaCl
for 3 min (molarities of polyelectrolytes are given with respect to the repeating
unit). The alumina support was rinsed with deionized water for 1 min before
exposure to 0.02 M PDADMAC in 0.1 or 0.5 M NaCl for 3 min, followed by
another water rinse for 1 min. This process was repeated until the target number
of bilayers was produced. To make PSS/chitosan films, the substrate was
immersed in 0.02 M PSS in 0.5 M NaCl for 3 min and then 0.005 M chitosan at
pH 2.2 for 5 minutes, with 1 min water rinses after deposition of each
polyelectrolyte. Hyaluronic acid (HA) and chitosan films were prepared using a
literature procedure.*® Briefly, we exposed the alumina support to alternating
solutions of 1 mg/mL HA and chitosan in 0.15 M NaCl adjusted to pH 5 with 0.1

M acetic acid with water rinsing between each deposition step.

37



Film Thickness Determinations. Ellipsometric thickness determinations
(J.A. Woollam model M-44 rotating analyzer ellipsometer) for PSS/PDADMAC
films were performed under ambient conditions (40-55% relative humidity) on Al-
coated Si wafers (200 nm Al on Si(100) wafers) using a previously reported
procedure.?’3'*! Formation of polyelectrolyte films on Al wafers took place under
the same conditions as on alumina supports, and reported uncertainties in
thicknesses are the standard deviations of measurements on at least three
substrates. To estimate thicknesses of films on porous alumina, images of
membrane cross sections were obtained with a Hitachi S4700 Il field-emission
scanning electron microscope (SEM). Prior to imaging, membranes were
fractured under liquid nitrogen and sputter-coated (Pelco model SC-7 auto
sputter coater) on both sides with § nm of gold.

Transport Studies. DD through polyelectrolyte films was studied using a
home-built apparatus with a membrane surface area of 2.3 cm’ that was
described previously.?® For sugar separations, the permeate side of the dialysis
cell was filled with deionized water, while the composition of the feed solution
varied slightly with the membrane type in order to achieve detectable amounts of
sugar in the receiving phase. Feed solutions contained 0.001 M glycerol,
glucose, sucrose and raffinose when using bare alumina supports and alumina
coated with 3- and 4-bilayer PSS/PDADMAC films deposited from 0.1 M NaCl, as
well as 4- and 5-bilayer films deposited from 0.5 M NaCl. For all other
PSS/PDADMAC films, the feed solution contained 0.005 M glycerol, glucose, and

sucrose and 0.015 M raffinose. For sucrose/NaCl separations, the feed was 0.01
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M NacCl, 0.001 M sucrose when using bare alumina supports and alumina coated
with 3- and 4-bilayer PSS/PDADMAC films deposited from 0.1 M NaCl and 4-
and 5-bilayer PSS/PDADMAC films deposited from 0.5 M NaCl. For all other
PSS/PDADMAC films, the feed solution was 0.01 M NacCl, 0.005 M sucrose.

A 2-mL sample was taken from the permeate dialysis cell every 10
minutes, and an equal volume was withdrawn from the feed side to ensure that
differing fluid levels on each side of the membrane would not contribute to flux.
To determine NaCl concentration, a conductivity measurement (Oakton CON 100
or Orion 115 conductivity meters) was taken at the same time as sampling, and
the feed cell conductivity was also measured after completion of the dialysis.
Conductivities were converted to concentrations using a calibration curve. The
sugar and glycerol concentrations were determined by liquid chromatography
(Dionex, DX-600, CarboPac PA-10 column, 100 mM NaOH mobile phase)
coupled with integrated amperometric detection (Dionex, ED-50). Flux values
were normalized by dividing them by the concentration of the probe molecule in
the feed at the end of the experiment. Both myoglobin and dextran were also
detected via integrated amperometric detection using the Dionex DX-600.
Bovine serum albumin was detected by UV absorption using a Perkin Elmer,
Lambda 40 spectrophotometer set to 198 nm.

NF was performed at a pressure of 4.8 bar®” with the cross-flow apparatus
shown in Figures 2.1 and 2.2. Despite the bench scale of this apparatus, it

possesses the same components found in nearly all cross-flow NF units.
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Figure 2.2: Schematic diagram of a “nanofiltration cell” from Figure 2.1 showing
the assembly of the cell components. From top to bottom: (1) and (2) are the
inlet and outlet ports, (3) are the threads, (4) is the rubber O-ring, (5) is the
membrane, (6) is the stainless steel frit that the membrane is placed on, (7) is the
cap that holds the frit, and (8) is the bottom part of the cell that screws into the
threads (3). This figure is adapted from Stanton et al.2” The arrow indicates flow

direction through the cell.
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Pressure is applied from a tank of Ar, and the pump provides the cross-flow. A
flow meter ensures that the cross-flow rate is 18 mL/min, which is ~100 times the
permeate flow rate and sufficient to minimize concentration polarization,?” and
the pressure gauges verify that there is minimal pressure drop between
membranes ordered in series. Flow passes parallel to the membrane surface
(membrane surface area 1.5 cm?) while solution that passes through the
membrane exits the system where it is collected for analysis.

The feed solution for NF of sugars contained 0.001 M glycerol, glucose,
sucrose, and raffinose. Salt/sugar NF separations employed a feed solution
containing 0.01 M NaCl and 0.001 M sucrose. After an 18 h equilibration time,
four samples were collected for times ranging from 15 to 40 min each, depending
on the flux through the membrane, and the feed was sampled at the conclusion
of the experiment. Solution analysis occurred as described above for DD. Flux
measurements reported are for pure water passage through the membranes.
When sugars or salts were present, the solution flux decreased by 5-25% for
PSS/PDADMAC and PSS/chitosan films. All reported transport results are the

average of experiments with at least 3 different membranes.

2.3 Results and Discussion

To examine how polyelectrolyte structure affects separation properties, we
investigated three polyelectrolyte systems: PSS/PDADMAC, PSS/chitosan, and
hyaluronic acid (HA)/chitosan. (Figure 2.3 shows polyelectrolyte structures.)

The polyelectrolytes in these films have a wide range of charge densities, which
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Figure 2.3: Structures of polyelectrolytes used in this study.

should lead to varying degrees of ionic cross-linking. Based on previous ion-
dialysis and pervaporation studies by Tieke and coworkers,?*% films with high
densities of ionic cross-links should resist swelling and provide high NF rejections
and selectivities. In contrast, lower cross-linking densities should result in
swollen membranes capable of separating larger analytes. Below, we briefly
discuss film characterization and then present separations that employ a series
of hydrophilic molecules (Table 2.1) to probe size-based selectivities in each of
the PEM systems. We most fully studied PSS/PDADMAC, as this is one of the
prototypical polyelectrolyte pairs. Additionally, we examined separation of NaCl

from sucrose to illustrate a potential application of PEM membranes.
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Table 2.1: Molecular weights, aqueous diffusion coefficients (D), and Stokes’

radii (rs) of the neutral molecules used in transport studies.***4

Solute  Molecular Weight (g/mol) D (10°m®s™) rs(nm)

Glycerol 92 0.95 0.26
Glucose 180 0.69 0.36
Sucrose 342 0.52 0.47
Raffinose 504 0.42 0.56
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Film Characterization

To determine approximate film thicknesses, we initially deposited PEMs
on Al-coated Si wafers. The aluminum oxide that forms on the surface of the
coated wafers should be similar to the chemical structure of the porous alumina
supports used in NF and DD. In accord with literature results, ellipsometric
studies of PSS/PDADMAC films showed that thickness increases approximately
linearly with the number of bilayers deposited (see Table 2.2 for thickness
values). 4%

Cross-sectional SEM images corroborate ellipsometric thickness
measurements. Figure 2.4a shows the SEM image of a 5-bilayer
PSS/PDADMAC film (deposited from 0.5 M NaCl) on alumina. The thickness of
the film in the figure is ~30 nm, which is in good agreement with the ellipsometric
thickness of 34 nm (Table 2.2). SEM-determined thicknesses of 8.5-bilayer
HA/chitosan films (~40 nm) also agree well with ellipsometric results (38 £ 6 nm).
The agreement between ellipsometric data and SEM images suggests that there
is little effect of the SEM vacuum on film thickness. However, thicknesses of

films in water may be substantially higher than in air.*”4®

The deposition
conditions we employed for PSS/chitosan films (pH 2.2 for chitosan) corroded the
Al-coated wafers, precluding the use of ellipsometry, but the SEM-determined
thicknesses of 4 and 4.5-bilayer films were ~35 and ~45 nm, respectively. In
addition, top-down SEM images such as the one shown in Figure 2.4b were

taken for each type of membrane. These images demonstrate that all of the

polyelectrolyte films used in this study are thick enough to cover the 20-nm pores
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Figure 2.4: SEM images of porous alumina coated with polyelectrolyte films. (a)
cross section of a ~30 nm thick, 5-bilayer PSS/PDADMAC film deposited from

0.5 M NaCl. (b) top-down view of a 4.5-bilayer PSS/chitosan film.
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on the alumina substrate, as the pores in the underlying support were not visible.
Diffusion Dialysis with PSS/PDADMAC Membranes

We initially performed DD of glycerol, glucose, sucrose, and raffinose to
rapidly screen the size-based selectivity of PSS/PDADMAC films as a function of
the number of deposited layers and deposition conditions. In these experiments,
polyelectrolyte-coated alumina membranes are positioned between equal
volumes of a feed solution containing the analytes of interest and a receiving
phase that is initially deionized water. The rate of transport across the
membrane is then determined by observing solute concentrations in the receiving
phase as a function of time. At short dialysis times, the receiving-phase
concentration is negligible when compared to the feed solution, so there is a
constant concentration gradient across the membrane that results in a linear
increase in receiving-phase concentration with time.

Table 2.2 shows probe flux values and selectivities for DD with several
PSS/PDADMAC membranes deposited from 0.5 M NaCl. Films capped with
PSS (3.5, 4.5, and 5.5 bilayers) allow much lower fluxes of sucrose and raffinose
than films capped with PDADMAC, and this results in a ~100-fold greater
glucose/raffinose selectivity and a ~10-fold greater glucose/sucrose selectivity for
the PSS-terminated films. The fluxes of glycerol and glucose are high and much
less affected by the choice of capping layer. In fact, glycerol and glucose fluxes
through PDADMAC-capped films are only 20% less than those through bare

alumina, even with film thicknesses as high as 34 nm. The lower selectivity of
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films terminated in PDADMAC suggests that these coatings are more swollen
than those capped with PSS. This is consistent with swelling studies detailed in
Chapter 3 of this dissertation as well as NMR studies that indicate that water
molecules are more mobile when PSS/PDADMAC films terminate with
PDADMAC rather than PSS.*°

When we deposited PSS-capped films from 0.1 M NaCl, we observed flux
and selectivity values similar to those of the PSS-capped systems deposited from
0.5 M NaCl. The decrease in glucose/sucrose and glucose/raffinose selectivity
due to PDADMAC capping was not as dramatic for films prepared from 0.1 M
NaCl, but selectivities did decrease by a factor of 2 to 4 with PDADMAC as the
outer layer. Salt concentration in deposition solutions probably has more effect
on PDADMAC-capped films than PSS-capped systems because swelling is
much larger in the former case. DD data for films deposited from 0.1 M NaCl are
available in Table 2.3.
Nanofiltration with PSS/PDADMAC Membranes

Table 2.4 contains percent rejection values, selectivities, and water fluxes
from NF experiments with several PSS/PDADMAC membranes and feed
solutions containing glycerol, glucose, sucrose, and raffinose. Percent rejection,
R, is defined by Equation (2.1) where Cpem and Creq are the solute
concentrations in the permeate and feed, respectively. Selectivity for solute A
over B is defined by Equation (2.2), which can conveniently be expressed in
terms of rejections as shown. Percent rejection and selectivity were determined

after allowing the system to equilibrate for 18 h to achieve steady-state permeate
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C
R = [1—%)x100% (2.1)

feed

Chpom Caress _100% - R,
Caeod Copom 100%—R,

Selectivity = (2.2)

concentrations, and the feed volume was sufficient that its concentration varied
only slightly during the experiment.

NF selectivities of PSS/PDADMAC films are similar to those found in DD,
with the exception of glucose/raffinose, which is 3- to 8-fold lower in NF with
PSS-capped films. The lower glucose/raffinose selectivity may reflect the fact
that transport in NF occurs primarily by convection, rather than diffusion.
Concentration polarization could also reduce the selectivity in NF, but higher
cross-flow rates did not change the NF results, suggesting that diffusion layers
are not a major issue. The agreement between DD and NF selectivities for
glucose/sucrose and the high sucrose rejections also suggest that the effect of
concentration polarization is minimal. In any case, the NF glucose/raffinose
selectivity of ~50 is still sufficient for high quality separations.

There are large uncertainties in the glucose/raffinose selectivities in both
NF and DD experiments. This error could be sourced from small differences in
the structure of individual membranes, as changes in pore size will strongly affect
selectivities when highly rejected species are involved. Slight variations in
rinsing pattern or in polyelectrolyte deposition conditions could result in pore size
irregularity. These inconsistencies in membrane manufacturing could be
mitigated by employing a “dipping robot” or other automated mechanical device

to make the films, removing human error from this part of the experiment. It is
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also possible that unseen defects in the alumina support translate to areas where
the PEM film does not cover the pores completely. Depositing additional PEM
bilayers may mitigate these effects.

The percent rejection values reinforce the fact that PDADMAC-capped
films are more open than PSS-capped systems. The 4-bilayer films deposited
from 0.5 M NaCl exhibited a raffinose rejection of 36%, while PSS-capped films,
regardless of deposition conditions, had raffinose rejections ranging from 98-
99%. In spite of the fact that films terminated with PDADMAC show low
rejections, water flux through these films is essentially the same as that through
comparable films terminated with PSS. Perhaps this is a reflection of the already
high water fluxes with these systems. Typical fluxes through commercial NF
membranes are about 50% of the fluxes through PSS/PDADMAC.>*
Membranes deposited from 0.1 M NaCl perform similarly to membranes
prepared from 0.5 M NaCl, except that the glucose/sucrose and glucose/raffinose
selectivities of PDADMAC-capped films are 3- and 5-fold higher for films
deposited from 0.1 M NaCl (Table 2.5). This trend is consistent with DD data.
Additionally, pure water fluxes are greater for films deposited from 0.1 M NaCl,
probably because these coatings are half as thick as corresponding films
deposited from 0.5 M NaCl.

The NF data in Table 2.4 demonstrate both the potential and the
limitations of PSS/PDADMAC films capped with PSS for the separation of small
molecules. Glycerol rejection is less than 20% for all films and, thus, high

glycerol recoveries can be achieved. In contrast, sucrose and raffinose
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rejections are greater than 95%, so separation of glycerol from molecules larger
than sucrose is possible, but recovery of sucrose from solutions containing even
larger molecules is not. In the case of glucose, selectivity over raffinose (~50) is
impressive, and selectivity over sucrose is as high as 14, but the ~60% rejection
of glucose may prohibit practical separations. To achieve higher recoveries
(lower rejections) of glucose, we investigated the polyelectrolyte systems
described below.
Nanofiltration with PSS/Chitosan Membranes

Chitosan, the deacetylated form of the natural polymer chitin (Figure 2.3),
contains free amine groups and can therefore serve as a polycation in PEM films.
Because the charge density in chitosan is slightly lower than in PDADMAC, we
thought that PSS/chitosan films would have fewer ionic cross-links and, hence,
show lower rejections than PSS-capped PSS/PDADMAC. (PDADMAC and
chitosan contain one charge per 9 and 11 non-hydrogen atoms, respectively.)
For PSS-terminated films, there is a lower rejection of -all molecules by
PSS/chitosan than by PSS/PDADMAC (Table 2.4), but the difference between
the two types of films is not large. For PSS/chitosan films terminated with
chitosan (4 bilayers), glucose rejection is only 33%, so these films could allow
relatively high glucose recoveries in glucose/raffinose separations. In spite of
lower rejections, water fluxes through PSS/chitosan membranes are similar to or
slightly lower than those through PSS/PDADMAC films deposited from 0.5 M
NaCl, suggesting that the relatively high thickness of PSS/chitosan films (~40

nm) may restrict flux.
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Nanofiltration with chitosan/hyaluronic acid films

We also performed NF experiments with 8.5-bilayer hyaluronic acid
(HA)/chitosan polyelectrolyte membranes. This polyelectrolyte system is
intriguing because a number of literature reports show that HA/chitosan films
grow exponentially with the number of deposited layers using the conditions we

employed. %02

Our ellipsometric measurements also confirmed exponential
growth as film thickness increased from ~40 to ~80 nm on going from an 8.5-
bilayer to a 10.5-bilayer film. Such rapid increases in thickness occur because
polycations can diffuse readily through HA-containing films,*° and thus, these
films should be highly permeable to small analytes. Although HA/chitosan films
are known to be somewhat heterogeneous,*’ top-down SEM images of 4.5 and
8.5-bilayer films indicate that deposition of 8.5 bilayers is more than sufficient to
completely cover the porous supports.

The pure water flux through 8.5-bilayer HA/chitosan membranes is
5.2+0.6 m*/(m? day), about twice that through PSS/PDADMAC and PSS/chitosan
films. Along with a high water flux, the films show minimal rejections <12% of
any of the previously mentioned neutral molecules. To probe the molecular
weight cutoff (MWCO, molecular weight at which rejection reaches 90%) of these
membranes, we performed NF with much larger solutes. The rejections of 4000-
6000 MW hydrogenated dextran (0.5 g/L) and myoglobin (125 mg/L, Mw 17000)
were still less than 15%, but rejection of bovine serum albumin (250 mg/L, Mw

67000) was 97%, indicating that the molecular weight cutoff (MWCO) for these

HA/chitosan membranes is between 17000 and 67000. Although HA/chitosan
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films are much too permeable for small molecule separations, they might prove
useful in fractionating proteins. We should note that when performing NF with
myoglobin, the solution flux through HA/chitosan membranes decreased by 80%,
and when using BSA the flux decreased by 90%. Protein adsorption likely
reduces the flux through the membranes.
Salt-sugar separations- Diffusion Dialysis

Salt/sugar separations are important for recovering the NaCl used to
regenerate ion-exchange columns.®®* To quickly screen a large number of films
for such separations, we examined DD with source-phase solutions containing
NaCl and sucrose. Our ultimate goal is to maximize the flux of the NaCl through
the membrane while rejecting the neutral sucrose. Figure 2.5 shows how NaCl
flux and NaCl/sucrose selectivity vary with the number of bilayers for
PSS/PDADMAC films deposited from 0.5 M NaCl. Again, there is an obvious
dependence of membrane performance on the top layer composition, and
PDADMAC-terminated films (4- and 5-bilayers) show selectivities similar to that
of a bare alumina support. The 3.5- and 4.5-bilayer systems gave a
NaCl/Sucrose selectivity of 40, 16 times better than the bare alumina value of 2.5
and an improvement of 60% over films deposited from 0.1 M NaCl (see Figure
2.6 for data for films deposited from 0.1 M NaCl). The 5.5 bilayer
PSS/PDADMAC film deposited from 0.5 M NaCl suffered from lower NaCl fluxes,

which reduced selectivity.
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Figure 2.5: NaCl flux and NaCl/Sucrose selectivity from DD through porous
alumina coated with PSS/PDADMAC films deposited from 0.5 M NaCl. The
arrows indicate which y-axis pertains to each data set. Flux was normalized by

dividing by the source-phase concentration.
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The arrows indicate which y-axis pertains to each data set. Flux was normalized
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Salt-sugar separations- Nanofiltration

Table 2.6 shows the percent rejection, water flux, and selectivity for NF of
a NaCl/sucrose solution using PSS/PDADMAC films. The results show trends
similar to those seen with DD. Films capped with PDADMAC and deposited from
0.5 M NaCl were so open that they provided a NaCl/sucrose selectivity of only
1.3, which is too low to attempt any reasonable separation. In contrast, the
selectivity of 10, NaCl rejection of 30%, and water flux of 2.4 m®(m? day) at
4.8 bar for the 3.5-bilayer PSS/PDADMAC films deposited from 0.5 M NaCl may
be attractive for NaCl/sucrose separations. PSS-terminated films deposited from
0.1 M NaCl show even lower NaCl rejections along with high flux and >90%
sucrose rejections, and such films are even more attractive for salt/sugar
separations.

Salt-sugar separations are complicated by charge-exclusion of cations or
anions. Because most cations and anions are relatively small, salt rejection is
likely to be influenced more by surface charge than bulk film density. Decreasing
surface charge by lowering the salt concentration in deposition solutions appears
to be one way to reduce NaCl rejections.>*

Comparison of PEM Systems

All of the rejection data suggest that the use of polyelectrolytes with high
charge densities results in heavily ionically cross-linked PEM membranes that
exhibit high rejections of neutral molecules. Glycerol, glucose, and sucrose
rejecions  decrease in the order PSS/PAH*®>PSS/PDADMAC

>PSS/chitosan>HA/chitosan, which is also the decreasing order of
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Table 2.6: Rejections, water fluxes, and selectivities from nanofiltration of
sucrose and NaCl by porous alumina coated with PSS/PDADMAC films.

Rejection (%) Selectivity

Pure Water

Film Type Bilayers Flux® NaCl Sucrose S’::gge
(m*/(m? day))
3.5 2.4+0.5 28+4  92.5+0.8 1041
PSS/PDADMAC
Deposited from 4 2.5+0.7 1415 3214 1.27+0.07
0.5 M NaCl
45 2.110.3 40t4  93.8+0.8 101
5.5 1.6+0.2 4113 92+2 742
5 3.310.8 2112 8114 4.310.7
PSS/PDADMAC
Deposited from 5.5 2.610.5 2012 94+1 155
0.1 M NaCl 6.5 2.3:0.4 2242 91%1 9+1

NF was run at 4.8 bar.
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polyelectrolyte charge densities. Previous DD data for poly(acrylic acid)/PAH
films suggest that this system would have higher rejections than even
PSS/PAH,? further confirming the trend of rejection versus polyelectrolyte
charge density. This chapter demonstrates the utilization of this trend to prepare
polyelectrolytes capable of separating molecules with different size ranges. For
example, the high rejections of PSS/PAH are not practical for sugar separation,
but the use of PSS/PDADMAC may be. In the case of protein separations,
HA/chitosan may prove useful while the other polyelectrolyte systems we have
tested would not.

Although the PEM films presented in this chapter are quite attractive for
sugar, salt/sugar, and even protein separations, many issues in the utilization of
polyelectrolyte membranes for practical separations must still be addressed.
Commercially employed NF membranes are often spiral-wound cartridges, where
the membrane is wrapped with a flow spacer in a cylindrical conﬁguration.55 This
allows a high degree of membrane surface area to be confined in a small
volume. Unfortunately, the PEMs in this dissertation are deposited on alumina,
which is not compatible with spiral-wound technology. To counter this problem,
recent research has focused on exploring NF with PEMs deposited on polymeric
membrane supports.®

Questions about the effects of both extreme solution conditions and
fouling on PEMs also need to be answered. The highly charged surface of PEMs
could attract oppositely charged species that may affix to the film, obstructing the

pores over time (fouling). Additionally, since electrostatic interactions bind the

62



film together, exposure to high ionic strength and pH extremes may decompose
the film, reducing performance. Long term fouling and stability studies are both
important steps that must be performed before PEM assemblies are scaled up to

the industrial level.

2.4 Conclusions

Variation of the constituent polyelectrolytes in PEM membranes allows
tailoring of NF properties. Rejection of neutral molecules increases with an
increasing charge density on the polyelectrolytes that constitute the PEM
membrane, and this effect is large enough to allow synthesis of polyelectrolyte
membranes with MWCOs ranging from 100 (PSS/PAH) to >20,000
(HA/chitosan). Moreover, the minimal thickness of polyelectrolyte membranes
allows NF to occur at fluxes of more than 2 m*/(m? day). DD and NF data with
PSS/PDADMAC membranes also demonstrate that rejection, flux, and selectivity
strongly depend on deposition conditions and which polyelectrolyte terminates

the membrane.
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Chapter 3

CORRELATION OF THE SWELLING AND PERMEABILITY OF

POLYELECTROLYTE MULTILAYER FILMS

SUMMARY

Alternating adsorption of polycations and polyanions on porous supports
yields a variety of size-selective membranes whose swelling and transport
properties depend on constituent polyelectrolytes, capping layer choice
(polycation or polyanion), and deposition conditions. This chapter shows that in
aqueous experiments, ellipsometrically determined swelling percentages
correlate well with nanofiltration (NF) rejections and diffusion dialysis fluxes. For
example, hyaluronic acid (HA)/chitosan films swell 4 times more than
poly(styrene sulfonate) (PSS)/poly(allylamine hydrochloride) coatings, and in NF
experiments, the HA/chitosan membranes permit a 250-fold greater fractional
passage of sucrose. In general, films prepared from polyelectrolytes with a high
charge density show low swelling and slow solute transport, presumably because
of a high degree of ionic cross-linking. In the case of PSS/poly(diallyldimethyl-
ammonium chloride) (PDADMAC), PDADMAC-capped films can swell 4-fold
more than their PSS-terminated counterparts, and as would be expected,
glucose and sucrose transport rates in diffusion dialysis are about 1.7- and 17-
fold more, respectively, when these fiims end in PDADMAC. Polyelectrolyte
multilayers also exhibit wide-ranging swelling properties in ethanol, but transport

rates do not correlate with ethanol uptake. In this solvent, the density of ionic
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cross-links and film hydrophobicity likely exert opposite effects on swelling, which

could complicate the correlation between swelling and transport.

3.1 Introduction

Polyelectrolyte multilayers (PEMs) are attractive as selective films in
applications such as pervaporation,’® nanofiltration  (NF),”""  and
encapsulation.'>?' Their synthesis, which simply involves alternating adsorption
of polycations and polyanions,?? yields ultra-thin (<50 nm) coatings capable of

9,11,23

allowing high fluxes. Additionally, many materials can be used to form

PEMs,2?4? and judicious selection of component polyelectrolytes and deposition
conditions results in films with a wide range of permeation properties.2%11.25:27.28
In the above applications, PEMs are in contact with solvent, reducing the
relevance of physiochemical measurements in the “dry” state. To better
understand the permeability of polyelectrolyte films, this chapter aims at
correlating transport through PEMs with their swelling in both aqueous and
ethanolic solutions.

Several groups have already examined the swelling of individual PEMs in
solvents. Neutron reflectometry studies suggest that poly(styrene sulfonate)
(PSS)/protonated poly(allylamine) (PAH) film swelling is a function of the capping
layer, as films capped with PAH swell 25% less than those capped with PSS
(40% versus 30% D,0 as a function of capping layer).”® Wong et al. observed

the same outer-layer dependence for PSS/PAH films when they performed

ellipsometric swelling experiments in 99% relative humidity.®® Harris and
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Bruening found that immersion of [PSS/PAH]y, films in pH 3.2- and 6.3-buffered
water solutions results in a thickness increase of 40% relative to ambient
humidity conditions, while exposure of these films to pH 10 buffers yields even
greater swelling followed by film delamination.' Other studies showed that
PSS/PAH swelling is affected by deposition pH and ionic strength as well as
swellant pH.*>**  Though most swelling research has been performed on
PSS/PAH films,?*>® Schlenoff and Dubas demonstrated that water uptake in
poly(acrylic acid) (PAA)/poly(diallyldimethylammonium chloride) (PDADMAC),
PSS/PDADAMC, and PSS/PAH films is a strong function of the swellant ionic
strength and that PAA/PDADMAC and PSS/PDADMAC films swell more in water
than PSS/PAH coatings.’’ Two recent papers showed that the swelling of
PAA/PAH films depends on both deposition conditions and pretreatments.?°
Burke and Barrett also found that in some cases, PAH/hyaluronic acid (HA) films
are capable of 800% swelling.*® Excepting Schlenoff and Dubas’ work,>’
however, there have been no systematic studies of how “dry” versus water-
swollen PEM thicknesses differ with variables such as constituent
polyelectrolytes and capping-layer choice.

In contrast, several studies show that the permeability of PEMs varies
dramatically with their composition. Tieke and coworkers found that transport
rates in pervaporation and diffusion dialysis (DD) through PEMs generally
decrease as the charge density in the film increases.? Presumably, greater
charge density on the polyelectrolytes results in more ionic cross-linking, less

2891

swelling, and lower permeabilities. As not all prospective applications of
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PEMs are in water, swelling in other solvents is important as well. PEM swelling
should depend on both the solvent and the hydrophobicity of the polyelectrolytes.
Poptoshev et al. demonstrated that exposure of poly(ethyleneimine)
(PEI)/PSS/PAH films to a solution of >40% ethanol in water collapses these films
to essentially their dry thickness,*® but another study suggests that thicker
PSS/PAH films undergo only a 5% thickness reduction when immersed in
ethanol rather than water.*’ Regardless, the permeability of solutes through
PEMs will likely be significantly different in ethanol than in water.

31,4144
r,

Few publications link polyelectrolyte swelling and transpo and

many specialize in PEM capsules*' or materials formed by precipitation of

polyanion/polycation complexes, ‘>4

rather than layer-by-layer adsorption. In this
work, we attempt to directly correlate swelling with permeability data for three
PEM systems: PSS/PAH, PSS/PDADMAC, and HA/chitosan. These systems
were selected in part because they exhibit a wide range of transport properties,

as reported previously.®'

For example HA/chitosan membranes have a
molecular weight cutoff (MWCO, solute molecular weight required to achieve
90% rejection in NF) of >17,000, while PSS/PAH films have a MWCO of 200.%"
Consistent with these transport data, this work shows that the percent swelling of
HA/chitosan films in water is 4-fold greater than that for PSS/PAH. Remarkably,
similarly striking differences in swelling and transport properties occur on going
from a PSS-capped to a PDADMAC-capped PSS/PDADMAC film. Below, we

examine swelling and transport as a function of ionic strength, capping layer

composition, and swelling solvent.
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3.2 Experimental

Materials. Poly(styrene sulfonic acid) sodium sait (Mw 125000, Alfa
Aesar), poly(diallyldimethylammonium chioride) (Mw 100000-200000, 20 wt% in
water, Aldrich), poly(allylamine hydrochloride) (Mw 70000, Aldrich), chitosan
(“medium molecular weight’” (Mw 190000-310000 based on viscosity
measurements by Aldrich), 75-85% deacetylated, Aldrich), hyaluronic acid (Mw
1500000-1800000, sodium salt, Fluka), polyethyleneimine (Mw 25000, Aldrich),
NaCl (CCl), glycerol (anhydrous, CCI), glucose (Aldrich), sucrose (Aldrich),
raffinose (Aldrich), hydrogen peroxide (30%, Jade Scientific), sulfuric acid
(concentrated, CCIl) and ethanol (Pharmco) were used as received. Deionized
water (Milli-Q, 18.2 MQ cm) was used for membrane rinsing, preparation of
polyelectrolyte solutions, and aqueous swelling experiments.

Film Deposition. For swelling experiments, films were prepared on
pieces of silicon wafers (Si(100), Silicon Quest International) that were first
cleaned in a 3:1 solution of concentrated sulfuric acid and hydrogen peroxide.
(Caution! This solution reacts violently with organic compounds and should be
stored in slightly open containers!) Following copious rinsing with water, the
wafers were dried in a stream of N, and then cleaned with UV/O3 (Boekel UV-
Clean model 135500) for 15 minutes. The cleaned silicon was immersed in 1
mg/mL PEI| at pH 9 for 15 minutes to establish a dense, positively charged
layer,*®> and films were then built on this precursor layer. For NF and DD
experiments, porous alumina supports (0.02 ym Whatman Anodisc filters) were

also UV/O3 cleaned for 15 minutes, but because these supports are positively
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charged below pH 9,® no precursor PEI layer was necessary. The cleaned
alumina membranes were subsequently placed in an o-ring holder so that the
concentrate side of the alumina membrane contacted the deposition solution.

Synthesis of PSS/PDADMAC films began with a 3-min immersion of the
substrate in an aqueous solution containing 0.02 M PSS (concentrations of
polyelectrolytes are given with respect to the repeat unit) and 0.1 M or 0.5 M
NaCl. The substrate was then rinsed with deionized water for 1 min and dipped
in a 0.02 M solution of PDADMAC in 0.1 M or 0.5 M NaCl for 3 min. The sample
was then rinsed again with deionized water for 1 min, and this entire process was
repeated until the desired number of bilayers was deposited. PSS/PAH films
were deposited using the same polyelectrolyte concentrations (no pH
adjustment) and deposition times, except that films were only deposited from 0.5
M NaCl. HA/chitosan films were deposited using 5 min immersions of the PEI-
coated silicon slides or bare alumina supports in pH 5 solutions containing 0.15
M NaCl and 1 mg/mL polyelectrolyte, with 1 min rinses with 0.15 M NaCl at pH 5
after polycation and polyanion adsorption. Films were rinsed with pure water and
dried with N2 only after all layers were deposited.

Ellipsometry. Ellipsometric thicknesses of the SiO;, layers on Si wafers
were first determined assuming literature values for the refractive indices of Si
and SiO, at the 44 wavelengths of the ellipsometer (J.A. Woollam model M-44
rotating analyzer ellipsometer, 75° angle of incidence) between 414.0 nm and
736.1 nm. After coating of these wafers, film thicknesses under nitrogen (<5%

relative humidity (RH)), water, or ethanol were obtained using a home-built cell
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with glass windows. The ellipsometric thicknesses and refractive indices of each
type of film were determined at three different points per wafer on three different
wafers, and the reported results are the averages and standard deviations of
these values. Film thicknesses were also obtained in 55% RH (ambient) for
comparison to AFM data. Optical constants of water as a function of wavelength
were calculated using the Cauchy equation in coordination with constants in the
literature.*”*® For ethanol, literature optical constants were interpolated to obtain
data at the ellipsometer wavelengths, but due to limited ethanol literature data,
fitting of ellipsometric measurements in this solvent was performed only between
476.5 nm and 632.8 nm.*® Swelling percentages were subsequently determined
using Equation 3.1.

Swollen Thickness - Dry Thickness

Percent Swelling = Dry Thickness

*100% (3.1)

Atomic Force Microscopy. AFM experiments (Digital Instruments
Dimension 3100, Nanoscope lll controller in Tapping Mode, TappingMode™
etched silicon probe tip, spring constant 20-100 N/m) were performed to validate
the ‘dry’ ellipsometric PEM thicknesses. Thicknesses were determined by
scratching a film-coated Si wafer with Techni-Tool™ tweezers and scanning a 3
x 25 um area over the scratch to produce an average line scan. A ‘step height’
measurement subtracted the average height of the bare silicon wafer from the
average height of the film on top of the wafer. Three PEM-coated wafers were
each scanned three times (in different places) for every type of film examined in
this study. The RMS roughness values were equal to or less than the standard

deviation of the thickness measurements for all coatings except 4.5-bilayer
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PSS/PDADMAC films deposited from 0.5 M NaCl, which had an RMS roughness
of 11% of the film thickness. Due to experimental constraints, the AFM
thicknesses were measured at 54% RH and are compared to ellipsometric
thicknesses measured at 55% RH.

Transport Experiments. Film permeation properties were investigated
by DD and cross-flow NF experiments, some of which were reported previously.®
New data presented here include all DD in ethanol, aqueous dialysis with the
PSS/PAH and HA/chitosan systems, and NF data for PSS/PAH. Diffusion
dialysis was performed using a glass apparatus in which the membrane
separated a source phase from a receiving phase that was initially deionized
water or pure ethanol.>'" In water, source-phase solutions for all PSS/PAH films,
PDADMAC-capped PSS/PDADMAC films deposited from 0.5 M NaCl, and
HA/chitosan films contained 5 mM glycerol, glucose, sucrose, and raffinose,
while DD solutions for PSS/PDADMAC films deposited from 0.1 M NaCl and
PSS-capped PSS/PDADMAC films deposited from 0.5 M NaCl contained 5§ mM
glycerol, glucose, and sucrose and 15 mM raffinose. For ethanol-based diffusion
dialysis, the feed contained only 140 uM glucose, sucrose, and raffinose because
of the low solubility of these compounds. Because glycerol was not present in all
solutions (it co-elutes with ethanol during analysis), its transport rates are not
reported. When present, glycerol was always the fastest transporting solute.
Samples were collected every 10-30 minutes and subsequently analyzed by
liquid chromatography (Dionex, DX-600, CarboPac PA-10 column, 100 mM

NaOH mobile phase) with integrated amperometric detection (Dionex, ED-50).
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Nanofiltration experiments occurred at a pressure of 4.8 bar (70 psi), and
feed solutions were flowed across the membrane at a rate of 18 mL/min.2%'" NF
rejection is defined by Equation 3.2, where R is the percent solute rejection and
Crerm a@nd Creeq are the concentrations of the solute in the permeate and the feed,
respectively. The NF feed solutions contained 1 mM glycerol, glucose, sucrose,
and raffinose for PSS/PDADMAC as well as HA/chitosan films, and 1 mM
glycerol and glucose with 5 mM sucrose and raffinose for PSS/PAH films. The

system was equilibrated for 18 h before permeate samples were acquired.

R = (1_0”""}100% (3.2)

feed

3.3 Results and Discussion

Swelling. Ellipsometry, which involves the measurement of the ratios of
the complex reflection coefficients for p- and s-polarized light, served as the
primary tool for ascertaining the extent of film swelling. From the phase
difference, A, and the ratio of amplitudes, tan ¥, of the two reflection coefficients,
one can calculate film thickness and refractive index using a model that sums the
many individual reflections in the system (Figure 3.1). In the particular case of
coatings on Si wafers, this model includes both fiim and SiO; layers on the
substrate, so oxide layer thicknesses were determined prior to deposition of
films. To examine the reliability of ellipsometric data, we calculated how the
ellipsometric parameters A and W vary with coating refractive index and
thickness in nitrogen, water, and ethanol. Figures 3.2, 3.3 and 3.4 show
examples of simulations where the film is immersed in water, nitrogen (<5%

relative humidity), and ethanol. With a possible error of 0.3° in A and ¥ due to
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Incident :
Light (linearly Reflected Light (sum,

polarized) elliptically polarized)

Ambient, n, \/ //"/’/"

Film, n, d,

Silicon Oxide, ng kydy |
Silicon, n, k,

Figure 3.1: Diagram depicting the model of light reflection used to fit
ellipsometric data. The n and k terms describe the real and imaginary
parts of the complex refractive indices, while d represents the layer

thickness. The layers are not drawn to scale.
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Figure 3.2: Calculated W and A values for a Si/SiO,/film system (water as
the ambient medium and a 2.0 nm silicon oxide layer) as a function of the
refractive index and thickness of the film. The simulation was performed at
a wavelength of 450.5 nm where the optical constants are: water -
n=1.3395, silicon oxide - n=1.4644, k=0, and silicon - n=4.7108, and
k=0.0963. The point with a thickness of 56 nm and a refractive index of
1.44 represents a 9.5-bilayer PSS/PDADAMC film deposited from 0.1 M
NaCl, and the black lines through that point show the +0.3° uncertainty in ¥
and A measurements. Enclosed data points correspond to identical

thicknesses at different refractive indices.
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Figure 3.3: Calculated ¥ and A values for the system depicted in Figure 3.1
(nitrogen with <5% relative humidity as the ambient medium and a 2.0 nm silicon
oxide layer) as a function of the refractive index, nz, and thickness, d,, of the film.
The simulation was performed at a wavelength of 450.5 nm where the optical
constants are ny=1.000, n3=1.4644, k3=0, ns=4.7108, and k4 = 0.0963. The point
with a thickness of 25 nm and a refractive index of 1.54 represents a 9.5-bilayer
PSS/PDADAMC film deposited from 0.1 M NaCl, and the black lines through that
point show the +0.3° uncertainty in ¥ and A measurements. Enclosed data

points correspond to identical thicknesses at different refractive indices.
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Figure 3.4. Calculated W and A values for the system depicted in Figure 3.1
(ethanol as the ambient medium and a 2.0 nm silicon oxide layer) as a function of
the refractive index, n;, and thickness, d, of the film. The simulation was
performed at a wavelength of 480.2 nm where the optical constants are
n1=1.3645, n3=1.4636, k3;=0, n,=4.412, and ks = 0.0629. The point with a
thickness of 50 nm and a refractive index of 1.47 represents a 9.5-bilayer
PSS/PDADAMC film deposited from 0.1 M NaCl, and the black lines through that
point show the +0.3° uncertainty in ¥ and A measurements. Enclosed data

points correspond to identical thicknesses at different refractive indices.
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both window effects and measurement uncertainty, the simulations show that film
thicknesses and refractive indices can be determined to at least +5% and +0.01,
respectively, in both water and ethanol. For “dry” films, thicknesses and
refractive indices can be determined to +5% and +0.04, respectively.

To further validate the ellipsometric results, we determined PEM
thicknesses using atomic force microscopy (AFM) images of intentionally
scratched PEM-coated Si wafers. A typical AFM image can be found in
Figure 3.5. AFM-derived thicknesses for PSS/PDADMAC deposited from 0.1 M
NaCl, [PSS/PDADMAC]4PSS deposited from 0.5 M NaCl, and HA/chitosan films
were consistently 10-15% greater than the ellipsometric thicknesses acquired at
a similar relative humidity. AFM-derived thicknesses for [PSS/PDADMAC],
deposited from 0.5 M NaCl and PSS/PAH films were not significantly different
from ellipsometrically determined thicknesses. The positive deviation of AFM
thicknesses from ellipsometric thicknesses has been reported before*® and could
result from scratching of the underlying SiO, layer or deposition of the removed
material on the nearby film. In any case, the ellipsometric measurements are
validated by the reasonable agreement between ellipsometric and AFM methods.
One assumption in most ellipsometric thickness determinations is that films are
smooth and uniform. The RMS roughness values of PSS/PAH, PSS/PDADMAC,
and HA/chitosan films were always less than 15% of film thickness.

Table 3.1 shows the ellipsometric thicknesses of PSS/PAH,
PSS/PDADMAC, and HA/chitosan films under nitrogen (<5% RH), water, and

ethanol (See Figures 3.6, 3.7, and 3.8 for some typical experimental and fitting
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0 1077 20 " um

Figure 3.5: A 3 x 25 uym AFM topographical image and the derived average
line scan for thickness analysis of a [PSS/PDADMAC]¢ film deposited from
0.1 M NaCl. The region between the two black arrows on the left determines
the average film + wafer height, and the area between the two dark grey
arrows on the right determines the height of the scratched Si wafer. The

average PEM thickness for this particular scan is 28.3 nm.
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Table 3.1: Ellipsometric thicknesses of PEMs under nitrogen (<56% RH), water,

or ethanol, and percent swelling in the two solvents.

Film

Film

Dry Film . Percent . Percent
Film Type Thickness T?:\c:r;gss Swelling I‘hg:]';?‘sosl Swelling
(nm) (nm) in H,O (nm) in Ethanol
[HA/Chitosan]s 2414 11849 390150 5511 130120
[HA/Chitosan];HA 2413 11816 390140 55+3 130120
[PSS/PDADMAC],
from 0.5 M NaCl 2011 95+9 380160 3041 54110
[PSS/PDADMAC],PSS
from 0.5 M NaCl 24.410.4 5012 10619 3312 378
[PSS/PDADMAC]40
from 0.1 M NaCl 24.7+0.9 5711 12947 5211 11017
[PSS/PDADMAC],PSS
from 0.1 M NaCl 24+1 5411 12418  51.240.5 11215
[PSS/PAH];, 25.2+0.7 5111 10116 4912 9418
[PSS/PAH],PSS 25.110.5 4912 9549 4913 96+13
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Figure 3.6: The experimental (dashed line) and generated (fit, solid line) W and
A ellipsometric data for a dry (under <5% RH nitrogen) 10-bilayer
PSS/PDADMAC film deposited from 0.1 M NaCl. This fit corresponds to a film

that is 24 nm thick and has a refractive index of 1.541 at 450.5 nm.
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Figure 3.7. The experimental (dashed line) and generated (fit, solid line) ¥ and
A ellipsometric data for a water-submerged 8-bilayer HA/chitosan film. This fit
corresponds to a film that is 124 nm thick and has a refractive index of 1.389 at

450.5 nm.
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Figure 3.8. The experimental (dashed line) and generated (fit, solid line) ¥ and
A ellipsometric data for an ethanol-submerged 9.5-bilayer PSS/PDADMAC film
deposited from 0.1 M NaCl. This fit corresponds to a film that is 52 nm thick and

has a refractive index of 1.453 at 480.2 nm.
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data for “dry,” water-submerged, and ethanol-submerged films). The number of
bilayers in these films was chosen such that all coatings would have similar
thicknesses. There are clear variations in percent swelling as a function of both
the constituent polyelectrolytes and the swelling solvent. Figure 3.9, which
presents the structures of the constituent polyelectrolytes, shows that chitosan,
PDADMAC, and PAH contain one positive charge per 11, 9, and 4 non-hydrogen
atoms, respectively. In the case of the polyanions, PSS contains one negative
charge per 12 non-hydrogen atoms, while HA has only one charge per 26 non-
hydrogen atoms. Thus, if swelling increases with decreasing charge density on
the polyelectrolytes (due to a lower density of ionic cross-links), HA/chitosan
should swell much more than PSS/PDADMAC, which should swell more than
PSS/PAH, and this is generally the case in water, though swelling in ethanol is
complicated by other factors. The especially low charge density on HA and
chitosan results in films that are nearly 80% water. In accord with such a high
water content, refractive indices at 603.1 nm for swollen [HA/chitosan];HA films
are only 1.382. (At the same wavelength, dry [HA/chitosan];HA films have a
refractive index of 1.53, while the refractive index of water is 1.333.) For all types
of water-swollen or ethanol-swollen films, the refractive index is essentially a
linear combination of the refractive indices of water and the dry film, as described
by Equation 3.3 where T and T4 are the thickness of the swollen film and the
dry film, respectively, and ng, ngs, and ns are the refractive indices of the swollen

film, the dry film, and the swelling solvent (ethanol or water), respectively.
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Figure 3.9: Structures of the polyelectrolytes used in this work.
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Estimations of ng calculated with Equation 3.3 vary from ellipsometrically
determined n¢ values by less than 1.5% in water and less than 3% in ethanol.
T =(T,-Ty)n, +T N, (3.3)
In most cases, the difference in swelling between films terminated with a
polycation and a polyanion is not statistically significant. This is consistent with
previous studies that suggest that although water uptake can depend on the
composition of the terminating layer in PSS/PAH films,?°3%%" the solvent fraction
in PAH-capped films is only 25% less than in PSS-capped films (40% versus
30% water as a function of capping layer).2*° PSS/PDADMAC films deposited
from 0.5 M NaCl are a notable exception to the phenomenon of capping layer
choice not affecting swelling. The water uptake in [PSS/PDADMAC]), films
prepared in 0.5 M NaCl is almost 4-fold greater than that in the corresponding
[PSS/PDADMAC]4PSS films. We speculate that this occurs because the
PDADMAC penetrates the entire film and disrupts ionic cross-linking This is
similar to the explanation for the rapid, exponential (as a function of the number

of adsorption steps) growth of some PEMs.%*%

Indeed, we observed that
PSS/PDADMAC films grown in >0.3 M NaCl do show exponential growth, while
films grown in 0.1 M NaCl do not.>* Consistent with PDADMAC penetrating the
entire film, Smith et al. used 3C solid-state NMR to show that PDADMAC is more
mobile than PSS in PSS/PDADMAC films.** This high mobility was attributed to

the low glass transition temperature of PDADMAC, which is below room

temperature when there is >20% water content.>**® McCormick et al. also
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reported an increase in both water and PDADMAC mobility in PSS/PDADMAC
films when PDADMAC is the top layer.*’

Interestingly, in ethanol, there is only a small difference between the
swelling of [PSS/PDADMAC]s and [PSS/PDADMAC]4PSS prepared in 0.5 M
NaCl (54 versus 37%), and the swelling of both of these films is only 1/3 to 1/2 of
that for corresponding coatings prepared in 0.1 M NaCl. Films deposited from
0.1 M NaCl likely swell more in ethanol because they contain fewer ion-exchange
sites and are less hydrophilic than films deposited from 0.5 M NaCl. The
hydrophilic, non-polyelectrolyte-paired (ion-exchange) charged groups in
PSS/PDADMAC films deposited from 0.5 M NaCl likely make them less
susceptible to swelling in ethanol.>’ Moreover, ethanol may not lower the glass
transition temperature of PDADMAC the same way that water does, which could
decrease chain mobility and reduce swelling. NMR studies of PEMs in ethanol
could reveal if the lack of swelling in PSS/PDADMAC deposited from 0.5 M NaCl
correlates with a lack of PDADMAC mobility.>” HA/chitosan films also swell less
in ethanol than in water, and this likely reflects the fact that ethanol is a poorer
solvent for these hydrophilic polymers. Additionally, increased ion pairing (cross-
linking) may occur in the presence of ethanol. In the case of films that are
already heavily cross-linked in water (PSS/PAH and PSS/PDADMAC deposited
from 0.1 M NaCl), swelling is similar in ethanol and water.

Below, we compare swelling and transport results. For HA/Chitosan and
PSS/PDADMAC deposited from 0.5 M NaCl, films used in transport and swelling

experiments had essentially the same number of bilayers, but in the case of
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PSS/PDADMAC deposited from 0.1 M NaCl and PSS/PAH, more bilayers were
used in ellipsometric than in transport studies. This was necessary because
ellipsometric measurements require relatively thick films for accurate refractive
index and thickness determinations, but overly thick films severely retard flux in
transport experiments. PSS/PDADMAC deposited from 0.1 M NaCl and
PSS/PAH are less permeable than the other systems, so the minimal thickness
required for accurate transport experiments with these films was not sufficient for
ellipsometric thickness determinations in solvents. A previous study showed that
the permeability of PSS/PDADMAC is constant after the deposition of 5 to 6
bilayers,*® so we expect that the swelling of 9.5 and 10-bilayer films should still
be relevant to transport through 5 and 5.5-bilayer systems. Our previous NF
studies also indicated that solute rejections by PSS/PDADMAC films deposited
from 0.1 M NaCl did not change on going from 5.5 to 6.5 bilayer films.®
Transport Experiments in Water. Large changes in swelling by water
correlate well with both NF and DD data. Table 3.2 shows that the rejections of
glucose, sucrose, and raffinose in NF generally increase as film swelling
decreases, as would be expected. Highly swollen [HA/chitosan]sHA films show
essentially no rejection of any of the sugars, while the least swelling system,
PSS/PAH, rejects >99.6% of sucrose. DD data (Table 3.3) confirm the trends
seen in NF. With the possible exception of the comparison of PSS/PAH films
with PSS-capped PSS/PDADMAC deposited from 0.5 M NaCl (the swelling is
similar between the films), fluxes of glucose, sucrose, and raffinose all increase

with increasing film swelling, even though the more swollen HA/chitosan and
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Table 3.2: Percent rejection in nanofiltration of glucose, sucrose, and raffinose
dissolved in water. PSS/PDADMAC and HA/chitosan data are from Chapter 2.°

The swelling values are from analogous films (Table 3.1).

Percent Rejection

Percent
Film Type Swelling Glucose Sucrose  Raffinose
in Water
[HA/Chitosan]sHA 390140 <12% <12% <12%
[PSS/PDADMAC]4
from0.5 M NaCl 28060  17x4 28+9 368
[PSS/PDADMAC]4PSS
from 0.5 M NaCl 1069 6416 97.2¢0.9  98.9+0.7
[PSS/PDADMAC]s
from 0.1 M NaCl 12947 4445 85+2 91.30.8
[PSS/PDADMAC]sPSS
from 0.1 M NaCl 124:8 5816 96+2 98.840.6
[PSS/PAH]s 101+6 91.3+t0.6 99.6+0.1 99.8+0.1
[PSS/PAH]sPSS 9549 88+1  99.70+0.09 99.90+0.07
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Table 3.3:

Fluxes in diffusion dialysis of glucose, sucrose, and raffinose

(dissolved in water) through porous alumina coated with various polyelectrolyte

films. The bare alumina and PSS/PDADMAC data are from Chapter 2.° Al film

thicknesses were measured in a <5% RH nitrogen atmosphere except for that of

[HA/chitosan]gHA, which is an estimate based upon the thickness of 8-bilayer

HA/chitosan films.
Normalized Flux®
(nmolcm?s' M)
Film Percent
Film Type Thickness Swelling Glucose Sucrose Raffinose
(nm) in H,0°
Bare Alumina N/A N/A 180+20 14020 120+10
[HA/Chitosan]gHA ~25 390+40 180+30 140+20 110+20
[HA/Chitosan]s 24+4 390+50 180+20 13149 110+10
[PSS/PDADMAC],
from 0.5 M NaCl 20+1 380+60 150+10 12010 9519
[PSS/PDADMAC)PSS
from 0.5 M NaCl 24.4+0.4 10619 90+10 712 0.3+0.1
[':rirsn’mﬁmgfs 15641 12947  90+10  24+2  1.9+0.1
[Psffé ':TID:?““’/"A,\?;EF;SS 1241 124#8  90#4  11+2 0503
[PSS/PAH]s 12.5+0.6 1016 43+3 12+04 0.6x04
[PSS/PAH]sPSS 13.1+0.4 9549 5619 1.1£0.7 0.5£0.5

?Fluxes were normalized by dividing by the source-phase concentration at the

end of the experiment.

®Values are taken from Table 3.1 and were measured with films that in some
cases had different thicknesses than those used here.
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PSS/PDADAMC films prepared in 0.5 M NaCl are about 1.5 to 2-fold thicker than
the other films. Fluxes through both HA-terminated and chitosan-terminated
HA/chitosan films are essentially the same as those through bare alumina. This
is not surprising considering the low (<12%) rejection of sugars in NF and the
rapid passage of molecules as large as myoglobin through HA/chitosan films.®
For the PSS/PDADMAC systems, the transport data demonstrate that
variations in film permeability can occur upon changing the top layer in the film
from a polycation to a polyanion. On going from PDADMAC-capped to PSS-
capped PSS/PDADMAC films made in 0.5 M NaCl, sucrose rejection in NF
increases from 28 to 97%, and fluxes in DD decrease by factors of 1.7, 17, and
300 for glucose, sucrose, and raffinose, respectively. This correlates well with
the almost 4-fold decrease in swelling that occurs upon addition of a PSS
capping layer. A similar, though smaller, effect occurs for PSS/PDADMAC films
prepared in 0.1 M NacCl, but in this instance the differences in the rejections and
fluxes exhibited by PSS-terminated and. PDADMAC-terminated films are larger
than what one might expect, given the insignificant differences in their water
uptake. Other factors such as polymer intermingling and chain mobility probably
affect the permeability of these films. As discussed earlier, NMR experiments by
McCormick and Smith indicate that the PDADMAC portions of PSS/PDADMAC
films are more mobile when the entire film is terminated end in PDADMAC %%
The aqueous NF and DD data show that PEMs can exhibit extraordinarily
diverse permeability properties ranging from nearly complete rejection to nearly

complete passage of sugar molecules, depending on polyelectrolyte type, top-
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layer choice, and deposition conditions.®'" However, many processes are
incompatible with water, and aqueous data may not describe PEM behavior in
organic solvents.*' Thus, we investigated diffusion dialysis through PSS/PAH,
PSS/PDADAMC, and HA/chitosan films in ethanol.

Diffusion dialysis in ethanol. Table 3.1 shows that there is significantly
less swelling of PEMs in ethanol than in water, particularly for the highly swollen
films [HA/chitosan]g, [HA/chitosan];HA, and [PSS/PDADMAC]s prepared in 0.5 M
NaCl. Still, there is a significant variation in ethanol swelling among the
polyelectrolyte systems, ranging from 37% for [PSS/PDADMAC]4PSS deposited
from 0.5 M NaCl to 130% for HA/chitosan fiims. Nevertheless, DD data in
ethanol exhibit minimal correlation between fluxes and film swelling (Table 3.4).
For example, polycation-capped [PSS/PDADMAC], films swell slightly more in
ethanol than [PSS/PDADMAC]4PSS films (both prepared in 0.5 M NaCl), and
glucose, sucrose, and raffinose DD fluxes through [PSS/PDADMAC]sPSS and
[PSS/PDADMAC]s films differ by factors of 2, 6, and 4, respectively. However,
the more highly swollen PSS/PAH and PSS/PDADMAC films deposited from 0.1
M NaCl exhibit less sugar flux than either of the less swollen PSS/PDADMAC
films deposited from higher ionic strength. Moreover, fluxes through
[HA/chitosan]s films are 70-75% lower than those through [PSS/PDADMAC]s
deposited from 0.5 M NaCl, even though the HA/chitosan swells over twice as

much, and the thicknesses of these films differ by only 15%.
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Table 3.4: Fluxes in diffusion dialysis of 140 uM glucose, sucrose, and raffinose
in ethanol through porous alumina coated with various polyelectrolyte films. All
film thicknesses were measured in a <56% RH nitrogen atmosphere except for
that of [HA/chitosan]gHA, which is an estimate based upon the thickness of 8-
bilayer HA/chitosan films.

Normalized Flux®

(nmol cm? s M)

. Percent
Film Swelling
Film Type Thickness in Glucose Sucrose Raffinose
(M) Ethanol?
Bare Alumina N/A N/A 210+20 180+40 190+20
[HA/Chitosan]gHA ~25 130t20 100130 40+20 3010
[HA/Chitosan]s 2414 130120 40120 30£20 30120
[PSS/PDADMAC]s
from 0.5 M NaCi 27.310.9 54110 150+10 110£10 100+20
[PSS/PDADMAC]sPSS
[PSS/PDADMAC]s c c
from 0.1 M NaCl 151 11017 50110 <4 <4
[PSS/PDADMAC]sPSS c c
from 0.1 M NaCl 12+1 11215 40+10 <4 <4
[PSS/PAH]s 12.5+0.6 9418 13.120.1 <4° <4°
[PSS/PAH]sPSS 13.1£0.4 96+13 10.4+0.1 <4° <4°

aFluxes were normalized by dividing by the source-phase concentration at the
end of the experiment.

®Values are taken from Table 3.1 and were measured with films that in some
cases had different thicknesses than those used here.

‘Lower limits of measurable, normalized flux are higher in ethanol than in water
because of limited sugar solubility in ethanol.
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In contrast to PSS/PDADMAC prepared in 0.5 M NaCl, HA/chitosan films
show significant (2-fold) decreases in glucose fluxes in ethanol when the outer
layer of the film is a polycation rather than a polyanion (Table 3.4). Again,
however, these trends do not correlate with swelling, as the solvent uptake of
both types of films does not depend significantly on the composition of the top
layer. PSS/PAH films deposited from 0.5 M NaCl show a slightly higher glucose
flux when capped by the polycation, but the differences in swelling are negligible.
We think that the ethanol swelling reflects a tradeoff between ionic cross-linking
and film hydrophilicity. Highly cross-linked films may be more hydrophobic and
soluble in ethanol, and this may oppose the reduction of swelling due to ionic
cross-links, even though cross-linking could slow transport by limiting chain
mobility. In contrast, such an effect would amplify decreases in aqueous swelling
that result from ionic cross-linking, and in that case, we do see a strong

correlation between swelling and flux.

3.4 Conclusions

Swelling of PEMs in water increases as the density of charge on
constituent polyelectrolytes decreases, and increased water uptake generally
leads to decreased sugar rejections in NF and higher solute fluxes in diffusion
dialysis. Presumably, higher swelling occurs when fewer ionic cross-links and/or
many hydrophilic ion-exchange sites are present in the film. With

PSS/PDADMAC films prepared in 0.5 M NaCl, water uptake can vary 4-fold
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depending on whether the capping layer is a polycation or a polyanion, and the
higher water content leads to minimal sugar rejections in NF. Solvent uptake is
generally smaller with ethanol than water, and there is no clear correlation

between ethanolic DD data and swelling.
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Chapter 4

MODIFIED POLYELECTROLYTE MULTILAYER FILMS FOR ENHANCED
NANOFILTRATION OF NEUTRAL AND CHARGED MOLECULES

SUMMARY

Polyelectrolyte multilayer films are promising materials for nanofiltration
(NF) membranes because their minimal thickness affords high flux, and control
over film composition allows tailoring of solute rejections. This chapter describes
two modifications that attempt to improve fluxes and selectivities through these
films. The first alteration involves hybrid multilayer polyelectrolyte membranes
composed of poly(styrene sulfonate) (PSS)/protonated poly(allylamine) (PAH)
bilayers deposited on PSS/poly(diallyldimethylammonium chloride) (PDADMAC)
“gutter layers.” Ideally, these films would combine the high permeability of
PSS/PDADMAC films with the selectivity of PSS/PAH, leading to higher NF
solution fluxes than pure PSS/PAH films. A more successful modification is the
deposition of the final layer of PSS/PAH assemblies from high ionic strength
solutions ([PSS/PAH]4PSS*). This alters the film structure, enhancing both NF
solution fluxes and recoveries while maintaining the high selectivities of pure
PSS/PAH films. Both types of modified films exhibit NaCl/sucrose NF
selectivities at least ten-fold greater than those of pure PSS/PDADMAC
membranes, though only [PSS/PAH]sPSS* films allows fluxes superior to pure
PSS/PAH films. These systems also exhibit glucose/sucrose selectivities that are

twice those of pure PSS/PDADMAC films and glucose recoveries that are almost
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double those of pure PSS/PAH assembilies. Additionally, both
[PSS/PDADMACI]W[PSS/PAH],PSS* and [PSS/PAH]4PSS* films can reject
multivalent salts from solutions containing butanetriol while maintaining fluxes
greater than those of commercial NF membranes. Such separations could prove
valuable in the purification of butanetriol, which is a precursor to a high explosive,

produced by fermentation.

4.1 Introduction

Alternating adsorption of polycations and polyanions on porous supports is
an attractive method for forming the skins of composite membranes because it
can yield extremely thin (<50 nm), defect-free layers.' The minimal thickness of
these coatings results in high fluxes, and careful selection of constituent
polyelectrolytes or deposition parameters such as salt concentration allows
tuning of permselectivity.*® Recently, several studies examined the use of

multilayer polyelectrolyte films in encapsulation,®'* nanofiltration (NF),357'°

16-23 4,24,25

pervaporation, and gas separations.

Within the realm of NF alone, polyelectrolyte-modified porous substrates

3515 sugars and other small neutral molecules,®”’

are capable of separating ions,
and even proteins.® Jin et al. demonstrated that polyvinylamine/polyvinylsulfate
films can achieve 94% rejection of NaCl at 40 bar, although fluxes through those
films were low because they contained 60 bilayers.®> Much thinner (4.5 bilayers)

poly(styrene sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH) films can

separate chloride and sulfate with a selectivity of 33 and a solution flux of 1.8
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m>/(m? day) at a pressure of only 4.8 bar.>?® [PSS/PAH]sPSS films also exhibit
glucose/sucrose selectivities as high as 150, but low glucose recoveries limit the
applicability of these membranes in sugar separations.” As shown in chapter 2,
simply changing the polycation employed to form such films from PAH to
poly(diallyldimethylammonium chloride) (PDADMAC) results in a 4-10 fold
increase in glucose recovery and a flux of more than 2 m®/(m? day), albeit with
lower glucose/sucrose selectivities (~15).5” Additionally, PSS/PDADMAC films
can separate NaCl from sucrose with a selectivity of 10.5?” Though these results
are impressive first steps, greater selectivities matched with higher glucose or
NaCl passages and high fluxes are desirable for practical separations such as
the refining of oligosaccharides in corn syrup or the recovery of brine from sugar
decolorization processes.?®#

This chapter describes attempts to improve the NF solution flux and
selectivity of polyelectrolyte multilayer (PEM) membranes through two structure
modifications. The first involves hybrid films, i.e., PEMs that contain regions with
different polyelectrolyte pairs as shown in Figure 4.1. Specifically, selective
PSS/PAH layers are deposited on top of PSS/PDADMAC “gutter layers”. A
previous report stated that the NF flux through 30 nm-thick (at ambient
conditions) PSS/PAH films is about 0.9 m%(m? day),” while the solution flux
through 30 nm PSS/PDADMAC films deposited from 0.5 M NaCl is 1.5-
1.9 m*(m? day).*®* The PSS/PDADMAC portion of the film is presumably more
permeable than PSS/PAH, as the lower charge density on PDADMAC than on

17,31-33

PAH results in fewer ionic cross-links and more swelling. (As shown in
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Figure 4.1: Schematic illustration of the concept of hybrid polyelectrolyte
membranes containing PSS, PDADMAC, and PAH deposited onto a porous
alumina support. The color-coded chemical structures of the individual
polyelectrolytes are also shown. (The porous support is actually several orders

of magnitude thicker than the polyelectrolyte film.) "

El

:Cl-
/N\
Poly(diallyldimethylammonium
chloride)
PDADMAC
SOy Na*
Poly(styrene sulfonate) 3
PSS

NH3*CI
Poly(allylamine hydrochloride)
PAH

*Images in this dissertation are presented in color.
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Figure 4.1, PAH has 4 non-hydrogen atoms per unit charge, while PDADMAC
has 9). We hypothesized that a hybrid film would be advantageous because a
few PSS/PDADMAC bilayers wouid allow for coverage of a porous support with
fewer PSS/PAH bilayers than if PSS/PAH were used alone — producing films with
high flux and high selectivity.

A few recent papers demonstrated the formation of hybrid polyelectrolyte
films.>**" Garza et al. showed that deposition of PSS/PAH between hyaluronic
acid/poly(L-lysine) bilayers results in a film with highly permeable compartments
separated by relatively impermeable PSS/PAH barriers.’’ We previously
employed membranes consisting of either poly(acrylic acid)/PAH* layers or
poly(pyromellitic  dianhydride-phenylenediamine)/PAH** layers on top of
PSS/PAH films to enhance selectivity between CI" and SO4* in diffusion dialysis.
However, this study represents the first investigation of the potential benefits of
hybrid films in a practical separation technique such as nanofiltration.

The second film modification described here entails a slight change in the
deposition of recently described PSS/PAH films.” Previously, the PSS layers of
[PSS/PAH)sPSS films were deposited from pH 2.1 0.5 M MnCl;, and the films
exhibited a molecular weight cutoff (MWCO, the molecular weight at which 90%
of a solute is rejected) of about 100 g/mol, as glycerol (My of 92) was ~90%
rejected. However, this chapter shows that depositing the final PSS layer of a
PSS/PAH film from 2.5 M MnCl; at a pH of 2.1 (these films are referred to as
[PSS/PAH],PSS* films from this point on) results in a higher MWCO (>200 g/mol)

while still maintaining high SO4% rejection (>96%). Previously, the use of high
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ionic strength solutions for depositing PSS capping layers enhanced SO.*
rejection,® but this chapter shows that it can also be advantageous for obtaining
higher passage of small, neutral molecules. NF solution fluxes through
[PSS/PAH)4PSS* membranes rival those through PSS/PDADMAC films,® and are
about twice the flux through commercial NF membranes.*®* The positive effect
of high ionic strength during deposition likely results from film rearrangement, as
several studies showed that PEMs can rearrange, sometimes dramatically, in
response to changes in ionic strength or pH.324°

This chapter shows that the hybrid and modified [PSS/PAH]4PSS* films
yield double to triple the glucose/sucrose selectivity and at least ten times the
NaCl/sucrose selectivity of pure PSS/PDADMAC films. Additionally, solution
fluxes with these films are comparable to those through PSS/PDADMAC
membranes (2 m’/(m? day) at 4.8 bar), though only [PSS/PAH]sPSS* films
possess statistically enhanced flux compared to pure PSS/PAH films. Also, both
membrane systems remove sulfate and phosphate anions from a 1,2,4-
butanetriol (BT) solution while maintaining a high (>60%) recovery of BT. Such
separations may be relevant to the production of BT from renewable
feedstocks,*! which is important because BT is a precursor for the high explosive

1,2,4-butanetriol trinitrate.
4.2 Experimental

Materials. Poly(styrene sulfonic acid) sodium salt (PSS, M,, 125000, Alfa

Aesar), poly(diallyldimethylammonium chloride) (PDADMAC, M,, 100000-200000,
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20 wt. % in water, Aldrich), poly(allylamine hydrochloride) (PAH, M,, 70000,
Aldrich), polyethyleneimine (My 25000, Aldrich), MnCl; (Acros), NaBr (Spectrum),
NaCl (CCl), Na;SO4 (CCl), 1,2,4-butanetriol (Aldrich), glycerol (anhydrous, CCl),
glucose (Aldrich), sucrose (Aldrich), and raffinose (Aldrich) were used as
received. Deionized water (Milli-Q, 18.2 MQcm) was used for membrane rinsing
and preparation of polyelectrolyte solutions.

Film Preparation. For swelling experiments, [PSS/PDADMAC],PSS*
films (Film 1 from Table 4.1) were prepared on pieces of silicon wafers (Si(100),
Silicon Quest International) that were first cleaned with UV/O3; (Boekel UV-Clean
model 135500) for 15 minutes. The cleaned silicon was immersed in 1 mg/mL
polyethyleneimine at pH 9 for 15 minutes to establish a dense, positively charged
layer, and films were then built on this precursor layer.

Porous alumina substrates (0.02 pm Whatman Anodisc filters) were
initially cleaned with UV/O; for 15 min and then placed concentrate-side up in an
O-ring holder to limit film deposition to the feed side of the membrane. To make
hybrid films, the alumina supports were first exposed to an aqueous solution of
0.02 M PSS in 0.1 or 0.5 M NaCl for 3 minutes and rinsed with deionized water
for 1 minute. (Polymer concentrations are always given with respect to the
repeating unit.) Next, the samples were exposed to a 0.02 M PDADMAC
solution in 0.1 M or 0.5 M NaCl for 3 min and rinsed again. This process was
repeated until the desired number of bilayers for the gutter-layer was formed. To

form the selective capping layer(s), the PDADMAC-terminated films were
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exposed to an aqueous solution of pH 2.1 0.02 M PSS in 0.5 M MnCl, for 2
minutes, rinsed with deionized water for 1 minute, immersed in a solution of pH
2.3 0.02 M PAH with 0.5 M NaBr for 5 minutes, and again rinsed with water. This
procedure was repeated as necessary to form more capping bilayers. The final
PSS layer of the PSS/PAH capping layers was deposited from 2.5 M MnCl; at pH
2.1 instead of 0.5 M MnCl; at pH 2.1 (thus, these fiims are designated
[PSS/PDADMAC][PSS/PAH],PSS*).  Deposition of [PSS/PAH]4PSS* films
utilized the same procedure as the synthesis of capping PSS/PAH layers of
hybrid films. The final PSS layer was again deposited from 2.5 M MnCl, at pH
2.1 for 2 minutes, followed by a final rinse.

Ellipsometry. Ellipsometric thicknesses of the SiO; layers on Si wafers
were first determined assuming literature values for the refractive indices of Si
and SiO; at the 44 wavelengths of the ellipsometer (J.A. Woollam model M-44
rotating analyzer ellipsometer, 75° angle of incidence) between 414.0 nm and
736.1 nm. After coating of these wafers, film thicknesses were obtained either in
ambient conditions (40% relative humidity (RH)), or under water using a home-
built cell with glass windows for swelling experiments. The ellipsometric
thicknesses and refractive indices of [PSS/PDADMAC]4PSS* (Film 1) films were
determined at three different points per wafer on three different wafers, and the
reported results are the average and standard deviation of these values. Optical
constants of water as a function of wavelength were calculated using the Cauchy

equation in coordination with constants in the literature.*>*3
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Nanofiltration. NF was performed as previously reported (see Chapter
2)>7  The feed for sugar/NaCl separation experiments with hybrid,
[PSS/PAH]4PSS*, and [PSS/PAH}PSS films contained 1 mM glycerol and
glucose, 5 mM sucrose and raffinose, and 10 mM NaCl. For sugar separations
with PSS/PDADAMAC films, the feed contained 1 mM glycerol, glucose, sucrose,
and raffinose. For salt/sugar separations with pure PSS/PDADMAC the feed
was 1 mM sucrose and 10 mM NaCl, and for BT/salt separations, the feed was
either 1 mM BT and 2.5 mM Na;SO4 or 1 mM BT and 21.5 mM K;HPO4. The pH
of the BT/phosphate solution was adjusted to 7 or 8 by addition of 1 M HCI.

For all experiments, the feed was passed over the membrane at 18
mL/min, and the system was pressurized to 4.8 bar (70 psi). After 18 h of
equilibration time, membrane permeate was acquired for intervals of 15-30
minutes. Glycerol, glucose, sucrose, raffinose, and BT concentrations were
determined via chromatography (Dionex, DX-600, CarbonPac PA-10 column,
mobile phase: 0.1 M NaOH at 1.0 mL/min) coupled with pulsed amperometric
detection (Dionex, ED-50). Single salts in solution (i.e. Na;SO4/BT separations)
were analyzed with conductivity measurements (Orion model 115).

Equation 4.1 defines solute rejection, where Creq is the concentration of
the solute in the feed, Cyem is the concentration of the solute in the permeate,
and R is the percent rejection of the solute. Equation 4.2 describes the
membrane selectivity between two different solutes, where Ra is the percent

rejection of solute A, and Rg is the percent rejection of solute B.
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Cperm o
R = [1-—=2™ |x100% 41)

feed

CA.perm CB,feed = 1 000/0 - RA
CA,feed CB.perm 100% - RB

Selectivity = (4.2)

4.3 Results and Discussion

This section first presents the enhancement in selectivity that hybrid
[PSS/PDADMAC],/[PSS/PAH],PSS* and [PSS/PAH],PSS* membranes provide
in NF of small neutral molecules such as sugars. Subsequent results show that
these films are very promising for NaCl/sucrose separations, and finally, we
examine the performance of such films in a specific potential application, removal
of salts from a solution containing BT.
Sugar Separations

Figure 4.2 shows a scanning electron microscope (SEM) image of a
[PSS/PDADMAC];[PSS/PAH]PSS* film deposited on an alumina support. The
20 nm-diameter surface pores and 200 nm-diameter bulk pores of the alumina as
well as the 30 nm-thick polyelectrolyte skin layer are clearly visible. The image
suggests that hybrid films fully cover underlying pores without filling them, and
the high rejections of raffinose and sucrose in Table 4.1 are indicative of a film
with very few defects.

Consistent with a size-exclusion mechanism, Table 4.1 shows that
PSS/PAH membranes (Film 6) show larger rejections of glucose, sucrose, and
raffinose than do the lower charge density pure PSS/PDADMAC films (Film 2).

Our goal in using hybrid and [PSS/PAH]4PSS* films to separate neutral
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Figure 4.2: Cross-sectional SEM image of a [PSS/PDADMAC];[PSS/PAH]PSS*

film deposited on porous alumina. The final PSS layer was deposited from 2.5 M

MnCl,.*
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molecules was to create a membrane that had the high rejections of pure
PSS/PAH films along with the high fluxes typical of pure PSS/PDADMAC
membranes. The data in Table 4.1 illustrate that [PSS/PAH],PSS* films barely
achieve this goal, but not hybrid films, as their fluxes are not statistically greater
than those through pure PSS/PAH films. (The salt concentration in
PSS/PDADMAC deposition solutions did not have a significant effect on neutral
molecule transport through these films, so only the data with gutter layers
deposited from 0.5 M NaCl are presented here.)

There are small increases in glucose, sucrose, and raffinose rejection with
[PSS/PDADMAC];[PSS/PAHIPSS*, [PSS/PDADMACI;-[PSS/PAH],PSS*, and
[PSS/PAH]4PSS* films (Films 3, 4, and 5, respectively) compared to pure
PSS/PDADMAC films (Film 2), although in some cases the differences are not
statistically significant. For example, [PSS/PDADMAC]4PSS films (Film 2) reject
97% of sucrose, [PSS/PDADMAC];[PSS/PAH]PSS* membranes (Film 3) reject
98% of sucrose, and [PSS/PDADMAC];[PSS/PAH],PSS* as well as
[PSS/PAH]4,PSS* assemblies (Films 4 and 5, respectively) reject 99% of sucrose.
Beneficially, [PSS/PAH]4PSS* films with 99+% sucrose rejection exhibit glucose
rejections of only 76%, leading to glucose/sucrose selectivities 3-times greater
than pure PSS/PDADMAC assemblies. Note that glucose rejection through
[PSS/PAH]4PSS* membranes (Film 5) is about 11% lower compared to typical
PSS/PAH films (Film 6), almost doubling glucose recovery. [PSS/PAH}4PSS*

films also show increased raffinose rejection relative to PSS/PDADMAC films
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(Film 2), resulting in glucose/raffinose selectivities in excess of 250. Glycerol
rejection is below 30% for all modified films.

Notably, the solution fluxes through hybrid films (Films 3 and 4) are
essentially unaffected by the addition of a second PSS/PAH capping layer. The
PSS/PDADMAC films with no capping layers (Film 2) have a solution flux of
2 m*(m? day), and the hybrid films show at most a 10% loss in flux. Though the
sucrose rejection increases due to capping layers, the cumulative transport
resistance due to both PSS/PDADMAC and the additional PSS/PAH layers
reduces the flux to the point that it is indistinguishable from pure [PSS/PAH]4PSS
films. Thus, the benefit of hybrid films over pure PSS/PAH films in sugar
separations is limited to a slight increase in glucose recovery (compare films 3
and 5).

Considering the above results, we wondered if just depositing a single
layer of PSS from 2.5 M MnCl; on top of a gutter layer is enough to create these
improved selectivities compared to pure PSS/PDADMAC films. We deposited 4
bilayers of PSS/PDADMAC from 0.5 M NaCl and then capped the films with a
single layer of PSS from 2.5 M MnCl; at pH 2.1 (Film 1, [PSS/PDADMAC]4PSS*).
Ellipsometry experiments suggest that increasing the ionic strength of the final
PSS deposition solution significantly alters the composition of the film. As shown
previously, depositing the final PSS layer on top of a 4-bilayer PSS/PDADMAC
membrane (assembled in 0.5 M NaCl) from 0.5 M NaCl results in only a 20%
thickness increase (Chapter 2, Table 2.2).° Surprisingly, when that PSS final

layer is added from 2.5 M MnCl; instead, film thicknesses double from 21.6+0.6
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nm to 4413 nm. Ellipsometric swelling experiments suggest that
[PSS/PDADMAC1PSS* films (Film 1) swell almost 5 times as much in water as
4 .5-bilayer PSS/PDADMAC assemblies where every layer is deposited from 0.5
M NaCl (Film 2). (Film 1 swells 380+70% while a version of Film 2 with more
bilayers swells 106+9%, see Chapter 3 Table 3.1.%%)

In conjunction with this high swelling, the NF results for
[PSS/PDADMAC]4PSS* from Table 4.1 (Film 1) depict lower rejections for all
sugar molecules. Interestingly, though initial solution fluxes through these fiims
were extremely high (>5 m/(m? day)), after 18 h of operation their flux was 35%
less than [PSS/PDADMAC]4PSS films deposited from 0.5 M NaCl (Film 2).
These films likely undergo significant compaction under pressure. Apparently,
PAH plays a critical role in establishing a hybrid system.

Salt-Sugar Separations

The data in Table 4.1, in conjunction with previous research,’® suggest that
modified films should allow passage of NaCl while retaining sucrose and
raffinose, which would be ideal for an application like salt recovery from ion-
exchange regeneration wastes.?’ Table 4.2 shows the flux and rejection data in
NF of solutions containing NaCl and sucrose by modified films as well as pure
PSS/PAH and PSS/PDADMAC membranes. In the case of the pure films,
[PSS/PAHI,PSS (Film 6) shows a higher sucrose rejection than
[PSS/PDADMAC]PSS (Film 2), but the latter films exhibit slightly less NaCl
rejection that might allow better salt recovery. Both types of modified films

exhibit less salt rejection than PSS/PAH films and higher selectivities than
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Table 4.2: Rejections, solution fluxes, and selectivities from nanofiltration of

sucrose and NaCl by porous alumina coated with a variety of PEM films arranged

in order of increasing NaCl/sucrose selectivity.

deposition of the PSS/PDADMAC layers.

0.5 M NaCl was used in

Films are numbered to aid in

discussion.
. a NaCl Sucrose NaCl/
Film Film Type ?;'3‘;:';5‘ g;u’)() Rejection  Rejection Sucrose
y (%) (%) Selectivity
1 [PSS/IPDADMACL 4 3,43 3244 8814 643
PSS
2 [PSSIEDADMACK 20103 40t4 938408  10%1
[PSS/PDADMAC];
3 [PSS/PAH]PSS* 2.0£0.2 2442 98.2+0.5 40+10
[PSS/PDADMAC];
4 [PSS/PAH],PSS* 1.8+0.2 2343 99.2+0.2 100+20
5 [PSS/PAH]4PSS* 2.210.2 2943 99.410.1 13030
6 [PSS/PAH)4,PSS 1.740.2 50+9 99.6+0.4 170170

aNF was run at 4.8 bar.

®These PSS/PDADMAC data are from Chapter 2.°

*Final layer of PSS was deposited from pH 2.1 2.5 M MnCls.
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PSS/PDADMAC  fiims, as  [PSS/PDADMAC]L[PSS/PAH],PSS* and
[PSS/PAH]4PSS* (Films 4 and 5, respectively) show a NaCl rejection of only 25-
30% and a NaCl/sucrose selectivity of 100 or more. The high NaCl passage
makes them more attractive than [PSS/PAH]4PSS for NaCl-sugar separations.
Selectivity increases 2.5-fold on going from [PSS/PDADMAC];[PSS/PAH]PSS* to
[PSS/PDADMACI;[PSS/PAH],PSS* (Films 3 and 4, respectively). For all
modified films, flux is ~2 m*/(m? day), about twice the flux through commercial NF

membranes.383°

The remarkable flux, NaCl/sucrose selectivity, and NaCl
recovery possible with these films make them attractive for salt recovery
applications.
Removal of sulfate and phosphate salts from solutions containing
butanetriol

The final application explored here involves purification of BT from
solutions containing sulfate and phosphate salts. This separation is relevant to
collection of BT from a fermentation broth*' in which magnesium sulfate, sulfuric
acid and potassium phosphate are added for pH adjustment but are
contaminants of the end product. Frost and coworkers recently showed that
production of this explosive precursor from renewable feedstocks may be
preferable to the current synthetic method involving the reduction of esterified
D,L-malic acid.*" In this separation, instead of rejecting an organic molecule and

allowing salt to pass as described above, we want to design a film to reject

divalent salts and allow a small organic molecule (BT) to pass.
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Table 4.3 shows the rejections, solution fluxes, and BT/sulfate selectivities
for a variety of PEM films. Pure PSS/PAH films were not explored for this
application as previous data show that divalent anions are less than 60%
rejected with these assemblies.® Initial experiments with 4.5-bilayer membranes
of PSS/PDADMAC deposited from 0.5 M NaCl (Film 2) showed high fluxes and
low BT rejection (2.3 m%(m? day) and 20%, respectively), but, unfortunately, only
75% sulfate rejection. Deposition of the terminating PSS layer from 2.5 M MnCl,
at pH 2.1 (instead of 0.5 M NaCl) (Film 1) gave a significantly lower flux of
1.5 m*/(m? day), the same BT rejection, and 91% sulfate rejection. The higher
sulfate rejection was encouraging, but previous reports using PSS/PAH films with
terminating PSS layers deposited from 2.5 M MnCl, suggested that modified
films would lead to considerably higher sulfate rejection.’

The sulfate rejection with [PSS/PDADMAC]:[PSS/PAH]PSS* films (Film 3)
was 96% while the BT rejection was 40%, and fluxes were an adequate 1.45
m®/(m? day). [PSS/PAH]4PSS* films (Film 5) produced nearly identical rejection
data, but with surprisingly higher fluxes than the hybrid film systems. Previous
data suggest that gutter layer thickness does affect flux (solution flux through
[PSS/IPDADMAC]s[PSS/PAH]PSS*  films is only 33%  that of
[PSS/PDADMAC],[PSS/PAH]PSS* assemblies),** but thinner PSS/PDADMAC
gutter layers may not cover the alumina pores completely, which could lead to

sulfate leakage.
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Table 4.3: Rejections, solution fluxes, and selectivities from nanofiltration of BT

and sodium sulfate using porous alumina coated with a variety of PEM films. All

PSS/PDADMAC layers were deposited from 0.5 M NaCl unless indicated

otherwise. Films are numbered to aid in discussion.

Solution BT Sulfate
Film Film Type Flux® Rejection  Rejection 31{2&?:}:3
(m*/(m? day)) (%) (%)
1 [PSS/ PPDSPél?MACh 1505 20120 914 1247
2 [PSS/PESAgMACh 2.3+0.3 20+10 75+4 3.4+0.9
3 [Tgssggﬁﬁgégﬁ 1.45:0.07  40:20  96.2+0.9 2010
5  [PSS/PAH]PSS* 2.4+0.3 30+10  96.540.8 2246

aNF was run at 4.8 bar.

*Final layer of PSS was deposited from pH 2.1 2.5 M MnCl;
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A second aspect of this separation, removal of phosphate salts, was more
difficult. Because phosphate is a trivalent base, its charge is a function of pH,
and ion-exclusion separations can be challenging. Schlenoff and coworkers
previously reported that control over pH can have a dramatic effect on the
transport of weak acids.*® Initial work with PEM films and pH 7 solutions resulted
in only 50% rejection of the total phosphate species because at pH 7 the
phosphate is roughly half HPO4* and half H,PO,".

Table 4.4 shows the phosphate rejection, BT rejection, and solution flux
for hybrid and [PSS/PAH],PSS* films after adjusting the solution pH to 8. At this
point the phosphate is approximately 90% HPO4%, and rejection is about 90%
with hybrid films. Similar phosphate rejections were observed for
[PSS/PDADMAC];3[PSS/PAHIPSS* and [PSS/PDADMACL[PSS/PAH].PSS*
membranes (Films 3 and 4), and the flux was 1.6-1.7 m%/(m? day) for both films.
[PSS/PAH]4PSS* films (Film 5) also exhibit low BT rejection, but unfortunately
they reject 15% less phosphate than hybrid films. The lower phosphate rejection
of [PSS/PAH]4PSS* films could result from slow film decomposition at pH 8, as
individual [PSS/PAH]4PSS* membranes with higher flux possessed lower
phosphate rejection. For example, a membrane with an average flux of
1.9 m¥(m? day) exhibited a phosphate rejection of 86%, while a film with an
average flux of 2.4 m*(m? day) possessed a 69% phosphate rejection. The
gutter layers may supply additional stability to the hybrid systems, as the
PSS/PDADMAC layers are composed of strong polyelectrolytes and thus are pH

tolerant. Separations at even higher pH values where nearly all phosphate
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Table 4.4: Rejections, solution fluxes, and selectivities from nanofiltration of BT
and potassium phosphate at pH 8 using porous alumina coated with PEM films.
All PSS/PDADMAC layers were deposited from 0.5 M NaCl. Films are numbered

to aid in discussion.

. a BT Phosphate BT/
Film Film Type f;'a,‘;:'r‘;? g;w)() Rejection Rejection  Phosphate
y (%) (%) Selectivity
[PSS/PDADMAC]3
3 [PSS/PAH]PSS* 1.7+0.2 3010 89+1 7+1
[PSS/PDADMAC]3
4 [PSS/PAH],PSS* 1.6+0.1 10+10 9041 9+1
5 [PSS/PAH]4PSS* 2.010.4 3248 75+11 412

2NF was run at 4.8 bar.

*Final layer of PSS was deposited from pH 2.1 2.5 M MnCl;
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species would be highly charged are challenging, as complete decomposition of
the PEMs or dissolution of the alumina support may occur.

The best choice of PEM for the removal of sulfate and/or phosphate from
a BT solution depends on a number of factors. If sulfate anions are the
contaminant of interest, then [PSS/PAH]4PSS* assemblies are the best choice,
as they possess higher fluxes than hybrid films (Table 4.3). However, if removal
of phosphate is paramount, then hybrid films would be better choices, as they
reject the most phosphate. A case where both salts are present is more
problematic. If high fluxes are more critical than permeate quality, then
[PSS/PAH]4PSS* films would suffice. However, if flux was not as important as
obtaining low permeate salt concentrations, then hybrid films are superior as they
reject 96% of sulfate and 90% of phosphate anions while rejecting only 40% of

BT.

4.4 Conclusion

This chapter describes two types of modified films that attempt to improve
NF fluxes and selectivities in three diverse, model applications. In both sugar
and sugar/salt separations, PSS/PAH films where the terminating PSS layer is
deposited from 2.5 M MnCl; exhibit greater fluxes than pure PSS/PAH films while
maintaining similar selectivities. Hybrid films, where selective PSS/PAH layers
are deposited on presumably more permeable PSS/PDADMAC, are capable of
higher selectivities than pure PSS/PDADMAC films, but the fluxes are not

statistically greater than those through pure PSS/PAH films. In the purification of
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BT, both types of modified films exhibit BT/sulfate selectivities of twenty, though
[PSS/PAHL,PSS* membranes have higher fluxes. However, in BT/phosphate
separations, hybrid films show double the selectivity of [PSS/PAH],PSS* films, as
the latter is likely not as tolerant of the slightly basic pH. Overall, hybrid films are
better suited to remove salts from BT/salt solutions, while [PSS/PAH)4PSS*

assemblies excel at sugar and sugar/salt separations.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This body of work demonstrates that novel polymeric films are capable of
effecting separations in nanofiltration (NF). Polyelectrolyte multilayers (PEMs)
assembled by a simple layer-by-layer technique can cover porous alumina
supports with just a few bilayers. In addition, simple adjustments to synthesis
variables such as the constituent polyelectrolytes, deposition conditions, and the
capping-layer choice (polyanion or polycation) result in films with molecular
weight cutoffs (MWCOs) ranging from 100 to >20000. These PEMs possess
higher NF fluxes than commercially available membranes and can separate
sugars, salts from sugars, and even proteins.

This dissertation also investigates how swelling of PEMs relates to
polyelectrolyte structure and solute transport. In situ ellipsometry experiments
reveal that the swelling of PEMs in water is directly related to polyelectrolyte
charge density. Assembling PEM films from polyelectrolytes that have a low
charge density results in films that swell more, which in turn leads to higher
MWCOs. PEM swelling can also be top-layer dependent, as poly(styrene
sulfonate) (PSS)/poly(diallyldimethylammonium chloride) (PDADMAC) films swell
4 times more when the polycation is the capping layer as opposed to the

polyanion. Additionally, swelling correlates to permeability, as films with greater

127



water uptake have lower NF rejections and higher sugar fluxes than PEMs that
swell less.

Moreover, one can tailor membranes for specific applications. The
selectivities and overall fluxes in oligosaccharide fractionation and the separation
of salt from sugar can be optimized by simple adjustments to the PEM deposition
system. For example, the NaCl/sucrose selectivity of PSS/PDADMAC films can
be increased by a factor of 10 by simply capping these coatings with 1.5-bilayers

of PSS/poly(allylamine hydrochloride) (PAH).

5.2 Future Work

There are a number of research paths available with PEM films. One of
the most interesting directions involves optimization of the previously described
hyaluronic acid (HA)/chitosan films. Chapter 2 describes them as possessing a
MWCO between 20 and 70 kDa with fluxes much higher than any other
membrane system studied. As the functional groups of these polyelectrolytes
are primary amines and carboxylic acids, such films may be susceptible to
crosslinking. Formation of covalent amide bonds would likely limit the mobility of
the polymer chains, reducing swelling and decreasing the MWCO. Thus,
stoichiometric or temporal control of the crosslinking reaction could result in
various transport properties. The crosslinking could be performed chemically via
an 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)/N-hydroxysuccinimide
(NHS) coupling as shown in Figure 5.1." Reaction progress could be monitored

by changes in film swelling or by FT-IR studies of crosslinked films deposited
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on Al or Au-coated silicon wafers. Heating the PEM may be another way to
produce a crosslinked system,? though membrane decomposition may be a
concern.

Another interesting application of PEMs would be their use as size-
exclusion stationary phases in electrochromatography.3* Capillary
electrophoresis cannot separate neutral solutes without buffer additives. Even
with the addition of a stationary phase, neutral solutes with similar polarities may
still be challenging to resolve. However, utilizing the size-selective properties of
PEMs could facilitate these separations by excluding larger solutes while
allowing small molecules to partition into the stationary phase, increasing their
retention time. Additionally, PEMs are charged so electroosmosis could still be
employed as a driving force for flow.>® PSS/PDADMAC films could be ideal for
this application, as they do not reject small organics like glycerol, but exclude
sucrose and raffinose (see Tables 2.2 and 2.3). However, thick films with a
sufficient phase ratio to effect separations may take considerable time to deposit.
To combat this possible limitation, exponentially growing PSS/PDADMAC films
deposited from high ionic strength could be used,” though the transport
properties of these films are currently unknown. Additionally, non-polar solutes
could be driven into the stationary phase by modifying the PEM film with
hydrophobic groups.®

One final project involving PEMs would be a study of the effect of ionic
strength on the transport of neutral molecules. Several previous studies report

that PEM swelling is directly related to the ionic strength of the surrounding
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solution,®'" and Chapter 3 of this thesis suggests that transport properties are a
strong function of swelling. Thus, the ionic strength of the feed solution should
directly affect the sieving properties of a PEM film. In commercial applications a
wide range of solution conditions may be encountered, thus knowing how
rejection and flux depend on changes in ionic strength is vital.

Overall, there are numerous avenues for the future exploration of PEMs.
The straightforward manipulation of PEM permselectivities as well as their ease
of deposition makes them highly attractive for practical applications. With
continued research and development polymeric film systems have the capacity to

benefit separations of all sizes.
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