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ABSTRACT

Pore-filled cation-exchange membranes containing poly(styrene-sulfonic acid)
have been prepared by thermally induced free radical polymerization of polystyrene and
divinylbenzene (DVB) in the pores of a polyethylene (PE) microporous membrane
followed by sulfonation of the incorporated poly(styrene-DVB).

The mass increase of poly(styrene-DVB) incorporated in the PE substrate
membrane can be controlled from O to approximately 600%. The degree of sulfonation
ranges from 45% to 85% of the theoretical value calculated based on the mono-
sulfonation of the incorporated poly(styrene-DVB). The formation of suifones was been
detected by Fourier transform infrared (FTIR). The Energy dispersive X-ray (EDX)
spectroscopy, scanning electron microscope (SEM), and FTIR spectra show that the
poly(styrene-sulfonic acid) incorporated is evenly distributed in the pores throughout the
membranes. The membrane dimensions were examined during various manipulations,
such as temperature and solvent, degree of incorporation of poly(styrene-DVB).

These pore-filled membranes were characterized including ion-exchange capacity,
ion-exchange concentration, water content, thickness, area electrical resistance, and
transport number. These membranes have high water contents (up to 75%), ion-exchange

capacities (up to 5.60 meq/g), and ion-exchange concentrations (up to 7.3 eq/kg of water).

iii



The electrical resistance of the membranes were found to be lower than 1.0 ohm-cm?. The
counter-ion (Na*) transport numbers were determined by an electromotive force (EMF)
method and were found to range from 0.80 to 0.96.

The cation-exchange membranes have been tested for the separation of sodium
hydroxide and salts by diffusion dialysis. The membranes were capable of separating the
base and salts in diffusion dialysis. The results have been discussed in terms of the
different transport processes for sodium hydroxide and the salt.

The membranes are capable of rejecting sodium chloride and separating
NaCl/MgCl; mixed solute solutions in pressure-driven processes. It was found that their
rejections to NaCl were high but their fluxes were low. The effects of salt concentration
on fluxes and rejections were determined. Negative rejections of sodium ions were
observed for NaCl/MgCl; mixed solute solutions. The negative cation rejection can be
understood in terms of the combination effect of Donnan exclusion of the cation-
exchange membranes and the diffusivity of the mobile ionic species in the pressure-
driven processes.

The results obtained in this work are consistent with the recent studies at
McMaster University. It clearly demonstrated that gel polymer concentration within the
pores is a crucial factor on membrane permeability. The findings of this work verified the
pore-filled model developed at McMaster University. The work conducted in this thesis
extends the understanding of properties and performance of polyelectrolyte-filled

membranes for nanofiltration applications.
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CHAPTER ONE

INTRODUCTION

Separation processes are critical and expensive processes in the chemical,
pbharmaceutical, environmental, and food industries. With increasing demand for more
effective separations, new materials and technologies have been investigated and
developed. In recent years, membrane separation techniques have grown from simple
laboratory research scale up to large scale industrial processes that have considerable,
technical and commercial impact [1]. The world market of membrane and membrane
based technology is now estimated to be more than US $4.6 billion sales with an annual
growth of 10 percent [2].

Membrane systems are used on a large scale to produce drinking water from sea
water and to clean industrial effluents by reverse osmosis, to recover valuable
constituents by electrodialysis, to separate alcohol from alcohol-water mixtures by
pervaporation, to remove toxins from the blood stream in an artificial kidney by diffusion
dialysis {3,4], and in emission free automobiles by using fuel cells [5]. In Canada, Zenon
Environmental Systems Inc. (Burlington, Ontario) manufactured membrane based water
purification systems to produce drinking water for the UN peacekeeping operation in
Bosnia. Another Canadian company, Ballard Power Systems Inc. (Burnaby, British
Columbia) has developed a proprietary zero-emission engine the heart of which is a fuel

1



cell. Ballard has been providing fuel cells for electrical power supply used in cars, mini-
vans and buses since 1995. Membranes are the heart of these various systems. The key

feature of membranes is that they control the transport of species across them.

1.1. OVERVIEW OF MEMBRANE PROCESSES

The driving force for the transport of a species across membrane can be a
difference in concentration, pressure, electrical potential, or temperature [6,7]. Table 1.1
summarizes membrane separation processes with the separation phases, membrane
porosity, type of driving force, and separation mechanisms.

This thesis is concerned with pressure-driven “liquid [[liquid” phase separation
processes. The following section discusses the principles of membrane separations, and

the materials and structures of membranes used for pressure drive separations.

1.1.1. Pressure Driven Processes

As can be seen in Table 1.1, pressure driven, “liquid{|liquid™ phase separation
processes include: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO). These pressure driven processes are often distinguished by the
membrane pore size (or particle size) and applied pressure (Table 1.2). For example, MF
membranes are capable of removing micron particles, such as pollen, starch and bacteria

with sizes greater than 1 um, while NF and RO membranes are typically able to separate



Table 1.1. Membrane separation processes.

Process Phase® Membrane Driving  Separation
porosity force® mechanism

DD Diffusion dialysis L|L Dense AC Diffusion

MF  Microfiltration LfL Porous AP Sieving

UF  Ultrafiltration LJL Porous AP Sieving

NF  Nanofiltration LJL Dense AP Sieving/Solubility

RO Reverse osmosis L|jL Dense AP Sieving/Solubility

ED Electrodialysis L|jL Porous AE Electrical charge

PV  Pervaporation L]V Dense AP Solubility/diffusion

MD Membrane distillation L|] V/L Dense AP Solubility/diffusion

GS  Gas separation G| G Porous AP Solubility/diffusion

VP  Vapor permeation \2 Y% Dense AP Solubility/diffusion

a. || stands for membrane. L is liquid, V is vapor, and G is gas.

b. AC, AP, and AE stand for differences in concentration, pressure, and electrical
potential, respectively.



Table 1.2. Membrane pore size, applications and applied pressures for MF, UF, NF, and
RO membrane processes [1].

Membrane Membrane Molecular Applications Typical Applied
process pore size weight cut-off  (i.e., Removal of pressure
(nm) particles) kPa (psi)
MF 10° Small particles Pollen <100 (15)
Starch
10* microparticles Blood cells
Typical bacteria
10° 10° Smallest bacteria 700 (100)
DNA, viruses
UF 10? 10* Albumin 1300 (200)
Vitamin B,
NF 10 10° Sucrose 3000 (430)
1 Glucose
Electrolytes
RO 0.1 <10? Electrolytes 8000(1200)




various solutes, for example, the sugars and ions with particle sizes less than 10 nm. On
the other hand, filtration processes can be distinguished by the applied pressure with that
used in RO > NF > UF > MF. For example, the pressure used in NF and RO is typically
between 3000 and 8000 kPa, significantly higher than that used in the MF processes with

pressure normally less than 700 kPa.

1.1.2. Cost of Separation Processes

In a separation process, the total cost and efficiency are the critical issues. The
total cost of a membrane separation process is the sum of the fixed charges associated
with amortization of the plant capital costs which include the equipment with the active
membrane and operating costs [8]. The membranes represent approximately a third of the
total cost. Thus, the lifetime of the membrane is critical since an increase in membrane
costs increases the costs of these membrane processes dramatically.

The total cost of a membrane separation process also depends upon the membrane
efficiency. The efficiency of separation processes is strongly related to the concentration
of the solution being treated. For example, the comparison of the cost of desalination
using the traditional desalination methods (distillation and ion-exchange resins) with ED
and RO processes as a function of feed salt (NaCl) solution concentration is shown in Fig.
1.1. RO is the best choice for desalination of solutions containing 10 - 100 g/L of NaCl

while ED is good for treating a feed of 2 - 10 g/L of NaCl solutions. When the



Cost [$/m3 ]

10

100
[Feed, NaCl] (g/L)

Fig. 1.1. Cost of various desalination processes as a function of feed concentration [8].

concentration is out of this range (2-100 g/L), ion-exchange resin bed processes (< 1 g/L)

and distillation (> 100 g/L) have a cost advantage over the membrane processes (ED and
RO).



1.2. ION-EXCHANGE MEMBRANES

1.2.1. Definitions of Ion-Exchange Membranes

An jon-exchange membrane consists of a barrier or thin layer, which contains

ionogenic (ion exchangeable) groups that restrict the transport of various ionic species. A
schematic diagram of a cation-exchange membrane is shown in Fig. 1.2 [9]. This
membrane consists of a crosslinked polymeric matrix with the fixed negative charges.
The fixed negative charges attract positively charged mobile ions and rejects negatively

charged mobile ions.

== @ e

Matrix with fixed charges Mobile cations Mobile anions

Fig. 1.2. Schematic structure of a cation-exchange membrane.



In terms of the charge of ion-exchangers, there are basically two types of ion-
exchange membranes, cation-exchange and anion-exchange membranes which contain
fixed negative and positive charges, respectively. A bipolar membrane is a combination
of cation-exchange and anion-exchange membranes used as one membrane. For example,
bipolar membranes can be formed by simply laminating cation- and anion-exchange
membranes [8].

Ion-exchange membranes can be homogeneous or heterogeneous in structure.
Homogeneous membranes are coherent ion-exchange gels in the shape of disks, ribbons,
foils, etc. Heterogeneous membranes consist of colloidal ion-exchange particles or
polyelectrolyte gels embedded in an inert binder (or support), such as polysulfone,
polypropylene (PP), polyethylene (PE), polystyrene, wax, etc [10].

An ion-exchange material has fixed positive or negative charges which associate
with ions of the opposite charge. These ions are called counter-ions. Ions that have the
same sign as the fixed charges of the ion-exchange material are called co-ions. For
example, in Fig. 1.2, the positively charged mobile ions are counter-ions and the mobile
anions are co-ions.

In the schematic structure shown in Fig. 1.2, the interstices in the membrane
network are pores. The pores are filled with counter-ions, co-ions and the solvent. The
pores, regardless of their actual geometric forms or diameters, are often assumed to be
uniform and identical. Thus, pores in an ion-exchange resin or membrane can be simply

described as identical channels or capillaries throughout the cross section [1].



The pores can be occupied by both solute and solvent which can enter the pores
when the ion-exchange material is in contact with a solution. The uptake of solvent can
result in an expansion of the dimensions of polymer matrix in a resin or membrane. This
expansion is termed swelling. The uptake of solutes is called sorption.

Ion-exchange is a diffusion process. At the ion-exchange equilibrium, the
concentration ratios of the competing ionic species in the ion-exchange material and in
the solution are not the same. The difference in concentration between ionic species in the

ion-exchange material 1s called selectivity. The selectivity coefficient can be calculated

from the following equation [10]:

__[4M[R-B]

E? -
[BT1R- 4]

(1.1)

where [A'] and [B*] are the concentrations of mobile ions A* and B* in solution at
equilibdum, and [R -A] and [R -B] are the concentrations of the ion-exchangers
containing A and B at equilibrium, respectively.

The selectivity of an ion-exchange membrane depends on Donnan exclusion
which is related to the concentration of fixed charge in the membrane. The two key
parameters of membrane are ion-exchange capacity and ion-exchange concentration. The
counter-ion content of ion-exchange membrane is called ion-exchange capacity (IEC).
IEC is determined solely by the magnitude of the matrix charge and independent of the
nature of counter-ion. It has been shown that the IEC is constant with various counter-, or

co-ions, or mixed ions [11].
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The concentration of fixed ionic groups (ion-exchange concentration), can be

expressed either as milliequivalents of fixed ions per gram of the solvent (water) in the
resin/membrane (meq/g solvent). It reflects the swelling ability of the resin or membrane
in the solvent (water). As a rule, the value of the ion-exchange concentration (fixed
charged concentration) changes as the ion-exchange material swells with different ion

concentrations and different ion systems.

1.2.2. Applications

Currently, the major uses of ion-exchange membranes are often electrochemical
applications, such as ion recovery/separations by electrodialysis (ED) [11]. Other
applications are ion-selective devices used in analytical chemistry [12], high temperature
process control and metal refining [6,7], in pervaporation (PV) processes to separate
alcohol and water [13], in chlor-alkali production, electro-reduction and separation of
uranium for nuclear power plants, and fuel cells [1,14,15], etc. Ion-exchange membranes
are also used in separation ions by diffusion dialysis (DD) and in medical and biological
applications, such as artificial human kidneys, etc. A new class of ion-exchange
membrane, pore-filled ion-exchange membranes, produced by the McMaster Membrane
Research Group have shown good separation performance of water softening in pressure

driven applications [16].
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1.2.3. Transport in Ion-Exchange Membranes

Unlike neutral membranes, the sorption and mass transport of ion species in an
ion-exchange membrane are affected by the presence of the fixed charges. These
interactions can be understood of two key concepts, namely Donnan exclusion and the

Donnan potential.

1.2.3.1. Donnan Exclusion

An ion-exchange material in contact with ionic species electrostatically attracts
counter-ions and repels co-ions as result of the interactions between ionic species in

solution and the fixed charges in the ion-exchange material (Fig. 1.3) [17,18]. The fixed

Cation-exchange

Mobile ions Fixed charges -
material

Fig. 1.3. Donnan exclusion in a cation-exchange material.
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charges in a cation-exchange membrane absorb the mobile counter-ions (cations) but
reject co-ions (anions). This exclusion of the co-ions from an ion-exchange material is

known as Donnan exclusion [19]. Charged membranes used in pressure driven processes

reject salts by a Donnan exclusion mechanism [20].

1.2.3.2. Donnan Potential

As stated above, ion-exchange membranes reject co-ions. The co-ions in solution
attract the counter-ions back into the solution in order to maintain charge neutrality. As a
result, counter-ions accumulate in the vicinity of membrane-solution interface in solution
as is shown in Fig. 1.4 for a cation-exchange membrane. This accumulation of counter-
ions (cations) in solution close to the membrane surface results in an increase in electrical

potential of the counter-ion (cations). This potential is called the Donnan potential [22].

The Donnan potential effectively draws the cations into the membrane but the anions into
the solution. Kesting assumed that the mobility of ions across a charged membrane was
determined by the Donnan potential [22].

The magnitude of the Donnan potential can be calculated. Assume that an ion-
exchange membrane is in contact with an ionic solution and an equilibrium is reached.
The chemical potentials an ionic component in solution (i;) and in membrane (;™) can be

calculated by:

H; = pu; + RTlna, +z Fy (1.2)

ut = pui™ + RTlnal® +z Fy”™ 1.3)
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Solution Membrane

Cross section
of CEM

distance

Fig. 1.4. Schematic diagram of the distribution of ions in the vicinity of solution-CEM
(cation-exchange membrane) interface [21]; ¥° and W™ are the electrical
potentials of the counter-ions from the 0 and x distance from the membrane,

respectively.

where p°, a;, z; , and y are the standard chemical potential, activity, ionic valence, and
electrical potential of the ionic component i in solution, respectively. R, T, and F are the
gas constant, absolute temperature, and Faraday constant, respectively. The parameters

with supercript m are the corresponding parameters in membrane.
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At equilibrium, the electrochemical potentials in solution and membrane are
equal, i = ™. Thus, the Donnan potential, Eponnan can be calculated as follows in
combination of Eq. 1.2 and Eq. 1.3:

o RT a’
Eponon = W - Y = ;fln(a—.) 1.4)

For a given mono-valent ionic species at activity ratio (a;"/a;) of 1:10, The Donnan

potential is: Eponpan = [(8.314 x 298) / 96500] x In (1/10) = -59 mV.

1.2.3.3. Nernst-Planck Equation
The driving force for ion transport through ion-exchange membranes is a
combination of the difference in concentration and electrical potential. The ionic flux due

to diffusion (J; 4i) of the ionic component i is described by [23]:

dc;
Viaw = -Di - a.s

where D;, C; and x are the diffusion coefficient, concentration of the ionic species, and
membrane thickness, respectively. The flux (Jicec) of the ionic component i due to the

electrical potential difference is described by:

dE,
Jiae = - G o~ 1. 6)

where u; and E; are the electrochemical mobility and the electrical potential of the ionic

species i, respectively. The term u; is calculated by Nernst-Einstein equation: u; = D;F/RT.
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The resulting equation is known as Nernst-Planck equation [10]:

; z, FC, D, dE,
dx RT dx

¢ w“n

1.2.3.4. Extended Nemst-Planck equation
In cases of where ions are transported across a charged membrane without an
electro-potential difference, such as NF, RO or "dense” UF membranes, a convective term

has to be included and the ion flux J; is now determined by three terms:
Ji = Jiar t Jiaee t 3 conv 1.8)

where the convective term, J; coqv = Ci Jv, and J, is the volume flux. Eq. 1.7 which is called

the extended Nernst-Planck equation, can be written as follows:

dC, z., FC. D, dE,
J. = - ) i + i i i i 4 ]
' D; dx RT dx G,

1.9)

This extended Nernst-Planck equation can be used to study mass transport of ion
species in charged or ion-exchange membranes in which the driving forces are differences
in concentration and electrical potential. This equation has been extensively used to

model mass transport.

1.2.4. Preparation of Ion-Exchange Membranes
An ion-exchange membrane can be made by attaching charges to a polymer

matrix. Casting is one of the classic methods for membrane preparation. An ion-exchange
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membrane can be obtained by casting a polyelectrolyte solution followed by drying (to
remove the solvent). For example, Gryte and Gregor [24] prepared cation-exchange
membranes by casting poly(styrene-sulfonic acid) and poly(vinylidene fluoride) using
dimethylformamide and hexamethylphosphoramide as the solvent. Wycist and Pintauro
[25] prepared a cation-exchange membrane by casting the sulfonated polyphosphazenes
from organic solvents. The major disadvantage of casting methods is that the preparation
conditions and membrane parameters are difficult to control.

Ion-exchange membranes can also be produced by extruding ion-exchange beads
with melting polymers. These membranes are easy to make and cost effective. The major
disadvantage of extruding methods is that the stability of the membranes is poor since the
beads are easily washed away after swelling and de-swelling of the membranes.

These problems can be overcome by anchoring the functionality onto to a neutral
substrate membrane via either covalent bonds between the functional groups and the
substrate or the physical entanglement of the chains of the incorporated polymers and the
substrate polymers. It should be noted that, recently, the McMaster Membrane Research
Group [16] prepared a new class of ion-exchange membranes, namely "pore-filled" ion-
exchange membranes based on the "pore-filling" concept. These pore-filled ion-exchange
membranes are robust, chemically and physically stable, and potentially cheap. The
following section discusses the "pore-filling" concept and the pore-filled ion-exchange

membranes.
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1.3. PORE-FILLED MEMBRANES

1.3.1. Pore-Filling Concept

Many materials, such as liquid organic complexing agents, polymer hydrogels,
hydrogels and polyelectrolytes, could be effective separation materials but lack the
mechanical strength necessary to make a membrane. One solution is to anchor these
materials into the pores of a suitable framework (or host) as is shown in Fig. 1.5. Such

membranes are often termed "pore-filled" membranes [16].

Porous host
(cross section)

Liquids, gels, or
< polyelectrolytes, etc.

owDr xY XTPNUr N7 X7
- < .

Pore-filled
membrane

Fig. 1.5. A pore-filling approach to membrane preparation.
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A "pore-filled" membrane consists of two key components, a substrate membrane
(host) and the pore-filling material. The function of the substrate is to provide physical
(mechanical) stability to the membrane and to act as a host (support) to hold the pore-
filling material. An ideal substrate is physically and chemically stable, relatively thin with
a high porosity and defined pore size. On the other hand, the function of the pore-filling
materials is to provide the appropriate chemical and physical interactions required for
separation of various solutes. For example, for the separation of ionic species, typical
pore-filling materials can be organic complexing compounds [26-28], polymer gels,
especially hydrogels [29], or polyelectrolytes [30].

The anchoring of pore-filling materials in substrate membranes is a key issue in
preparation of pore-filled membranes. Different methods have been used to "lock" pore-
filling materials within the substrate membrane. These are reviewed in the following

section [31].

1.3.2. Methods of Anchoring
The different types of anchoring that have been used to prepare pore-filled
membranes are physical adsorption, thin layer protection, covalent attachment (grafting),

and polymer chain crosslinking and entanglement.

1.3.2.1. Physical Adsorption
Absorbing materials into the pores of a host membrane is one of the simplest

"anchoring” methods. The filling materials are held in the host membrane simply by van
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der Waals forces between the host and the inserted filling materials. For example, a
supported liquid membrane (SLM) can be made by absorbing a solution containing an
organic complexing material and an appropriate solvent into a microporous host
membrane [32]. Typically van der Waals forces are weak and as a result, SLM's are not
stable due to the loss of the pore-filling liquids during use.

The stability of SLM’s can be improved by increasing the molecular weight of the
pore-filling materials. This approach is effective when the filling materials are polymer
gels or hydrogels. For example, Hiratsuka and Yagnuma [33] reported the preparation of
"gel-filled membranes" by inserting a solution containing polyacrylamide gels into a non-
woven fabric. Kim and Anderson [34] prepared pore-filled membranes by inserting
poly(styrene sulfonic acid) in porous mica. While membranes containing polymeric pore-
filling materials were found to be more stable than simple SLM's, they still lack long term

stability.

1.3.2.2. Thin Layer Protection

The stability of the membranes discussed above (1.3.2.1) can also be improved by
applying thin protective layers to one or both sides of the host membrane. The thin layers
prevent or reduce the diffusion of the pore-filling material from the pores of the host. For
example, the thin layers can contain charged groups which reject charged organic
complexing compounds or polyelectrolytes inserted as pore fillings. An example of this
approach has been recently reported by Strathmann and coworkers [26], where a 5-

nonylsalicyladoxime oxime (a copper carrier) was held in a porous PP membrane (host)
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by sandwiching this membrane between two thin sulfonated poly(ether ether ketone)

layers.

1.3.2.3. Covalent Attachment (Grafting)

Pore-filling materials can be anchored in the substrates by covalently attaching the
pore-filling materials to the host membrane. This can most conveniently be accomplished
by graft polymerizing monomers within the pores of the host membrane. The grafting
reaction can occur both on the membrane surfaces as well as on the interior surfaces in
the pores [35-40].

Yamaguchi et al. [36] reported the preparation of pore-filled cation-exchange
membranes by grafting poly(acrylic acid) (PAA) to a PP substrate membrane via in situ
polymerization (Eq. 1.10). Similarly, Winnik et al. [37], Ulbricht [38], and Thunhorst et
al. [39] prepared pore-filled cation-exchange membranes by photografting PAA to PP
substrate membranes (Eq. 1.10). Poly(methyl methacrylic acid) and its salt can also be

grafted to a substrate membrane [40].

hv
COOH COOH COOH
PP substrate acrylic acid PAA-grafted cation-exchange membrane

membrane
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The McMaster Membrane Research Group [16] has also prepared a series of pore-
filled membranes containing poly(4-vinylpyridine) (PVP) and poly(4-vinylpyridium salts)
(PVP salts) via grafting methods. For example, these grafting reactions can be carried out
by inserting monomers, such as 4-vinylpyridine (4VP), and a photo initiator (benzoin
ethyl ether, BEE) within the pores of a PP or PE membrane followed by UV-initiated
polymerization (Eq. 1.11). The poly(4-vinylpyridine) (PVP) grafted to the substrate
membrane can be protonated or alkylated and thus, weak or strong base anion-exchange
membranes are produced (Eq. 1.11). Simons and Dickson [41] have made PVP-filled
membranes by photografting PVP to a PP substrate membrane. However, these workers
did not examine the effect of converting the grafted PVP to its protonated or alkylated

forms (the salt forms).

<=
+ —_—
E BEE

PP substrate  4-vinylpyridine

membrane (4VP) PVP-grafted membrane
Protonation
l or alkylation .11
&
+ +
l{ A where

R=Hor CH;
PVP salt-grafted membrane
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The general route to produce grafted pore-filled membranes is an in situ
polymerization. The formation of a strong C-C covalent bonds makes these grafted pore-
filled membranes much more stable than those where the pore-filling is simply held in

place by physical absorption (1.3.2.1 and 1.3.2.2).

1.3.2.4. Crosslinking and Entanglement

Mika et al. [16,44,52] found that more robust and durable PVP salt-filled
membranes were produced by introducing a crosslinking agent to 4-vinylpyridine during
an in situ polymerization route to form pore-filled membranes. The reactions were carried
out as shown in Eq. 1.12. It is likely that grafting is still occurring in these reactions. The

crosslinked PVP incorporated can be also be converted into its salt form.

S 9 5 To000

Crosslinked PVP
(1.12)

Protonation
/alkylation

R

where
* R=HorCH,

+ Nl |

k&

Crosslinked PVP salts



However, Anderson and coworkers [42] pointed out in 1996 that grafting was not
required and that a crosslinked polyacrylamide hydrogel formed within the pores of a
poly(vinylidene fluoride) membrane was anchored in place by physical entanglement of
the gel polymer materials with the host. In fact, Cussler et al. [43] had earlier reported
that pore-filled membranes could be produced by crosslinking pre-formed linear polymers

such as polyvinyl alcohol (PVA) in the pores of a substrate membrane, Eq. 1.13.

o
i Catalyst-NaOH
—CH:2— CH)} + CHz=CH S CH=CHz S —(-CHZ—C;H)T a.13)
OH ° ? 0
1]
CH2CH2 |S|CH2CH2
PVA DVS o &
(linear polymer) (crosslinking agent) polyol/DVS

(bydrogel)  —CHa— CH)—

The McMaster Membrane Group has also recently shown that stable pore-filled
membranes can be produced by crosslinking a pre-formed polymer. This crosslinking
reaction entangles and "locks" the guest polymers within the pores of the substrate
membrane provided that the degree of crosslinking is above a threshold value (ie., 3%).
For example, Pandey et al. [44] have made stable, pore-filled anion-exchange membranes
by crosslinking, linear poly(vinylbenzyl chloride) (PVBCI) in PP substrate membranes.
Crosslinking reagents used included piperazine (PIP) and 1,4-diazabicyclo[2,2,2]octane
(DABCO), Eq. 1.14. This crosslinking of a polymer within the pores of a host membrane

does not involve any grafting (covalent attachment) of the guest polymer to the host.
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It should be noted that, at the outset of the work described in this thesis, the in sizu
crosslinking methods had not been developed and the only route to type of pore-filled

membrane involved in situ polymerization.

1.3.3. Properties of Pore-Filled Ion-Exchange Membranes

A variety of materials can be used as filling agents in pore-filled membranes,
including liquids, polymer gels, hydrogels, and polyelectrolytes. When the filling
materials are polyelectrolytes, ion-exchange membranes are produced. As this thesis is
concerned with ion-exchange membranes, this section focuses on polyelectrolyte-filled
membranes. Most of the work with polyelectrolyte-filled membranes has been conducted

at McMaster University.
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1.3.3.1. The Role of Polyelectrolyte and Substrate Membrane

The properties of pore-filled ion-exchange membranes are determined by the
nature of both the anchored polyelectrolyte and the host membrane.

The materials of host membranes are typically hydrophobic but polyelectrolytes
are typically water soluble polymers. As crosslinking is introduced into a polymer, its
solubility is decreased. Thus, a crosslinked polyelectrolyte typically swells but does not
dissolve when contacting with water. The degree of swelling depends inversely upon the
degree of crosslinking. With relatively low degrees of crosslinking, soft gels are formed.
These gels become less swollen and more physically robust as the degree of crosslinking

is increased [45].

1.3.3.2. Gel Polymer Concentration and Ion-Exchange Concentration

The gel polymer concentration and ion-exchange concentration are the critical
parameters in terms of understanding the properties of polyelectrolyte-filled membranes.
The gel polymer concentration can be defined as the mass (g) of the polymer anchored in
the pore volume (mL) of the host membrane (Eq. 1.15) [62,63]. The ion-exchange
concentration can be defined as the number of moles of the ion-exchange groups per

kilogram of the incorporated water (Eq. 1.16).

f i rted
Gel Polymer Concentration (g/ mL) = mass opgzy‘:ler u;c?rpo) (&) (1. 15)
le of i
Ion Exchange Concentration (eq / kg) = mole of ion exchange groups (eq) (1. 16)

mass of water (kg)
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The ion-exchange concentration is related to the gel polymer concentration since
polyelectrolytes typically have one ion-exchange group in each repeating unit. The ion-
exchange concentration of an ion-exchange membrane is important since its interaction
with ionic species mainly depends on the Donnan potential [17,18].

Ideally, a membrane should be dimensionally stable, ie., the length, width and
thickness should not change significantly. In the present case, the pores of the host
membrane contain a water swollen polyelectrolyte. The host membrane provides a
constraint on the swelling of the polyelectrolyte gel. Clearly, there will be a balance
between the swelling pressure (osmotic pressure) of the polyelectrolytes and the energy
required to change the dimension of the host membrane. Typically, host membranes with
a high porosity are more prone to dimensional changes than ones with a lower porosity.
Thus, Mika [46] found that, for the PVP salt-filled membranes made by in situ
crosslinking, no change m membrane dimension was observed with a PP substrate
membrane of 60% porosity while with a PP substrate membrane of 80% porosity, the
thickness increased with the pore-filling. Pandey et al. [44] had similar observations for
the PVBA salt-filled membranes (made by in situ crosslinking) and found that, with the
higher porosity PP substrate membrane (80% porosity), the thickness of pore-filled
membranes started to increase when the mass loading was greater than 150%.

Typically, pore-filled membranes prepared by in situ polymerization show
considerable thickness increase on introduction of the polyelectrolyte [16,37,44,47,48]. It
has been suggested that this is likely due to the formation of interpenetrating network

between the pore-filling material and the substrate membranes [49]. The thickness
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increase of the membranes made by in situ polymerization makes comparison of their
properties to those of the membranes produced by in situ crosslinking.

A polyelectrolyte-filled membrane also contains water. The pore volume of the
host membrane is occupied by the gel polymer and the incorporated water. Since the pore
volume is fixed, the water content decreases with increasing amount of the gel polymer.
This behavior has been observed by the McMaster Membrane Research Group for
dimensionally stable membranes, eg., the membranes made by the in situ crosslinking
routes [44,49,51]. However, for the membranes made by the in situ polymerization
routes, the water contents typically remain fairly constant with lightly crosslinked
polyelectrolyte gels incorporated into the pores due to the changes in dimensions [16,52].

As stated earlier, the degree of swelling of a polyelectrolyte is typically inversely
related to the degree of crosslinking introduced [53]. Recently, Stachera et al. [54] found
that, for PVP salt-filled ion-exchange membranes with constant mass loadings, the water
content decreased with increasing the degree of crosslinking, Fig. 1.6. As a result, the ion-
exchange concentration (the fixed charge concentration) increased with increasing
crosslinking. The data suggest that the degree of crosslinking can have a good control

over the water content.

1.3.3.3. Role of Incorporated Water
Water is an important component of polyelectrolyte-filled membranes. The nature

of water in ion-exchange materials, in general, is complex. Terms, such as "bound"”, "non-
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Fig. 1.6. Water content, number of H,O molecules per charge and charge density of the
PVP salt-filled anion-exchange membranes as a function of degree of
crosslinking. Membranes studied had the constant mass loading.

freezable", or "associated" water and "free" "freezable", or "bulk-like" water are
commonly used in the literature [55,56]. These terms are used as it would appear that
there can be two types of water in an ion-exchange membrane. The "free" water
resembles bulk water with the major interactions being intermolecular hydrogen bonds
between neighboring water molecules. The "bound" water molecule is specifically
associated with the charged sites of a polyelectrolyte. The strength of the bonding

between bound water molecules and the polyelectrolytes is greater than that of hydrogen
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bonding in the free water. Thus, the free water is bulk-like and freezable but the bound
water solvating the polyelectrolyte typically does not freeze. The relative proportions of
the different water types can be determined by differential scanning calorimeter (DSC),
NMR, infrared, and other methods [57]. The total water content of an ion-exchange

membrane includes both the free and bound water.

1.3.3.4. Conformations of Gel Polymer in Membranes

It is generally assumed that pressure-driven or diffusive flow through a pore-filled
membrane depends on the gel structure. Typically, three conformations of the polymer
chains making up the gel in pore-filled membrane have been considered. These are
polymer molecular brush (Fig. 1.7 A), extended brush with chain-end overlap (Fig. 1.7

B), and entangled and crosslinked polymer gels (Fig. 1.7 C).

7

(A) Molecular (B) Extended (C) Crosslinked
brush brush and entangied gel

Fig. 1.7. The Structures of polymer chains in pore-filled membranes.
o stands for the crosslinking agent.
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The molecular brush model (Fig. 1.7 A) is the simplest model. The guest polymer
is grafted or adsorbed to the host polymer to form "short" polymer brushes. A pressure-
driven flow through a membrane with molecular brushes depends upon the external flow
(the flow outside the polymer layer) which primarily depends upon the distance between
the grafted chain ends (the distance between the solid polymer and the flowing liquid
interface [58].

It becomes more complicated when the grafted/adsorbed, non-crosslinked
extended molecular brushes overlap (Fig. 1.7 B). In this situation, a homogeneous gel is
formed in the pores of the host membrane. Harden et al. [59] reported that extended
polyelectrolyte brushes deformed in strong flow through these extended brushes.
Anderson and coworkers [60,61] pointed out that the diffusive flow through the "fiber-
matrix" pores of "polymer-lined" membrane depended primarily upon the hydrodynamic
thickness of the "lined" polymer brushes which was related to nature of the polymer gel.

At McMaster University, Mika et al. [16,46] observed a large effect of "pH valve"
for PVP-grafted membranes with gel structures likely involving both Fig. 1.7A and B.
This is because the charged chains repel each other and extend into the pores (and block
the pores) while a decrease in charge reduces the polymer-lined layer (and finally allows
the polymer gel to collapse toward the pore wall). Levie [62] successfully developed a
mathematical model for the pH-valve shown by PVP salt-filled anion-exchange
membranes. Recently, Mika et al. [44] reported that the models based on the chain
structures described in Fig. 1.7A and B can predict the performance of the PVP-grafted

membranes under pressure-driven conditions.
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Recently, Anderson and co-workers [63] considered flow through the third case
(Fig. 1.7C), the crosslinked/entangled polymer gel. The structure of the polymer gel is
schematically illustrated in Fig. 1.7C. The gel may or may not have covalent bonds to the
host membrane. In their study, the membrane performance was described by the Darcy
permeability. According to Darcy permeability, it can be assumed that the permeability
depended primarily upon the (hydraulic) radius and the host porosity [59].

Recently, at McMaster University, Mika et al. [44,64,65] have proposed a new
model (the pore-filled model) to predict the performance for pore-filled membranes. In
this model, the anchored gel (Fig. 1.7C) is assumed to be equivalent to a semi-dilute
polymer solution of the identical concentration. This assumption allows one to calculate
the gel mesh radius as a function of the gel polymer concentration and polymer statistics.
These two fundamental parameters (gel mesh radius and gel polymer concentration)
allow the gel hydrodynamic permeability to be calculated [44]. In this model, the
permeability through the gel membrane is related to the porosity of the substrate

membrane and the pore toruosity [65].

1.3.3.5. Pressure-Driven Permeability and Separation

The use of ion-exchange membranes in RO/NF entirely disappeared when Leob
and Sourirajan in 1960s succeeded in preparing high performance asymmetric cellulose
acetate membranes [66,67]. Currently, thin film composite (TFC) membranes are

dominant in pressure-driven applications.
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Recently, Childs et al. [44,49-53,64,65,68] have reported that McMaster pore-
filled ion-exchange membranes have shown high permeability and good rejections for
ionic species. In fact, these membranes function effectively at ultra low pressures. Table
1.3 lists the results of low pressure water softening using pore-filled anion-exchange
membranes containing PVBA salts and PVP salts.

It can be seen from the data in Table 1.3 that the McMaster pore-filled ion-
exchange membranes outperform the commercial thin film composite (TFC) membrane,
ie., Desal-51 (Osmonics), in low pressure water softening. For example, at 100 kPa, both
flux and rejection of membranes I, I and V are higher than those of the commercial
membranes (Desal-51, BQO1 and TFV-7450). The flux and rejection of membrane III are
in the same range of Desal-51. Membrane V has a better performance in flux without
losing ion rejection significantly.

It is known that the separation of ionic species using an ion-exchange membrane
depends upon the Donnan effect [44]. For example, the charges incorporated reject co-
ions but allow counter-ions to transport through. Mika et al. [68] found that PVP salt-
filled membranes separated ionic species very well but allowed neutral species, such as
sucrose, to transport through the membranes. The pore-filled membranes have relatively
high ion-exchange concentrations and thus the rejections are high.

It should be noted that these pore-filled membranes have thick separating layers
(ranging from 50 to 150 pum). The thickness of the effective layer of commercial TFC NF
membranes is typically approximately 1 pm. The high flux of these pore-filled

membranes is due to the low gel polymer and a high water concentrations. In fact, recent
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Table 1.3. Comparison of the results of low pressure water softening® using McMaster
Pore-filled membranes with commercial nanofiltration membranes.

Membrane Rejection (%)"
Pressure Crosslinking ~ Mass Flux Na* Mg"* Ca*™
(kPa) (%) gain (%)  (kg/m’h)

McMaster Pore-Filled Membranes °

Membrane I 100 5 42 12 35 79 80
Membrane II 100 20 38 28 30 58 44
Membrane 111 100 9 53 7 24 78 62
Membrane IV 100 20 36 26 17 42 28
Membrane V 100 10 66 8 30 84 81
Membrane V 500 10 66 31 49 82 74

Commercial NF membrane €

Desal 51(Osmonics) 100 7 21 71 54
Desal 51(Osmonics) 500 36 41 87 81
BQO 1 (Osmonics) 500 33 19 26 31
TFV-7450 500 14 33 65 68
(Hydranautics)

a. Feed: Municipal tap water in Hamilton Area (Ontario) contains: 24 ppm of Na*, 22
ppm of Mg”*, 86 ppm of Ca®*, and other cations (less than 5 ppm).
b. Membrane I: PVBA salt -filled, crosslinking agent PIP [48].
Membrane II: PVBA salt -filled, crosslinking agent PIP [48].
Membrane III: PVBA salt-filled, crosslinking agent DABCO [48].
Membrane IV: PVP salt-filled, crosslinking agent dibromoxylene [44,50].
Membrane V: PVP-salt-filled, crosslinking agent dibromoxylene [50].
c. Ref. [58].
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estimates of the "pore-size" of a polyelectrolyte filled membrane give values in the range
of 3 - 8 nm [46-48]. Thus, a polyelectrolyte-filled membrane has a high "pore density"
and a large "pore size" while the solutes and water are transported through the highly

swollen polyelectrolyte gel incorporated.

1.4. PLAN OF RESEARCH

1.4.1. Statement of Problem

The pore-filled membranes made at McMaster University represent a new
approach to ion-exchange membranes. As shown above, these membranes have the
intriguing properties and the potential of being tuned, eg., the important parameters
(water content, gel polymer concentration and ion-exchange concentration).

The preparation and characterization of the PVP salt-filled anion-exchange
membranes have been extensively studied [16,46-54] but little work has been done on
pore-filled cation-exchange membranes. Some preliminary work has been reported with
poly(acrylic acid)-filled cation-exchange membranes, formed using an UV-initiated in
situ polymerization [37]. Cation-exchange membranes are important in their own right.
However, they could also be efficient in water softening applications. Anion-exchange
membranes were assumed to be unsuitable in treating natural water containing multi-
valent inorganic anions (SO4> and PO4*>) and large, (partially) negatively charged organic

compounds, such as humic acids [69,70]. The multi-valent inorganic anions are assumed
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to be eventually washed but humic acids and other negatively charged, macro-organic
compounds will strongly interact with the fixed positive charges on the membranes and
cannot be removed easily. This reduces the permeability and selectively of the anion-
exchange membranes.

In contrast, cation-exchange membranes appear to have advantages over anion-
exchange membranes in the treatment of natural water and in biological applications
since the negatively charged macro-organic compounds will be repelled and rejected
effectively by the negative charges in the cation-exchange membranes. Even though
multivalent cations (Ca** and Mg?*) would also interact with the fixed negative charges,

these cations can be washed.

1.4.2. Objectives

The general goal of this work is to investigate the preparation and characterization
of "pore-filled" cation-exchange membranes. Poly(styrene-sulfonic acid) was chosen as
the polyelectrolyte to be incorporated in this work because it is a strong acid and stable in
strong acid and base environments [71]. At the outset of this project, the McMaster
Membrane Research Group had encountered difficulties in incorporating poly(styrene-
sulfonic acid) either directly or indirectly into microporous PP or PE substrate
membranes [72]. PE microporous membranes were selected as the host substrate since
they were found to be stable while PP membranes were cracked and broken in the

chlorosulfonation reactions.
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Specifically, the objective of the research of this thesis was to prepare and
characterize pore-filled cation-exchange membranes derived from poly(styrene-sulfonic

acid). The detailed objectives are:

1. To develop a method to anchor high amount of poly(styrene-DVB) copolymers
into polyethylene microfiltration membranes and to chlorosulfonate the
incorporated poly(styrene-divinylbenzene). The factors affecting the mass increase
and sulfonation yields are to be determined (Chapter 2);

2. To characterize the properties of the cation-exchange membranes, including their
electrical resistance, transport numbers, ion-exchange capacity and ion-exchange
concentration, water content, thickness, and to examine the uniformity of pore-
filling of these membranes (Chapter 3);

. 3. To examine the performance of the pore-filled cation-exchange membranes in the
separation of base and salt by diffusion dialysis (Chapter 4);

4. To test the pore-filled cation-exchange membranes under pressure driven
conditions to separation inorganic salt solutions (Chapter 5);

5. To compare the performance with other pore-filled membranes and to draw

conclusions (Chapter 6).



CHAPTER TWO

MEMBRANE PREPARATION

The main purpose of this project is the development and evaluation of
poly(styrene-sulfonic acid)-filled cation-exchange membranes. The first step in the entire
project is to incorporate poly(styrene-DVB) into the pores of a PE substrate membrane.
The next step of the project is to introduce strong acid functionality into the membranes.
This can be achieved by sulfonation of the incorporated poly(styrene-DVB) to produce
strong acid groups in the resulting membranes. The chemistry of the copolymerization
and sulfonation reactions, the materials and apparatus used, the experimental procedures,

and the results and discussion are described in this chapter.

2.1. CHEMISTRY OF POLYMERIZATION AND SULFONATION

2.1.1. Copolymerization of Styrene and DVB
A thermally induced free radical polymerization was used to copolymerize styrene

and DVB. This reaction is described in Eq. 2.1.

37
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In —— 2In-
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The initiator (Iny), for example, benzoyl peroxide (BPO), decomposes to give two
free radicals (In°). These can initiate the copolymerization of styrene and DVB®
incorporated in the pores of a substrate membrane. BPO was selected as the initiator in
this work since it is known to be a good initiator for polymerization of styrene when
heated to approximately 80°C [73]. This initiator (BPO) has been used in the preparation

of ion-exchange membranes [74].

2.1.2. Sulfonation of Poly(Styrene-DVB)

Sulfonation of aromatic rings is a complicated reaction with competing side-
reactions that give various by-products [75,76]. Early work on sulfonation of polystyrene
was reported by Pepper et al. [77,78] in the 1940s. These workers used concentrated
sulfuric acid, ie., temperature above 90°C. Since that time, the sulfonation of polystyrene
have been extensively studied [75,75,79-82,89] and a number of patents have been issued
[83-86]. A range of sulfonating reagents can be used, including concentrated sulfuric acid
[87], fuming sulfuric acid [88], sulfur trioxide [25], sulfuryl chloride [90], and

chlorosulfonic acid [91]. In this work, chlorosulfonic acid was selected as sulfonating
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reagent since the chlorosulfonation procedures seem to be among the best methods
[19,92].

The chlorosulfonation reaction of polystyrene is described in Eq. 2.2. In this
study, the sulfonation was carried out by reacting poly(styrene-DVB) with 15% (v/v)
chlorosulfonic acid in 1,2-dichloroethane at either 0°C or 40°C. This step was followed

by hydrolysis with a 20% (w/w) aqueous sodium hydroxide solution.

CISO;H NaOH
—_— 2.2)
CICH>CH,Cl -+
SOxCl1 SO; Na
2.2. EXPERIMENTAL
2.2.1. Materials

The porous substrate membrane used in this study was PE microfiltration
membranes (provided by the 3M Canada Company). Table 2.1 summarizes the physical
properties of this membrane.

Table 2.1. Physical properties of the microfiltration PE substrate membrane

Membrane Product. D. Thickness® Porosity® Poresize® Water permeability®
material Number (um) (%) (pm) (kg/m’kPa)

Polyethylene PE-1 #533-10 45 78 0.19 1.45

a. Data provided by 3M.
b. Measured at 100 kPa (/4.3 p.s.i.)
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Styrene and DVB (Aldrich) were purified by vacuum distillation to remove
inhibitors. The purity of the distilled DVB was found to be approximately 52.5% by 200
MHz 'H NMR spectroscopy (AC 200, Bruker). In this study, the degree of crosslinking
introduced by DVB refers to the percentage of pure DVB which was used. The initiator
(BPO), chlorosulfonic acid, 1,2-dichloroethane and chloroform (Aldrich) were used
without further purification. Water used in this work was carbon filtered and deionized
using the Barnstead/Thermolyne system (D 8904 and D 8901). The conductivity of the

deionized water was approximately 2.0 pus/cm.

2.2.2. Experimental Procedure
2.2.2.1. Polymerization of Styrene and DVB

The method for polymerization of styrene and DVB was described elsewhere [93].
The in situ polymerization was carried out in a reaction vessel as shown in Fig. 2.1. The
procedure for making a pore-filled ion-exchange membrane via in situ polymerization
was similar to that described by Mika et al. [16] using 4-vinylpyridine.

The PE substrate membrane was cut into rectangular pieces, 12.7 cm (5.0 inches)
x 10.5 cm (4.1 inches), pre-soaked in acetone for at least 16 h, vacuum dried, and
weighed. The membrane was placed on the inner wall of the reaction vessel (Fig. 2.1).
Approximately 2.0 g of a reaction mixture containing 92~98% of styrene, 1~7% of DVB
and 1% of BPO (w/w) was poured into the bottom of the reaction vessel. The vessel was

stoppered and the contents were frozen in an acetone-dry ice bath. The vessel with the
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Fig. 2.1. Apparatus used in polymerization of styrene and DVB [16].

frozen contents was placed under vacuum and re-filled with dry nitrogen. The samples in
the vessel were allowed to thaw. Three freeze-pump-thaw cycles were used. In the last
cycle, the reaction vessel remained under vacuum was allowed to warm to room
temperature. The membrane was wetted evenly with the reaction mixture. The radical
polymenzation reaction was induced by submerging the whole reaction vessel into a
temperature-controlled water bath at 80 + 0.5°C (Fig. 2.1). The polymerization time was
varied from 0.5 to 10 h. The detailed conditions of membranes preparation in this work
are presented together with the properties of the resulting membranes in Section 2.3

(Results and Discussion).
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2.2.2.2. Extraction

After polymerization, the resulting membrane was removed from the reaction
vessel and extracted (Soxhlet) with chloroform to remove non-anchored homopolymers.
The extraction was carried out until no change in mass of the resulting dried membrane
(approximately 72 h) was detected. The resulting membrane was vacuum dried for at least
48 h and weighed.

The mass increase (or mass gain) of the poly(styrene-DVB) copolymers anchored

in the PE substrate membrane was calculated by the following equation:

Mass increase (%) = m"s*‘:l — e+ 100 @.1)
PE

where mpg and mps+peg Were the masses of the PE substrate membrane and chloroform-
extracted and dried membrane incorporated with poly(styrene-DVB) in the PE substrate

membrane, respectively.

2.2.2.3. SEM

The procedure for the scanning electron microscopic (SEM) examination has been
described by Mika et al. [16]. Membrane samples for the SEM examination were vacuum
dried for at least 48 h. Cross sections were obtained by cracking the samples in liquid
nitrogen. The membrane samples (both surface and cross section) were coated with gold
to give approximately an 8 - 12 nm thick layer. The membrane samples were examined

by SEM (ISI, DS130) at 15 kV.
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2.2.2.4. Fourier Transform Infrared (FTIR) Spectroscopy

The substrate PE microfiltration membrane was opaque but became transparent
when compressed at 1000 p.s.i. for 1 min. The resulting membranes containing
poly(styrene-DVB) were vacuum dried (for at least 48 h) and examined using an infrared
spectrometer (Bio-Rad FTS-40) without further treatment. Transmission FTIR spectra
were obtained by scanning from 4000 to 400 cm™. The FTIR spectra were recorded using

a minimum of 16 scans and at a resolution of 0.5 cm™.

2.2.2.5. Sulfonation

The method for chlorosulfonation of poly(styrene-DVB) was similar to that
described by Pozniak and Trochimczuk [91]. The sulfonation was carried out with 15%
(v/v) chlorosulfonic acid in 1,2-dichloroethane at either 0°C or 40°C. A poly(styrene-
DVB) incorporated membrane (approximately 0.50 g) was placed in 200 mL of 1,2-
dichloroethane for approximately 10 min. Then, 35 mL of chlorosulfonic acid was
carefully added to the 1,2-dichloroethane with stirring at either 0°C or 40°C for 1 - 4 h.
After the reaction, the membrane was dark brown. The membrane was removed from the
solution and washed with chloroform (3 x 100 mL) to remove the unreacted
chlorosulfonic acid. The membrane was placed in a stirred aqueous solution of 20%
(w/w) NaOH at room temperature for 24 h. The resulting membrane was washed with
deionized water, and conditioned by repeated alternating treatments with 1 M HCI (30
min), deionized water (30 min) and 1 M NaOH (30 min). The membranes were stored in

deionized water at room temperature.



2.2.2.6. Ion-Exchange Capacity (IEC)

The method for measuring the IEC's has been described by Mika et al. [16]. The
sulfonated membranes obtained above were converted into their sodium salt forms by
treatment with 0.5 M NaOH solution (50 mL). The membranes were washed thoroughly
with deionized water till the washing water was neutral. Each of the membranes was
placed in an HCI solution of known volume (50.00 mL) and concentration (~ 0.0500 M)
for at least 16 h. The membrane was removed and washed thoroughly with deionized
water till the washing water was neutral. The washing water and the residual solution
were combined and diluted to 250.00 mL. The concentration of Na" in the solution was
determined in triplicate analyses by ion chromatography (Dionex, DX-100). The [EC
obtained by ion chromatography, (IEC)c, was calculated by the following equation:

1 [Na, ppm]

2299 m
PS + PE

(AEC), . (meq/g) = 2.9

where [Na, ppm] was the concentration of sodium ion (Na*) in ppm as determined by ion
chromatography, and 22.99 the atomic weight of sodium.

The concentration of HCI in the solution was also determined by titrating 50.00
mL of the solution with a standard NaOH solution (~ 0.0500 M), using methyl red as an

indicator. The (TEC)itraiion Was calculated from the following equation:

vV -M V.
HCl HCI NaOH ~NaOH

(AEC), . (meq/g) = - 2.5)
PS + PE
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where My and Ve were the concentration (M) and volume (mL) of the HCI solution,
Mnzon and Va0 the concentration (M) and volume (mL) of the standard NaOH solution,
respectively. The IEC value for each membrane was taken as the average of values

determined by both methods.

2.2.2.7. Sulfonation Yield
The sulfonation yield in this work refers to the ratio of the IEC measured above,
(IEC)exp, to that of the (IEC), calculated based on mono-sulfonation of the aromatic rings

of poly(styrene-DVB). The sulfonation yield was calculated by the following equation:

E
Sulfonationyield (%) = ————— x 100 (2.6)

2.2.2.8. Energy Dispersive X-ray (EDX) Analysis

The EDX analysis is an important method to determine elemental distribution
across the membrane thickness [16,38]. The analytical procedure of EDX analysis has
been described by Ulbricht [38]. A sulfonated membrane was converted into its acid form
by treatment with an HCI solution (0.5 M, 50 mL) for 30 min. The membrane was
washed with deionized water and placed in an Erlenmeyer flask containing a Ca(OH),
solution (0.2% w/w, 250 mL). The flask was stoppered and the solution was stirred
overnight. The resulting membrane was carefully washed with deionized water till the

washing water was neutral. The membrane was vacuum dried. The membrane cross
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section specimens were obtained by freezing and cracking the membrane in liquid
nitrogen. The amounts of sulfur and calcium on the membrane cross sections were

determined by the EDX analysis (JEOL 1200 EX TEMSCAN).

2.2.2.9. Elemental Analysis

The amounts of carbon (C), hydrogen (H), and sulfur (S) in the sulfonated
membranes were determined using a combustion method (ASTM D5373/ASTM D5291
for C and H, and ASTM D4239/D1552 for S).

The membranes prepared above were treated with an HCl solution (0.5 M, 100
mL) for 30 min, washed thoroughly with deionized water, immersed in an NaOH solution
0.5 M, 100 mL) for 30 min, and washed thoroughly with deionized water. This
procedure was repeated twice to remove the multivalent ions in the membranes, such as
Mg**, Ca®* and SO.>. Finally, the membranes which were in the Na*-salt form were
thoroughly washed with deionized water until the washing water was neutral. The wet
membrane samples were sealed in a plastic bag and sent to Galbraith Laboratories
(Tennessee, USA) where C/H/S analyses were performed. The wet membrane samples

were vacuum dried for 2 minimum 8 h at room temperature before it was analyzed.
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2.3. RESULTS AND DISCUSSION

2.3.1. Polymerization of Polystyrene and DVB

The in situ polymerization of styrene and DVB was carried out in pores of a PE
substrate membrane initiated by BPO at 80°C. The pores of the substrate membranes
were filled with styrene and DVB at the start of the reaction. The extra styrene and DVB
mixture which was at the bottom of the reaction vessel were condensed on the film to
continue the in situ copolymerization. The appearance of the resulting membranes was
slightly brownish yellow. The color varied with the mass increase of poly(styrene-DVB).
Membranes with high masses of poly(styrene-DVB) incorporated (>150%) became

translucent and more brittle.

2.3.1.1. Mass Increase

The mass increase of incorporated poly(styrene-DVB) was found to be dependent
on the polymerization reaction time. The relationship between mass increase and reaction
time is shown in Fig. 2.2. For both sets of data (DVB% = 1.0% and 2.5%), the mass of
incorporated poly(styrene-DVB) increases slowly at the beginning of the polymerization
but increases dramatically afterwards. In the final stage (after approximately 3 - 4 h), little
further mass increase occurs.

The S-shaped curve relating mass increase with time is similar to those reported

for conversion of monomers in radical polymerization processes [94]. At the beginning of
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Fig. 2.2. Mass increase as a function of polymerization time.

the polymerization, there is an induction period possibly due to the small amount of
oxygen and other inhibitors which consume radicals produced by decomposition of the
initiator. When the inhibitors are consumed, the rate of mass increase of the incorporated
poly(styrene-DVB) increases dramatically. In the final stages, the reaction rate becomes
low due to the high viscosity of the incorporated copolymers which slow down the chain
movement and reduce the reaction opportunity between the radicals and the monomers.

This effect is called the Trommsdorff effect [95].
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The porosity of the PE substrate membrane is 78% (Table 2.1). This means that
the maximum incorporation of poly(styrene-DVB) would be approximately 350% if the
pores of the PE substrate membrane are filled fully with the styrene-DVB copolymers and
no significant change in structure of the PE substrate membrane occurred during the
thermally initiated in situ polymerization’. The observed mass increase ranging up to
approximately 600% (DVB% = 2.5%) indicates either (i) that a change in structure of the
substrate membrane occurs, due to the thermally induced polymerization of styrene and
DVRB, or (ii) that the incorporated poly(styrene-DVB) is located not only within the pores
but also on the surfaces of the PE substrate membrane, or (iii) both of above.

The relationship between mass increase and degree of crosslinking is shown in
Fig. 2.3. All the experiments were conducted for identical times (3 h). The mass increase
of poly(styrene-DVB) incorporated was found to strongly depend upon the degree of
crosslinking. For example, as can be seen from Fig. 2.3, no poly(styrene-DVB) was
incorporated when no crosslinking reagent was present. This suggests that when DVB is
used, the incorporated poly(styrene-DVB) copolymers are not grafted to the substrate
membrane but crosslinked and entangled (and “locked”) in the pores of the PE substrate
membrane. As can be seen from the data in Fig. 2.3, the mass gain of incorporated
poly(styrene-DVB) increases dramatically with increasing DVB. Again, a typical S-

shaped relationship was found. When the amount of DVB is low, the slightly crosslinked

. It should be noted that pore contractions of the PE substrate membrane are
observed due to the thermal treatment (see Chapter 3 for detail).
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Fig. 2.3. Mass increase as a function of degree of crosslinking. The data points marked as

(®) are the average of at least three experiments. The points marked as (&) are
the data from single measurements. The experimental errors (standard
deviation) of the measurements are ca. = 10%.

poly(styrene-DVB) seems not to be stable and apparently can be removed easily by the
Soxhlet extraction. When the more DVB is used, the more of the poly(styrene-DVB) are
incorporated and the resulting membrane is more robust [96]. In the final stage, the mass

increase reaches the maximum due to the TrommsdorfT effect.
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2.3.1.2. Morphology

SEM images of the micro-structure of the PE substrate membrane and the
poly(styrene-DVB)-filled membranes are shown in Fig. 2.4. The PE substrate membrane
has two surface layers and a sponge-like porous region in-between.

Images of the cross section and surface of the membrane with a mass increase of
150% (2.5% degree of crosslinking) are shown in Fig. 2.5. As can be seen by comparison
of Figs. 2.4 and 2.5, the dried resulting membrane is still porous after the incorporation of
the poly(styrene-DVB). The cross section of the resulting membrane is similar to that of
the substrate membrane. After the copolymerization, a porous center region is still
evident. This indicates that the structure of the PE substrate membrane does not change
significantly during the copolymerization. Fig. 2.5 shows that there are some changes in
the appearance of the surface and in the center sponge region. This suggests that the
poly(styrene-DVB) incorporated forms both on the surfaces and in the pores of the PE
substrate membrane. This observation is consistent with the results of Mika et al. [16]
who observed, from the SEM images of the surface and cross section of PVP-filled
membranes, that the structure of substrate membranes did not change significantly after
the in situ polymerization of 4-vinylpyridine. Ulbricht [38] reported that the structure of
the substrate membrane was basically preserved while the grafted poly(acrylic acid)

(PAA) was found to cover the fibrous substrate PP matrix.
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Fig. 2.4. SEM's of the PE substrate membrane:
(A) cross section and (B) surface.
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Fig. 2.5. SEM's of (A) cross section and (B) surface of poly(styrene-DVB) incorporated in
the PE substrate membrane (mass increase = 150%, DVB = 2.5%).



2.3.1.3. Spatial Distribution of Poly(Styrene-DVB)

The spatial distribution (or evenness) of the pore-filling styrene-DVB copolymers
across the length/breadth of a2 membrane was determined by measuring the amounts of PS
and PE from the FTIR spectra of the resulting membranes. Ihm and Thm [97] have
reported using FTIR to monitor the amount of polystyrene grafted onto porous
poly(vinyldene fluoride) films. A comparable method was used in this work which allows
profiling of chemical composition across the membrane.

The FTIR spectra of the PE substrate membrane, the poly(styrene-DVB)
incorporated membranes with various mass increases, and polystyrene (PS) are shown in
Fig. 2.6. The peaks at 1493 and 1473 cm™ correspond to the C-H bending vibrations of
PS and PE, respectively [98]. The peaks are well separated and can be used to give a
relative measure of the ratio of PS to PE. It can be seen that the sizes of the PS peaks
(1493 and 1452 cm™) increase with increasing mass of incorporated poly(styrene-DVB).

The reproducibility of repeated measurements (of relatively ratio of polystyrene/
PE) using the FTIR instrument is within + 5%. This suggests that the PE substrate
membrane is only roughly even. While this technique gives an estimation of the amount
of incorporation, it is not particularly sensitive, especially if the peaks overlap when the
mass increase is too high or too low due to the overlap of the peaks. However, it gives an
indication of the distribution of the incorporation of the copolymers.

A pore-filled membrane containing 118% of poly(styrene-DVB) with a degree of
crosslinking of 2.5% was analyzed by FTIR at 12 points over the area of the membrane.

The ratio of the absorbances at 1493 and 1473 cm™ was determined at each point and the
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Fig. 2.6. FTIR spectra from 1520 to 1420 cm™ of the membranes.
(1) PE substrate membrane
(2) poly(styrene-DVB) incorporated in the PE membrane, mass increase 78%
(3) poly(styrene-DVB) incorporated in the PE membrane, mass increase 150%
(4) poly(styrene-DVB) incorporated in the PE membrane, mass increase 291%
(5) poly(styrene-DVB)
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data are shown in Fig. 2.7. The heights of the bars (absorbance ratios), Fig. 2.7, are nearly
identical. It should be noted that the differences between the absorbance ratios (heights of
the bars) are within +7% which is 51m11ar to the vanation of £5% in absorbances of the
substrate membrane. This indicates that the distribution of the poly(styrene-DVB)

copolymers is relatively even across the length and breadth of the PE membrane.

Absorbance ratio

Point number

Fig. 2.7. FTIR absorbances ratios of a poly(styrene-DVB) incorporated membrane (mass
increase 118%, DVB=2.5%).
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2.3.2. Sulfonation
The membranes containing poly(styrene-DVB) obtained after the in situ
polymerization were chlorosulfonated with 15% chlorosulfonic acid in dichloroethane.
This reaction was followed by hydrolysis with a 20% (w/w) aqueous sodium
hydroxide solution to give the sodium salt of the poly(styrene-DVB sulfonic acid). This

section describes the characterization of these sulfonated membranes.

2.3.2.1. Morphology

The morphology of the resulting cation-exchange membranes was examined by
SEM. Micrographs of the cross sections of a membrane in its protonated and sodium salt
forms are presented in Fig. 2.8.

A comparison of the SEM images of the sulfonated membrane with the substrate
PE microfiltration membrane, Fig. 2.4(A), and the poly(styrene-DVB) incorporated
membrane, Fig. 2.5(A), shows that the structure of the membrane does not seem to
change significantly in the sulfonation reaction. The sulfonated membrane still has thin
surface layers and a porous region in-between, just as did the PE substrate membrane and
the poly(styrene-DVB) pore-filled membrane. The structure of the membrane surface and
cross section appear to change when the counter-ion changes from Na* to H" (Fig. 2.8)
suggesting that the sulfonated styrene-DVB copolymers are both on the surface and
through the cross section of the membrane. This is consistent with the observation in Fig.

2.5 that the poly(styrene-DVB) incorporated was observed on the surfaces and in the
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Fig. 2.8. SEMs of cross sections of a sulfonated poly(styrene-DVB)-incorporated in the
PE membranes: (A) in Na" salt form, and (B) in H' form.
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pores. The images seem to show that a change in counter-ion from Na* to H' leads to a
change in conformation of the polyelectrolyte gel. It should be noted that these
membranes were vacuum dried. These images might not truly reflect the conformation of
the wet, swollen gels. Since poly(styrene sulfonc acid) is a strong acid and is difficult to
dry, the difference between the two images should also be affected by the difference in

water present in the two membranes.

2.3.2.2. EDX Analyses

A pore-filled cation-exchange membrane with a mass increase of 150%, DVB =
2.5%, and IEC = 3.5 meq/g was selected for analysis by energy dispersive X-ray
spectroscopy (EDX). The sulfur (S) and calcium (Ca) contents of the membrane were
determined as functions of membrane thickness. The calcium ion was chosen as the
counter-ion rather than the sodium ion since calcium is more readily detectable than
sodium in EDX analyses.

The membrane was slowly air dried at room temperature in order to maintain the
micro-structure of the membrane. The sulfur (S) and calcium (Ca) contents on the
membrane cross section were determined by EDX. Six different locations on cross
sections of the membrane were examined. The sulfur and calcium signals were at 2.310
and 3.693 keV, respectively. The sulfur and calcium contents were calculated from the
corresponding areas of the signals. The error of the measurements was within 10%.

The measured sulfur and calcium contents through the thickness of the membrane

(the cross section) are shown in Fig. 2.9. The analyses of top surface, shown in dark grey,
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Fig. 2.9. EDX analysis of sulfur and calcium on the membrane surfaces and cross section;
membrane: mass increase = 150%, DVB = 2.5%, IEC = 3.5 meq/g.

were measured on either side of the membrane. The lighter grey points were determined

from the X-ray cross section analysis. It can be seen that, through the membrane cross

section, the heights (and areas) of the sulfur (S) and calcium (Ca) peaks (marked in

lighter grey color) do not change significantly within experimental error. However, the

heights on the surfaces (marked in the dark color) are different. The surface facing the

monomer vapor has high S and Ca contents than the surface facing the glass of the



61

reaction vessel (Fig. 2.1). However, this difference was not observed from the SEM’s.
The results indicate that the incorporation of poly(styrene-DVB sulfonic acid) is even
across the membrane cross section.

Ulbricht [38] prepared pore-filled membranes by one-step grafting PAA onto the
microporous PP host membranes in which the incorporated contents were found to be
evenly distributed. Momose et al. [99] reported that quaternary ammonium salts were
evenly incorporated throughout the cross section of the host membranes. Mika et al. [16],
have reported the similar findings with PVP salt-filed membrane. The EDX results
obtained in this work mean that the styrene-DVB copolymers are incorporated evenly in
the substrate membrane during the thermally induced radical polymerization and the
sulfonation gives an even distribution of poly(styrene-DVB sulfonic acid within the

substrate membrane.

2.3.2.3. IEC and Sulfonation Yield

The ion-exchange capacity (IEC) is one of the most important parameters of ion-
exchange membranes. The IEC's of the resulting membranes were measured by both acid-
base titration and ion chromatography methods. The differences in measured IEC’s
between the two methods were less than 1% due to small amount of other metal ions
other than Na* in the NaOH solution which were ignored in the ion chromatographic
measurements. The IEC values reported in this study is the average value of the [EC's

obtained from the titration and ion chromatography methods.
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The I[EC's of the membranes as a function of mass increase of poly(styrene-DVB)
are shown in Fig. 2.10. The degree of crosslinking of these membranes was 2.5% and the
sulfonation time was 4 h. As can be seen, the membranes with high mass increases have
very high IEC's, up to 5.60 meq/g. The IEC increases with increasing the mass increase of
the incorporated poly(styrene-DVB) for both the 0°C and the 40°C sulfonations. The
higher sulfonation temperature (40°C) leads to a higher IEC for membranes with the

identical mass gains. These IEC's measured are lower than the calculated IEC's.

8
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Fig. 2.10. Ion-exchange capacity (IEC) as a function of mass increase of
poly(styrene- DVB) (DVB = 2.5%, sulfonation time = 4h).



63

The calculated IEC is the number of moles of sulfonic acid groups (meq) in the
membrane (g). The number of moles of sulfonic acid groups is based on the mass of
incorporated poly(styrene-DVB), assuming that 100% of mono-sulfonation of the
aromatic rings takes place. The relationship between the sulfonation yield and the mass
increase of the incorporated poly(styrene-DVB) for both O and 40°C sulfonations is

shown in Fig. 2.11. As can be seen from the data shown in Fig. 2.11, for 40°C sulfonation
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Fig. 2.11. Sulfonation yield as a function of mass increase of poly(styrene-
DVB); sulfonation time: 4 h, and DVB = 2.5%.



reactions, the sulfonation yields remain constant at approximately 81%. The sulfonation
yield for 0°C sulfonation reactions decreases with increasing the mass increase For the
0°C sulfonations, the sulfonation yields decrease and level off at approximately 50%.

The effect of crosslinking on sulfonation yield is shown in Fig. 2.12. It was

observed that sulfonation yields (0°C) decreased with increasing degree of crosslinking
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Fig. 2.12. Effect of degree of crosslinking on sulfonation yield.

0 - 0°C,DVB =2.5%, e - 0°C,DVB =1.0%,
a -40°C,DVB =2.5%, a -40°C,DVB = 1.0%.
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while at 40°C no significant difference was observed. Specifically, at 0°C, with constant
mass increases (150%), the sulfonation yield was 66% and 49% when DVB was 1.0%
and 2.5%, respectively.

It is also evident in this work that the reaction temperature is a significant factor
on the sulfonation step. Sulfonation yields for the reactions carried out at 40°C were
found to be approximately 80%, significantly higher than the reactions carried out at 0°C
(45%, DVB = 2.5%, mass increase = 76%).

The results are consistent with the findings of Trochimczuk et al. [91,100], who
reported the preparation of poly(styrene-DVB sulfonic acid) membranes made by
extruding poly(styrene-DVB)/PE melt. The authors found that, for the same reaction
system (chlorosulfonation of poly(styrene-DVB)) at another temperature (23°C) for
various reaction times, the sulfonation yield decreased with increasing the DVB% (degree
of crosslinking). For the same reaction carried out at 23°C, Gozdz and Trochimczuk
[100] observed the sulfonation yield of 55% for chlorosulfonation of the membranes
containing 78% of poly(styrene-DVB) with degree of crosslinking of 3%.

The effects of reaction time on sulfonation yields was also examined (Table 2.2).
At 0°C, the sulfonation yield increases from approximately 44% to 50% when the
sulfonation time increases from 2 h to 4 h. A second 4 h sulfonation was carried out on
the membranes that had already been sulfonated for 4 h at 0°C. The membranes were
hydrolyzed with NaOH and their IECs measured prior to the second sulfonation. The

sulfonation yields were found to increase from 50% to 60% after the second sulfonation.
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Table 2.2. Sulfonation yields of the membranes which were prepared in sulfonation
reactions in 15% chlorosulfonic acid (v/v) of various time at 0 and 40°C.

Membrane Sulfonation Yield (%) *
Mass increase DVB Total sulfonation time

(%) (%) 1.5h 2h 4h 8h
_0°C

76 2.5 - 45 - -

78 2.5 - 43 - -

80 2.5 - - 50 61°

83 2.5 - - 49 57°

91 1.0 - - 66 -

135 1.0 - - 65 -
_40°C

117 2.5 81 - - -

138 2.5 78 - - -

131 2.5 - - 82 -

132 2.5 - - 82 -

135 1.0 - 84 -

135 1.0 - 83 - -

139 1.0 - 83 - -

a. Error less than £1%.

b. Second sulfonation membranes. These membranes were sulfonated twice. These
membranes were sulfonated and measured IECs, and re-sulfonated under the same
conditions.
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This is consistent with the findings of Byun et al. [79], who observed the sulfonation
yield increased with increasing reaction temperature when sulfuric acid was used as the
sulfonating reagent. However, for the 40°C sulfonations, sulfonation yields were found to

be constant at about 78 - 84% at reaction times of 1.5h, 2 h, and 4 h.

2.3.2.4. "Layer-by-Layer" Sulfonating Process

This sulfonation can be understood in terms of the "layer-by-layer" sulfonating
process [101], illustrated in Fig. 2.13. When a polymer is contacted with the sulfonating
reagent, sulfonation occurs at the surface of the polymer. Once the surface of the polymer
has been sulfonated, this layer becomes a barrier which slows down the diffusion rate of
the sulfonating reagents into the interior regions of the polymer gels. As more of the
polymer is sulfonated, this sulfonated layer becomes thicker and the rate of sulfonation
becomes slower due to more difficult diffusion of the sulfonating reagent. Longer time

and higher temperature should lead to an increase in sulfonation yield.

O=0=0=0

unsulfonated surface thin layer thick layer
polymer sulfonated sulfonated sulfonated
polymer polymer polymer

Fig. 2.13. The "layer-by-layer" sulfonating process.



68

2.3.2.5. Mechanism of sulfonation

Sulfonation reactions with aromatic rings occur by an electrophilic substitution.
The mechanisms of sulfonations using SO; and H,SOs as sulfonating reagents have been
reviewed [102]. It is known that the formation of a cationic G-complex is the rate-
determining step.

The mechanism of chlorosulfonation is illustrated in Fig. 2.14. The sulfonating
reagent, chlorosulfonic acid (1), is in equilibrium with (3), (4) and (5) in the solvent (1,2-
dichloroethane). Species (3) is a good electrophile which can react with polystyrene (2)
via electrophilic substitution preferentially at either the ortho or para-position on an
aromatic ring to give a cationic o-complex (6) which can lose a proton to produce
poly(styrene-sulfonic acid) (7). It is known that when one sulfonic acid is introduced on
an aromatic ring, the introduction of a second sulfonic acid on the same ring is more
difficult due to the deactivating effect of the initial sulfonic acid group [103].

The chlorosulfonation reaction was carried out in an excess of chlorosulfonic acid
so that the aromatic sulfonic acid group (7) can either react with another aromatic
sulfonic acid group (7) to yield the sulfonic anhydride (8), or react with sulfur trioxide (5)
to produce or pyrosulfonic acid (9), or be protonated to yield (10) which can lose a water
molecule to produce (11). The cation (11) can be converted into the sulfonyl chloride (12)
by reacting with a chloride ion. Finally, species (8), (9) and (12) can be hydrolyzed into

poly(styrene-sulfonate) sodium salts (13) in a 20% NaOH aqueous solution.
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Fig. 2.14. Reaction mechanism of chlorosulfonation.
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2.3.2.6. Sulfone formation

One would expect the suifonation yield in the reactions to exceed 100%. In the
other words, each aromatic ring has a sulfonic acid group. In the literature, the sulfonation
yield were found to more than 100% using concentrated sulfuric acid [77,78]. However, it
was found in this work that the highest sulfonation yield was 84% with the 40°C
sulfonations. A question arises as to why a maximum sulfonation yield of approximately
84% is reached. One possible explanation is that a side reaction to form sulfones is
occurring. Such reactions are known to occur particularly when chlorosulfonic acid is
used as the sulfonating reagent [75,76,78] due to formation of the sulfonyl chloride which
is readily to converted into sulfone. Another possible reason is that not all the sulfonic
acid groups can be measured since part of sulfonic acid groups are formed in the central
region of the crosslinked polymers and are not ion-exchangeable. In other words, these
sulfonic acid groups cannot be measured by the methods discussed in the previous
section.

In order to examine the possibility of sulfone formation, FTIR and elemental
analysis methods were used to examine whether sulfones were being formed. Two
sulfonated membranes were examined by FTIR: membrane #73 with 78% of mass
increase which was sulfonated at 0°C and membrane #83 with 80% of poly(styrene-DVB)
which was sulfonated at 40°C. Both membranes had an identical degree of crosslinking
(2.5%). The FTIR spectra of the two membranes (in their Na* salt forms) were obtained.

As can be seen, the FTIR spectra are nearly identical, Fig. 2.15(A) and (B). In addition, as
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Fig. 2.15. FTIR spectra of (A) membrane #73, (B) membrane #83, (C) the PE substrate
membrane, and (D) a poly(styrene-DVB) incorporated membrane.
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a control, the PE substrate membrane and a poly(styrene-DVB)-filled membrane were
also examined, Fig. 2.15 (C) and (D).

The peak at 698 cm’, Fig. 2.15(D), verifies that the poly(styrene-DVB)-filled
membrane (before sulfonation) is mainly mono-substituted on the aromatic rings. As can
be seen from Fig. 2.15(A) and (B), the intensity absorbance of this peak (at 698 cm™)
decreases dramatically due to introduction of sulfonic acid groups. From Fig. 2.15(A) and
(B), the intensity of the peak at 333 cm” (strong) compared to that at 775 cm™ suggests
that the substitution on the benzene ring is mainly in the para position [79]. The wide
absorption between 1300 and 1080 cm’™ is due to absorption of -SO3Na* [97]. The peaks
at 1353 and 1006 cm™, Fig. 2.15(A) and (B), likely can be attributed to the diaryl sulfone
absorptions [79,104,105]. These bands are due to the symmetric and anti-symmetric
vibrations of a diaryl sulfone (the "sulfone bridge"), respectively. This suggests that
sulfones are formed in membranes #73 (0°C sulfonation) and #83 (40°C sulfonation). For
these two membranes, the relative intensity absorbances at 1353 and 1006 cm™ are
similar indicating that the amount of sulfone formed is similar at 0°C and 40°C.

Byun et al. [79], found that the "sulfone bridges" were formed in the sulfonation
of poly(styrene-DVB) asymmetric membranes using concentrated sulfuric acid as the
sulfonating reagent at 30°C. The amount of sulfone increased with increasing sulfonation
time. Theodoropoulos et al. [106], crosslinked polystyrene via sulfone using
chlorosulfonic acid as the sulfonating reagent at S0°C for 3 h. Indeed, chlorosulfonic acid
was found to be the best reagent to form sulfone crosslinks. However, the degree of

sulfone was not reported in that work. Pozniak and Trochimczuk [91] found that the
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maximum sulfonation yield of poly(styrene-DVB) (23°C, 6 h) using chlorosulfonic acid
was 82%, which is slightly lower than the maximum sulfonation yield (84%) in this work
(chlorosulfonation, 40°C, 4 h).

The mechanism of sulfone formation is outlined in Fig. 2.16. Sulfonyl chloride
(12) can lose a chloride ion to produce (11). This cation (11) can be attacked by an
aromatic ring to form (14) via an electrophilic substitution mechanism. Finally, a "sulfone

bridge" (15) is formed when (14) loses a proton.

O H
_ 5
@ = © - FO— s @A
—S— O

SO,Cl1
(12) (1D

(15)

Fig. 2.16. Mechanism of sulfone formation.

In the literature, a number of papers confirmed the formation of "sulfone bridges"
(product 15), but none of the papers examined the temperature effect on the degree of
sulfone formation in the reaction of chlorosulfonation of polystyrene. In order to measure
the degree of sulfone and find out the temperature effect on formation of sulfones,

elemental analyses for sulfur (S), hydrogen (H) and carbon (C), of the membranes were
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carried out. The total amount of S will include the sulfonate S and the sulfone S. The total
amount of S is given by the elemental analysis and the amount of the sulfonate S can be
calculated from the IEC. Thus, the degree of sulfone can be calculated.

A pore-filled membrane containing 135% of poly(styrene-DVB) with 1.0% of
crosslinking, was cut into two rectangular pieces of the same size. One was sulfonated at
0°C for 4 h and the other at 40°C for 4 h. These membranes were cut in half and the
elemental analyses carried out. The results of elemental aralyses are given in Table 2.3.
The mass increase and IEC were measured in separate experiments. Sodium (Na) and
oxygen (O) contents were calculated based on IEC's of thc membranes.

The results for the same membranes, ie., # 116 and #118 (40°C), #117 and #119
(0°C), were found to be identical. This means that the elemental analyses are
reproducible. It was also found that the sum of all the elements was approximately 100%.
The number of S atoms per ring was found to be greater than 1.0 in all the cases. This
means that, on average, each aromatic ring has more than one sulfur. This result is
consistent with the findings of Pepper et al. [77] with sulfonation of poly(styrene-DVB)
resins where sulfonation yields of more than 100% were achieved using concentrated
sulfuric acid.

It can be seen from the data shown in Table 2.3 that the difference of sulfone
formation between 0°C and 40°C sulfonations was found to be small, ie., approximately
+ 10%. This result is consistent with the FTIR results. The results indicate that the

temperature effect on sulfone formation is small.



Table 2.3. Elemental analyses of sulfur, carbon and hydrogen.
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Membrane Number 116 118 117 119
Mass increase (%) 135 135 135 135
DVB (%) 1.0 1.0 1.0 . 1.0
Sulfonation temperature (°C) 40 40 0 0
IEC (meq/g) 4.64 4.64 3.59 3.59
Sulfonation yield (%) 83.5 83.5 64.6 64.6
Elemental analysis (%, mol/mol)
Carbon (C) 25.28 2541 27.57 27.78
Hydrogen (H) 51.98 52.96 53.51 5133
Sulfur (S) 2.35 2.39 2.27 2.35
Oxygen (0)* 16.56 17.44 16.08 15.18
Sodium (Na) * 1.57 1.57 1.32 1.33
Total: 98.04 99.76 100.75 97.97
Results of calculations
Number of S atoms per ring 1.25 1.27 I.11 1.14
Yield of sulfonates * (%) 83.5 83.5 64.6 64.6
Yield of sulfones *° (%) 42.0 43.3 46.3 49.2

a. Numbers in italic were calculated based on IEC.
b. Yield of sulfone was the difference between total sulfur and sulfonate sulfur.
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However, the amount of sulfone present seems to be surprisingly high
(approximately 45%). The calculations are based on the values of the IEC's and the
results of the elemental analyses. Since membranes #116 and #118 are the same and
membranes #117 and #119 are the same. Thus, the error of elemental analyses (Table 2.3)
can be estimated to be less than 3.5%, eg., for sulfur (S). Therefore, the major error
source of the yield of sulfone is likely due to the measurement of the total sulfonic acid
content. It should be noted that polyethylene can be sulfonated but the sulfonation yield is
low [107]. However, even the poly(ethylene-sulfonic acid) produced can also be titrated.
It can be speculated that the measured IEC may not reflect the amount of the sulfonic acid
groups. In other words, the key question is what fraction of ion-exchangeable groups can
be measured by titration. Since the oxygen (O) content is calculated based on the
measured IEC, a small error in IEC may lead to a big error in amount of sulfone. For
example, if 10% of sulfonic acid formed cannot be measured, the yield of sulfone would
be reduced to approximately 15%. At McMaster University, for the PVP-filled
membranes, The McMaster Membrane Research Group {16] has found that, for PVP salt
filled membranes, approximately 80% of the incorporated PVP salts was ion-exchange-

able. This means that 20% of the PVP does not contribute to the measured [EC.
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2.4. SUMMARY

This chapter has demonstrated the preparation of the pore-filled cation-exchange
membranes by copolymerization of styrene and DVB within the pores of a PE substrate
membrane followed by the sulfonation of the incorporated poly(styrene-DVB).

Styrene-DVB copolymers were incorporated into the substrate membrane using a
thermally-induced polymerization method followed by extraction of non-anchored
polymers. The incorporated poly(styrene-DVB) was evenly distributed across the
substrate membrane. The morphology of the resulting membranes was examined using
scanning electron microscope. The micro-structure of the substrate did not appear to
change significantly as a result of this polymerization. The SEMs showed that the
resulting cation-exchange membranes were porous.

The ion-exchange capacities of the resulting membranes measured by ion
chromatography and titration methods gave identical results. The IEC increases as the
mass increases. Sulfonation at 40°C led to higher sulfonation yields than at 0°C. The
sulfonation yields for 40°C sulfonations appeared to approach a maximum value,
approximately 85% of theoretical sulfonation yield. The results of elemental analyses
suggested that each aromatic ring had more than one sulfur. The formation of sulfones in
the chlorosulfonation reactions was observed by FTIR, indicating that sulfone formation

gave an additional degree of crosslinking in the poly(styrene-DVB).
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CHAPTER THREE

MEMBRANE CHARACTERIZATION

Ion-exchange membranes have been used in various applications, such as
electrodialysis, diffusion dialysis, membrane electrolysis and membrane fuel cells. In
order to understand the separation behavior of the membranes made in this work, it is
necessary to fully characterize them. This chapter consists of two major sections which
describe: (1) the swelling properties of the membranes, including thickness, water
content, and factors affecting membrane dimension and charge density, and (2) the
electrical and transport properties of the membranes, including membrane electrical

resistance and transport numbers.

3.1. EXPERIMENTAL

3.1.1. Materials
The membranes used in this chapter were the poly(styrene-DVB sulfonic acid)
pore-filled cation-exchange membranes described in Chapter 2. Inorganic reagents,

NaCl, NaOH, Na,SQ,, and MgCl, were all AR grades (Aldrich). Chloroform (Aldrich)

78
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and deionized using the Barnstead/Thermolyne system (D 8904 and D 8901). The

conductivity of the deionized water was approximately 2.0 ps/cm.

3.1.2. Swelling properties
3.1.2.1. Membrane Dimensions

The length and width of each membrane were measured using a scaled ruler with
accuracy of 0.05 cm. The thicknesses of all wet membranes were measured using a
calibrated pyconometer, according to the method described by Mika et al. [16].

The membrane to be measured was cut into a rectangular piece (5 cm x 5 cm) and
soaked in deionized water at room temperature for 16 h. The membrane was placed
between two pieces of wet filter paper, gently pressed to remove surface water and
weighed. The membrane was transferred into the pyconometer whose mass and volume
were known. A pyconometer, Fig. 3.1, containing the membrane was filled with distilled
water, stoppered and placed in a thermostatted WaterA bath (25.0 + 0.1°C) for 30 min to
allow the temperature to equilibrate. The pyconometer was removed from the water bath,
dried and weighed. The thickness of membrane, dp,, was calculated using the following
equation:

Vioye — (Mg - My - My ) /0.9970
An

Membrane thickness (d,,,, cm) = G.1)

where Ap, is the membrane area (approximately 25 cm?), Voye is and calibrated volume of

the pyconometer, and mypyc, Muer, and My are the masses of the pyconometer containing
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water level

Va

membrane

Fig. 3.1. Pyconometer used to measure membrane thickness.

distilled water, wet membrane, and pyconometer with distilled water and membrane,

respectively. The constant 0.9970 (g/cm?) is the density of pure water at 25.0°C [108].

The thickness of the dry membranes was measured using a digital micrometer
(Mitutoyo, Model MDC-1P) with an accuracy of + 1 pum. The membrane thickness was
taken as the average of value from at least five measurements at various points on the

membrane.

3.1.2.2. Water Content
The experimental procedure for measuring the water content of the membranes

has been described by Mika et al. [16]. A wet membrane (Na*-salt form) was placed
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between two pieces of wet filter paper, gently pressed to remove surface water weighed.
Then, this membrane was vacuum dried at room temperature until no further change in
mass of the membrane (approximately 72 h). The membrane was weighed. The water

content of the membrane was calculated using the following equation:

m
Water content (%) = —"ﬁl;—;"-’—x 100% 3.2

wet
where mue and my, are the masses of the wet and vacuum-dried membranes,

respectively.

3.1.2.3. Ion-Exchange Concentration

The procedure of measuring and calculating ion-exchange concentration has been
described by Stachera et al. [54]. The ion-exchange concentration (the fixed charge
concentration) is the concentration of ion-exchange sites in the water of the membrane
and can be expressed in unit of equivalents of ion-exchange sites per kilogram of water in
the membrane. lon-exchange concentration depends on the ion-exchange capacity
(determined in Chapter 2) and the water content (measured above) of the membrane.
Thus, the ion-exchange concentration was calculated using the following equation:

IEC

Ion exchange concentration (eq / kg) = Water content 3.3

where IEC was the ion-exchange capacity of the membrane.
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3.1.3. Transport Number and Electrical Characterization
3.1.3.1. Transport Numbers

Membrane transport numbers were measured according to the method described
by Kontturi et al. [119], using the apparatus shown in Fig. 3.2. The apparatus contained
two cylinders, a stationary cylinder and a rotating cell. An ion-exchange membrane was
tightly mounted at the bottom of the rotating cell cylinder. The exposed area of the
membrane was 3.14 cm?. The volume of the chamber between the rotating cell and the
stationary cylinder is 30.0 mL (at the level of dotted line). Two Ag/AgCl electrodes were
separated by the membrane and placed close to the membrane surfaces.

The membrane to be tested was equilibrated in a 1.00 M NaCl solution at 25°C
for at least 8 h. The temperature of the thermostatted water bath was maintained at 25.0 +
0.1°C. Thirty (30.00) mL of a 1.00 M NaCl solution was added to the chamber from the
top of the stationary cylinder using a syringe with 6-inch needle. Approximately 300 mL
of a standard NaCl solution (0.50 M) was added to the thermostatted container (outside
the rotating cell). The level of the solutions in the chamber and in the thermostatted
container were adjusted to be equal so as to eliminate a pressure difference. The cell
potential, E, of the rotating cell was measured by a pH/microvoltmeter (Orion Model
720A) with an accuracy of + 0.1 mV while the spinning cell is spinning. A magnetic stir
bar in the thermostatted container was used to remove air bubbles beneath the rotating
cell cylinder and stopped during the measurement. The cell potential was measured as a

function of the rotation rate of the rotating cell, from 600 to 150 rpm in steps of 50 rpm.
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Fig. 3.2. Rotating cell used to measure membrane transport numbers [119].

The value of membrane potential, Epen was calculated using a spreadsheet

(Microsoft Excel, as shown in Appendix A). The membrane transport number of the

sodium ion, ti“ma) , was calculated using the following equation:

2t RT C
E,. = ——";—’—— In [ELJ (3. 4)
1

where C; and C, were the concentrations of the NaCl solutions inside and outside the
rotating cell, and R, T and F are the gas constant, absolute temperature and Faraday

constant, respectively.



3.1.3.2. Electrical Resistance

There are several membrane resistance units that have been used in the literature.
In this work, the electrical resistance membrane refers to "the area resistance of the
membrane” (ohm-cm?) which was determined according to the method described by
Strathmann and co-workers [110]. The electrical resistance of a membrane was the
difference between the resistance values measured with membrane and without the
membrane [110-114]. In this work, the membrane electrical conductance was measured at

1000 Hz using a conductivity cell (Fig. 3.3) that consisted of two compartments of

conductivity
meter

thermometers

') NacCl (0.50
solution levels

membrane

stir bars

Ag/AgCl electrodes

Fig. 3.3. Conductivity cell used to measure membrane electrical resistance.
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equal volume (15.62 cm®) separated by a membrane. The temperature of the
thermostatted water bath was maintained at 25.0 = 0.1 °C. The membrane was
equilibrated with a standard solution (0.50 M, NaCl) at 25°C for at least 8 h prior to the
measurements. The NaCl solution used was temperature equilibrated at 25°C for 1 h
before the measurement of electrical resistance.

Fifteen (15.00) mL of a 0.50 M NacCl solution was added to the two compartments
of the conductivity cell simultaneously and the system was allowed to equilibrate at 25°C
for 30 min. Both chambers were stirred at identical rates of 25 revolutions per second in
order to minimize concentration polarization effects. The conductivity was determined
using a conductivity meter (YSI, Model 31). The membrane electrical resistance was
calculated from the area and the conductance of the membrane according to the following

formula [110]:

Rm =Am( 10+m - 10 ) (3‘5)

where R, Am and x were the (area) electrical resistance (ohm-cm?®), effective area (cmz)
of the membrane and the electrical conductances, respectively. The terms (x) with
superscripts 0+m and O referred to the electrical resistances with membrane and without

membrane, respectively. The effective membrane area was 6.25 cm’.
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3.2. RESULTS AND DISCUSSION

3.2.1. Substrate Membrane Control

In order to examine the factors affecting membrane dimensions (length, width and
thickness), it was necessary as a control experiment to investigate the effects of the
membrane preparation processes on the substrate membrane, including thermal treatment
(80°C) and treatments with organic solvents (chloroform or 1,2-dichloroethane). The
control of the PE substrate membrane is important since any change in dimension of the
substrate membrane will significantly affect the properties of the resulting membranes.

It should be noted that membrane lengths and widths used in this thesis are
defined as shown in Fig. 3.4. The PE substrate microfiltration membrane was supplied by
3M Canada Company as a rolled flat sheet of 45.7 m (150 feet) x 25.4 cm (10 inches),
Fig. 3.4. Small pieces, 10.5 cm (along the rolling direction) x 12.7 cm (roll width) were
cut. As can be seen, the length and width of the membranes is different from those of the
membrane roll.

As a control, the PE substrate membrane was treated under the identical
experimental conditions but without styrene/DVB mixtures. These treatments included
the thermal treatment (at 80°C) and the solvent extractions (Soxhlet and at room
temperature). The thermal treatment tests were carried out by heating the PE substrate
membrane at 80°C for 1 min in the reaction vessel (Fig. 2.1). The solvent extraction tests
were carried out by either soaking the membrane in chloroform (or acetone) at room

temperature or Soxhlet extracting for 30 min. The measurements were



87

width = 10.5cm

le— ]
A Z’\
=

Roll of
substrate
membrane

(3M).

N—

Fig. 3.4. Roll of substrate polyethylene membrane (3M).

12.7cm

length

repeated at least three times. The error was + 0.1 cm (less than 1%)" in length and width
measurements and = 1 um (2%)™ in thickness measurement. The porosity of the substrate

membrane before treatment was 78% . The membrane porosity after treatment was

calculated based on the changes in length, width and thickness of the membrane resulting

from the treatments.

°  The length was 12.7 cm and the width was 10.5 cm. The error was + 0.5 cm.
“ The thickness was 45 pm (3M) and 43 pum (this work). The error of thickness measurement was 1 pm.
" The porosity was 78% (3M) and 76% (this work). The porosity of the membrane was calculated by

mass of membrane
length x width x thickness x PE density

Porosity (%) = (l - )x 100% , where the density of linear, high density PE

is between 0.92 and 0.96 g/cm®. An average value (0.94 g/cm®) was used in the calculations.



88

The results of thermal treatment and solvent extractions are given in Table 3.1. It
was found that extraction with acetone at room temperature did not change membrane
dimensions dramatically, ie., a decrease of less than 5%. However, chloroform
extractions or a l-minute thermal treatment (80°C) led to substantial decreases in
membrane length and width. Our value of the porosity of an untreated membrane (76%,
in brackets) was identical to the 3M value (78%). However, after thermal treatment, the
porosity (60%) was found to be the same as the calculated porosity (61%) based on the
original 3M porosity value and taking into account the dimension changes.

It can be seen from Table 3.1 that the thermal treatment (I min at 80°C) and
Soxhlet extraction (30 min with chloroform) had identical effects on membrane
dimensions leading to porosity decreases from 78% to 61%. Room temperature
extractions with acetone or chloroform had similar but smaller effects than the thermal
treatment or the Soxhlet extraction. The membrane porosities following these extractions
were approximately 71% (with acetone) and 68% (with chloroform). .

These reductions in macroscopic dimensions mean a reduction in average pore
size. The pore contraction should be considered in the characterization and evaluation of
the cation-exchange membranes. For example, if the pores of the substrate membrane
were to be fully filled with polystyrene, then the maximum mass that could be
incorporated would be approximately 350%, based on a porosity of 78%. In the case of
heat-treated membrane with a porosity of 61%, the maximum mass loading could only be

approximately 155%. As discussed in Chapter 1, a decrease in porosity of the substrate



89

Y[, ‘JUSWIINSBIW SSAUNDIY U %7 PUB SIUIWAINSBIUI 3P
i

"SHUIWAINSBIW 3[3UIS 21aM $19)08Iq UL SIaqUINY ‘P

‘UOI}OBIIXD 19JYXOS 10j SPUBIS FS 9
‘amyesadiud) woos Joj spuwls 1y ‘q

‘Apueoyyiudis paBusyo jou a1om ssews pue (p6°0 = p) Ansudp auajky1akiod ay) Suiwnsse ssauyoy
pue yipim ‘13ua) uy saBueyd 9y o paseq pajejnojes sBM JuSUNBaI} JayB K1isoiod U "y,8/ SBM SIUSWNEAL) A10JOq FUBIQUIDW J)RYSQNS ) Jo Ausolod

M pue YiBuaj ul %] usy) $53| SBM JOLID Ay "SAWN € 1583] J8 Pareadal sBM JUIWAINSEIW Y8y '8

p (09) p(9L) JuaunBal)
19 b v6 801 8L £v g0l LTl I o8 [euLiay |
19 147 €6 601 8L 13 4 ) LTl 0f LdS fIOHD
89 b $6 0Tl 8L £b g0l LTl 0f (I  fOHD uonoenxa

Eo>—om
1L £b 0ol 0Tl 8L 3 ¢o1 LTI 0f LY SuowRdy

W) @i () @) %) @l @) (W) w0

Ansolod ssawyjory], YpIM - Jdua]

Ajsolod  ssawjoryl  YIPIM - pBua]

swl], L JU3A[0S§ $53001(

YV

alojag

juauneal |,

uriquisw gd aensqns ayy jo Lsood pue suorsuswip ug saduey)) *|°¢ 9qe



90

membrane will increase the gel polymer concentration in the pore-filled membrane and
thus, the pressure-driven permeability of the resulting membranes is expected to be low.

These changes in dimensions of the PE substrate membrane can be understood in
terms of re-organization of the entangled polymer chains [105]. The substrate membrane
was produced by thermally induced phase separation (TIPS) [106], followed by a bi-axial
stretching of the film. As a result, internal forces are built during these membrane
fabrication processes [106]. The temperature for the 1-min thermal treatment was 80°C,
which is higher than the T but lower than the T, for linear, high density polyethylene
(PE) [107]. It would appear that at this temperature the PE chain movement can occur in
order to relieve at least partially the internal forces of entangled polymer chains.

The effect of the organic solvents on membrane dimension changes is likely
swelling of the polymer. Swelling of PE in the presence of an organic solvent will also
allow the chain movement (chain re-organization). From Table 3.1, the dimensional
changes of the substrate membrane are larger at higher temperatures. Thus, the Soxhlet

extraction had a greater effect than the room temperature extraction.

3.2.2. Dimension Changes in Cation-Exchange Membranes
3.2.2.1. Factors Affecting Membrane Dimensions

The polyelectrolyte-filled ion-exchange membranes discussed in this work are
hydrophilic materials which may swell in aqueous solutions. Thus, changes in dimensions

of the ion-exchange membranes can also occur when the membranes absorb water. This



91

section reports measurements of the swelling of the polyelectrolyte-filled membranes and
the resulting effects on water content and ion-exchange concentration.

Thicknesses of the wet cation-exchange membranes prepared in Chapter 2 were
determined using a calibrated pyconometer. The major source of error in the thickness
measurement appears to come from water on the membrane surfaces. The membrane
thicknesses were based on the measured volumes of the membranes coupled with length
and width measurements obtained in separate experiments. The total volume of the
membrane can be obtained by multiplying length by width and by thickness. Although the
errors in thickness measurements are quite large, within £ 10%"; the advantage of the
pyconometer approach measurement is that it gives the average value of the thickness of a
water swollen membrane. The data obtained in these measurements are given in Table
3.2.

As a control experiment, a substrate membrane was heated with a initiator and
styrene but no DVB, in the same manner as used in the in situ polymerization used with
the rest of membranes; no polystyrene was incorporated into the substrate membrane in
the absence of DVB (Table 3.2, membrane #7). However, this treatment did lead to a
contraction of the membrane dimensions.

This membrane (#7) was also subjected to the sulfonation conditions (15%

chlorosulfonic acid in 1,2-dichloroethane, V/V, at 0°C) used to make cation-exchange

" The error in thickness was between 1 and 2% for dry membranes using micrometer and

less than 10 % for wet membranes using pycnometer.
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membranes. The resulting membrane had an ion-exchange capacity of less than 0.1
meq/g. After the treatment, the membrane was found to have a thickness of 46 um, which
was identical to the substrate membrane (45 pm) after the thermal treatment. These
control experiments indicate that contraction of the PE substrate membrane occurs as a
result of thermal treatments.

Incorporation of poly(styrene-DVB) leads to a further contraction in membrane
dimensions. The data in Table 3.2 show that the length, width and thickness all decreased
with increasing the incorporated poly(styrene-DVB). For example, membrane #67
decreased in length (from 12.7 to 10.5 cm), width (from 10.5 to 8.7 cm) and thickness
(from 43 to 35 pm). The dimensional decreases in the poly(styrene-DVB)-filled
membranes were somewhat larger than those seen with the control experiments (#7). The
reduction in membrane dimension appears to depend on the mass loading of the
incorporated poly(styrene-DVB). For example, membrane #34 with the lowest mass
increase (33%) had the largest changes in dimensions while #48 with a 10-fold larger
mass increase (338%) showed almost no change in its dimensions. These changes in
dimensions (mostly contractions) are due to two possible reasons. One reason is because
of the thermal shrinkage of the substrate membrane as discussed above. Another possible
reason is that the incorporated poly(styrene-DVB) shrinks as unreacted monomer is
removed.

The membranes containing poly(styrene-sulfonic acid) swell in water and increase

their dimensions dramatically. For example, membrane #67 with a water content of 67%
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increases its length (from 10.5 to 13.7 cm), width (from 8.7 to 12.3 cm), and thickness
(from 35 to 67 um). In fact, the thickness of membrane #67 almost doubles after
sulfonation. The effect of sulfonation on the length and width is much smaller than on

thickness of the membrane. Other membranes followed similar patterns.

3.2.2.2. Thickness Break Point

The McMaster Membrane Research Group has investigated the factors which
affect the thickness of pore-filled ion-exchange membranes extensively [16,37,44,47,48].
In order to examine the effect of mass increase on thickness, a series of membranes with
increasing mass gains and an identical degree of crosslinking (DVB = 2.5%) were
prepared and their thicknesses were determined. The relationship between membrane
thickness and mass increase is shown in Fig. 3.5. Membrane thicknesses increased
uniformly up to mass increase of approximately 150%. However, membranes with mass
increase greater than 150% showed no significant increase in membrane thickness. These
two trend lines intersect at a mass increase of approximately 150%. The intersection point
is defined as the thickness break point, Fig. 5.3.

The porosity of the substrate membrane after thermal treatment is approximately
61% (Table 3.1) suggesting that a mass increase of about 150% could be expected if the
space in the pores were filled. Any additional incorporated poly(styrene-DVB) would
have to be different from the incorporation before the thickness break point with all the

pore space filled by the styrene-DVB copolymers, the incorporation could continue by
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Fig. 3.5. Thickness of cation-exchange membranes as a function of mass increase of
poly(styrene-DVB); e PE substrate membrane after the thermal treatment, and
o cation-exchange membranes.

polymerizing styrene/DVB which swells and diffuses into the incorporated copolymers.

Such differences should dramatically change the dimensions of the resulting membranes

at the thickness break point (~ 150% of mass increase).
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3.2.2.3. Thickness Control for Pore-Filled Membranes

The increase in thickness versus mass increase (ie., up to the thickness break
point) is consistent with the findings of Mika et al. [16,52] with the poly(4-
vinylpyridinium salt) (PVP salt)-filled membranes prepared by in situ polymerization, but
is inconsistent with the findings reported by Pandey et al. [44] with poly(vinylbenzyl
ammonium salt)-filled membranes prepared by in situ crosslinking (for details see Section
1.3 in Chapter 1).

Typically, it was found by Mika et al. [16] that, for pore-filled membranes
produced by in situ polymerization, the thickness was proportional to the mass gain, and
that the thickness depended on ionization and nature of counter-ions. Same observations
were obtained for different pore size and the starting substrate membranes [47,48]. No
thickness break points were found in that work; however, it should be noted that the mass
gains were less than 160%. The absence of discontinuity in thickness increase with mass
gain in this work of Mika et al. is not surprising.

However, for the pore-filled membranes prepared by in situ crosslinking
[44,46,50] the membrane thickness did not change significantly with an increase in mass
gain. Further studies showed that, for membranes made by in situ crosslinking, the
ionization of the incorporated polyelectrolytes had little effect on membrane dimension
with a strong substrate membrane (with low porosity). For example, Pandey et al. [44]
found that, for poly(vinylbenzyl ammonium salts)-filled membranes made by in situ
crosslinkingt, no change in membrane dimension was observed with a strong PP substrate

membrane of 60% porosity while with the higher porosity PP substrate membrane (80%
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porosity), the thickness of pore-filled membranes started to increase when the mass
loading was greater than 150%.

The basis of this difference may be rationalized by arguing the difference between
in situ polymerization and crosslinking. As discussed in Chapter 1, it is generally
assumed that, during in situ polymerization, a interpenetrating network could be formed
with the membrane material and the incorporated polymer [118]. This would lead to an
irreversible increase in the host membrane matrix and result in an increase in membrane
thickness with mass gain. However, for the membranes made by in situ crosslinking, no
interpenetration of the two polymer materials occurred.

Since PE is known to swell in the presence of styrene, interpenetrating network
with the PE membrane is formed [118], it is not surprising that during formation of an
interpeneu:;.ﬁon network within the PE substrate membrane that membrane thickness
would increase with increasing the mass of the incorporated poly(styrene-DVB).

It is assumed that swelling of polyelectrolytes should lead to an expansion in all
three dimensions. The total volume of the membranes as a function of mass increase is
compared in Fig. 3.6. It is interesting to observe that in contrast to the changes in
thickness there is, as expected, a linear relationship between total volume and mass
increase of the incorporated poly(styrene-DVB) over the entire range of mass increase. In
this work, it was found that the length and width started to increase when the mass
increase is greater than 150%. Thus, the thickness did not increase significantly after

150% of mass increase.



100

100

Thickness break point 7

—_— 4

\O
o

80

70

60

Thickness of sulfonated membrane (um)

<— Substrate membrane (a)

1.5

1.0

0.5

Total volume of sulfonated membrane (cm?)

(b)

007lllllll;LlJLlllllllJllllllllll

0 50 100 150 200 250 300

Mass increase of poly(styrene-DVB) (%)

Fig. 3.6. Thickness and total volume as a function of mass increase of incorporated
poly(styrene-DVB). (a) Fig. 3.6(a) is a reproduction of the plot of Fig. 3.5, (b)
Data are taken from Table 3.2. Sulfonation temperature: 0°C. Size of starting
membrane: 12.7 cm x 10.5 cm x 43 um (length x width x thickness).
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3.2.3. Water Content and Ion-Exchange Concentration
3.2.3.1. Water Content

Water contents of the pore-filled cation-exchange membranes were measured with
the membranes in the Na*-form. It was not possible to measure the water contents of the
membranes in their H'-forms as these membranes were difficult to dry completely. Ion-
exchange concentration refers to the concentration of ion-exchange sites per kilogram of
water in the membrane. The results of these measurements are given in Fig. 3.7 and Table
3.3. The error in water content measurement was estimated to be approximately + 5%.

The membranes have water contents ranging from 60 to 75% (Fig. 3.7). The
porosity of the substrate membrane (after the thermal treatment) was 61%. Since the error
of the measurement is larger (approximately + 5%), the water contents seem to be
identical. The water contents of membranes with different degrees of crosslinking and
derived from sulfonations at different temperatures are not significantly different at any
mass increase and follow the same trend with increasing mass increase. For example,
within experimental error, the points marked with ® (1.0% of DVB and 0°C sulfonation),
were found to be identical to those) marked with © (2.5% of DVB, 0°C sulfonation).
Similarly, the points (2.5% of DVB and 40°C sulfonation) marked with (a) were the same
as the points (2.5% of DVB and 0°C sulfonation) marked with (O). The results indicate
that the effects of degree of crosslinking and sulfonation temperature on water content are
small. The point marked with * (membrane #34) which is out the range of 60 - 75% is

possible due to an experimental error.
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Fig. 3.7. Water content as a function of mass increase; the error of water content is

approximately + 5%.

m void volume of the substrate polyethylene membrane,

® DVB = 1.0%, 0°C sulfonation,
ADVB = 1.0%, 40°C sulfonation,

o DVB = 2.5%, 0°C sulfonation,

a DVB = 2.5%, 40°C sulfonation.
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It can be seen in Fig. 3.7 that the trend of water content increases slightly as the
mass of incorporated poly(styrene-DVB) increases. For example, the water contents were
found to increase from approximately 60 to 75% as the mass of poly(styrene-DVB)
incorporated increases from 50% to nearly 300%. The results are consistent with the
results of Mika et al. [16] for the PVP salt-filled membranes prepared by in situ
polymerization.

The increase in water content as mass increase is due to the swelling of the
polyelectrolytes anchored in the membrane. As the polyelectrolytes swell, the dimensions
increase in order to take up more water. The trend in water content is determined by the
ratio of the water taken up to the total mass of membrane as a function of mass increase.
The numbers of water molecules per fixed charge site are high, between 8 and 17 (Table

3.3) and the amount of water increases dramatically with the mass increases.

3.2.3.2. Jon-Exchange Concentration (Fixed Charged Concentration)

The ion-exchange concentrations of a series of membranes prepared with various
degrees of crosslinking and sulfonation are given in Table 3.3. Ion-exchange
concentration increased as the mass of poly(styrene-DVB) increased. Since the water
content changed very little as a function of mass of poly(styrene-DVB) but the number of
ion-exchange sites increased almost linearly with mass of the incorporated poly(styrene-
DVB), ion-exchange concentration of the membranes increased with increasing the

poly(styrene-DVB) mass.
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The effect of the sulfonation temperature on ion-exchange concentration is
significant. Sulfonation at 40°C afforded significantly higher ion-exchange concentrations
than the reactions carried out at 0°C. For example, the ion-exchange concentration of
membrane #118 (DVB = 1.0%, 40°C sulfonation) and membrane #117 (DVB = 1.0%,
0°C sulfonation) were 6.6 and 5.5 eq/kg, respectively. Similarly, membranes #95 (DVB =
2.5%, 142% of mass increase, 40°C sulfonation) and membrane #24 (DVB = 2.5%, 150%
of mass increase, 0°C sulfonation) had ion-exchange concentrations of 6.3 and 4.6 eq/kg,
respectively. Higher sulfonation temperatures led to an increase in degrees of sulfonation
(Fig. 2.11) and ion-exchange capacity (Fig. 2.10); however, water contents (Fig. 3.7) were
not significantly affected.

The relationship between ion-exchange concentration and mass increase of
poly(styrene-DVB) for 0°C and 40°C sulfonations is shown in Fig. 3.8. A linear
relationship between ion-exchange concentration and IEC is shown in Fig. 3.9. Since the
water contents of these membranes are similar, it is not surprising to see a linear

relationship between ion-exchange concentration and ion-exchange capacity.

3.2.3.3. Comparison with Commercial Cation-Exchange Membranes

The properties of the cation-exchange membranes prepared in this study have
been compared with those of some commercial cation-exchange membranes (Table 3.4).
When the properties of the membranes described in this thesis are compared with the

commercial cation-exchange membranes, several key points stand out. The pore-filled
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Table 3.4. Comparison of properties of the commercial cation-exchange membranes with
the McMaster pore-filled membranes prepared in this study.

Membrane Water IEC Thick- Resis- Ion-Exch. Counterion
content (meg/g)  ness tance Conc. transport
(%) (um) (Qcm®)  (egkg) number
61 AZL 183° 29 2.0 600 4.5 5.0 0.81
61 CZL 183° 25 2.6 700 7.2 7.65 0.95
AFM-C311° 14 0.6 300 - 3.75 0.92
AMF-C100°® 18 1.1 220 4.8 5.0 0.88
C66-5T*® 25 3.3 160 1.5 9.71 0.94
CH-45T® 21 2.3 170 2.1 8.52 0.96
CH-2T® 24 2.4 170 2.2 7.50 0.93
CL-25T® 24 2.0 180 2.9 6.45 0.90
cM1°® 32 2.57 150 - 5.68 -
cM2°® 27 2.02 120 - 5.50 -
CMV?® 20 2.4 150 2.9 9.6 0.98
CR61 AZL.389° 48 2.6 1200 30 5.4 -
CRP*® 29 2.6 600 6.3 6.50 0.82
K 101°® 19 1.4 240 2.1 5.83 0.95
MC 31429 20 1.3 220  20-30 5.2 0.82
MC 34704 26 1.5 600 6-10 4.29 0.83
Nafion 125°¢ 15 <1.0 130 20 <5 -
Neosepta CMX-SR® 26 1.80 180 1.80 5.14 -
Neosepta CMA-21¢ 35 1.90 150 0.50 3.45 -
NPES C/28 13-17 1.9 400 3-7 9.5-12.6 0.96
Selemion CMV " - 1~2 ~130  2.0~3.5 - 0.92
This study 60~70 upto5.6 60~89 <1.0 3.0~7.5  0.80~0.96

a. Reference [119].

b. References [120,121].

c. Manufacturer: Ionics, Watertown, Massachusetts (Reference [122]).

d. Manufacturer: Ionac Chemical, Birmingham, New Jersey (References [123,124]).
e. Manufacturer: Du Pont, Wilmington, Delaware (Reference [125]).

f. Manufacturer: Asahi Chemical, Japan (Reference [119]).

g. Manufacturer: Forschungsinstitut, Israel.

h. Manufacturer: Asahi Glass, Chiyoda, Japan. Data provided by the manufacturer.
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membranes prepared in this work have (1) significantly higher water contents than
commercial membranes; (2) thicknesses that are considerably smaller than those of
commercial membranes; (3) ion-exchange capacities that are higher than those of

commercial cation-exchange membranes.

3.2.4. Membrane Electrical Resistance

Electrical resistances of the cation-exchange membranes prepared in this study
were measured at 25°C using an A/C conductivity cell, a conductivity meter, and a
standard solution (0.50 M, NaCl) as the electrolyte. The difference in electrical resistance
with and without membrane is the electrical resistance of the membrane (Table 3.5). The
electrical resistance of the conductivity cell filled with the standard solution (0.50 M,
NaCl) was found to be 27.0 ohms and the addition of a increased this value by only a very
small amount. The membrane electrical resistance was below the sensitivity of the
method (~1.0 ohm-cm2). While this method is not good enough to determine accurate
membrane electrical resistances, these cation-exchange membranes were very conductive
to ionic species.

The electrical properties of ion-exchange membranes are affected by both the ion-
exchange concentration and water content. Table 3.4 lists some commercial cation-
exchange membranes and their electrical resistance and counter-ion transport numbers,
together with some other properties of the membranes, such as water content, ion-

exchange concentration and thickness. The electrical resistances of most of the
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commercial cation-exchange membranes typically lie between 2 and 8 ohm-cm® and the
electrical resistances of the membranes prepared in this study are even lower, indicating
that the membranes are more conductive to ionic species than the commercial cation-
exchange membranes.

Electrical conductance through a membrane can be achieved by the transport of
either a counter-ion or a co-ion or both. If the counter-ion is the major contribution to the
high conductance (low resistance), the membranes are expected to have good
performance in separating ionic species. However, if the co-ion is mainly responsible for
the low resistance, the membranes are "leaky" to co-ions. Thus, transport of co-ions will
lead to a poor performance in ion separations.

The low electrical resistance for these cation-exchange membranes is probably
due to their high ion-exchange capacity and high water content. High water contents
mean that the membranes prepared in this work are highly porous (ie., they have high
void volumes).

A typical model for the migration of ionic species through charged, porous
membranes is described in Fig. 3.10 [10]. Ions move freely (without effects of pore size
and pore charge) in bulk solution driven by the current (I), Fig. 1.10(a). When the pore
size of the cation-exchange membrane is small, the migration of ions are strongly affected
by pore size and the fixed charges. The transport of co-ions is restricted due to the

Donnan exclusion but co-ions can be transported through the membrane by a convective
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flow which results in the convective current (ic), Fig. 3.10(c). However, the migration of
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Fig. 3.10. Models for migration of ions in (a) solution, (b) highly porous cation-exchange
membrane, and (c) ordinary porous cation-exchange membrane, in an electrical
filed. I is electrical current, iy, is pore wall current, i. is convection current.

cations is accelerated by fixed charges. The transport of counter-ions along the pore wall

(due to the electrostatic interactions of the fixed charges) leads to pore wall flow,

resulting in pore wall current (iy), Fig. 3.10(c). In this case, the conductance primarily

depends on the pore wall current (iy), ie., I = iy >> i.
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The pore-filled cation-exchange membranes are highly porous and fit the case in
Fig. 3.10(b). In this case, the transport of co-ions is enhanced dramatically by convective
flow [126]. Thus, the current (I), including pore wall current (iw) and convective current
(ic) is increased. Hence, the electrical resistance of the pore-filled membrane is expected

to be lower than commercially available cation-exchange membranes.

3.2.5. Transport Numbers
3.2.5.1. Principle and Approach

The transport number of a membrane describes the mobility of an ionic species
across a membrane driven by either electrical potential or chemical potential between the
solutions separated by the membrane [114,127,128]. The net transport of ionic species
cross the membrane results in an electrical current through the membrane. For ion-
exchange membranes, counter-ions can migrate across the membranes but co-ions will be
rejected by the membranes due to Donnan Exclusion. If, ideally, no co-ions are
transported across the ion-exchange membrane, the transport numbers must be 1.00 for
the counter-ion and 0 for co-ion. In practice, small amounts of co-ions associated with
counter-ions can be transported through the membrane. Thus, the transport number for
counter-ion can be calculated as the ratio of the measured electrical potential to the
theoretical chemical potential of the membrane.

The transport number in the membrane was determined by the electromotive force
(EMF) method reported by Kontturi et al. [109]. The measurement was performed by

measuring the EMF of the following cell:
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Ag,AgCl| Aq. electrolyte (C;) | Aqg. electrolyte (C;) | AgCl, Ag (3.6)
where the symbol | denotes the ion-exchange membrane between two aqueous
electrolyte solutions with different concentrations [129], ie., C; # C,. The chemical
potential between the solutions, Emax, can be calculated from the Nernst equation:

_2rT (G )°
max T Fm(cl) G-7

where F, R, n, and T, are the Faraday constant, gas constant, valence of the counter-ion,
and absolute temperature, respectively, and C, and C; are the activities of electrolyte
solutions separated by the membrane.

Thus, for cation-exchange membranes, if n = 1 (ie., a mono-valent counter-ion,

such as Na'), is used, the membrane transport number for the cation, tf“, can be

calculated using the following equation:

2 tMRT C
Epem = tME_, = — I (C—T) (3.8)

where Enem is the potential of the membrane without polarization layers. The detailed

calculation of Emem values is described in Appendix A.

3.2.5.2. Results of Transport Number Measurements
The transport numbers for the cation-exchange membranes were measured in a
rotating cell filled with the standard NaCl solutions using the electromotive force (EMF)

method [109]. In order to examine the effects of mass increase, degree of crosslinking
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and sulfonation temperature, the transport numbers of a series of membranes were
determined. The results are given in Table 3.5.

The transport number ™, for the counter-ion (Na) for the PE substrate

membrane was 0.45 (Table 3.5, first entry), reflecting the portion of the current through
the membrane due to the net movement of this ionic species; this means that the fraction
of the current carried by CI" is 0.55 (= 1.00 - 0.45). Since the PE substrate membrane is
not charged, it will have little affect on the diffusion of ionic species through the
membrane by electrostatic interactions and the tran;port of these ionic species will
depend on their mobilities in solution which are related to their diffusion coefficients.
The diffusion coefficients for Na* and CI are 1.334 x 10® and 2.032 x 10”° m?s,
respectively [130]. Based on these diffusion coefficient values, the fraction of the current
carried by CI" migration though the membrane would be approximately 0.6, a value fairly
close to the experimental value of 0.55 for the PE substrate membrane.

Transport numbers reflect the magnitude of the electrostatic interactions between
the fixed charge on the membrane and the mobile ions in solution. Thus, transport
numbers should vary with the fixed charge concentrations (ion-exchange concentrations)
of the membranes. The transport numbers for Na* for a series of poly(syrene-DVB
sulfonic acid) membranes were determined (Table 3.5) and are plotted as a function of
ion-exchange concentration (Fig. 3.11). The solid line shows the trend of the relationship
with transport number and ion-exchange concentration. As can be seen, the transport

number increased as the membrane ion-exchange concentration of increased. For example
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the transport numbers for Na* increases increase from 0.80 to 0.96 when the ion-
exchange concentrations increases from 3.3 eq/kg to 5.7 eg/kg.

This trend (Fig. 3.11) can be understood in terms of the Donnan Exclusion
[16,19,131]. A higher ion-exchange concentration (fixed charge concentration) leads to a
higher Donnan potential which results in greater electrostatic interactions between the
fixed charges on membrane and the mobile ionic species in solution; counter-ions (Na*)
will be transported more readily through the charged membrane but co-ions (CI") will be
rejected.

The models discussed in Fig. 3.10 are useful in understanding counter-ions (Na*)
transport numbers. The membranes prepared in this work are highly porous membranes
and are best reflected by Fig. 3.10(b). One explanation for the increase in ion-exchange
concentration as a function of increasing ion-exchange concentration may be that as ion-
exchange concentration increases there is a greater flow of counter-ions (Na*) along the
pore wall and a less transport of co-ions (Cl") by a convective flow due to the larger
Donnan exclusion.

A comparison of transport and electrical properties to the commercially available
cation-exchange membranes that were reported in the literature with the cation-exchange
membranes prepared in this study is also listed in Table 3.4 and plotted in Fig. 3.11. First,
the transport properties of the membranes made in this study are similar to those of
commercial cation-exchange membranes; for example, transport numbers (marked as o)
for the commercial membranes are ranged between 0.8 to 0.98 while the correponding

values for the membranes prepared in this work ranged from 0.80 to 0.96. Other
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properties of the commercial membranes, such as ion-exchange capacity, water content
and thickness, are quite different from our membranes, reflecting differences in ion-
exchange groups, manufacture and materials. In general, the commercial membranes with
the higher ion-exchange concentrations have higher transport numbers. However, there
does not appear to be a linear relationship between transport number and the ion-
exchange concentration for the commercial membranes as shown in Fig. 3.11. A linear
relationship between transport number and ion-exchange concentration has been observed
in this work. This figure is instructive because, comparing to the commercial membranes,
our membranes achieved relative high transport numbers at lower ion-exchange

concentrations.

3.3. CONCLUSION

This chapter has discussed the control of changes in dimensions of the
polyethylene substrate membrane. Pore contraction has been observed in the thermal
treatment and solvent extraction used in membrane preparation. The length, width and
porosity of the substrate membrane were found to be reduced during the membrane-
making processes.

The PE substrate membrane was treated with styrene/DVB and resulting
poly(styrene-DVB) was sulfonated at either 0 or 40°C to yield cation-exchange

membranes. The swelling properties of these cation-exchange membranes, including
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water content, thickness and ion-exchange concentration, were characterized and the
effects of mass increase and sulfonation temperature on the swelling properties
investigated. The water contents of all membranes are high, approximately 70%. The
change in membrane thickness during poly(styrene-DVB) reactions depended on the
formation of an interpenetrating polymer network with the polyethylene nodules of the
substrate membrane. The membrane thickness increased as a function of mass of
incorporated poly(styrene-DVB) until a thickness break point at approximately 150% of
mass gain of poly(styrene-DVB). This break point was found to be related to the porosity
of the PE substrate membrane. The ion-exchange concentrations of the membranes are
high.

The electrical resistance and transport number of these cation-exchange
membranes were characterized. The electrical resistances of these membranes were found
to be less than 1.0 ohm-cm?, significantly lower than those of many commercial
membranes. The transport numbers for Na* ranged from 0.80 to 0.96 with higher
transport numbers observed for membrane with higher ion-exchange concentrations.
These transport numbers were in the same range of commercial cation-exchange
membranes. however, the membranes made in this work achieved high transport numbers
at lower ion-exchange concentration, suggesting that these membranes could be substitute
for commercial cation-exchange membranes. Models of porous membranes were used to

explain the electrical resistance and transport numbers of these membranes.



CHAPTER FOUR
MEMBRANE EVALUATION 1

USING DIFFUSION DIALYSIS TO SEPARATE BASE AND SALT

Membrane separation processes which make use of a concentration difference as
the driving force include gas separation, vapour permeation, pervaporation (PV), dialysis,
diffusion dialysis (DD), carrier mediated processes and membrane contactors [132].
Some of the processes combine with other driving forces. For example, a pressure
difference is also a driving force in gas separation, vapor permeation, and pervaporation.
Depending on the selectivity and fixed charge concentration in ion-exchange membranes,
diffusion dialysis can be an energy-efficient separation technique since the only force
acting in the system is the concentration difference of the permeants between the feed and

the permeate [133].

4.1. PRINCIPLE OF DIFFUSION DIALYSIS

4.1.1. Process of Diffusion Dialysis
The principle of DD is illustrated in Fig. 4.1. Proton and hydroxide ions are the

most permeable ions in ion-exchange membranes while co-ions are rejected due to the

120
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Fig. 4.1. Processes of diffusion dialysis with (a) cation-, (b) anion-exchange membranes.
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Donnan exclusion. For example, in Fig. 4.1, a cation-exchange membrane rejects Cl™ but
allows OH™ and the counter-ion (Na") to permeate through the membrane. As a result,
NaCl is retained while NaOH permeates across the membrane, Fig. 4.1(a). Similarly for
anion-exchange membranes, the NaCl from NaCI/HCI is retained while HCl permeates
across the membranes, Fig. 4.1 (b).

The process of DD using an anion-exchange membrane has been shown to be
effective for the separation and recovery of sulfuric and other acids from waste solutions
being generated in the electroplating and steel industry [120,134]. Recently, Stachera et
al. [54] reported acid recovery from the acid-metal ions mixed solutions using diffusion
methods with pore-filled anion-exchange membranes containing poly(4-vinylpyridium
salts).

A counter-current DD process for recovery (or removal) of acid from an acid/salt
solution is, from an engineering point of view, rather simple and energy efficient, Fig.
4.2. The transport of H' is relatively fast due to high diffusivity and the possibility of
water splitting in anion-exchange membranes which are leaky to H" ions [135].

A similar process can be used to separate base and salt by DD using a cation-
exchange membrane. That is based on the differences in mobility of hydroxide ion and
other anions. However, the separation ratio of base to salt is smaller [132,133]. There are
only a small number of reports of the use of diffusion dialysis to separate the mixtures of
base and salt. For example, Sata proposed that the recovery of base from base and

aluminium salt mixtures was a new application for cation-exchange membranes [125].
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Fig. 4.2. A counter-current DD process for recovery of acid from an acid/salt solution;
the grey color shows the concentration profile of acid, and the points (o) show
the concentration profile of metal ions schematically.
Wycist and Trochimczuk reported the results of salt and base separation using a weak
acid cation-exchange membrane [136].

The properties of the pore-filled cation-exchange membranes prepared in this
work, such as high ion-exchange capacities and concentrations, and transport numbers
(for details, see Chapters 2 and 3), suggested that the membranes would perform well in
diffusion dialysis applications. Thus, the separation performance of NaOH from mixtures

containing NaOH and a salt (NaCl or Na,SO,) using diffusion dialysis is investigated and

reported in this Chapter.
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4.1.2. Transport of Proton and Hydroxyl Ion
4.1.2.1. Proton Transport

The migration of a proton in water occurs by two different processes. The first is a
free solution diffusion process, Fig. 4.3(a), in which the proton and associated water of
hydration diffuse through the water phase. The second is a "proton-hopping" process in
which the proton moves by a sequence of steps involving formation and breakage of
hydrogen bonding of a series of water molecules. This second mechanism, involving a
"proton hop" process, is so-called the Grothus mechanism, Fig. 4.3 (b) [137]. This
mechanism involves a proton hopping from H30" to a neighboring H,O molecule which,
in turn, ejects one of the protons which is to form hydrogen bonding with a neighboring
proton. Thus, a proton "hops" (is transported) from one water molecule to another. As a
result, a succession of proton-hopping steps lead effectively to proton transport through
the water. In the Grothus mechanism, the original proton entering the membrane is not
the proton transported.

The free solution diffusion rate of a hydrated proton is much slower than the rate
of the proton-hopping process [138]. The free solution diffusion coefficient of a proton is
2.30 x 10" m%s while the overall diffusion coefficient of a proton is 9.31 x 10° m%s. The
overall diffusion includes both the proton-hopping and free solution diffusion processes.

The transport of proton through a hydrated ion-exchange membrane can, in
principle, occur via both of the two processes which occur in water. One approach to

explain transport in ion-exchange membrane is that the water in an ion-exchange material
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can be understood as bound (or "non-freezable", "associated") water and free (or
"freezable", "bulk-like") water [55,56]. The free water resembles bulk water with the
major interactions being hydrogen bonds. The bound water molecules, however, are in
the vicinity of the materials while the free water is further away from them. The strength
of the bonding between the bound water molecule and the materal is greater than that of
hydrogen bonding in the free water. Thus, the free water is bulk-like but the bound water
is assumed to be a part of structure of the materials. The relative proportions of the
different water types can be determined by differential scanning calorimeter (DSC),
NMR, infrared, and other methods [55-57].

The free solution diffusion of a proton through a bhydrated membrane can, in
principle, involve both the free and bound water. However, the "free" diffusion is
expected to be much slower in bound water. On the other hand, the proton-hopping

(Grothus mechanism) can occur in both free and bound water.

4.1.1.2. Hydroxide Ion Transport
The transport of a hydroxide ion in an aqueous solution can be assumed to involve
the free solution diffusion and a form of the Grothus' proton hop mechanism. In this

proton hop mechanism, protons effectively move in the opposite direction to hydroxide

* Strictly speaking, the concept of bound and unbound water is accepted as a model of

water in electrolyte solutions.
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ions, Fig. 4.4 [138]. The process involves that a hydroxide ion removes one of the protons
from a neighboring water molecule (site 1). Thus, water is produced and the negative
charge is transferred to the oxygen at site 1. This negative charge then takes one of the
protons from its neighboring water molecule and thus the negative charge is transferred to
that oxygen (site 2). This process repeats and the negative charge is transferred to site 3,
site 4, and so on. Therefore, a succession of this type of proton-hopping leads to a rapid
transport of hydroxide ions in water.

Based on the proton-hop mechanism, the proton-hopping diffusion rate of
transport of a hydroxide ion should be approximately equal to that of a proton. The
overall diffusion rate of hydroxide ion (diffusion coefficient 5.27 x 10 m%s) is smaller
than that of proton (9.31 x 107 m%/s). This is due to the fact that the free solution

diffusion rate of hydroxide ion is lower than that of proton.

4.1.1.3. Diffusion Dialysis with Base and Salt

The diffusion dialysis process using ion-exchange membranes has been studied
for acid/salt [54,137,139-143] and base/salt systems [125,133,136,144,145]. The models
of the diffusion processes are based on the ideal situation, ie., only counter-ions can go
across ion-exchange membranes but the transport of co-ions is restricted by Donnan
exclusion.

The DD process with NaOH/NaCl is illustrated in Fig. 4.5. Donnan exclusion

effectively draws counter-ions (Na") into the membrane but rejects anions (Cl" and OH).
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The driving force (the concentration difference) drives the counter-ion (Na*) to transport
across membrane via the association with the fixed charges (-SOj3). In order to maintain
charge neutrality, the transport of the counter-ion (Na’) cannot occur without the
migration of an anion. Thus, the diffusion rate of the anions, such as CI, through the
membrane is affected by the diffusion of Na*. The use of a cation-exchange membrane to
recover NaOH then comes down to the relative differences in rate of transport of OH™ and
other anions present in the feed solutions.

The ideal situation is that only counter-ion (Na*) can enter a cation-exchange
membrane but co-ions (Cl" and OH") are totally rejected due to Donnan exclusion. The
reality is that co-ions (Cl" and OH") are not totally excluded. The degree of exclusion of
the co-ions transported via free solution diffusion is related to the Donnan potential and
concentration of the ions in the contacting solution. The rate of free solution diffusion of
Cl" and OH™ depends on the content of free water, eg., these rates are substantially
decreased with reduced free water content. However, the transport of OH" via proton
hopping depends on the water in the membrane but is not controlled by Donnan
exclusion. The OH’ ions transported includes the OH ions transported via free solution
diffusion and proton-hopping. Thus, the discrimination between ClI" and OH™ depends
practically on the content of free water. A higher ion-exchange concentration in the
membrane leads to a lower content of free water which is expected to lead to higher

separation ratio (the rate of OH to CI").
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4.2. EXPERIMENTAL
4.2.1. Materials

The membranes used in this chapter were a substrate PE membrane supplied by
the 3M Company and a cation-exchange membrane (#67) containing poly(styrene-DVB
sulfonic acid). The preparation and characterization of membrane #67 have been
described in Chapters 2 and 3, respectively.

Inorganic reagents used, NaOH, NaCl, and Na,SO, (Aldrich), were all AR grade.

The water was deionized and carbon filtered.

4.2.2. Permeability Measurements

The experiments were carried out in a diffusion cell, Fig. 4.6, constructed from
Lucite®, which was described elsewhere [54]. Briefly, the cell comsisted of two
compartments of equal volume separated by the membrane. The active membrane area
was 3.14 cm?. The diffusion cell and the solutions to be used were placed in a water
temperature-controlled bath (at 25.0 + 0.1°C) for temperature equilibration for 45 min.
Twenty-five (25.00) mL of a feed solution containing 1.0 M NaOH and 0.5 M salt (NaCl
or Na;S0,), was added to one compartment and simultaneously 25.00 mL of water was
added to the other compartment. The solutions in both compartments were stirred at an
identical rate of 25 revolution per second. Approximately S mL of the feed and permeate
solutions were withdrawn by two syringes simultaneously and rapidly from both

compartments after a given period of time. The concentrations of the ionic components
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Fig. 4.6. Diffusion cell with thermostat water bath.
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were determined by ion chromatography, (DIONEX, DX-100). The concentration of the

base (NaOH) was determined by titration with a standard HCI solution. Water transport

was calculated from a mass balance on the base (NaOH). Water transport was also

verified by measuring the volume difference between the feed and the permeate using the

syringes to quickly withdraw the feed and the permeate solutions simultaneously. The

error in water transport between the calculated method and the measurement with syringe

was approximately 10%.
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At any time, the flux (J;) of an ionic species across membrane is given by:

P.
.= —— AC; 4.
J, = == 4G CRY

where P; and AC; are the permeability coefficient and concentration difference (mol/L) of
the ionic species i, respectively, and d is the thickness of the membrane.
In this work, the dialysis coefficient (U) of the membrane for each component was

calculated by the following equation:

w
U=—_——-A-t-AC “4.2)

where W was the amount (mole) of component transported, A the active membrane area
(m?), and t the diffusion time (h). The logarithm concentration difference, AC, was

calculated from the following equation [146]:
AC = Ceo — (Cc};x - CP:)
FO
m|: Cr — Cr :l

where C was the concentration of the ionic species, F and P denoted the feed and the

@.3)

permeate, respectively, and 0 and t denote the time 0 and time t, respectively (and
illustrated in Fig. 4.2).
The separation ratio for the membrane was calculated by:

Separation ratio = Upase /Usant 4.4
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4.3. RESULTS AND DISCUSSION

Membrane #67 was selected for the diffusion test since the properties of this
membrane, such as water content, thickness, ion-exchange capacity/concentration,
electrical resistant, and transport numbers have been determined. These properties of this
membrane are listed in Table 4.1. These parameters were close to the average values of
the pore-filled cation-exchange membranes prepared in this work (see Chapter 2 and 3 for
detail). The separation results in this diffusion test for membrane #67 would be expected

to reflect the representative performance of these pore-filled cation-exchange membranes.

4.3.1. Concentration Profile and Water Transport
4.3.1.1. Concentration Profile

In order to monitor the changes in ion concentrations in the feed and permeate
solutions during the diffusion dialysis process, the ion concentrations of OH™ and Cl” were
determined at various periods of time. The raw data for calculations of dialysis
coefficients, separation ratios and water transport are given in Appendix B. The
concentration profiles for NaCl and NaOH presented in this case are plotted as a function
of time, Fig. 4.7(a). Water transport through membrane was determined. The trend of

water transport is shown in Fig. 4.7(b).
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Fig. 4.7. (a) Concentration profiles of NaCl and NaOH as a function of time;
the data are based on single measurements;
(b) Water transport from the permeate to the feed as a function of time;
The membrane area is 3.14 cm?, = measured using syringes; 0O calculated based
on mass balance.
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From Fig. 4.7(a), the concentrations of the species in the feed decrease while the
concentrations of the species in the permeate increase as the time increases. As expected,
the concentration of NaOH in both the feed and permeate changes more significantly than
that of NaCl. For example, in the feed, at the time of 1 h, the concentration of NaOH
decreases 26% (from 1.0 to 0.74M) while the concentration of NaCl decreases only 8%
(from 0.5 to 0.46 M). Similarly, in the permeate, the concentration of NaOH increases
from O to 0.29 M while the concentration of NaCl increases from 0 to approximately 0.03
M. The explanation of this phenomenon of separation of NaOH and NaCl has been

described in Section 4.1 of this chapter.

4.3.1.2. Water Transport

From Fig. 4.7(b), as the time increases, the volume of water transport across the
membrane increases but the rate of water transport decreases. Water transport obtained by
mass balance on NaOH and measured by syringe give similar trends. Approximately 0.26
mL of water transports from the permeate to the feed at 0.5 h (average rate = 0.52 mL/h)
and 0.48 mL at 7 h (average rate = 0.07 mL/h). This is due to reduction of the driving
force (concentration difference). The data in Fig. 4.7 are single measurements. The error
in calculated water transport is even larger due the errors in the measurement of
concentrations.

Water transport includes the water associated with the ionic species which

diffuses from the feed to the permeate due to the concentration difference (electrical
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effect) and the water which is transported from the permeate solution to the feed side due
to the osmotic pressure (pressure effect) [10]. The net water transport was found to be
against the direction of migration of the electrolytes (NaOH and NaCl). This result is
because the pressure effect is greater than the electrical effect. Thus, the water diffusion
process would not stop until the two effects are balanced.

Water transport is often disregarded in the studies of diffusion dialysis. This does
not mean no water transport across the membrane but that the amount of water transport
is small and that the error of measurement of water transport is large. Stachera et al. [54]
found that water transport was less than 0.50 mL using the same test cell and negligible in
acid recovery from acid/salts using diffusion dialysis with PVP salt-filled anion-exchange
membranes. Elmidoui et al.[6], Sata [125], Wycist and co-worker [136] and Mika [145]

disregarded the water transport in their diffusion dialysis studies.

4.3.2. Dialysis Coefficient
4.3.2.1. Determination of Transport Theory

It is usually assumed in the membrane transport theory that, for a single solute
system, the dialysis coefficient is constant, independent of time [132]. In diffusion
dialysis, according to Eq. 4.2, the relationship between W/AC and A-t should be linear.
Recently, Stachera [147] observed that, for a single solute HCI system using positively
charged pore-filled ion-exchange membranes, the dialysis coefficients did not change
significantly with time. However, no work has been reported on the variation of dialysis

coefficient for a mixed solute system using pore-filled ion-exchange membranes.
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In this work, the dialysis coefficients and the separation ratios were determined
for the diffusion dialysis of mixed solute systems (NaOH and salts) using the pore-filled
cation-exchange membranes prepared in the previous chapter. This work also provides a
test for the transport theory on the variation of the dialysis coefficient for a mixed solute
system. The values of W and AC were determined at various times (t) in separate
experiments and the raw data are given in Appendix B. The relationship of W/AC versus
A-tis plotted in Fig. 4.7.

As can be seen, a non-linearity of the results of the dialysis coefficient over the
time range (7 h) is obtained (the solid line in the best fit line, through the origin, of all the
data). The dialysis coefﬁgient (U) decreases with increasing the time, instead of being
constant as expected for single solute systems. The deviation from linear behavior is
because the transport theory was not solved for the mixed solute systems. There are two
factors neglected. One is that the water transport is ignored in the calculation of the
dialysis coefficient (U). As water is transported from the permeate to the feed, the
osmotic pressure decreases. The second is that the concentration ratio of the competing
ions changes with increasing time, ie., the concentration ratio of the faster ion to the
slower ion decreases. This leads to a change in difference of the driving forces between
the competing ions. Thus, with increasing time, a smaller dialysis coefficient (U) for the
faster ion and a smaller ratio (Utaster ion/Usiower ion) are expected. This trend was observed

for the data in Appendix B.
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Fig. 4.8. Plot of rate of NaOH transported per unit log mean driving force (W/AC) as a
function of area times time (A-t) for the mixed solute system containing 1.0 M
NaOH and 0.5 M NaCl at 25°C; the solid and dashed lines are the trend lines
calculated by the model (Eq. 4.2) based on the points obtained for 7 h (full time
range) and 1 h, respectively; U (slope of the line) is the dialysis coefficient of
NaOH.
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However, a roughly linear relationship can be obtained (the dashed line in Fig.
4.7) in a shorter period of time (< 1 h). This indicates that the results obtained after a
short, fixed time range give a relative dialysis coefficient with a less error, eg., the error in
Uneon 1s 25% and 12% for over the time range (7 h) and for 1 h, respectively. This is
because, in a short, fixed length of time, the amount of transported water and the change
in concentration of the competing ions are relatively small. Comparing U for all the data
(7 h) versus U for 1 h of operation only, the value of U increases from 7.5 £ 1.9 t0 29.3 =
3.6 L/m’h. Simultaneously, the R? increases from — 0.97 (for 7 h) to 0.84 (for 1 h). These
results suggest that the transport theory would be reasonably applicable for the mixed
system under these conditions. It should be noted that the error in dialysis coefficient
becomes larger at shorter times due to the low concentration of the ion in the permeate
solution. In this study, for the remaining experiments, a time of 30 min was chosen for
convenience (fewer experiments), and the dialysis coefficients obtained were, at least,

reasonably accurate and comparable between membranes.

4.3.2.2. Determination of Dialysis Coefficient (U)

The dialysis coefficients for NaOH and salts (NaCl and Na,SO,) were measured.
As a control experiment, an unmodified substrate membrane was also examined. The feed
solutions used in the tests contained a mixture of the base and salt, ie., 1.00 M NaOH and
0.50 M NaCl, or 1.00 M NaOH and 0.50 M Na;SOs. The permeate compartment initially
contained only deionized water. The experiments were carried out at 25°C for 30 min.

The concentrations of the ionic species in both compartments were determined. The
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dialysis coefficients of the base and salts and the ratios of their dialysis coefficients were

calculated using Egs. 2 and 3. The dialysis coefficients (U) are given in Table 4.2.

Table 4.2. Dialysis coefficients of NaOH, NaCl and Na;SO4 using the PE substrate
membrane and membrane #67 at 25°C °.

Feed Solution 1.0 M NaOH / 0.5M NaCl 1.0 M NaOH / 0.5 M Na,SO,
Unz0H Uneci UneoH Una2so4
Dialysis Coefficient  (L/m?h) (L/m? h) (L/m? h) (L/m* h)

PE membrane

1 33.40 19.72 27.45 10.11

2 28.18 17.42 27.71 10.20

3 27.68 16.23 28.47 10.20
Average 29.75+£3.17° 17.79+1.77° 27.87+0.53° 10.17 £0.05°

Membrane #67

1 17.38 2.357 13.83 0.858

2 20.94 2.849 13.74 0.868

3 16.54 2.393 13.12 0.783
Average 18.29 £234% 2533 +£0.274°> 13.56+0.39° 0.836 + 0.046"

a. The raw data and calculations are given in Appendix B.
b. Standard deviation of three measurements.
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From Table 4.2, in six of eight cases, the standard deviation in dialysis coefficient
(U) is approximately 2% when the time is set at approximately 30 min. This is
significantly smaller than the error (up to 25%) in the measurement of U by changing the
time. This suggests that the data obtained are reproducible and comparable. For both of
the membranes, Ungon is greater than Unaci, and greater than Una2sos. This is because
hydroxide ions are the fastest anion with the largest diffusion coefficient [130]. Due to
the higher Donnan exclusion of the bivalent co-ion (SO4D), Unaca is greater than Ungzso4-
As expected, for all the solutes (NaOH, NaCl, and Na,SO,), the dialysis coefficients for
the substrate PE membrane are greater than those for membrane #67. This is due to the
fixed charges in membrane #67 which restrict the transport of the co-ions. This leads to a
difference in U of the ions transported. The separation ratios are discussed as follows

(Section 4.3.2.3).

4.3.2.3. Calculation of Separation Ratio (Upase/Usar)

The separation ratios were calculated and are given in Table 4.3. For the
uncharged substrate membrane, this separation ratio, as expected, is small. When the feed
solution changes from NaOH/NaCl to NaOH/Na,;SO,, the separation ratio (Unaou/Usan)
increases, ie., from 1.67 to 2.74 for the PE substrate membrane, since there is no charge
(no Donnan exclusion). The separation ratio primarily depends on the diffusivity of the
ionic species involved. The results suggested the separation in DD using the substrate

membrane was poor.
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Table 4.3. Dialysis coefficients, separation ratios and water transport for the systems of
NaOH/NaCl and NaOH/Na,SO, at 25°C"°.

U (L/m’ h) Water
Feed solution UnaoH Usan Unaon/Usate transport®
(mL)

PE substrate membrane

1.00M NaOH + 0.50M NacCl 27.73 16.59 1.67 0.3

1.00M NaOH+0.50M Na,SO4 25.99 9.49 2.74 0.3

Cation-exchange membrane #67

1.00M NaOH + 0.50M NacCl 17.65 2.44 7.21 0.26 (0.30)

1.00M NaOH+0.50M Na,;SO4 12.66 0.78 16.23 0.22 (0.23)

a. The raw data and calculations are given in Appendix B.
b. Calculated by a balance on NaOH; the values in bracket and italic obtained by single
measurements were measured by syringes.

For membrane #67, Unaon, Unaci and Unazsos are smaller than those for the PE
substrate membrane. As can be seen from Table 4.3, the decrease in Unycr or Unazsos is
much larger than that in Unsou. This leads to an increase in the separation ratio. For
example, when the feed solution is NaOH/NaCl, Unaon/Unaci is 7.21, and when the feed
is NaOH/Na;SO4, Unaon/Unazsos is 16.23. This can be also understood in terms of
Donnan exclusion which discriminates on the base of the transport of co-ions across a
charged membrane.

From Table 4.3, an increase in co-ion valency leads to an increase in the

separation ratio. For membrane #67, when the salt changes from NaCl to Na,SQ;,, the
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separation ratio increases from 7.21 to 16.23. The bivalent co-ion (SO4) is more
excluded than the monovalent co-ion (CI) by the Donnan effect due to the larger
electrostatic interactions between the fixed charges and the bivalent co-ions. The effect of
diffusivity in the membrane is less than the Donnan exclusion, though diffusion enhances
the difference, ie., the diffusivity of SO is lower than that of CI. The results are
consistent with the diffusion separation process discussed in Fig. 4.3.

The results suggest that NaOH and salts can be separated effectively by a cation-

exchange membrane, such as #67, in a diffusion dialysis process.

4.3.3. Comparison with Results of Other Studies

A comparison is made, Table 4.4 which lists the diffusion dialysis results with
various systems using cation-exchange membranes reported by Sata [125], Mika [145],
and Wycisk et al. [136].

Sata [125] reported the performance with DD to separate NaOH and aluminate
salt (AL), Table 4.4. In this case, AL in an alkaline solution should be a complex AlO2
rather than A1**. Thus, the system contains NaOH and NaAlO; and AlO," while OH"
would act as the co-ions. As a result, OH" is expected to go through while AlO;" is greatly
restricted by the commercial cation-exchange membranes, CMX-SR and CMA-21. These
membranes have similar ion-exchange capacities but different water contents. As can be

seen in Table 4.4, Unzon is 1.63 L/m*h for CMX-SR and 3.19 L/m*h for CMA-21 while

Usan is 0.043 L/m?h for CMX-SR and 0.112 L/m*h for CMA-21. As
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discussed in Section 4.1, decreasing water content decreases the diffusion rate (dialysis
coefficient) but increases the separation ratio. As expected, CMA-21 with a higher water
content (55%) has a higher Unsou but a smaller separation ratio (Unaou/User = 28) than
CMX-SR.

Membrane #67 prepared in this work has a higher water content (67%) and a
similar ion-exchange capacity (IEC = 2.23 meq/g). Comparing with Sata's work, although
co-ions are monovalent, the larger AlO;" is expected to be more excluded than the smaller
CI'. Thus, it is not surprising to observe in this work a much higher dialysis coefficient
(Unaon = 12.66 -17.65 L/m*h) and a slightly lower separation ratio (Unaon/Unact = 7.21-
16.23 L/m%h). These results are consistent with the findings of Stachera et al. [54] who
concluded that an increase in ion-exchange concentration of the membrane increased the
separation ratios but reduced the diffusion coefficient for each ion.

Wycisk and Trochimczuk [136] reported their DD results with the same systems
(NaOH/NaCl and NaOH/Na;SO4) using a cation-exchange membrane containing
poly(methacrylic acid-co-DVB). They gave no information on water transport. However,
in their paper, the permeability coefficient (P) was calculated by an equation derived from
Eq. 4.1, assuming no water transport [135]. The permeability coefficient ratio
(Pnaon/Psan) was found to be between 3.3 and 3.6 for the NaOH/NaCl system and
between 11 and 15 for the NaOH/Na,;SO, system, Table 4.4. These results are consistent
with the results of dialysis coefficients obtained in this work. Permeability coefficients
(P) are different from dialysis coefficients (U) since the membrane thicknesses are taken

into account in permeability coefficients. Since both of the permeability coefficient (P)
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and dialysis coefficient (U) are the measurement of ion permeability through membrane,
comparable results for the separation ratio are tabulated.

Recently, Mika [145] studied diffusion dialysis of separation of NaOH and salts
using a pore-filled cation-exchange membrane containing weak poly(acrylic acid) (PAA).
That membrane was prepared by UV-initiated copolymerization of acrylic acid and the
crosslinker, tetra(ethylene glycol) diacrylate (TTEGDA) using benzoin ethyl ether (BEE)
as the photoinitiator. Comparing to the properties of membrane #67, Mika's membrane
has a lower degree of crosslinking (TTEGDA = 1.5%), a much higher ion-exchange
capacity (4.3 meq/g), and a lower water content (51%). The DD experiments were carried
out under the same conditions of this work. Mika found that the dialysis coefficients
(Unson = 12-13 L/m%h) were similar to that of this work but separation ratios
(Uneor/Unact = 4.9 and Unzon/Unazsos = 15) were smaller. As can be seen, the trend for
changing the feed from NaOH/NaCl to NaOH/Na,SO;, is identical to that found by
Wrycist and this work. It should be noted that in Mika's work, besides the difference in
functionality, the substrate membrane was different, a PP microporous membrane [145].
Hence, the difference in dialysis coefficients (U) and separation ratios (Unaon/Una2s04)
between Mika's work and this work are probably due to the differences in functionality

and the properties of the membranes.
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4.3. Summary

This chapter has discussed the evaluation of the cation-exchange membranes
prepared in this work using diffusion dialysis with NaOH/NaCl and NaOH/Na,SOq. It
was found that the cation-exchange membranes were capable of separating base and salt
in DD applications.

Water transport was examined. Water transport depended on the net effect of the
pressure and the electrical effects. The concentration of the ionic species across the
membrane versus time was monitored. The diffusion coefficient and separation ratio were
measured. The separation ratio of NaOH/Na,SO, was found to be larger than that of
NaOH/Nacl due to larger Donnan exclusion of the bivalent SO4Z.

The results obtained in this work were compared with the reported results of the

DD using different cation-exchange membranes.



CHAPTER FIVE
MEMBRANE EVALUATION II

SEPARATION PERFORMANCE IN PRESSURE-DRIVEN PROCESSES

One of the most important industrial applications of membranes is pressure-driven
separation of solutes and other species from water [148-150]. These processes include
reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF).

Most membranes used in pressure-driven processes are non-charged or partially
charged, such as thin film composite membranes with a charged skin layer. Due to the
Donnan exclusion mechanism, the use of ion-exchange membranes in pressure-driven
processes has interested membrane researchers for many years. Hoffer and Kedem in the
1960s investigated the separation of salts using charged membranes prepared by
crosslinking albumin in a collodion matrix [151-154]. These workers developed
mathematical models for separation performance of ion-exchange membranes under
pressure-driven conditions. They reported negative rejections of the acid (HCI) for a
mixture of salts/HCI under reverse osmosis condition [153-155]. Lonsdale et al., studied
ion separation under pressure-driven conditions using commercial ion-exchange
membranes [156]. Ceynowa reported the transport of electrolyte across a Nafion-120

cation-exchange membrane [157].

150
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Recently, there has been renewed interest in using ion-exchange membranes in
pressure-driven processes. Simons reported trace element removal from ash dam waters
by nanofiltration [158]. Strathmann and co-workers have reported the retention
measurements of charged membranes with electrolyte solutions in nanofiltration [159].
However, in spite of high solute rejections, low permeability and high cost of membranes
have limited the application of ion-exchange membranes in pressure-driven processes.

Some nanofiltration thin-film-composite (TFC) membranes with charged skin
layers (lower charge density than the pore-filled membranes and greater than
conventional RO membranes), such as NF-4S5 (FilmTec Corporation) and Desal-5
(Osmonics), are commercially available and inexpensive. As non-commercialized
membranes, McMaster pore-filled ion-exchange membranes are an alternative new
approach. Poly(4-vinylpyridine salt) (PVP salt)-filled anion-exchange membranes have
demonstrated superior performance for water softening and ion separation in extra-low-
pressure nanofiltration [16,47,48]. The pore-filled membranes prepared in this work have
high water contents and fixed charged concentrations which are expected to result in high
fluxes and good rejection in pressure-driven processes.

One of the objectives of this thesis is to evaluate the membranes prepared in this
work under pressure-driven conditions. This work will help gain an understanding of the
mechanism of transport through examining separation performance of single and mixed
ion systems. This understanding will help evaluate the performance of these membranes
to NF applications such as water softening. The factors affecting pure water flux,

separation of NaCl solutions, negative cation rejections are presented.
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5.1. EXPERIMENTAL

5.1.1. Materials
The membranes used in this chapter were cation-exchange membranes containing
poly(styrene-DVB sulfonic acid)-filled in a polyethylene membrane. The preparation and
characterization of membranes have been described in Chapters 2 and 3, respectively.
Inorganic reagents used, NaOH, NaCl, HCl, MgCl,, and Na,SO4 (Aldrich), were
all AR grades. Pure water used in this study was RO permeate water that were further

deionized and carbon filtered.

5.1.2. Pressure-Driven NF/RO System

The pressure-driven system used in this study was a 6-cell nanofiltration/reverse
osmosis (NF/RO) testing system [160]. The system consists of: an 8-liter feed tank (1)
and a magnetic stirrer (17), a water-cooled heat exchanger (2), a high pressure pump (3)
connected with an accumulator (4) pre-charged with nitrogen gas and a pressure-protector
(5) which is a security system used to shut off the system power when the pressure is
higher or lower than the pre-set maximum or minimum pressure, a sieve filter (6), six
cross flow cells (7), a pressure gauge (8), a check valve (9) to protect the gauge from over
pressurizing of the system, and a back pressure regulator (10). Three thermocouples,
which were used to measure the temperature during the experiments, were installed in

cells #2, #4, and #6.
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Each cross flow cell contained a flat sheet membrane sample which was placed on
a porous support disk. The effective membrane area was 15.08 cm®”. The flow rate of the
feed solution was controlled at 1.00 = 0.05 L/min throughout the experiments. The
temperature of the NF/RO system was controlled between 22 and 26 °C and the results of
fluxes were corrected to 25 °C [16,47]. This system was kept running 24 hours a day, 7

days a week.

5.1.3. Permeability and Separation Measurements

Two sets of membranes prepared in this work were evaluated. The NF/RO system
was run continuously for seven months with the first set of membranes. At this point, the
membranes were replaced by the second set which was tested for a six-month period.
Pure water was used as the initial feed until the flux was stabilized. Following
stabilization, various solute solutions were used as the feed with pure water permeability
measurements tested between the salt solution experiments.

Flux measurements were carried out by collecting and weighing the permeate
sample for a given period of time. The concentrations of the feed and the permeate were
determined by the conductivity meter (YSI, Model 31) for single solutes or by ion
exchange chromatography (Dionex, DX-100) for the mixed solutes. The flux was
calculated from the following equation:

o, m
T A

Flux (kg/m3s) = 5. 3)
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where m was the mass of permeate collected over the time 1, An was the active
membrane area, and ar was the temperature correction factor calculated by the following
empirical equation [161]:
ar = -0575InT + 2.85 (5.4)
where T was the temperature in Celsius.
The rejection of inorganic solutes or ionic species were calculated by the

following equation:

Rejection (%) = (1 - EC—’;) x 100% 5.3)

F

where Cr and Cp were the concentrations of the species in the feed and the permeate,

respectively.

5.2. RESULTS AND DISCUSSION

Two sets of the cation-exchange membranes with various characteristics were
selected to test in the NF/RO system. The properties of the membranes are given In
Tables 5.1 and 5.2.

As can be seen in Table 5.1, set 1 has membranes with various mass increases and
degrees of crosslinking (DVB percent). In order to study the effects of sulfonation

temperature, ion-exchange concentration and substrate membrane, set 1 was replaced by



Table 5.1. Properties of set 1 of membranes used in the NF/RO system.
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NF/RO Cell number 1 2 3 4 5 6
Membrane number #68 #67 #71 #72 #70 #69
DVB (%) 2.5 25 2.5 2.5 1.0 1.0
Mass increase (%) 80 83 86 74 150 64
Sulfonation Temp. (°C) 0 0 0 0 0 0
IE Capacity (meqg/g) 1.92 2.23 2.20 2.17 3.50 2.25
Water content (%) 59 67 - - 68 65
Thickness (um) - 67 - - 85 65
IE concentration (eq/kg) 33 33 - - 5.1 3.5
Water flux at 2000 kPa 0.67 0.66 0.67 0.69 0.85 0.87
(x103, kg/m?s)
Table 5.2. Properties of set 2 of membranes used in the NF/RO system.
NF/RO Cell number 1 2 3 4 5 6
Membrane number #85 #97 #92 #74 #70 #69
DVB (%) 35 1.0 25 25 1.0 1.0
Mass increase (%) 60 190 72 192 150 64
Sulfonation Temp. (°C) 0 40 40 0 0 0
Sulfonation yield (%) 57 83 82 55 58 61
IE Capacity (meq/g) 2.07 5.23 3.28 3.60 3.50 2.25
Water content (%) - 72 67 - 68 65
Thickness (um) - 83 72 - 85 65
IE concentration (eq/kg) - 7.3 49 - 5.1 35
Water flux at 2000 kPa 0.32 0.23 0.29 0.38 0.85 0.87
(x10°, kg/m’s)

Different
Remark substrate *

* Membrane #74 uses a different PE substrate membrane (see Table 5.4 for detail).
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set 2. Set 2 has membranes with two sulfonation temperatures and various ion-exchange
capacities/concentrations, mass increases, degrees of crosslinking, and a different
substrate membrane. It should be noted that sets 1 and 2 both have membranes #69 and
#70.

The results of pressure-driven permeation testing are presented and discussed in
the following three subsections using pure water, NaCl solutions, and NaCl/MgCl,
solutions as the feed. In this work, it is assumed that fouling of the membranes is
negligible and that the structure of the porous support of each cell does not interfere
effectively with solute or solvent transport significantly. The ranges and experimental

errors in operational variables and measurements are given in Table 5.3.

Table 5.3. The ranges and experimental errors in operational variables and measurements.

Variable Range Error (%)
Pressure (kPa) 500 - 3500 (£ 2.5%)
Temperature (°C) 23 -26 + 0.1
Feed flow rate (L/min) 1.00 0.05
Flux (x 10°, kg/m?s) 0.1-5 (< 1%)
Concentration (ppm) 0-12,000 (x2.5%)

Mass (g) 5-15 + 0.01
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5.2.1. Performance with Pure Water
5.2.1.1. Pure Water Flux

The results of pure water fluxes as a function of time for set 1 are shown in Fig.
5.2 and for set 2 in Fig. 5.3.

The stabilization time, from Fig. 5.2, for set | membranes at 2000 kPa at 25°C
was approximately 150 h. This long stabilization time is likely due to the reorganization
of the polyelectrolyte chains occurring under pressure. After stabilization (~ 180 h), NaCl
solutions were tested and pure water fluxes were measured between NaCl solutions. The
water fluxes, from Fig. 5.2, for the membranes do not change significantly after
stabilization. It is known that fluxes for electrolyte solutions can be different from the
pure water flux due to the electrostatic interactions between the ionic species and the
fixed charges on the membranes. However, it was found that the pure water fluxes
recovered when the electrolyte solutions were replaced by pure water. This suggests that a
change in membrane structure occurs when an electrolyte is used but this change is
reversible.

The results of pure water experiments for set 2 membranes, Fig. 5.3, have shown
similar phenomena. Thus, the pore-filled cation-exchange membranes used in the NF/RO

system are stable in separating salt solutions.

5.2.1.2. Effect of Degree of Crosslinking
The degree of crosslinking, Table 5.1, mainly affects the pure water flux, Fig. 5.2.

For example, #69 and #70 (DVB = 1.0%) have identical water flux, 0.86 x 102 kg/mzs,



159

00§ ¢ 18 anssaid ey 0007 ‘'S 2[qeL Ul USAIT 1 Xn[j ul J0L3 oY} ‘Y g Jaye
Pa1s3} 219M SUONIN[OS [DBN ‘WAISAS OY/AN Ul SWI) SNSIA SIUBIGUISUI | 198 JO XN[J Jojem aIng ‘7's "Siy

(anoy) aun,

Stpuour / siuowr - (g 00t 00t 00¢ 001 0
t "" N e e S S S S S S e s 00

694 —— DoST B BIY 0007 |
oL# —o— 170

u# v ]

1L —v— ]
L9# —o— 1¢0

89 —e— ]
oBue1 sy uy oSue sy ul 171

Paisa) suonnjos [DeN > | <

Pa1Sa) 19]BM 21Ny fw“

(s;wm/8Y ‘01X ) xn[q



160

"0,$T 18 amssaid edy 000€ ‘p'S 2IqeL Ul
USAIZ ST XN[J UL JOLID S} ] 125 Ul PISN 2IOM ()/# PUB §0# SSUBIQUISW ‘Y 0§ 1oY® Pa)ISa) Slom

SUONNJOS 1S SNOLIBA {WISAS OY/IN Ul SWI) SNSIOA SSUBIQUIAW 7 39S JO XN[J Ia)eM aIng ¢S *S1

0

(anoy) surt g
sypuoutg Stpuout ¢ 00§ 00¥ 00¢ 00¢ 001
[
1 T — — L§ v 1 ¥ T v T v 1 § v
o— —0= —0 o
e —
M.W —¥ 7 v
69# —8—
oL# —o—
vi# —¥—
wo# —v—
L6# —o—
S8t —o—
< oFuel sy ur paysa) > Buersiyur
suonn{os 1jes 19410 pue ‘YT 1DEN Pa1sa) Jajem aung
|1

00

101

(s;w/3y ‘c01X ) X0



161

which is approximately 30% greater than for the other four membranes (DVB = 2.5%),
0.66 x 107 kg/m’s. These results are consistent with the findings reported by Mika et al.

for PVP-filled anion-exchange membranes [160].

5.2.1.3. Effect of Mass Increase

The mass increasc?; does not affect pure water flux significantly, Table 5.1.
Membranes #67, #68, #71, and #72 (DVB = 2.5%, 0°C sulfonation) have mass increase
ranging from 74% to 86% (approximately 16% of difference) but nearly identical pure
water fluxes. Membranes #69 and #70 (DVB = 1.0%, 0°C sulfonation) have identical
pure water flux although membrane #70 had more than 2.5 times the mass increase of
poly(styrene-DVB) incorporated than membrane #69. It is concluded that the mass

increase does not affect pure water flux significantly.

5.2.1.4. Effect of Substrate Membrane

The substrate membrane of sample #74 is different from those of other
membranes used in this study. A comparison of properties of the two substrate
membranes is given in Table 5.4. As can be seen, the properties of the two substrate
polyethylene membranes are similar. The water flux for membrane #74 (DVB = 2.5%) is
0.38 x 10 kg/m’, which is less than those for membranes #67 and #71, 0.66 x 102
kg/m’s, even though #67 and #71 have different mass increases. The difference in pure
water flux is likely due to the differences in pore size and thickness between the two

substrate membranes. For example, the pore size of the substrate for membrane #74 is
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Table 5.4. Comparison of two polyethylene substrate membranes * (3M).

Resulting ID #° Material Thickness Pore size Porosity
b .
o one (umm, mil) (um) (%)
Membranes PE-1 polyethylene 45, 1.8 0.196 78
except #74 533-10
#74 PE-1 polyethylene 55, 2.2 0.178 79
X1270-14

a. Data provided by the 3M Company.

b. Manufacturer’s ID numbers.
0.178 um, which is smaller than 0.196 pum for the rest of the membranes, while the
thickness of the substrate for membrane #74 is approximately 20% thicker than that for
the other membranes. Both the factors, pore size and thickness, are consistent with the

observed reduced flux for membrane #74.

5.2.1.5. Effect of Sulfonation Temperature and Ion-Exchange Concentration

The effect of sulfonation temperature on pure water flux, Tables 5.1 and 5.2, is
significant. For example, increasing the sulfonation temperature from 0°C to 40°C leads
to a decrease of 73% in pure water flux, ie., from 0.85 x 103 kg/mzs for membrane #70
(0°C sulfonation, DVB = 1.0%) to 023 x 107 kymzs for membrane #97 (40°C
sulfonation, DVB = 1.0%). For the membranes with identical degrees of crosslinking
(DVB = 2.5%), an increase in sulfonation temperature from 0°C (#67) to 40°C (#92)
leads to a 57% decrease in pure water flux, ie., from 0.29 (x 10, kg/mzs) for membrane

#92 (40°C) to 0.67 (x 10°, kg/m’s) of membrane #67 (0°C).



163

The mechanism of sulfonation and the effect of sulfonation temperature on ion-
exchange capacity/concentration are discussed in Chapters 2 and 3. It was found that an
increase in sulfonation temperature, ie., from 0°C to 40°C, led to an increase in ion-
exchange capacity/concentrations. Thus, it is concluded that the 40°C sulfonation leads to
a higher ion-exchange concentration but a lower pure water flux than the 0°C sulfonation.

The effects of sulfonation temperature and ion-exchange concentration on pure
water flux are possibly due to the following reason. The 40°C sulfonation membranes
have higher ion-exchange concentrations and the highly charged polyelectrolyte chains
repel each other. These electrostatic interactions force the polyelectrolyte chains to extend
into the pores. This resulted in an increase in excluded volume which will lead to a lower
solution flux [34,60,62]. Thus, the pure water flux through the 40°C sulfonation

membranes is expected to be lower than that through the 0°C sulfonation membranes.

5.2.2. Performance with NaCl Feed Solutions
Both sets of membranes were evaluated in the NF/RO system with inorganic
solutes, such as NaCl, under various feed conditions. This section discusses fluxes and

rejections of separating NaCl using the pore-filled cation-exchange membranes.

5.2.2.1. Flux of NaCl Solution
The conformation of polyelectrolytes affects the membrane performance. It is
known that the conformation of polyelectrolytes changes according to the changes in the

external solution, such as the ionic strength (salt concentration), the nature of ionic
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species or the pH. For example, Mika et al. [16,47,48], reported the pH valve effect for
PVP-filled membranes due to conformational changes with the pH of the contacting
solutions.

The flux of NaCl solutions through both sets 1 and 2 membranes as a function of
the concentration of NaCl was determined. The experiments with set 1 of membranes
were carried out at 2000 kPa and with set 2 at 3000 kPa and 25°C using various
concentmtioné of NaCl solutions as the feed. The flux results of sets 1 and 2 membranes
are shown in Figs. 5.4 and 5.5, respectively.

The experiments for testing set 1 membranes were performed in the order of
increasing concentration of NaCl, while set 2 membranes were performed in random
order of concentration of NaCl. Similar trends of flux versus salt concentration were
found. For both sets of membranes, the pure water flux was recovered when NaCl
solutions were replaced by pure water.

The data shown in Fig. 5.4 and Fig. 5.5 illustrate that flux changes as a function of
concentration of NaCl solution. The relationship between flux and concentration of NaCl
is similar for sets 1 and 2. First, the flux increased by approximately 40-60% when the
concentration of the NaCl solution increases from 0 to approximately 200 ppm. For
example, for membrane #69, the flux increases approximately 60% (from 0.87 x 107
kg/m?’s to 1.38 x 10 kg/m’s) when the feed is changed from pure water to an NaCl
solution of 180 ppm. Secondly, after this increase in flux, the flux does not change

significantly as the concentration of NaCl. For example, for set 1 membranes, the flux
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increases less than 10% when the concentration of NaCl is increased from 500 ppm to
nearly 6000 ppm. Thirdly, the flux of some membranes increases dramatically, ie., up to
3-5 times, when the concentration of NaCl is very high. For example, in Fig. 5.5, the flux
of membrane #69 increases from 1.25 x 107 kg/mzs to 3.88 x 107 kg/m?s when the
concentration of NaCl is increased from 4,460 ppm (log[NaCl] = 3.65]) to 13,590 ppm
(log[NaCl] = 4.13). Set 1 membranes were never tested at such a high concentration and
hence such an increase in flux was not observed. Mika et al. [16,48,160] have reported
similar observations of the effect of high salt concentration on flux for PVP-filled anion-
exchange membranes.

The flux of NaCl solutions, Figs. 5.4 and 5.5, was found to mainly depend on the
degree of crosslinking. The fluxes for membranes #69 and #70 (DVB = 1.0%) are
approximately 25% higher than those of the other four membranes (DVB = 2.5%). It was
observed that the mass increase did not affect the fluxes of NaCl solutions significantly
and that the effect of sulfonation was obvious. For example, from Fig. 5.5, the flux for
membrane #70 (0°C sulfonation) is approximately 3 times higher than that for membrane
#97 (40°C sulfonation) when the concentration of NaCl is between 200 and 5000 ppm.

Such behavior, ie., the increase in flux as the concentration of NaCl increase, is
different from that of commercial TFC membranes where it is found that a higher feed
concentration of salt solutions often leads to a lower flux due to osmotic pressure effects
[161]. In this work, the increase in flux of NaCl solutions through the membrane is
probably due to the change in the conformation of the polyelectrolytes in the membranes

with salt concentration.
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When pure water is used, the interactions between the charged polyelectrolyte
segments repel each other and the polymer chains are forced to extend into the pores of
the membranes. When pure water is replaced by a solution containing ionic species, the
fixed charges are partially neutralized by the counter-ions (Na‘), known as charge
screening (or charge shielding). This reduces the repelling forces between the charged
polymer chains allowing the segment of the polymer chain to segregate on a micro level,
effectively increasing the pathways available for solutions permeation and hence a higher
flux is obtained. One model of this phenomenon is the ionic cluster model which is
discussed next.

The effect of salt on polyelectrolyte structure can also be understood in terms of
an ionic cluster model. The cluster models of polyelectrolytes proposed by Eisenberg
[163,164] were based on linear ionomers and could be applied to slightly crosslinked
polyelectrolytes. In salt solutions, the structure of the polyelectrolyte chains are not linear
but assumed to form ionic clusters (coiling structure) by aggregating ion pairs. Ionic
clusters contained fixed ion, counter-ions and the solvent (water). As a result, with
increasing the concentration of counter-ions, the ionic clusters are re-organizing their
conformation via breaking the old equilibrium and forming a new equilibrium of the ionic
clusters in order to increase their entropy, resulting in reduction in repulsion between the
charged polyelectrolyte chains. Hence, a higher flux is observed.

With the non-crosslinked polyelectrolyte gels, the effect of charge screening leads
to collapse of the polyelectrolyte chains to the pore wall [165,166]. However,

polyelectrolyte gel collapse is unlikely to occur in this work due to the following two
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reasons. Firstly, the polyelectrolyte gels in the membrane is crosslinked by DVB as well
as sulfone formation (Chapter 2). These crosslinks prevent collapse of the polyelectrolyte
chains. Secondly, the concentration of the external NaCl used in this study does not seem
to be high, ie., up to approximately 13,000 ppm (0.22 M) which is significantly lower
than the ion-exchange concentrations (between 3.3 and 7.3 eq/kg) in this study. It is
known that the concentration of the counter-ions (Na*) is higher in the membrane than in
the solution due to charge neutrality [167]. This suggests that the counter-ions in the
membrane affect dramatically the polyelectrolyte gels which are "deformable”. The
charge screening leads to a significant increase in flux by increasing the ionic strength of

the solution.

5.2.2.2. Rejection of NaCl

The results of salt rejections of membranes of set 1 and 2 as a function of
concentration of NaCl are shown in Figs. 5.6 and 5.7.

For both sets of membranes, the rejection of NaCl decreases as the concentration
of NaCl increased. For example, from Fig. 5.6, the rejection for membrane #70 decreases
from greater than 99% to approximately 80% when the concentration of NaCl is changed
from 300 ppm to nearly 6,000 ppm.

Comparing the salt rejection with flux in Fig. 54 and Fig. 5.5, for each
membrane, generally, an increase in flux accompanies a decrease in rejection. For
example, for membrane #69, an increase in concentration of NaCl by 600 ppm, from 0 to

approximately 600 ppm, leads to an increase in flux by 60% (from 0.87 x 10 kg/m’s to
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1.38 x 103 kg/m?s) and a reduction in rejection of approximately 24% (from 99% to
76%). When the feed concentration is very high and the flux is further enhanced, the
rejection decreases even more. For example, for membrane #69, an increase in
concentration of NaCl by 35%, ie., from 4,500 ppm (log[NaCl] = 3.66) to 7,100 ppm
(log[NaCl] = 3.85), leads to a decrease in rejection by over 80%, ie., from 52% to less
than 10%, Fig. 5.7.

From Fig. 5.6, membrane #70 with the highest ion-exchange concentration (fixed
charge concentration) has the highest rejection. The other five membranes with nearly
identical ion-exchange concentrations appear to have lower and similar rejections. This is
because the Donnan exclusion is higher for membranes with higher ion-exchange
concentration. Similarly, for set 2 membranes, the rejection depends on ion-exchange
concentration. For example, membrane #97 with the highest ion-exchange concentration

was found to have the highest salt rejection, Fig. 5.7.

5.2.3. Performance with NaCl-MgCl: Feed Solution

The flux and rejection of the membranes for separating single solute (NaCl)
solutions have been presented. The pore-filled membranes were tested also with MgCl,
and mixed salt solutions (NaCl/MgCl,). This section presents the separation performance
of the single and mixed solute solutions using a typical pore-filled cation-exchange
membrane (#67), also reported in sections 5.2.1 and 5.2.2. The other membranes were
found to behave similarly. First, the major results are presented followed by a discussion

of these results.
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5.2.3.1. Results of Flux and Rejection of Single and Mixed Salt Solutions

The results of flux and rejection for membrane #67 as a function of salt
concentration are shown in Fig. 5.8 for single solute solutions (NaCl or MgCl,) and in
Figs. 5.9 and 5.10 for mixed solute solutions (mixtures of NaCl/MgCl,).

From Fig. 5.8, the flux of both single NaCl and single MgCl, solutions increases
with increasing the feed concentration, similar to the results shown in Fig. 5.4. The
solution flux of single NaCl was found to be higher than that of single MgCl, when the
concentrations of NaCl and MgCl, were the same. The rejection of both single NaCl and
single MgCl, decreases with increasing the feed concentration, similar to the results
shown in Fig. 5.5. The rejection of single NaCl was found to be higher than that of single
MgCl; when the concentrations of NaCl and MgCl, were the same.

From Fig. 5.9, the solution flux of mixed NaCl-MgCl, increases at the beginning
but does not change significantly afterwards with increasing feed concentration of MgCl,
when the concentration of NaCl is kept constant at 150 ppm. In this mixed system (NaCl-
MgCl,), the rejection of both NaCl and MgCl, decreases with increasing the feed
concentration of MgCl, (while [NaCl] was kept constant). The rejection of NaCl was
found to be lower than that of MgCl,, opposite of the trend with single solute.

The pressure effect on flux and rejections is shown in Fig. 5.10. For the mixed salt
system containing NaCl (110 ppm) and MgCl; (55 ppm), a non-linear relationship of flux

versus pressure was observed, ie., flux increased as increasing the applied pressure.
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Fig. 5.8. Rejection and flux as a function of concentration for single solutes with
membrane #67; the single salt systems were NaCl and MgCl,; 2000 kPa

pressure at 25°C.
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Fig. 5.9. Flux and rejection as a function of concentration of MgCl, with membrane #67;
the mixed salt system was NaCl/MgCl,; the concentration of NaCl was kept at
150 ppm; 2000 kPa pressure at 25°C.
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Fig. 5.10 shows that an increase in pressure leads to an increase in rejection of both
cations. It was observed that decreasing the pressure increased the difference between of
NaCl and MgCl, rejections, which increased the fractionation between NaCl and MgCl;
cations, however at lower productivity. For example, at the pressure of 100 kPa, the

rejection of MgCl, was nearly zero while the rejection of NaCl was found to be -75%.

5.2.3.2. Discussion of flux and rejection of single and mixed salt solutions

Usually Donnan exclusion, size exclusion, and the requirement of charge
neutrality all contribute to the mechanism of the salt rejection in NF/RO processes. From
Donnan exclusion considerations, the co-ions dominate the rejection of salts. However,
size exclusion is of minor importance for these pore-filled membranes as evidenced by
the reported low rejections of sucrose by Mika et al. [168]. Strathmann and co-workers
[159] pointed out that the permeation of ions through charged membranes in NF
processes depended primarily on the Donnan exclusion but the size effect also played an
important role. For single salts, the rejection was observed to decrease with increasing
valency of the counter-ion. Similar to the concentration effect presented in Section 5.2.2,
bivalent ions (Mg?"), compared to monovalent ions (Na*), provides higher shielding to
the fixed negative charges on the membrane and make it easier for co-ions (CI) to pass
through the membrane. As a result, the rejection of Mg?* is expected to be lower than that
of Na™.

The solution flux, for single salt, decreases with increasing valency of the counter-

ion, Fig. 5.8. This is not often seen for RO/NF TFC membranes. The confirmation of the
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crosslinked polyelectrolyte gels of the pore-filled membrane strongly depends on ionic
strength of the contacting solution and the nature of the salt. For example, besides higher
effect of charge screening than the monovalent counter-ions (Na*), the bivalent counter-
ions (Mg?") in the membrane interact with two fixed charges, resulting in "ionic
crosslinking”. This kind of "ionic crosslinking"” leads to a decrease in pore size. Hence,
the flux of single MgCl, is lower than that of single NaCl. Another effect (steric effect)
may add to the ionic crosslinking effect. It is known that the ion size of the hydrated,
bivalent Mg?" is larger than that of Na*. Thus, a hydrated bivalent Mg?* ion is more
difficult to go through pores of the membrane than a monovalent Na* ion.

In the mixed salt system, NaCl and MgCl,, with a co-ion in common, the
difference in separation performance between Na* and Mg?* is related to the change in
valence of the competing cations, ie., the selectivity of one ion is affected by the presence
of the other competing ion [169]. The rejection results with mixed solutes stand in
marked contrast to the behavior of these membranes with single salts, Fig. 5.8. For the
mixed salt solutions containing Na* and Mg?*, the rejection of Na* is lower than that of
Mg?*, Fig. 5.9. The permeability of the monovalent ions (Na") through the cation-
exchange membrane is higher than Mg?*. This can be understood in terms of the charge
neutrality and Donnan exclusion. Because of the higher interactions between the bivalent
ions (Mg?") and fixed charges, the Donnan exclusion prefers to attract Mg®* into the
membrane from solution but to repel the co-ions (CI'). Due to the charge neutrality, the
transport of counter-ions through the membrane must be accompanied by co-ions (CI").

The transport of the bivalent Mg?* requires twice amount of the co-ions (Cl) than the
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monovalent Na*. However, the Donnan exclusion restricts the transport of CI". Thus, the
monovalent counter-ions (Na") are forced to permeate preferentially comparing to the
bivalent counter-ions (Mg?*). Hence, a lower rejection is observed for monovalent Na*
than bivalent Mg?* in the mixed salt system.

The difference in free solution diffusivity between Na* and Mg** could be a factor
affecting their rejections. The diffusion coefficient is 1.33 x 10 m?s for Na* and 0.71 x
10° m%s for Mg?* [130]. These numbers are applicable in free solution. The ion
diffusivity in a membrane is generally different due to hindrance and electrostatic
interactions between the mobile ions and the fixed charges of the membrane. The
difference in diffusion coefficient suggests that Na* diffuses faster than Mg?* in dilute
solution. However, for the polyelectrolyte highly filled membranes in this work, this
effect should be smaller than the Donnan exclusion effect. For example, if the difference
in diffusivity were the main effect, the net effect should have led to a lower rejection of
single NaCl than single MgCl,. This is not observed in Fig. 5.8.

From Fig. 5.10, the observed relationship of flux versus pressure was not linear
through the origin. A linear relationship is common in RO/NF membranes. This result is
similar to the finding of Mika et al. [16,64,68,168], who reported the results of pressure
effect on separating salts in NF using PVP-filled membranes. The non-linear relationship
is likely due to that the highly swollen polyelectrolyte gels are deformable by the flow
through the membrane. When a solution flows through pores filled with swollen
polyelectrolyte gels, the solution penetrates into a certain depth limit of the gel and

perturbs the equilibrium. An increase in solution flow forces the polyelectrolyte chains to



180

realign along the flow field. This alignment forces charged neighboring chains closer
together resulting in an increase in excluded volume interactions and a lower solution
flux [34,62]. Recently, Levie [62] used a simplified polyelectrolyte-grafted brush model
to developed mathematical equations which were in good agreement with the

experimental NF data obtained by Mika et al. [16].

5.2.4. Interpretation and Tap water Results

From Fig. 5.9, the rejection of Na* was found to decrease with increasing the
concentration ratio of Mg?*/Na®*. Negative rejections of Na* were found in the mixed
NaCLI/MgCl, system, Fig. 5.10. A negative rejection, calculated by Eq. 5.3, means that the
ion is more concentrated in the permeate than in the feed. In the literature, negative
rejections were observed and various reasonable explanations had been used to
understand this phenomenon.

Kimura [171] had similar findings to the results shown in Fig. 5.8 and Fig. 5.9 for
the same system of mixed salts using a sulfonated poly(2,6-dimethylphenylene ether) ion-
exchange membrane. His explanation was based on partial association of the counter-ion
(Mg?**) of the higher valency within the fixed charges in the membrane. Tsuru et al. [172]
and Bardot et al. [173] also had similar findings using negatively charged, commercial
membranes. They interpreted ion separation by the convective and diffusive fluxes caused
by the addition of counter-ions of different mobilities.

The McMaster- Membrane Research Group [16] has reported the negative

rejection of acids for HCI/NaCl system using PVP-filled anion-exchange membranes in
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NF. A number of papers [16,150-155,161,174,175] have reported and attempted to
understand negative rejection. For example, Hoffer and Kedem's early papers reported
negative rejection of acid using a negatively charged membrane [150-154]. Negative
rejections for anions and anion complexes [176] have also been observed experimentally
in multi-anion systems in nanofiltration and reverse osmosis. Recently, Nielsen and
Jonsson [170] bave reported experimental data and modelling studies of negative
rejections in multi-anion solutions.

In this study, negative cation rejection has been observed with multi-cationic
solutions using the pore-filled cation-exchange membranes. For instance, for in the mixed
ion system, Fig. 5.10, when the pressure was decreased from 3500 kPa to 100 kPa, the
rejection of decreased from 43% to -75% for Na*. But at the time, the rejection of Mg**
did not go negative, ie., from 70% to nearly 0%.

Tap water and a synthetic mixed solute solution containing 2.0 x 10> M of NaCl
and 1.0 x 10> M of MgCl, were used as the feed with membranes #67 and #68 under the
conditions (350 kPa, 25°C). The results are presented in Table 5.5.

From Table 5.5, negative rejections were observed with both tap water and the
synthetic solution. For instance, with tap water, the rejection of Na* was negative (-29%)
while the rejections for Mgz" and Ca®* were positive, Table 5.5. Tap water is a complex
system and concentration of all ionic species present was not measured. Thus, a simple
synthetic mixture (NaCl/MgCl,) was also examined and again the rejection was negative

for Na* (-25%) and positive for Mg?*. When a single cationic solution was used in the
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Table 5.5. Rejection of inorganic ions using pore-filled cation-exchange membranes *°.

Ion Na* Mg** Ca** Cr SO
Tap water °

Ion concentration 23 7 30 21 30

in feed (ppm)

Rejection (%) -29 21 23 16 26

Svnthetic solution ©

Ion concentration 42 (2.0) 23 (1.0) - 140 (4.0) -
in feed, ppm (x10°, M)

Rejection (%) -25 45 - 58 -

a. The error in concentration measurement is given in Table 5.3; 350 kPa pressure at
25°C.

b. Using #67: IEC = 2.23 meq/g, mass increase = 83%, DVB = 2.5%, ion-exchange
concentration = 3.3 eq/kg, flux = 0.31 x 10~ kg/m’s.

c. Using #68: IEC = 1.92 meq/g, mass increase = 80%, DVB = 2.5%, ion-exchange
concentration = 3.3 eq/kg, flux =0.33 x 107 kg/mzs.

experiments, only positive rejections for the cation were observed irrespective of the

charge of the cation due to electroneutrality. The rejection of a monovalent cation (NaH)

could be negative only in the presence of ions with competing ions, such as multi-valent

cations (Mg?" or Ca®"). This is good for water softening, eg., Na* is concentrated in the

permeate while most of hard Mg?* and Ca®* ions are removed.

The pressure affected the negative rejection significantly in pressure-driven

separation processes. As can be seen in Fig. 5.10, negative rejections of Na* were
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observed when the pressure was low (low flux), ie., at 100 kPa and 350 kPa. This was
discussed in the previous section (5.2.3.2) (due to the Donnan exclusion and charge
neutrality).

Modelling studies are helpful to understand the performance of the membranes.
For example, Nielson and Jonson [170] found in their data that negative rejections up to
1000% were obtained at low pressures. The results of the reductions in negative
rejections (more negative) obtained from modelling studies were consistent with the
experimental results. However, the model developed by Yaroshchuk [174] based on
irreversible thermodynamics had failed to analyze the transport properties of
macroscopically homogeneous gels.

Garcia-Aleman [175] recently calculated and modelled the performance of the
commercial NF membranes and membranes used in this work. The model developed by
Garcia-Aleman had ten adjustable parameters which were determined based on the data
obtained in the experimental work [175]. The model successfully fitted the performance
of the commercial NF membranes but this model failed to fit the performance of the pore-
filled cation-exchange membranes prepared in this study. The model could qualitatively
but not quantitatively describe the salt rejections as a function of the salt concentrations,
based on the data shown in Figs. 5.8, 5.9 and 5.10. For example, the model could
satisfactorily predict the rejection of Mg?" but over-predict the rejection of Na*. The
author concluded that the performance of the pore-filled cation-exchange membranes
depended on the charge interactions (charge screening) and changes in conformation of

the polyelectrolyte gels which were not included in the model.
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5.3. CONCLUSION

This chapter has presented the results of evaluation of pore-filled caﬁon-exéhange
membranes using a pressure-driven separation process.

These membranes were found to be capable of rejecting single and mixed,
monovalent and bivalent inorganic ions, such as Na® and Mg2+, in pressure-driven
processes. The difference in flux mainly depends on the degree of crosslinking but the
difference in rejection primarily depends on membrane ion-exchange concentration
(Donnan exclusion). The effect of the feed concentration on permeability and separation
is significant. The effect of mass increase of poly(styrene-DVB) on flux is small.

Transport mechanisms are discussed to understand the performance of the pore-
filled membranes. For example, charge screening (shielding), the coiling ionic cluster —
model, and the exclusion mechanism are described. The conformation of the
polyelectrolyte gel changes in the presence of the electrolyte solutions.

Negative rejections for cations were observed in mixed salt solutions in this study.
The degree of negative rejection is affected by the solution flux (and pressure) and

concentration ratio of the competing mobile ions.
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CHAPTER SIX

CONCLUSIONS AND FUTURE WORK

This chapter summarizes the work described in this thesis and then seeks to
compare the membrane nanofiltration performance with other pore-filled membranes that
have occurred at McMaster University, In doing this, references will be made to the

recent development on pore-filled membranes.

6.1. Summary

The key findings in this thesis are:
° A new method of incorporating poly(styrene-DVB) in the PE substrate
membrane by in situ polymerization has been developed. The mass
* loading of the incorporated poly(styrene-DVB) can be controlled up to
approximately 600% by adjusting the degree of crosslinking and the
polymerization time. Pore-filled cation-exchange membranes can be made
by chlorosulfonation of the incorporated poly(styrene-DVB). The effect of

sulfonation temperature on the sulfonation yield has been determined.
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e The pore-filled cation-exchange membranes made in this work are robust,
being stable under test conditions, relatively easy to made and potential
cost effective.

° The incorporated polyelectrolyte, poly(styrene-sulfonic acid) was found to
be evenly distributed in the PE substrate membrane.

° The membranes have been shown to have high ion-exchange capacities
and water contents. The electrical resistance of the pore-filled membranes
was found to be low. The counter-ion transport numbers are high.

. The pore-filled membranes are capable of separating inorganic salts in
diffusion dialysis and pressure-driven processes. The transport of ionic
species through these membranes has been discussed.

° A contraction of the PE substrate membrane ("pore contraction") was
observed during the thermally initiated polymerization step. The
membrane thickness changed with the mass loading. The thermal
contraction has the effect of reducing the pore size and porosity of the base
membrane. As will be shown in this chapter, this is an important factor in

determined the performance of the membranes.

6.2. Recent Development on Pore-Filled Membranes at McMaster University

At the last stage of writing this thesis, Mika and other members of Dr. Childs’
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group [65] have compared the properties of several series of polyelectrolyte-filled
membranes in terms of nanofiltration applications. Out of this work, there has a rapid
increase in understanding of the pore-filled class of membranes. As a result, it is
interesting to compare the nanofiltration performance of the membranes prepared in this
work with other systems recently studied in the McMaster laboratory to see whether they
fit into the pattern and overall picture which has recently been developed.

The approach taken by the McMaster Membrane Group was to prepared several
series of pore-filled membranes in which the chemical structure, concentration and charge
density of the incorporated polyelectrolyte gels were systematically varied. These well
characterized membranes were then examined in terms of their hydrodynamic (Darcy)
permeability and separation of a standard NaCl solution of (300 ppm). The pressure
regime used in this study was between 100 and 500 kPa.

The polyelectrolyte gels selected in the work of these very recent studies include
quaternized and partially quaternized poly(4-vinylpyridinium salts) (PVP salts),
poly(vinylbenzyl ammonium salts) (PVBA salts) with different crosslinking agents, and
crosslinked poly(acrylic acid) (PAA). The chemical structures of these polyelectrolyte
gels are shown in Fig. 6.1. The results of the study are summarized in two key figures,
Fig. 6.2 (permeability vs volume fraction) and Fig. 6.3 (rejection vs permeability). It
should be noted that the PAA-filled membranes are negatively charged, weak acid cation-
exchange membranes and it is of considerable interest to compare their behavior with the

membranes made in this work.
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As can been from the data shown in Fig. 6.2, there is a good correlation between
hydrodynamic (Darcy) permeability and gel volume fraction in the pores. The Darcy
permeability is inversely related to the gel volume fraction in the membrane pores, ie.,
decreasing with increasing the gel polymer concentration. The solid curve (Fig. 6.2) is
calculated from the model developed Childs and co-workers [47,64] which assumes that
the polyelectrolyte gel homogeneously fills the pores of the host membrane. It can also be
seen that the model reproduces the trends in the experimental data, practically at the
higher gel polymer concentrations. Ii is important to note that the relationship between
hydrodynamic permeability and gel volume fraction holds irrespective of the gel polymer
type and gel polymer charge. In the other words, the negatively charged PAA-filled
membranes (points marked as m in Fig. 6.2) have the same permeabilities as the positively
charged PVP salt- and PVBA salt-filled membranes of the same gel polymer volume
fraction. When the polymer volume fraction is lower than approximately 0.07, the
hydrodynamic permeabilities becomes scattered possibly due to heterogeneity in the gels
at low concentrations.

The separation of a standard NaCl solution (300 ppm) of all the membranes is
shown in Fig. 6.3. It can be seen that for the positively charged membranes, there is a
single correlation which holds. The data for these membranes fall into two regions with a
break point at of hydrodynamic permeability of ca. 2 x 10™*® m?, corresponding to a gel
volume fraction of ca. 0.08. When the membrane permeability (kg,) is less than 2 x 1078
m?, the rejection of the standard NaCl (300 ppm) solution is nearly constant at a value of

approximately 80%. When the hydrodynamic permeability exceeds the break point (2 x
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107" m?), the rejection decreases dramatically. The results clearly suggest that, in the
region (km < 2 x 1078 m? or ® < 0.08), there is no advantage in increasing the gel
polymer fraction in terms of improving separation.

The effect of nominal charge density on membrane performance is evident with
gels 1a and 1b. The charge density of gel in the partially charged PVP salt-filled
membranes (1b) have the very similar NaCl rejections to the fully quaternized PVP salts-
filled membranes (1a) whose nominal charge density is over 10 times higher (Fig. 6.3).
This means that the nominal charge density is poor indicator of the effective charge
density. It is known that the presence of counter-ions significantly affects the gel
conformation of the polyelectrolytes. The charged polyelectrolyte chains can form ionic
clusters with counter-ions [163,164], the so-called charge condensation) [177].

This means that gels with different nominal charge densities can have similar
effective charge density. It can be assumed that the gel structure (average mesh radius)
will be similar for different gels at the identical gel polymer concentration. Thus, the
similar salt rejections for gels with various nominal charge densities can be expected.

It should be noted that the limiting rejections of the negatively charged PAA-filled
membranes (marked as =) are significantly lower than the positively charged membranes.
This is not a fact of the charge density but seems to be due to the presence of the
negatively charged gel. As discussed in Chapters 1, 4 and 5, the transport of salts depends
upon the transport of the co-ions across the membrane. When the permeability is low, the
convective flow is slow but the diffusive flow does not change significantly and becomes

more important. The diffusion coefficient is 1.33 x 10® m?s for Na* and 2.03 x 10° m%s
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for CI' [130]. This difference in diffusivity will lead to the difference in ion transport
through the membrane of different charge type. Thus, NaCl will diffuse more readily
through negatively charged membranes where CI is the co-ion than positively charged
membranes where Na* is the co-ion.

Poly(styrene sulfonic acid) gels are negatively charged. The obvious question is
whether the poly(styrene-sulfonic acid)-filled membranes prepared in this work follow
the same permeability pattern observed in the recent work discussed above. It also of
interest to see whether the negatively charged poly(styrene-sulfonic acid)-filled
membranes also have lower rejections of NaCl as was observed for the PAA-filled

membranes.

6.3. Comparison of Performance of Other Pore-Filled Membranes

In order to compare permeability of the poly(styrene-sulfonic acid)-filled
membranes described in this thesis with the results discussed above, it is necessary to
calculate the hydrodynamic (Darcy) permeability of these membranes and examine the
separation of a standard NaCl solution (300 ppm). Unfortunately, most of the data
obtained in this work were obtained at much higher pressures (2000 and 3000 kPa) than
300 kPa selected in the study as a standard. However, one membrane (membrane #69)
was tested in the same pressure range (100 - 3000 kPa). The performance of this
membrane can be compared with the results discussed above.

The relationship between flux and pressure is shown Fig. 6.4. It was found that

the water flux-pressure was not a linear relationship over the whole pressure range.
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Fig. 6.4. Water flux as a function of pressure for membrane #69.

However, a linear relationship through the origin was found when the pressure
was less than 500 kPa. The slope of the line at the pressure below 500 kPa was used to
calculate the hydrodynamic (Darcy) permeability (k) using the following empirical
equation:

K _Qdn
=" A, AP

6.1)

where Q is the volume flow across the membrane (m?/s), d is the membrane thickness

(m), n is the permeate viscosity (Pa-s), A, is the membrane area (m?), and AP is the
n
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applied pressure (Pa). The permeability was derived from the slope of the straight line
obtained by plotting Qn/An, as a function of AP. The non-linearity of the pressure-flux
relation with membrane #69 means that it is not possible to use other membrane tested
only at 2000 kPa or 3000 kPa in the comparisons.

The polymer volume fraction (¢) was calculated from:

_ (mm,d'y - ml) 02

¢= (6-2)

where my, 4y is the mass (kg) of a pore-filled sample (in a dry state), m;s is the mass (kg)
of the substrate in the sample, v, is the partial specific volume (m3/kg) of the gel polymer,
Vm is the volume (m>) of the swollen sample, and dpg is the density of the high density
polyethylene (kg/m3) and ¢ is the substrate porosity.

The hydrodynamic permeability obtained for membrane #69 is shown in Fig. 6.2
as a function of gel volume fraction (marked as open square 0) where the hydrodynamic
permeability of this membrane was much lower than those of the recently tested
membranes [65]. As can be seen, this membrane still behaved in a similar manner to
other pore-filled membranes and fitted the permeability model that has been recently
developed.

The rejection of NaCl (300 ppm) is also included in Fig. 6.3 (marked as ). The
rejection was found to be 75% which appeared to be in the same range of most of the
positively charged membranes studied (Fig. 6.3). However, again it should be noted that

the poly(styrene-sulfonic acid)-filled membrane has a much lower permeability. It is
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interesting to compare the rejection with PAA-filled membrane (negatively charged). As
can be seen, the rejection of membrane #69 appeared to be higher than that of the PAA-
filled membranes (marked as m in Fig 6.3). The difference in NaCl rejection result from
PAA-filled membranes studied might be meaningful but before a detailed comparison is
made, more data are required.

It is unfortunate that the performance of only a single poly(styrene-sulfonic acid)-
filled membrane can be estimated and that this membrane has a higher gel volume
fraction (0.21) than other membranes. However, the hyMMc permeability lies on
the line predicted by the model and the rejection of NaCl also falls in the range of other
membranes studied. This strongly suggests that poly(styrene-sulfonic acid)-filled
membranes with lower gel volume fractions would follow the same trend as the other
pore-filled membranes and that high performance water softening membranes could be
produced with poly(styrene-sulfonic acid).

The results discussed above also strongly suggest that in order to obtain high
performance membrane, the gel volume fraction must be appropriate, ie., as low as ca.
0.08 - 0.10 (Fig. 6.2), and the nominal charge density is ca. 0.2 mmol/cm® [65). If this
could be achieved with poly(styrene-sulfonic acid), the resulting membrane should have a
high salt rejection (approximately 80% for NaCl (300 ppm)) and a high hydrodynamic
(Darcy) permeability (approximately 1 x 1078 m?).

In order to achieve gel volume fraction in the range between 0.08 and 0.10, a high
porosity substrate membrane and relatively low mass loadings of poly(styrene sulfonic

acid) are required. In the work described in Chapter 3 of this thesis, the observed “pore
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contraction” during the fabrication steps unfortunately reduced the porosity and pore size

of the substrate membrane.

6.3. Recommendations

The key focus of future work should be targeted at making poly(styrene sulfonic
acid) based membranes with the gel volume fraction of approximately 0.08-0.10. these
membranes should show excellent performance in ultra low pressure-driven water
softening capability and because of their negative charges, be resistant to fouling by large,
negatively charged materials (such as humic acids) in the treatment of natural water. In
order to obtain these membranes, new membrane-making methods should be developed.

As the gel volume fraction substantially depends on the porosity of the host
membrane, the pore contraction of the host membrane would be reduced if thermal
treatment (high temperature) can be avoided. UV initiated polymerization methods can
avoid high temperatures effectively. When the pore contraction is reduced, with the same
mass loading, the gel volume fraction will be lower and the flux should be expected to be
enhanced without decreasing the salt rejection. The mass load could also be better

controlled if the styrene/DVB starting concentration were reduced using suitable solvents.
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APPENDIX A

CALCULATION OF TRANSPORT NUMBER

The transport numbers were calculated using Eq. 3.3. The theoretical basis of the
equation has been discussed by Lakshminarayanaiah [114]. The experiment was carried
out at 25°C (T = 298 °K), and the ratio C; / C; = 2. Faraday constant F = 9.648 x 10* C
mol™', ideal gas constant R = 8.314 J mol'K"!. Simplification of Eq. 3.3 leads to,

i = -28.09 Enem (A. 1)
where tf:N,) is the membrane transport number of the counter-ion (Na+). Thus, the
membrane transport number of co-ion (Cl ) is

they = 1 - i, (A.2)

The membrane potential Ep,., is obtained when the polarization layers are

removed. The potential is the intercept on the voltage axis which is obtained by plotting
the voltage versus 1/ Jo (o is the spinning rate of the rotating cell) and by extrapolating

the curve to the vertical axis, Fig. A.1. The calculation of the electrical potential was done
using Microsoft Excel. Print-outs samples of the work sheet, Table A.1, and cell formula,

Table A.2, for the calculation of the transport number in Microsoft Excel 7.0.

198
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Fig. A.1. The electrical potential as a function of 1/ Jo (membrane #67).

The intercept (Eexp) is -29.1 mV and the transport number for the
counter-ion, Na®, was calculated 0.818.



Table A.1. Work sheet of calculation of transport numbers in Microsoft Excel 7.0.

200

A A B C D E F
1 | Membrane #67 #68 #69 #70
2 mass increase (%) 83 80 68 150
3 DVB (%) 25 2.5 1.0 1.0
4 IEC (meq/g) 2.23 1.92 2.10 3.50
5 |DATA
6 | Rotating V@ Voltage Voltage Voltage Voltage
® (pm) | @ @) (mV) @V) (mV)
7 |600 0.0408 -27.5 -27.1 -27.2 -28.4
550 0.0426 -274 -27.0 -27.0 -283
9 | 500 0.0447 -27.3 -26.9 -27.0 -28.2
10 | 450 0.0471 -27.2 -26.8 -26.8 -28.0
11 | 400 0.0500 -27.0 -26.6 -26.7 279
12 | 350 0.0535 -26.9 -26.3 -26.7 -27.7
13 | 300 0.0577 -26.8 -26.3 -26.5 -27.6
14 | 250 0.0632 -26.5 -26.1 -26.4 -27.3
15 | 200 0.0707 -26.3 -25.9 -26.2 -27.0
16 | 150 0.0816 -25.8 -25.5 -25.9 -26.5
17 | RESULTS
18 | Intercept (potential, mV) | -29.10 -28.62 -28.26 -30.21
19 | Standard Error 0.047 0.058 0.073 0.044
20 | MEMBRANE TRANSPORT NUMBERS
21| M 0.818 0.804 0.795 0.849

L1 (Na)
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Table A.2. Cell formula for calculation of transport numbers in Microsoft Excel 7.0.

A |A B C D E F
1 Membrane #67 #68 #69 #70
2 mass increase (%) 83 80 68 150
3 DVB (%) 25 25 1.0 1.0
4 IEC (meq/g) 223 1.92 2.10 3.50
5 DATA
6 |Rotating| 1/ [, Voltage Voltage Voltage Voltage
@ (pm) | (pm™) @mV) (mV) @V) (@mV)
7 600 =l/SQRT(A7T) | -27.5 -27.1 -27.2 -28.4
8 550 =1/SQRT(A8) | -274 -27.0 -27.0 -28.3
9 500 =1/SQRT(A9) | -27.3 -26.9 -27.0 -28.2
10 | 450 =1/SQRT(A10) | -27.2 -26.8 -26.8 -28.0
11 | 400 =1/SQRT(ALl) | -27.0 -26.6 -26.7 -27.9
12 | 350 =l/SQRT(Al12) | -26.9 -26.3 -26.7 =27.7
13 | 300 =1/SQRT(A13) | -26.8 -26.3 -26.5 -27.6
14 | 250 =l/SQRT(Al4) | -26.5 -26.1 -26.4 -27.3
15 | 200 =1/SQRT(A15) | -26.3 -25.9 -26.2 -27.0
16 | 150 =1/SQRT(AL6) | -25.8 -25.5 -25.9 -26.5
17 | RESULTS
18 | Intercept (potential, mV) | ~INTERCEPT(C7: | =INTERCEPT(D7: | ~INTERCEPT(E7: | =INTERCEPT(FTF
C15,SBS7:SBS15) | D1S,SBS7:SBS1S) | E15,SBS7:BSIS) | 15,SBS7:SBS1S)
19 | Standard Error =STEYX(CT:CIS,S | =STEYX(D7:DIS, | =STEYX(ET:EIS5, | =STEYX(FI:F15,%
B7:5B15) $B7:SBIS) SB7:5B15) B7:SBIS)
20 | MEMBRANE TRANSPORT NUMBERS
21 ti\{ma) =-0.0281*C18 | =0.0281*D18 =0.0281*E18 =-0.0281*F18




APPENDIX B

CALCULATION OF DIALYSIS COEFFICIENT

In diffusion dialysis, the amount (W, mol) of the component transported across

the membrane can be expressed as:
W=U-A-t-AC @B.1)
where U is the dialysis coefficient (L/m2-hr), A the effective membrane area (m?), t the

time (hr), and AC the logarithm mean concentration difference (mol/L). When Cy = 0,

the term AC is calculated by:
Crp-(Cg-C
AC = FO ( Ft Pt) (B. 2)
cl-‘t - CP:

where C is the concentration of the transported component, the subscripts F and P denote
the feed and the permeate, respectively, and 0 and t the time O and time t, respectively.
The above assumes little or no water transport, Vp, = Vpg. Thus, W can be
calculated by:
W = Cp:-Vin = Cp- Vpo B.3)

where V is the volume (L).
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In this work, it was found that a small amount of water was transported across the
membrane from the permeate to the feed. The water transport was determined from a
mass balance on the base (NaOH):

Cro-Vro = Cr-VRm + Cpt- Vi (B. 4)
Define the volume of water transported as V20, wrans.
Cro- Vro = Cr - ( Vro+ V20, tans) + Cpt - (Vro - V20, trans) B.5)
In this study, Veg = Vpg = 0.02500 L. Thus, Eq. B.5 leads to:

(Cr-Cprt) - Vi20,t0ans = Cro - Vro- Cr - Vro - Cpt - Vo (B. 6)

and  Vy;0,0uns = = " VEo ®B.7)

The concentrations of NaOH and NaCl (or Na;SOy,) in the feed and permeate were
measured (see Chapter 4 for detail). The raw data and calculations of the dialysis
coefficient (U), the separation ratio (Upese/Usar), and the water transport (Vi20, trans) are

summarized in Tables B.1, B.2, B.3, B.4, and B.S.
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ACRONYMS

4VP
BEE
BPO
DABCO
DD
DSC
DVB
EDX

PVA
PVBA salt
PVBCI
PVP

PVP salt
RO

SEM

TFC

wC

APPENDIX C

NOMENCLATURE

4-Vinylpyridine

Benzoin ethyl ether

Benzoyl peroxide
1,4-Diazabicyclo[2,2,2]octane
Diffusion dialysis

Differential scanning calorimetry
Divinylbenzene

Energy dispersive X-ray spectroscopy
Electromotive force

Fourier transform infrared
Ion-exchange

Ion-exchange capacity
Microfiltration

Nanofiltration

Poly(acrylic acid)

Polyethylene

Piperazine

Polypropylene

Polystyrene

Pervaporation

polyvinyl alcohol
poly(vinylbenzyl ammonium salt)
poly(vinylbenzyl chloride)
Poly(4-vinylpyridine)
Poly(4-vinylpyridinium salt)
Reverse osmosis

Scanning electron microscope
Thin film composite
Ultrafiltration

Water content
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Membrane area

Activity of ionic species I

Feed concentration

Permeate concentration

Diffusion coefficient

Membrane thickness

Density of polyethylene

Electrical potential of the ionic spices I
Membrane chemical potential

Faraday constant, 9.648 x 10° C mol™

Currents of convection flow, and pore-wall flow
Flux of ionic species I

Hydrodynamic permeability

Masses of membrane, wet membrane, and dried membrane
Permeability coefficient of ionic species I
Applied pressure

Volume flow across the membrane (m®*/s)

Ideal gas constant, 8.314 J mol'K™

Area membrane electrical resistance

Absolute temperature (°K)

Glass transition temperature

Melting point

Membrane transport number, and cation transport number
Dialysis coefficient

Electrochemical mobility of ionic species i
Membrane thickness

Valence of ionic species I

Experimental temperature correction factor
Viscosity

Polymer volume fraction

Conductivity

Standard chemical potential

Electrical potential

Time

Partial specific volume
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