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Abstract

Membrane separations are 2 manifestation of the surface forces at the membrane-
solution interface. The surface interactions in a liquid chromatography system are
analogous to those present in a membrane-solution system. The retention time
of a solute passing through a chromatography column is a direct measure of the
attraction or repulsion between a solute and the polymer in an aqueous environ-
ment. These interactions are described as a function of solute properties such
as hydrophilicity and molecular size. The interactions are also a function of the
polymer properties and these properties can be quantified by Hansen’s solubility
parameters. The results from liquid chromatography experiments are used to ex-
plain why functional polymers can produce membranes with higher performance

than commercially available polymers.
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Chapter 1

Introduction

1.1 Membrane Separation Processes

Membrane separation is based on the principle that components of gaseous or liquid
mixtures will pass through or permeate a microporous surface at different rates due
to molecular interactions between the membrane, the solute, and the solvent.

Molecular interactions by definition can encompass a variety of different phenom-
ena. The term interaction can include interfacial forces exerted on the components
of the mixture by the surface, the kinetic effect of friction as molecules move through
pores within the solid as well as physical effects such as size exclusion of the solute
from the membrane pores. The importance of each of these effects depends on the
particular membrane-solute-solvent system.

Membrane separation processes for liquid systems are traditionally s i-divided
into different categories according to the size of the solute in the solution. Figure
1 illustrates such a classification scheme {1]. The definitions are not rigorous or
universal and there is a tendency for each section to overlap.

Molecular sieving action plays a pivotal role in a separation when there is a large
difference in molecular size between components in the solution; such conditions
exist in the realm of microfiltration and ultrafiltration. Surface interactions become
progressively more important and eventually dominate as both the solute size and

the pore diameter decrease. The nature of the membrane interface influences the



CHAPTER 1. INTRODUCTION

Separation || Hevee I l Nano- Il Microfiitration I
Process
Ultrafiltration Partide Filtration
—_ J—1 R
Relative o] | (] [P o)
Material [(Venitra | ["FFvT-;T—l VouciCots
Size (Ea= ] W= [ B ) e
= T e
Angstrom L L [ [
1 10 100 1000 10 10 10 10
(Log Scale) I I [ i I : '
Description| tonic Molecular Macro- Micro- Macro-
. Mol Partide
Range Range olecutar ng:}g ]

Figure 1: The range of membrane based separation processes
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product rate and the solute separation when the process is within the range of
nanofiltration, reverse osmosis or membrane based gas separation.

The role of the interfacial forces at the membrane-solution interface can be
described by the Gibbs adsorption equation. This equation arose out of thermody-
namic considerations and describes the actions at the boundary between any two
phases (eg. liquid-gas, liquid-solid, liquid-liquid). Gibbs {2] proposed that a change
in surface tension corresponds to a variation in the activity of a system :

-1, oy

I'= RT 6lna)T'P (1)

The surface tension () or surface free energy is the additional free energy per
unit area caused by the presence of the interface. The surface excess (I') can be
viewed as a difference in solute concentration between the bulk solution and at the
interfacial layer. The activity (a) can be approximated by the concentration (c) for
very dilute solutions. The physical interpretation of the Gibbs adsorption equation
is the existence of surface forces acting at the boundary of any two phases which
produce a concentration gradient between different components in the solution.
Sourirajan established the Preferential Sorption Capillary Flow (PSCF) mecha-
nism for membrane separation based on the vision provided by the Gibbs adsorption
cquation. The mechanism tries to explain the phenomena of membrane separation
as a direct result of a concentration gradient that develops between different compo-
nents in the solution at the membrane interface. This concentration gradients exists
in the form of a interfacial layer of finite thickness. The application of a driving
force produces a flow of the interfacial layer through appropriate size pores in the
membrane. This results in a permeate composition that is different from the bulk
composition. Sourirajan and Locb were able to produce a commercially viable cel-
lulose acetate desalination membrane in 1960 |3] based on the principle established
in the PSCF mechanism. The cellulose acetate membrane material provides the
appropriate interface while the pores provide a means of removing the interfacial
layer. This idea is best illustrated by figure 2. Water is preferentially attracted at
the interface, while sodium chloride is rejected. This results in the formation of a
water layer adjacent to the membrane surface. The interfacial layer can then be
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removed through an appropriate pore size with the application of pressure. The
ideal membrane will then be the one that has a pore radius equal to the thickness
of the interfacial water (T;). The theoretical radius is known as the critical pore
radius (r.). This fundamental concept can be extended to any solution and interface
and serves as one of the key factors in understanding the nature of membrane based
scparations.

The usc of membrane processes offers an excellent alternative to conventional
scparation methods because of the driving force and good selectivity. The driving
force for the separation is a pressure gradient. Usually, the feed side (concentrate)
has a high pressure while the outlet (permeate) is at atmospheric pressure. The
energy involved in membrane separations is usually less intensive than competing
operations such as distillation because phase changes are not involved. Membrane
processes are now used in areas of concentration, separation and fractionation of
heat sensitive materials usually found in the field of biotechnology and food process-

ing. Membrane technology has now become a standard unit operation in chemical

engineering.

1.1.1 Membrane Materials

The method of selecting the appropriate interface is only the first step in the de-
sign and control of any membrane development. The type of materials that can
be made into membranes include available polymers, copolymers, special functional
polymers, as well as a variety of inorganic materials such as ceramics. There are no
definite eriteria for selecting the correct membrane material for the desired separa-
tion before actually making and testing the membrane. Currently, trial and error
methods and experience are the usual guidelines in selecting the material. There
is a need to devclop a reliable screening procedure for selecting appropriate mem-
brane materials for a particular separation. The selection should be influenced by
the underlying principle of membrane separation. This means that the procedure
must reflect the physicochemical interactions of the membrane-solute-solvent sys-
tem. Liquid chromatography (LC) methods is proposed as the analytical method

for classifying and selecting suitable membrane materials. The parallels between
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LC systems and membrane-solution systems are later described.

The membrane materials chosen for this study are a family of aromatic poly-
sulfones which are now used commercially in the form of microfiltration and ultra-
filtration membranes and as supports for thin film composites and gas separation
membranes [4]. There are three types of polysulfones available : Udel (Bisphenol-
A-polysulfone), Radel (polyphenylsulfone), and Victrex (polyethersulfone). The
chemical structure for each polymer is given in figure 3.

Polysulfones constitute a class of amorphous thermo-plastics that have excellent
chemical and physical properties which are ideally suited for membrane production
[5]. Polysulfones are inherently strong, tough, and possess good creep resistance.
Their chemical structure also gives the polymers protection against extremes in pH
as well as high thermal stability. They can withstand temperatures of up to 150°C
[6]. This group of polymers has low solubility in aliphatic media but can be attacked
by polar solvents such as N-N-Dimethylacetamide (DMA), and chlorinated solvents
such as chloroform as well as aromatics such as benzene.

A method developed by Guiver et al. [7,8,9,10] can further enhance the ap-
plicability of this family of polysulfones by changing the physicochemical nature
of the polymer which in turn changes the interaction at the polymer-solute inter-
face. This method consists of the addition of lithium to an active site on the Udel
polymer followed by a electrophilic substitution. Polysulfone can be modified re- -
giospecifically at the ortho-sulfone site by this process of lithiation. The choice of
electrophile leads to products with different functional groups. These functional
groups can be attached directly onto the main chain or attached with spacer to the
main chain. Such additions produce new functionalized polymers with active sites
attached to their backbone while maintaining the physical and chemical resilience
of the unmodified polymer. These pendant side chains can be charged groups (as
in the case of ionomers), aliphatic groups or metallic groups |11]. This new class
of polymer is a key to enhancing future polysulfone membrane performance."- An
appropriate substituent group can be introduced onto the polymer material so that

surface interactions can be modified to achieve the desired separations.
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There is a wide choice of substituent groups that can be added onto the polysul-
fone backbone. The difficulty lies in choosing the appropriate functional group for
specific applications. A method must be selected to obtain the maximum amount
of information from each derivative since the cost of modifying the polymer is high.
LC is proposed as a method to quantitatively analyze the change in polymer surface
property, and obtain parameters that can characterize the substituent groups in the
system. The two substituent groups that have been chosen for the present work are
the carboxylated functional group (CPS) and the trimethylsilyl functional group

(TMS). The chemical structures for the two modified Udel polysulfones are given
in figure 4. ‘
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Chapter 2

Characterization of Membrane

Materials

2.1 Surface Force Pore Flow (SFPF) Model

The essential nature of membrane separation has been described in the introduction.
Several mathematical models to explain the phenomenon of solute transport have
been proposed and are reviewed in the literature [12]. The Surface Force Pore
Flow (SFPF) model developed at the National Research Council of Canada [13]
takes explicitly into account the effect of surface forces at the solution-membrane
interface. The transport of solvent and solute through the surface of a membrane
can be described by solute-solvent-membraneinteractions acting in conjunction with
the physical effect of fluid flow within the membrane pores. This model allows for
the prediction of membrane flux and component separation even when the solute is
preferentially sorbed.

A brief description of the SFPF mode! will be uscful in demonstrating the im-
portance of surface interaction parameters in solute separation and transport.

The starting point according to the SFPF model is that the separation and per-
meation are controlled by a porous thin skin layer on the surface of the membrane.
The model then assumes the pores on the membrane surfaces can be expressed

as equivalent cylindrical capillaries with an associated pore-size distribution. The

10
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solute flux and the velocity profile can be calculated using standard force and mo-
mentum balances within the pore.
Based on a force balance, the molar solute flux (J;) at a distance (r) from the

inside wall of the cylindrical pore can be described as [13] :

) . ca(r, 2) up(r)

Ja(r) = b(‘r‘) (2)

-RT (éca(r,_:—:_)
Xas b(r) bz

where

ca(r,z) — Solute concentration in the r and z direction

XAl — Proportionality constant
b(r) - Dimensionless overall friction coefficient
up(r) — Velocity of solvent in the pore

Boundary conditions must be defined in order to solve equation 2. The bound-
arics are the local concentration at the inlet of the pore {c,(r,0)) and the local
concentration at the end of the pore (cq(r,6)). These values are obtained by assum-
ing that the Maxwell-Boltzmann distribution law is valid. The local concentration
is related to a bulk value (cq2, ¢.3 for the interface layer and the permeate side

respectively) by a potential function (@), so that :

ca{r,0) = coae oVV/AT {3)

ca(r,8) = coae ®IVET | (4)

Solution and rearrangement of equation 2 with the corresponding boundary
conditions leads to expression 5 for the separation (f') of a membrane in terms of

the solute velocity profiles and various interactions parameters :

oy f Ub{r)E X an wr A
o1 - [{/;R (up( BT ){exp(_b(_};;iﬁ)_ 1}) X (u,,(r))rdr}

b(r
1+ =

+ { / i u,(r)rdr}] | (5)
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The radial velocity profile for solvent flow {us(r)} can be obtained from a mo-
mentum balance [13]. A second order differential equation (equation 6 ) must be

solved in order to generate the velocity profile.

d*uy(r) N ldub(r) _ l{P(r,&) - P(r,0)} xam(r)eas(r)us(r)
dr? r dr n 6 n

=0 (6)
where
P(r,6)-P(r,0) — Pressure gradient as a function of r

n — Viscous shear forces

X AM — Solute-membrane interaction constant

Again, in order to solve this equation, a Maxwell-Boltzmann distribution is assumed.
The localized pressure at the inlet (P(r,0)) and at the outlet (P(r,8)) is related to the
pressure at the bulk phase (P;, P,), a potential function (¢} and a bulk concentration

(ca'..’: cn3) .
P(r,0) = Pi— RTeq|l — e #)/FT] -
P(r,6) = P,— RTcg|l — e #/AT) )
So that equation 6 can be rewritten as :

d*u,(r) ldu(r) 1P -PF,
dr® + r dr +E é

+ %IfST{Cna(T) — caa(r)}{1 - €|
- {b(r) -1} x';‘;’ caslr) us(7) (9)
= 0 \ (10)

Equations 2 and 10 form the basis for the SFPF model. One of the problems
that arise out of the model is the need for a realistic estimate of the potential
function. The assumption of a Maxwell-Boltzmann distribution relates bulk values

which can be meuasured to localized values needed in the model :

Cai = cn,;,exp(—d)(d)/RT) (11)
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The form of the potential function (¢(d)) for the Maxwell-Boltzmann relation-
ship is inversely proportional to the distance from the membrane wall for ionized
solutes {equation 12).

o whend <D
old) =4 , (12)
4 whend>D
where
A — Electrostatic repulsive force constant
d - Distance between the membrane surface and the solute molecule
D — Distance at which ¢ becomes very large due to steric hindrance

of the solvent molecule
A Leonard-Jones potential function is assumed for non-ionized solutes (equation 13):

o whend <D

#ld) = { —f—;- whend > D (13)

where

B — Attraction constant for a Leonard-Jones potential function

The development of the transport model leads to a need to quantify surface in-
teractions. An assumption of a Maxwell-Boltzmann distribution requires the ability
to generate a potential function that is specific to the solute and to the membrane

material. Data other than those obtained from membrane separation experiments
must be introduced.

2.2 Methods to obtain Surface Interactions

There are only three values that can be obtained from any one membrane separation
experiment. Thesc are :

¢ Pure solvent permeation rate (PWP)

o Permeation rate of the solution through the membrane (PR)
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¢ Difference in composition (percent separation) between the bulk solution and

the permeate solution.

Together, these quantities describe both the physical influence of the pore and pore
size as well as the surface effects of the membrane . Data from any one membrane
separation experiment cannot distinguish between the contribution of the pore and
the contribution of the surface forces to the solute separation and flux. A series of
membrane experiments use to decouple the effect of the pore and the effect of the
polymer are both complicated and time consuming. A direct means of evaluating
the solute-solvent-membrane interactions must be found.

Dense film permeation is one method often used to reveal the effect of the poly-
mer surface [14]. A dense film is produced by complete solvent evaporation of a
membrane casting solution at high temperature or for long evaporation time. This
dense film will not have the skin layer normally associated with an asymmetric
membrane. It is then placed between a concentrated solution and a pure solvent
stream. The change in concentration due to osmosis is recorded. This experiment
provi;ies the permeation rate of the solute under a concentration gradient. The
disadvantage of this process is that a transport model must be assumed and addi-
tional experiments must be performed so that dense film permeation data can be
interpreted in terms of equilibrium surface effects and pore effects. Other objections
often raised are the influence of the dense film formation process on the transport,
and the assumption of a defect-free uniform film.

An alternative to dense film permeation is the use of sorption measurements
[15]. The strength and nature of interactions between two components (permeant,
membrane material) can be determined by gencrating the sorption curve of the
permeant for a particular polymer. The experiment involves the recording of the
weight gained by the material when the polymer is exposed to a pure vapor phase of
the permeant or a pure liquid stream of the permeant. The rate of weight increase is
interpreted as the diffusivity of permeant in the membrane material. The maximum
amount of permeant that the polymer can adsorb over a long period of time is the
equilibrium concentration of permeant. If the sorption behavior for the solute is

desired then exposure of the membrane material to a vapor phase will simulate
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the conditions for a dilute solute-solvent system. Similarly, using a pure liguid,
the system will resemble a concentrated solute-solvent environment. The problem
associated with this type of experiment is that only two components of a membrane-
solvent-solute system are represented. Therefore the sorption data does not truly
represent the membrane separation system.

A variation of the pure component sorption experiments is the classic adsorption
experiment. Polymer powder is immersed in a solvent and a solute bath of fixed
composition. The change in concentration as the solute is adsorbed onto the surface
of the polymer is recorded. This process is carried out for different concentration of
solute in the bulk solution. The adsorption isotherm can be generated by plotting
the mole fraction decrease (Az) of ng moles of liquid per weight (m) of a solid versus
the mole fraction (x) of solute in the bulk solution. The difficulty associated with
this experiment is in the measurement of small changes in concentration for dilute
solute systems. The nature of the experiment requires large amounts of polymer
in order to provide the necessary surface area so that weak interactions can be
observed. The batch process involving the wait for the concentration change to
reach equilibrium is both tedious and time consuming.

Chromatography has been used as a method of measuring the amount of ad-
sorption by a solid in a liquid system [16]. This experimental method offers the
advantages of a continuous process as well as the simulation of the equilibrium con-
ditions present at the membrane-solution interface. Matsuura [17] used the principle
of chromatography to interpret the interactions at the membrane-solute-solvent in-
terface. He proposed {18] that the force constants used in the surface potential
function as well as the surface excess (I') at the interface can be evaluated using a
liquid chromatography system. LC data can estimate such parameters as the elec-
trostatic repulsion force constant (4) and Van der Waals attraction force constant
(B) as well as the surface excess. Chromatography therefore provides a means of
decoupling the influence of the surface from the effect of the pore and pore size.
The true nature of the material contribution to membrane separation and transport

across the membrane can then be determined.



Chapter 3

Liquid Chromatography (LC)

3.1 Liquid Chromatography : An Introduction

Chromatography is a term applied to all techniques which enable the separation
of chemical mixtures by exploiting the phenomenon of differential migration as a
solution passes through a column. A carrier fluid containing a mixture is passed
over a bed of porous material. Each component of the mixture has its own distinct
physical and chemical properties resulting in different rates of migration for cach
individual element. This idea of different rates of movement for components of a
solution through a packing is applicable regardless of the phase of the solution or
the nature of the packed bed. Chromatography can be subdivided into gas-solid
chromatography, gas-liquid chromatography and liquid-solid chromatography.

The liquid chromatography system consists of a carrier liquid (solvent), various
components (solutes) dissolved in the liquid as well as a porous support. There is a
distribution of components in the fluid between a mobile and a stationary phase due
to the presence of the packing material. This distribution is due to the difference in
adsorption potential of the solute and solvent as well as the differences in interaction
energies between the mobile and stationary phases.

There is a direct relationship {figure 5) between the physicochemical process in a
liquid chromatography system and the actions at the membrane-solution interface.

Both systems are concerned with the behavior of a surface-influenced liquid layer.
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This layer is known as the stationary phase in LC terms, while for membrane systems
the term interfacial layer is used. The mobile phase in a LC system is analogous
to the bulk solution of a membrane system. The introduction of a solute in either
system results in a concentration difference between the mobile (bulk) phase and
stationary (interfacial) phase. This differential concentration results in a retention
time difference in the case of a liquid chromatography system, and produces positive

and negative concentration gradients at the membrane-solution interface.

Due to the similarities between the two systems, the activities on the surface
of a membrane can be obtained by relating the interfacial behavior to quantitative
values obtained in a LC system. The nature and strength of the interactions between
the solute and the membrane are reflected in the retention time (t.) of the solute
(a) in a fiquid chromatography column. A relative scale can be set up to compare
the interactions . The result can be interpreted as follows: Suppose the retention
time for solute ¢ (t.) is greater than the retention time for solute d (ts), this means
the polymer has a greater affinity for ¢ than d. The