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Abstract
The main objective of this investigation was to study in detail the fundamental
parameters of extrusion shear and forced convection residence time in the dry gap in
dry/wet spinning of hollow fibre gas separation membranes. To achieve this, studies
were undertaken in which extrusion shear and forced convection residence time
were, for the first time de-coupled and studied in 1solation. Much of the previous
work in the literature has concentrated on the effects of precipitation conditions i.e.
phase inversion on membrane formation. This study adopts a rheological perspective

and closely considers the mass transfer and skin formation processes in the dry gap.

In the first phase of work two spinning programmes were carried out; one where

extrusion shear was varied while forced convection residence time was kept constant
and the second where forced convection residence time was varied at constant
extrusion shear. In both campaigns the dry gap chamber height was altered as
appropriate. The studies utilised a sophisticated multi-component polymer dope
designed to produce asymmetric gas separation membranes from forced convection

dry/wet phase inversion. The forced convection system utilised here was of a unique

design that produced aggressive mass transfer conditions.

The resulting fibres were studied using a combination of gas permeation testing,
structural modelling studies, mechanical studies and electron microscopy. These
studies showed the previously undiscovered effect of extrusion shear on membrane

active layer thickness and the subtle effects of forced convection residence time. The

fibres produced displayed above recognised intrinsic selectivities for the gas
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separations studied and this was attributed to shear enhanced molecular orientation in

the membrane active layer. The membranes from this phase were however

mechanically weak.

The second phase of work utilised a homologous higher polymer content dope to
spin tougher membranes - ones that would withstand an industrial environment.
Again, the experimental campaigns were designed to isolate shear and forced

convection residence time so both could be studied independently. The spinning rig
had to be modified to accommodate the increase in viscosity of the high polymer

content spinning dope.

The second phase “industrial” membranes were again studied using gas permeation
studies, structural modelling, mechanical studies and electron microscopy. Due to the
unique nature of the forced convection process in the spin line, the resulting fibres
while displaying increased mechanical strength and intrinsic selectivity where not
productive enough to be utilised in an industrial environment. Their skins were too

thick and hence membrane permeability was prohibitively low.

To solve the strength vs. gas separation properties conflict, a third phase of research

was carried out to strengthen membranes spun from the lower concentration dope by
introducing a sub micron filler: Vapour Grown Carbon Fibre (VGCF). It was hoped

that these mechanically reinforced composite hollow fibres would be both robust and

exhibit attractive gas separation properties. These unique membranes displayed the



productivity of the previous low polymer content fibres and indeed increased

mechanical strength, but were unfortunately less selective due to surface defects.

The fourth phase of work 1nvolved developing two more models to closely study the
mass transfer occurring in the forced convection process and the skin formation

mechanism during dry/wet spinning. The first model developed described the
different areas of mass transfer in the forced convection chamber. This model

explained the unique nature of the forced convection process in this spin line. The

second model related the formation of the active layer to residence time in the dry

g4p.

Further work should be undertaken to study the effect of extrusion shear on polymer

solubility and phase inversion in order to produce high strength super selective

membranes in the future.
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Introduction



1.1 History

The scientific discovery of membranes can be fraced to 1748 and Abbe Nollets
invention of the word osmosis [1]. He observed the flux of water into an alcohol
filled vessel secaled with an animal bladder. The bladder swelled and even burst due

to the influx of water.

In 1831 Mitchell carried out the first gas separation experiments using membranes
[2]. He observed the rates of escape for different gases from India rubber balloons

under identical conditions.

The first use of synthetic membranes in gas separation studies was by Fick in 1855
[3]. In his studies “Uber diffusion” he used membranes prepared from collodin
(nitro-cellulose). He stated that the flux within a medium is proportional to the
concentration gradient (now known as Ficks’ first law). The constant of

proportionality he defined as the diffusion coefficient or diffusivity.

In 1860 Graham systematically studied the molecular mobility in porous and non-
porous membranes [4]. He observed the enrichment of oxygen in air using a rubber
coated paper bag. As a result of his experiments using natural rubber he proposed the
“solution-diffusion” mechanism of transport. This i1s still the basis of today’s
understanding of the penetration of gases in non-porous media. When a gas is at a

higher pressure on one face of a membrane 1t dissolves to an equilibrium



concentration at that face and diffuses across the membrane and down the

concentration gradient to the far side where it evaporates.

Von Wroblewski quantified Grahams work in 1879 [5]. He demonstrated that a gas
dissolves into a polymer to a concentration that is directly proportional to the
pressure above it (Henrys’ law is obeyed). This combined with Ficks’ first law led
Von Wroblewski to define the “permeability coefficient”. He showed that in general
gas flux was directly proportional to the pressure gradient and inversely proportional
to the thickness of the membrane. He also showed that the permeability coefficient
corresponded to the product of the diffusivity and the solubility. Membranes can

separate gases because their permeabilities differ.

All this pioneering work remained of little relevance to the industrial gas separation
community until the ground breaking work of Loeb and Sourirajan in 1962 [6]. Early
membrane gas separation processes were limited by the low productivity of the thick

membranes produced.

Loeb and Sourirajan developed asymmetric membranes using a phase inversion
technique. The structure of these new membranes consisted of a thin non-porous
active layer supported on a porous sub structure.

Active Layer
Fig 1.1 Asymmetric Membrane Structure / /

\/

Porous Sub-
sfructure




The thickness of the active layer was of the order 0.1 to 1 micron. Typical
membranes of the time were of the order 100 to 200 microns thick. This 1000 fold

decrease 1n apparent membrane thickness opened the door to much larger fluxes and

large scale industrial use.

Despite the discovery of Loeb and Sourirajan it was another twenty years and
another major breakthrough before the first successful commercial gas separation

membrane process was launched.

In 1980 Henis and Tripodi developed a method for repairing surface defects in
membranes [7,8]. Even the tiniest percentage of surface porosity can render a
membrane useless for gas separation. [9] The repair method developed by Henis and

Tripodi enabled membranes to realise the full separation potential of the polymer

used in their construction.



1.2 Commercial Development

There are 3 main types of membrane geometry: flat sheet, tubular and hollow fibre.

These different membrane forms can be built into different types of module as shown

in Table 1.1.

Tablel.1 Types of Membrane Module [10]

Module type Tubular Plate and | Spiral wound | Hollow fibre
o Frame o

Packing <300 100-400 300-1000 Up to 30000
density

m2/m3) o

Manufacturing | 50-200 100-300 30-100 520
cost ($/m°) o

Resistance to | Very good Good Moderate Very p-cEr_
fouling o

Parastatic Low Moderate Moderate High

ressure drops
Suitable for
high pressure
operation
Membrane
Replacement

Yes

With Difficulty | With Difficulty

Yes Yes No No

As can be seen from the table hollow fibres offer excellent properties for gas
separation processes. They offer unrivalled surface area per unit volume of module
and can withstand high pressure operation resulting in productive modules that can
handle large volumes of gas. The high pressure results in a product gas at a useful

pressure without the need for recompression.



The choice of material i1s also important in the design of a gas separation system. The
membrane must be as selective and permeable as possible. In order to produce ever
more effective membranes many novel polymers have been invented. Table 1.2

below traces the development of some significant polymers used in membrane

formation.

Tablel.2 [11] Polymer Development

Year Polymer a O,/N, P O, Barrers

1982 - 4-methyl-1-pentene | 3.6 24.0
(TPX)

1985 Ethyl cellulose 3.4 15.0

1986 Polysulfone 6.0 ] 1.2

1989 | Polyphenylene 4.0 160
oxlide

1989 Halogen substituted | 6.5 3.5
polycarbonates

1996 Polyimides 69 0.1-4.0 )

The task is to design ever more selective and permeable polymers that also have
suitable properties in order to produce a membrane that is easily fabricated and

mechanically sound.

The structure of the membrane is also of vital importance in producing a successful

process. The membrane must have as thin an active layer as possible in order to



increase flux but must also be defect free in order to furnish the high selectivities

required in a commercial process.

The process to produce a successful system is summarised in Fig 1.2.

Fig 1.2 Critical Membrane Considerations

Correct Polymer

Successful Membrane
Process

Correct Membrane Appropriate Membrar

Structure Module and Configuratio:

The major structural breakthroughs and fabrication developments in the production

of gas separation membranes can be summarised in the Table 1.3.



Tablel.3 [11] Membrane Advances

Year Workers Discovery US Patent #
1964 Loeb and Sourirajan | Asymmetric membrane | 3133132
formation s
1972 Riley Composite membrane | 3648845
formation
1975 Browall and Salemme | Multilayer composite | 38744986
laminate o
1976 Browall Surface defect coating on | 3980456
- laminate L
1980 Henis and Tripodi Multicomponent 4230463
membranes )
1984 Coptan and Burchesky | Hollow fibre composite | 4467001
o membrane B
1987 Langsam Chemically surface | 4657564
treated membranes o
1987 Puri Highly permeable | 4968470
coatings -
1988 Hayes uv CTOSS linked | 4717393
polyimide membranes e
1988 Peinemann and | In-situ  multicomponent | 4746333
Pinnau membranes o
1989 Sanders, Clark, | Internal separating layer | 4772392
Jensvold, Beck, | of asymmetric membrane
Lipscomb and Coanu POWADIR
1989 Kesting, Fritzsche, | Asymmetric membranes | 4871494
Murphy, Handermann, | formed from Lewis acid
Cruse and Malon base complexes
1992 Exiner, Hayes and | Integrally skinned | 5085676
Manow asymmetric  composite
membranes |
1992 Kusuki, = Yoshinaga | Integrally skinned | 5141642
and Shimazaki asymmetric  composite
membranes

The first successful commercial gas separation process was launched by Monsanto in
1980. The Prism separator utilised coated polysulphone hollow fibre membranes.

The prism separator was initially used to recover hydrogen from an ammonia purge

stream [12]. It has since been used in the recovery of carbon dioxide during oil



recovery and 1n nitrogen production [13]. After the success of the Prism system

many other companies entered the membrane gas separation market as shown in

Table 1.4.

Tablel.4 [11] Commercial Membrane Developments

Year Company MembraﬁE?-S_ysterﬁ
1980 Monsanto (Permea) Polysulfone hollow fibre

H,, CO, CO; separations !
1982 Separex Cellulose triacetate flat sheet

H,, CO, separations B
Polyolelin hollow fibre

Air separation

1984 Dow chemicals

Density gradien_t—golysqu_hone hollow fibre
Alr separation

Permea

1986

Innovative membrane
Systems

1987

Thin film composite hollow fibre
H, separation

1988 Tetrabromo bisphen(;]_ poly_(_:z;bonate hollow

fibre
Air separation

Dow Chemicals

1989 Polyamide Hollow fibre

H; separation -
Polyphenylene oxide fibers
Alr separation

Ube

1991 Delair

The growth of commercial membrane applications is impressive. The worldwide
annual 1nstalled gas handling capacity of membrane systems stood in excess of 4000

million cubic metres in 1999 and was growing at a rate of 8% p.a. [14].



1.3 Gas Separation

Membranes separate gases using the principle of selective permeation. For a
membrane gas separation system the gas is made to transfer through the membrane
by applying a pressure difference across the membrane. The permeate stream is
enriched in the faster permeating components and the retentate stream is enriched in

the slower permeating gases.

The pressure normalised flux P is used to measure flow across membranes, it takes
into account the surface area of the membrane and the driving force across the

membrane. The standard units of pressure normalised flux are cm”(STP)/s cm® cm

Hg.

The ratio of pressure normalised fluxes for pure gases (P/P)), gives the selectivity Qij

of the membrane, this is a measure of how well the membrane separates the gases.

For a defect free polymer membrane the pressure normalised flux is inversely

proportional to the thickness of the membrane and so is standardised with respect to

thickness, PA (where A is the thickness of the membrane) this gives the permeability

coefficient P, of the polymer for that gas, P, = PA. The permeability coefficient is a

measure of the intrinsic permeability of a gas through the particular polymer. The
permeability coefficient is different for different gases and so it can be seen that the

selectivity for a defect free polymer membrane is simply the ratio of the permeability

10



coefficients, o = PyP;. The ratio of permeability coefficients oj is known as the

intrinsic or 1deal selectivity.

1.3.1 Gas Permeation in Porous Media

Although gas separation membranes are intended to be defect free there are

inevitably some defects in the active layer. This requires a knowledge of the different

types of gas flow in pores.

Knudsen Diffusion

This type of flow occurs when the knudsen number (A/r) is greater than 10.

A, the mean free path of a gas molecule 1s given by

A’—__.___}LT__ 1.1
J2mw-p-N-d’ (1)

And r is the diameter of the pore.

The flow due to knudsen diffusion is given by

1

8 1 2 r
= — -—-A 1.2
¢ 3 (Z-E'RO-T-M) L P ( )

The flow rate is seen to be dependent on the molecular weight of the gas molecule.

Gases with different molecular weights therefore flow at different rates through the

same pore. The selectivity for gases separated by knudsen diffusion is therefore

M, ‘
M

a

Selectivity =

(1.3)

11



The low selectivities associated with knudsen diffusion therefore mean it is not a
commercially viable process for gas separations. It is however used to separate

Uranium isotopes [15].

Viscous Flow
When the knudsen number 1s less than 0.01 viscous flow dominates. The flowrate for

viscous flow 1s given by

r2 1 pf+pp
- SN ¢ SMESR DY 1.4
QS-R-TLn( 2 ]p (1.4)

O

The viscosity of a gas (n) 1s essentially independent of pressure. It can be shown

from Kinetic theory that
1
MRT\z2 1
= 0 .. 1.5
() o)

Viscous flow only occurs significantly at pores of radius greater than 3004, even at
pores of 1000A only 50% of the flow is viscous the rest is knudsen. Viscous flow
exhibits no selectivity and the membranes in this study do not exhibit pores of 300A

(from electron microscope studies) so is not studied in any detail.

Molecular Sieving

Recent developments in zeolite production have given rise to increasing importance
of molecular sieving [16]. This type of separation depends on the size of the
molecule and therefore the pore structure must be tightly controlled. This type of

pore structure 1s not seen in the membranes studied here.

12



1.3.2 Gas Permeation Through Non Porous Media

Solution Diffusion

The work of Graham is still the basis of understanding for permeation through non -
porous media today. According to the solution diffusion mechanism the transport of
a gas molecule occurs by solution of the gas molecule at the high pressure side,
diffusion across the membrane due to the concentration gradient and the desorption

of the gas molecule at the low pressure side.

Polymer chains are in a constant state of thermal agitation and the penetrant
molecules migrate through the transient gaps formed by the agitation of the polymer

chains.

Solution
The concentration of the gas in the polymer at the surface is described by Henrys’
law:
C=3Sp (1.6)
Where: C is the concentration of the penetrant
p is the partial pressure of the penetrant above the polymer
S is the Henrys’ law solubility coefficient. This 1s specific to the

polymer penetrant system.

13



Diffusion

The diffusion of a gas through a polymer matrix is normally described by Ficks’ first

law.

J = _D(.‘E) (1.7)
gx

where: J is the flux

D is the diffusion coefficient of the penetrant in the polymer.

C 1s the concentration of the penetrant

x is the co-ordinate direction of the permeation in the polymer matrix
Under steady state conditions equation (no 1.7) can be integrated from the high to

low pressure side of the polymer matrix (denoted by h and 1 respectively).

Ch "'Cr
[

J=D

(1.8)

where 1 is the thickness of the polymer matrix.

Combining 1.6 & 1.8 gives

7 =22 (5, p) (1.9)

and so Q = %A—Ap (1.10)

where: Q is the gas flowrate (standardized)
A is the membrane area

P is the permeability coefficient = DS

Ap is the pressure difference

The permeability coefficient is the most commonly used quantity to describe the gas

permeation performance of a polymer. The permeability coefficient is a basic

14



property of the polymer/penetrant system, it is independent of the thickness of the
material.
For pure gas applications the infrinsic (ideal) selectivity is the ratio of the

permeabilities of the two gases 1.c.

La
Py

(1.11)

X 45

This 1s known as the ideal selectivity of the polymer and 1s a useful fundamental
parameter. At present polymers with a high selectivity exhibit low permeabilities due
to the crystalline nature of the polymers. In order to produce useful membranes not
only the selectivity but also the flux must be high. As can be seen from equation 1.10

in order to increase flux if the permeability coefficient is fixed the thickness of the

membrane must be reduced.

The measurement of D and S are frequently required in diffusion studies. The time

lag technique of Daynes [17] and Barrer [18] are most commonly used to determine

these constants.

Diffusion Theory of Small Molecules in Polymer Matrices
The solution-diffusion mechanism of gas permeation is a macroscopic model. At the

microscopic level however the phenomenon of gas diffusion in polymer matrices is

more complex.

15



In order to describe the mechanisms of gas transport numerous theoretical models
have been developed. The development of these models is complicated by the
difference in diffusion properties of rubbery and glassy polymers. This is because
glassy polymers are not in true thermodynamic equilibrium [{19,20].

These models attempt to give a better understanding of gas transport mechanisms. A
better understanding of gas transport leads to better designed polymers giving more

permeable and selective membranes.

Diffusion Models for Rubbery Polymers
Diffusion models for rubbery polymers take two forms.
1. Molecular models

2. Free volume models

Molecular Models

Molecular models analyse the specific motion of penetrant molecules and the
surrounding polymer chains relative to each other and take into account the pertinent
intermolecular forces. Molecular models typically assume that fluctuating holes exist
in the polymér matrix and at equilibrium a definite size distribution 1s established on
a time average basis. A hole of sufficient size contains a dissolved penetrant
molecule which can jump into a neighbouring hole once it acquires sufficient energy.
Diffusion is achieved when holes which have become vacant are occupied by other
penetrant molecules. Molecular models largely follow Arrhenius type behaviour of

diffusion coefficients observed experimentally as below.

-Eapp)

D=D, cxp( id (1.12)

16



where: E.pp 1S the apparent activation energy for diffusion

D, Is a constant

R, 1s the universal gas constant

T 1s the absolute temperature
A correlation 1s found between E,,p and the molecular diameter of the penetrant but
no theoretical description for the diffusion coefficient D has been made with

molecular models [20].

The first molecular model for diffusion in rubbery polymers was proposed by Meares
[21]. He found that the activation energy for diffusion correlates with the square of
the penetrant diameter. With these findings he concluded that the diffusion step is not
governed by the energy necessary to create a hole that can accommodate a penetrant
molecule. He concluded that the energy required to separate polymer chains to form
a cylindnical void that allows the penetrant molecule to jump from one position to

another was the governing step. Meares proposed the following expression.

E, - %OZNA(CED) (1.13)

where: Ep 1s the actual activation energy for diffusion
o 1s the collision diameter of the penetrant.
N is Avogadros number.
A is the length of the cylindrical void (and jump length)

CED is the cohesive energy density of the polymer

In a later model Brandt considered polymer structure in order to estimate the

activation energy. He proposed that the activation energy consists of two parts. An
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intermolecular contribution E due to the repulsion the bent chain experiences from
its’ neighbours and an intramolecular contribution E; due to the chains resistance to
bending. This model was successfully tested by studying the diffusion of gases in
fluorocarbon polymers [22,23].

Another model by DiBenedetto and Paul considered a gas molecule in a void formed
by four parallel polymer chains [24]. In order for the gas molecule to jump the four
chains rotate into an activated state. The activation energy 1s the potential difference

between the normal dissolved state and the activated state.

Free YVolume Models

Free volume models relate mutual diffusion coefficients for a gas/polymer system to
the free or empty volume of the system. The models developed for rubbery polymers
are based on Cohen and Turnbulls’ theory for diffusion in hard sphere liquids [25].
The free volume model was made of two contributions; 1. Vibrations in molecules
that cannot be redistributed without a large energy change, 2. Discontinuous voids.
Diffusion in such a liquid is not due to a thermal activation process but is as a result

of a redistribution of free volume voids caused by random fluctuations in local

densities [20,26].

Fujita developed a free volume model that described the strong concentration
dependence of diffusion of organic vapours in some rubbery polymers [27]. This
model breaks down however for small penetrant molecules whose diffusion is largely

independent of their concentration [28].
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Stern and Frisch extended the Fujita model to deal with the permeation of small
gases and binary gas mixtures [29-33]. The extended model satisfactorily described

the dependence of permeability coefficients on pressure and temperature.

Diffusion Models for Glassy Polymers

Diffusion mechanisms for gas molecules in glassy polymers are markedly different
to rubbery polymers. Diffusion depends on the temperature of operation and whether
or not that is above the glass transition temperature (Tg). Typically diffusion
coefficients for light gases in glassy polymers are found to be highly non linear
functions of the penetrant concentration. This 1s due to intersegmental packing

defects that are frozen into the structure as the polymer is cooled through the glass

transition.

Glassy polymers are not in a state of true thermodynamic equilibrium and have un-
relaxed volume segments called holes or microcavities of different sizes. Glassy
polymers also have very long relaxation times due to the restricted motion of the
chain segments. Therefore in the presence of a penetrant the chain motion is not fast
enough to homogenize the environment of the penetrant. This inhomogenity at the
molecular level is believed to cause two modes of transport through the polymer and

hence the “dual-mode sorption theory” [33,34].

The two modes of transport are 1. Regular Fickian diffusion through the polymer

matrix. 2. Penetrant molecules are absorbed (accommodated) in irregular cavities,
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these have very different intrinsic diffusional mobilities to the polymer matnx

120,35].

The Dual-Mode Sorption Model

The dual-mode sorption model is the most widely accepted phenomenonological
description of the dependence of diffusion, solubility and permeability coefficient on
penetrant concentration in glassy polymers. The model postulates that the gas
dissolved in a glassy polymer is made up of two fractions, 1. Molecules dissolved in
the polymer matrix described by Henrys’ law, similar to that above Tg. 2. Molecules
dissolved in a finite number of fixed pre-existing microvoids in the polymer matrix,

described by Langmuir isotherms.

The second fraction is unique to glassy polymers. It is related to the abrupt change in

the free volume of the polymer as the glass transition temperature 1s traversed, shown

below in Fig. (1.3)

Fig 1.3 Free Volume against T
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The overall solubility isotherm in the dual-mode sorption model 1s given by

C, bp
C=Cp+Cyq =k,p+— 1.14
o+ G = kPt ) (1.14)
Where: Cp 1s the concentration of molecules dissolved by the normal

dissolution process, known as the Henrys’ law Isotherm.

Cy i1s the concentration of molecules dissolved in microcavities
known as the Langmuir Isotherm.

p 1s the penetrant pressure.

b is the hole affinity constant.

C’y is the hole saturation constant, which is a measure of the sorption

capacity of the unrelaxed volume.

In this early approach the penetrant molecules dissolved in the microcavities were
assumed to be totally immobilised. Under these conditions the mean permeability is
simply the product of the Henry’s law constant and the diffusivity of the mobile

fraction of the dissolved molecules,

P = kpDp. (1.15)

The dual-mode sorption model was extended by Koros and Paul [36-38]. They
postulated that the molecules sorbed into the Langmuir mode might not be fotally
immobilised. They called this the partial immobilisation model and the diffusive flux

is given by:
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J=-p,%2 _p, 8w (1.16)
0x ox
Where: J 1s the diffusive flux

Dp is the Henry’s law diffusion coefficient

Dy is the Langmuir Isotherm diffusion coefficient

This model was tested with a variety of gases and gives good results [34,38-40]. The
main limitation with the dual-mode sorption model is that it is not directly related to

the polymer structure.

Two models have been developed that work well for both glassy and rubbery

polymers. Pace and Datyner developed a detailed molecular model incorporating

features of the Brandt and DiBenedetto and Paul models [41-42].

Vrentas and Duda developed a {ree volume model incorporating both the Cohen and
Turnbull and Fujita free volume models [43]. The model also incorporated Flory’s

thermodynamic theory and Bueches entanglement theory.

1.3.3 Gas Mixtures

In industrial processes the purpose is to separate gases and so the feed to a membrane
module is a mixture of gases. Most membrane characterisation research uses pure
gases to calculate membrane properties such as permeability and selectivity. In order
to simulate an industrial environment the membranes produced in this study were

also characterised using gas mixtures as well as pure gases.

22



In order to calculate membrane properties such as permeability and selectivity the
system has to be modelled according to the system conditions. A model to describe

module conditions is the well mixed model. This is shown below in Fig 1.4.

Fig 1.4 A well mixed module.

Feed Retentate
— High pressure p,
Qr Yir

Low pressure p,,

Permeate

For a well mixed permeator and a binary gas mixture (1 and j) it can be shown that
the flows of the gases can be represented as thus.
QpYip =P A [yitpr' YiPpP] (118)

Qpyip = Pj A [(¥jiPr — ¥;5:Pp] (1.19)

Where Pjj; is the pressure normalised flux of component i or j and A is the membrane
area.

Now y; = 1-y;

Therefore (1.19) = Qy(1-Yip) = PjA [(1-yi)pr — (1-Yip)Pp]

The selectivity of the membrane is the ratio of the pressure normalised fluxes of the

{wo components.

O = Yip (l-yir )pr _(l_yfp })p (120)
l_yfp y:’rpr—yfppp
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By altering the module operating pressures the concentration of the retentate and
permeate can be varied. However the selectivity is fixed by the nature of the

membrane.
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1.4 Resistance Modelling

Henis and Tripodi developed their revolutionary coating technique in 1980 [7,8].
Their coating technique allowed previously useless membranes to exhibit close to the
intrinsic selectivity of the polymer matrix. They rationalised their coating process in

terms of resistances in series and parallel.

Fig 1.5 Resistance Model

v /

The resistance of the solid polymer is represented by R1, the resistance of the pore 1s

represented by R2 and the resistance of the coating layer is given by R3. They made
assumptions about coating thickness and the depth the coating penetrates into pores
and applied their model to typical membrane structures.

Fouda et al exposed limitations in the Henis and Tripodi model when fitting actual
permeation data to possible membrane structures [44]. They developed a Wheatstone
bridge resistance model which gave better results. The model took into account the

resistance of cross flow between the parallel and vertical flows.
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Fig 1.6 Wheatstone Bridge Resistance Model
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Shilton et al then developed the Fouda model to deduce the structural details of gas
separation membranes [45]. The model took into account a distribution of pore size

and depth of pore penetration for the coating material.

A resistance model is built up from the different types of flow present in membranes.
The total flow is built up from contributions from flow due to solution diffusion,
knudsen diffusion and viscous flow. The amount of flow from each regime depends
on the size and surface area of pores and the thickness of the membrane active layer.
By using different gases and studying coated and uncoated membranes a model can
be built which predicts size and distribution of pores and the thickness of the active
layer. Models of this type are multi-parameter fit exercises and in the past have

proved unwieldy [9].
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A simple resistance model to describe membrane characteristics uses uncoated data
to calculate the thickness of the active layer and surface porosity. The model uses the

two types of tlow seen in the uncoated membranes, Knudsen diffusion and solution

diffusion. The model is illustrated in Fig 1.7.

Fig 1.7 Uncoated resistance model.
/ @ﬂ

The two flows through the membrane are described by the following equations.

() = %Aﬂp Flow 1 (Solution Diffusion)
1
() = S(__1 Y “A AA Flow 2 (Knudsen Diffusion)
s\2aRTM ) AT PTF

The total flow = Flow 1 + Flow 2
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Flow 1 1s the flow through the solid polymer and flow 2 is the flow through the pores
in the active layer. The Flow through both the solid polymer and pores is different
for different gases due to the different intrinsic permeabilities and molecular weights.
By studying different gases and solving the model the active layer thickness and

surface porosity can be calculated.
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1.5 Phase Separation

Most commercial polymer membranes and the ones in this study are made by phase
separation [46]. Phase separation occurs when a stable polymer solution splits into
ftwo distinct phases due to a change in the thermodynamics of the system. These two
phases are described as the polymer rich and polymer poor phases. Once the polymer
rich phase solidifies this gives the membrane structure. By controlling the nature of
the phase separation the final structure of the membrane can be controlled. Van de
Wittes’ review paper studies the different types of phase separation in relation to
membrane formation [47]. This means phase separation can be used to produce
membranes for as diverse purposes as gas separation and micro filtration. There are

many types of phase separation used in the production of membranes and these are

described below.

Precipitation by solvent evaporation
This 1s the most simple technique for fabricating membranes. The polymer Is

dissolved in a solvent to form a solution. The solvent is then allowed to evaporate in

an inert atmosphere.

Precipitation from the vapour phase

A cast film of a polymer/solvent solution 1s placed in an inert atmosphere of non-
solvent saturated with solvent vapour. The solvent in the vapour phase prevents
evaporation of the solvent from the film. Precipitation occurs as the non-solvent in

the vapour diffuses into the polymer solution.
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Precipitation by controlled evaporation
In this case a three component solution is prepared (polymer, solvent and non-

solvent). The solvent is allowed to evaporate and the solution phase separates.

Thermal inversion phase separation (I.1.P.S.)
A polymer solution is prepared at an elevated temperature. As the solution is cooled

it becomes unstable and phase separates.

Immersion Precipitation
Most commercial membranes are prepared in this way. A polymer solution is
immersed in a bath of non-solvent. Precipitation is as a result of solvent/non-solvent

exchange.

The two types of phase separation used in this work are evaporation and immersion
so these will be studied in more depth. For a greater understanding of the other types

of phases separation the reader is encouraged to consult Mulder [48].

1.5.1 Thermodynamics
The basic principle of phase separation is that a stable polymer solution is made
unstable and so de-mixes into two phases. This is all due to the thermodynamics of

the system so a basic understanding of polymer solution theory is given here.

The basic parameter describing the miscibility of a system is the Gibbs free energy of

mixing (AGp,).
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AG, =AH_-TAS_ (1.21)
Where: AHp, 1s the enthalpy of mixing

AS, 1s the entropy of mixing

The components will mix freely if AG, is negative. A closed system reaches

equilibrium at a given pressure and temperature when the free enthalpy is at a

minimum. When two components are mixed with each other the free enthalpy of

mixing i1s determined by the partial free enthalpies (the chemical potential, ) of both

components. The chemical potential of a component i is defined as

" = (_"’E] (1.22)
aui P,T.n P
Where: 1 1s the change in the free enthalpy of a system containing n; moles

when the pressure, temperature and number of moles of all other components are

held constant.

Because of their large size the entropy of mixing for polymers is small, this is

explained by Flory-Huggins theory [49]. This can also be seen in Fig 1.8 below.
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Fig 1.8 Polymer Mixing Entropy
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Because the entropy of mixing is small for a polymer solution this means only a
shightly positive enthalpy of mixing (AH;, >0) is required to give a positive Gibbs

free energy of mixing and so demixing. This change in the enthalpy of mixing is
caused by the ingress of non-solvent in the case of immersion precipitation or the

loss of solvent in the case of evaporation precipitation.

De-mixing Processes
There are two types of de-mixing observed in phase separation, these are delayed and
instantaneous de-mixing [48,50]. The type of de-mixing that takes place depends on

the thermodynamic stability and composition of the initial solution. This is best

explained by first considering a binary system. Figure 1.9 gives a plot of AG,, against

composition (P) and the first and second derivatives of AG, against ®.
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g 1.9 Gibbs Free Energy Curves
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A solution with composition in the interval ® < d< @ can decrease its free energy

of mixing by de-mixing into two phases of composition @ and ®°. These two

phases are in equilibrium with each other.
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If the second derivative of AG, against @ is considered (or —ﬂ) it can be seen that

09,

between ®' and ®° EEL<O. This implies that the solution is thermodynamically

09,
unstable and will de-mix spontaneously. Random fluctuations in the composition
increase in amplitude as time increases and after some time the solution de-mixes
into small interconnected regions of composition @ and ®™. This mechanism is

called Spinodal (or instantaneous) de-mixing and was first observed by Cahn [51].

The de-mixing process is illustrated by Fig 1.10.

Fig 1.10 Spinodal Composition vs. Time
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This type of de-mixing gives an open bicontinuous structure when the polymer
solidifies. This type of structure is generally not useful for gas separation membranes
as there is no defect free skin formed to give the separating layer. The open structure
is however a useful substructure for membranes as the open structure offers no

resistance to flow.
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If the second derivative is considered again, the compositions over the intervals

O <P<P' and P*<P<P™ are positive l.e.—”i>0. This means there is no driving

09,

force for spontaneous de-mixing and the two phases separate by nucleation and
growth. Whether it is the polymer poor or rich phase that is the continuous phase
depends on the initial composition of the polymer solution.

If the polymer poor phase grows by nucleation and growth then the final structure
will be a sponge. The holes in the sponge are left when the polymer has solidified

and the polymer poor phase has drained away.

If the polymer rich phase is the minor phase then the final structure is that of a Iatex.
This structure is too weak to withstand the pressures required for commercial gas

separation and unless the structure is modified does not have a non-porous skin.

1.5.2 Ternary Systems

Most membranes formed by immersion or evaporation phase separation are formed
from a three component system. The three components are polymer, solvent and non-
solvent. The solubility behaviour of the system is described using a ternary diagram.
Ternary diagrams are also useful to describe the process undertaken during

membrane production.

Fig 1.11 Ternary diagram
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The three corners of the diagram represent the pure components. Ternary diagrams
can be prepared by titration or by light scattering experiments [52-55]. Wolf and
Barth recently developed a technique to quickly form phase diagrams using a
combination of experimental techniques and theoretical calculations [56]. They
calculated interaction parameters using Headspace-Gas Chromatography, light
scattering and swelling experiments. The calculated phase diagrams were very

similar to those obtained by experiment.

Any point within the triangle represents a mixture of the three components. The
binodal and spinodal lines are shown as well as tie lines and the critical point. If the
composition of the system lies within the binodal then separation takes place by
nucleation and growth, if the composition lies within the spinodal then separation
takes place instantaneously. The composition of the two phases after separation is

calculated using the tie lines and a simple mass balance.

If the composition of the solution lies above the critical point in the binodal area then

phase separation proceeds by nucleation and growth of the polymer poor phase and

vice versa.

In some polymer systems the ternary diagram also has an area where the polymer

exhibits glass properties, this is shown on Fig 1.12,
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Fig 1.12 Ternary Diagram with glass region

Glass

The processes of immersion and evaporation precipitation can both be illustrated on

a ternary diagram.

In immersion phase separation the polymer/solvent ratio stays constant however both
the polymer/non-solvent and solvent/non-solvent ratios decrease as the membrane
forming system is immersed in non-solvent. This i1s shown by the dotted line on the
ternary diagram of Fig 1.13. As the amount of non-solvent is increased first the
binodal and if enough non-solvent is present the spinodal lines are crossed and the

system phase separates.

Fig 1.13 Ternary diagram showing Immersion Pathway
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In the case of evaporation phase separation the polymer/non-solvent ratio stays
constant but the polymer/solvent and non-solvent/solvent ratio both increase as the
solvent evaporates. This is shown by the dotted line on the ternary diagram Fig 1.14.
As the amount of solvent decreases the binodal line is crossed and if more solvent

evaporates then the spinodal line is crossed.

Fig 1.14 Ternary diagram showing Evaporation pathway
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1.5.3 Membrane Structure
When a membrane is formed by phase inversion the final structure formed depends
on a variety of factors. The thermodynamics of the initial system, the kinetics of the

phase separation and the physical production method all affect the final structure and

are all interrelated.

One consideration when making a polymer membrane is the polymer content of the

final membrane. The polymer content greatly affects the strength of the final
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membrane and also the structure of the membrane. The structure of the membrane in

turn atfects the transport and separation characteristics of the membrane.

In order to change the polymer content of the final membrane a variety of
approaches can be used. The initial polymer solution could be altered or the

production method could be changed.

If the 1nitial polymer solution is changed then the thermodynamics of the system
change, affecting the phase separation (possibly changing from delayed to
instantaneous demixing). If the polymer solution is changed then the physical
properties of the solution like viscosity and density also change. This affects the
kinetics of the system and so the speed of phase separation and coagulation change

and this in turn affects the final structure.

Kinetics

Phase inversion kinetics are also involved in membrane formation. Thermodynamics
will give the beginning and end point of a system but will not describe the speed at
which the system changes between the two states. The kinetics of a system will

describe how the system changes and this is also very important in membrane

formation [57].

The kinetics of a membrane forming system depend on the interactions between all
the components of the system and the physical properties of the system. The affinity

between the polymer and solvents, the solvents and coagulants (non-solvents) and
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polymer and coagulants will affect the final structure of the membrane [58]. When
designing a membrane forming system the interactions in the polymer dope, the air
gap and in the coagulation bath must all be considered in order to produce the desired

structure [59].

As can be seen in Fig 1.15 below, the final membrane structure depends on a variety
of factors and these are all interrelated. The versatility of the phase separation system
means that membranes of vastly different structures can be made using the same

technique and also that the same membrane structure can be made using different

techniques.

Fig 1.15 Membrane Production IFactors
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Membrane Structure

Thermodynamics

Analysis of how the final membrane structure is related to kinetics, thermodynamics

and production processes has been undertaken [48]. In the next chapter the
production of gas separation membranes is described and the rationale behind the

structures formed is explained.
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The 1deal membrane structure for gas separation is asymmetric as shown in Fig 1.16.
The substructure should give the membrane its strength but offer little resistance to

the transmission of gas. The top active layer (skin) should be defect free to provide

the separating barrier, this should be as thin as possible in order to produce as high a

flux as possible.

Fig 1.16 Asymmetric membrane structure.
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1.6 Production of Gas Separation Membranes

The membranes produced in this study and most membranes produced for gas

separation are hollow fibres so this section will concentrate on hollow fibre

production.

Hollow fibres are used for gas separation membranes because they are self-
supporting and give the highest surface area per unit volume of any membrane type.

Hollow fibres are formed by phase separation from the inside and outside

simultaneously.

1.6.1 Hollow fibre spinning
Spinning hollow fibres involves the extrusion of a polymer solution or melt through
an annular spinneret. The principles are very similar to those of producing textile

fibres [60]. There are four main steps involved: solution formulation, extrusion,

coagulation and post treatment.

A number of processing parameters affect the final structure of the membrane and
these have to be taken into account when designing a membrane production process.
The main processing parameters are the selection of coagulants, extrusion shear, jet

stretch ratio and draw ratio. All have to be optimised in the production of hollow

fibre membranes.
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As well as processing parameters the polymer solution has to be optimised and
spinnable and the phase separation has to be optimised to produce the correct
membrane structure. This involves studying the thermodynamics of the phase
separation process and selecting the appropriate coagulants (internal and external)
and solvents so that they all interact to give the desired membrane structure. The
solution must also have chemical and thermal stability under spinning conditions and
be able to yield a continuous filament. Therefore a knowledge of the rheological

properties of the solution are required as well.

The major types of spinning techniques used in the commercial production of hollow

fibre membranes for gas separation can be summarised below.

Fig 1.17 Fibre spinning techniques
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1. Melt Spinning
In melt spinning a molten polymer is extruded through a spinneret and the fibre is
formed by cooling the filament in either a liquid or a gas. Dow Chemicals produce

asymmetric 4-methyl-1-pentene (TPX) hollow fibre membranes for air separation in

this way. They are produced under the trade name Generon [61].

2. Solution Spinning

Solution spinning processes are based on the phase separation technique. The fibres
produced can be dense, asymmetric or porous depending on the production
conditions. The two most commonly used types of spinning are wet and dry/wet

spinning. Dry spinning is rarely used to produce commercial membranes.

Wet Spinning

In wet spinning the polymer solution is extruded directly into a coagulation bath. The
speed of phase separation depends on the composition of the bath and polymer
solution. If the polymer solution phase separates immediately then the resulting
structure 1s micro-porous or if spun from a high polymer concentration solution is

dense. Neither of these structures are suitable for gas separation.

The Wet Spinning process was modified by Van’t Hoff et al to produce a structure
suitable for gas separation [62]. They developed a ‘“dual-bath” method for wet
spinning. The first bath contains a weak non-solvent that causes delayed phase

separation, this forms a thin non-porous skin layer. The second bath contains a strong
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non-solvent that causes spinodal de-mixing in the remaining membrane structure and

SO gives an open substructure.

Wienk et al then developed the dual-bath method to spin fibres from a triple orifice
spinneret [63]. The third orifice of the spinneret extrudes a coagulant so the polymer
solution is sandwiched between two coagulants even though the spinneret is not
submerged. This allows for better control of contact time with the first (weak) non-
solvent. The fibres produced using this method had a very thin (0.3 pm) skin layer

and displayed higher than intrinsic selectivities.

Dry/Wet Spinning

This is the production method used for the fibres produced in this study so is studied

in some detail here.

Dry/wet spinning is a combination of evaporation and immersion precipitation. The
extruded fibre first passes through an air gap before it passes into a coagulation bath.
The air gap is responsible for the formation of a thin dense skin on the outside of the

fibre and the bulk of the fibre structure is formed in the coagulation bath [64-67].

The fibre undergoes evaporation phase separation in the dry gap as solvent
evaporates. Pinnau and Koros were the first to incorporate a forced convection stage
into their membrane production process [64,65]. The membranes formed had a skin
thickness of approximately 200A. They proposed that the aggressive nature of the

evaporation step brought the composition of the outer layer of the fibre into a state of
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spinodal decomposition, they concluded this because of the turbidity of the fibre in
the air gap. However a spinodal outer layer should result in a micro-porous skin and
they reported a defect free skin on their membranes. They proposed that another
physical process was taking place in the air gap to form the defect free skin [69].

They suggested that capillary pressures resulting from the gas/liquid interface in the
polymer poor regions at the membrane surface caused the polymer rich regions to

coalesce. This theory was developed from work on laiexes by Brown [70].

Brown studied the drying of latexes to produce non-porous films. He observed that
the top layer of a latex fused together under capillary pressure. He estimated the

capillary pressure using the Young-Laplace equation for perfect wetting conditions

(contact angle = ()
P.=2y/t
Where: P. is the capillary pressure
y is the surface tension of the interstitial fluid

r is the effective radius of the throat in a plane passing through the

centres of three adjacent spherical nodules.

Fig 1.18 Capillary forces in nodule coalescence
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Wienk et al described a mechanism for the formation of nodules in the top layer of
an ultrafiltration membrane. They concluded that the nodules were formed as a result

of fast phase separation [71]. They proposed that the nodule formation was due to
spinodal de-mixing and then rapid vitrification. Han and Bhattacharya also related

nodule formation to spinodal de-mixing [72].

In order for the nodules to coalesce the capillary pressure must be greater than the

shear modulus, G, of the polymer nodules. Pinnau and Koros proposed that:

G<35y/R

Where: R is the radius of the polymer nodules

If the composition of the polymer nodules exceeds the solidus tie line then the
nodules will not coalesce due to their high rigidity and the skin will be micro-porous.

Therefore high polymer concentrations in the initial spinning solution should be

avoilded.

1.6.2 Defect Repair

Although the fibres produced for gas separation are intended to be defect free in

reality they very rarely are. Inevitably there are some defects in the active layer of

the membrane which 1s unsurprising given how thin (=1000A) the active layer 1s.

However even a tiny amount of surface porosity (=10°) will result in a useless

membrane for gas separation [9]. In order to obtain useful membranes some form of
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post production defect repair is required. The defect repair is based on Henis and
Tripodi’s coating technique [7,8]. The membranes in this study are coated with a
silicone rubber which is much more permeable than the polysulphone from which the
membrane is made. The silicone rubber blocks any defects in the active layer and
allows the membrane to yield the gas separation potential of the polysulphone from
which it is made. Although the silicone is much more permeable than the

polysulphone it offers considerably more resistance than an open pore.

48



1.7 Rheology

In the production of textile fibres the effect of rheological conditions on the final
morphology and properties have been widely studied [60,73,74]. The rheology of
polymer melts and solutions have also been widely studied [75,76]. The effect of
extrusion shear on final membrane performance has also been studied [45,77-83].
Polymer solutions experience two type of flow during extrusion to form a hollow
fibre, shear and elongation. The solution is sheared as it passes through the annulus

and then experiences elongational flow in the air gap.

Flow behaviour under shear is described by the response to tangential force. If the
response is linear then the fluid is said to be Newtonian:

T

|

ny
where: t 1S the shear stress
M is the viscosity

y 1S the shear rate

If the relationship is non-linear then the fluid is said to be non-Newtonian.

T=ky"

where k and n are constants for a particular fluid. k is the consistency of the fluid, the
higher the value the more viscous the fluid. n is measure of the non-Newtonian

properties of the fluid. If n>1 the fluid is said to be shear thickening and if n<1 then

the fluid is said to be shear thinning. Many polymer solutions are found to be shear
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thinning. This empirical relationship is known as the power law and was proposed by
de Waele and Ostwald [84,85].
An 1mportant phenomenon related to shear thinning is molecular alignment. As the

fluid 1s sheared the molecules align in the direction of shear, as this happens the

viscosity decreases [86].

Recent work has studied the rheology of the polymer solutions used in this work and
the degree of molecular orientation present in the final membranes [87,88]. It was

found that the molecular orientation resulted in higher than intrinsic selectivities for

the membranes produced.

Shilton developed a mathematical model that enables a shear profile to be solved
across an annular spinneret for polymer solutions [89]. This enables the shear rate at

the outside of the annulus to be calculated and so the level of shear the active layer is

subjected to.

Elongational viscosity is measured under tension instead of shear and reflects the

stretchability of the fluid. The elongational viscosity is given by

O =1,
Where: o 1s the elongational stress

T 1S the elongational viscosity

_ US-LE.S.
£ 1s the strain rate (given by —W——)

gap - height
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W.U.S. 1s the wind up speed of the fibre, L.E.S. is the linear extrusion speed of the
fibre.

It 1s difficult to achieve steady state conditions whilst investigating the effect of
elongation on a fluid [9]. Previous work has found that polysulphone dopes are strain
thinning and therefore not naturally spinnable. This is not found to be the case in
reality though, the bore fluid immediately coagulates the lumen of the fibre as it is

extruded. giving the fibre mechanical strength and enabling a continuous filament to

be spun.

The ratio of elongational viscosity to shear viscosity is known as the Trouton ratio. In
Newtonian fluids the ratio 1s 3, a higher ratio indicates the fluid is viscoelastic.
Viscoelastic fluids exhibit a non-linear increase in strain rate against time on a stress

loading, when the stress is unloaded the fluid relaxes. This gives rise to the concept

of relaxation time.

The relaxation time relates to the time taken for strain in the polymer molecules to
evanesce i.e. the molecules to transfer from an ordered to a random state. Mackley et
al in their paper on characterisation of polymeric and colloidal fluids developed
methods to obtain a relaxation spectrum [75]. There exists a spectrum of relaxation
times to describe the recovery of a polymer solution after deformation. Each
relaxation time relates to a different strain increment. The relaxation time is a

complex parameter depending on the nature of the fluid and its flow history.

51



1.8 Molecular Orientation

Polysulphone membranes produced in this research group have exhibited selectivities
above the recognised intrinsic selectivity for the polymer [80,88,90]. This has been
attributed to increased molecular orientation in the active layer leading to improved
separation properties. The orientation in the active layer has been measured directly
using plane polarised FTIR spectroscopy [78,79]. It was proved that increasing the
level of extrusion shear increased the level of orientation in the active layer. This

next section will discuss the mechanisms of molecular orientation.

There are thought to be three main mechanisms for the development of molecular

orientation in polymeric materials. These are phase inversion [91] shear flow

[77,78,88,91-93] and elongational flow [60,94-96].

Phase Inversion Induced Molecular Orientation

Serkov and Khanchich examined the development of molecular orientation during
the precipitation process of polymer solutions [91]. They found that preorientation
was developed during precipitation and that this significantly affected the subsequent
stretchability, structure and physical properties of spun fibres. The development of

preorientation during phase inversion was explained in a number of ways.

1. Orientation induced by ionotropic coagulation or from the influence of

polyvalent metal ions.
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2. Orientation as a result of the mechanical stresses set up in the gel as a result of

volume decrease due to synerests.

3. Directional structuration as a result of the movement of the coagulation front.

4. The formation of spherulites.

Molecular orientation by ionotropic coagulation is only applicable to polyelectrolyte

precipitation so 1s not relevant to our system.

The formation of oriented structure due to the stresses set up by syneresis (the
spontaneous expulsion of liquid from a gel) involves the two phases set up during
phase inversion, the polymer poor and rich phases. The elimination of the polymer

poor phase by syneresis causes the gel to shrink. The resultant stresses lead to an

ordered structure.

The phase inversion process involves a coagulation front moving through the
solution. Serkov and Khanchich suggested that as the front moves through the

solution orientation is induced by the coagulation front migration.

Serkov and Khanchich also postulated that as the polymer rich phase solidifies

spherulites can form if the energy of interaction with the solvent is high. This process

can lead to a highly oriented structure at the molecular level.
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Molecular Orientation induced by Shear Flow

Takeuchi et al studied morphological development in a copolyester fibre with
increasing shear rate [92]. They observed a skin-core structure in the extrudate and
characterised this in terms of band patterns, which were monitored through a
polarising microscope. At low shear rates the extrudate showed homogenous textures
in the radial direction. At shear rates above 122 1/s the extrudate exhibited a skin-
core structure. At a shear rate of 608 1/s a pattern of bands parallel to the shear
direction was evident in the outermost region of the filament. Takeuchi et al studied

the texture of the extrudate by birefringance and showed that the molecular

orientation was concentrated in the skin layer.

Bousmina and Muller proposed a mechanism to explain the development of an
ordered structure as a result of shear in an extruded filament [93]. They extruded a
polymethylmethacrylate (PMMA)/ rubber blend. By considering the non-Newtonian
velocity profile across the filament they described a process which particles become
aligned in the direction of shear. Two particles were considered, a and b with
positions Z, and Zy, respectively at time t1. Particle a moves faster than b and catches
it at time t2. The particles form a doublet due to interaction and it rotates due to the
different velocities of the constituent particles. The doublet then flows downstream,
aligned in the direction of extrusion as a unique particle. The process is then repeated

as the larger particle catches up with another smaller particle. This is shown in the

diagram below.
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Fig 1.19 Particle Alignment in Shear Flow

l

</
:

To 1llustrate the flow profile experienced by the particles Bousmina and Muller
conducted a rheological characterisation of the PMMA/rubber blend. In their tests
the power law index was in the range 0.15 to 0.3. These values indicate that high
shear rates were only experienced at the wall with plug flow in the middle. This

explains the skin-core morphology they found. Transmission Electron Microscopy

showed that the outer region was oriented.

Mackley studied a variety of flows, both shearing and extensional and observed the
cifects on end to end distance and flow birefringence [97]. He found that as shear
increased the end to end distance increased as well. This would lead to molecular

orientation if the molecules could be frozen in this extended state.

Serkov and Khanchich also postulated that shear induced orientation is frozen into

the skin of a fibre during extrusion [91].
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Ismail et al also directly measured shear induced orientation in membranes and

concluded that increased shear leads to increased orientation [78,79].

Molecular Orientation Induced by Elongational Flow

Perepelkin outlined the principle aspects in the structural reorganisation of polymer

solutions by elongational flow and these are [94]

1. A change in the orientational and three dimensional order of the structure

2. An increase in the degree of orientation of the crystalline and amorphous sections
of the structure.

3. A change 1n the conformational arrangement of the molecule chains.

4. A change in the supra molecular structure. [An increase in packing density and

size of cyrstallites and change in the structure of the amorphous sections.]

Perepelkin stated that although stretching flow causes molecular orientation the

mechanical properties of the extrudate are also dependant on the shear induced

orientation which occurs in the spinning process.

Serkov and Khanchich demonstrated the alignment of polymer molecules under

different stretch ratios using small angle laser scattering [91].

Elongational flow behaviour of Polyacrylonitrile (PAN) solutions and the effect of

non-solvent in the dope during the wet spinning of fibres was investigated by

Ferguson et al [95]. They found that the addition of water to the dope solution
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increased the elastic modulus in elongation of the filament. This results in greater

relaxation times and hence more elongation induced molecular orientation being

frozen into the structure [96].

Mackley found that for extensional flow once a threshold was passed all the
molecules became fully extended [97]. This threshhold depended on the rate of strain
and the relaxation time of the polymer molecule. They also found that the relaxation

time was dependant on the velocity gradient, as the velocity gradient increased the

relaxation time decreased.
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1.9 Rheology and Phase Separation

The effect of shear on the phase behaviour of polymer blends and solutions has been

widely studied [98,99].

Kammer et al devote an entire chapter in their review paper to the phase behaviour of
polymer blends while flowing [98]. They noted that small changes in the rate of

deformation can result in dramatic changes in the phase behaviour. The critical

temperature was found to change by up to 30°C. This was attributed to the high

viscosity of the blends damping out concentration fluctuations and the ability of the

molecules to store energy.

Jou et al in their review paper also noted the effects of shear on the phase behaviour
of polymer solutions [99].<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>