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Abstract

Hollow fiber gas separation membranes manufactured from Poly(vinyl chloride) (PVC) have

been produced via a dry/wet spinning method for end use in ozone/oxygen gas separations.

Ambient temperature production mechanisms were initially targeted. A number of spin runs
were undertaken changing aspects of the dope solution and the spinning conditions but
produced only very low selectivity membranes. It was concluded that ambient condition

spinning was unattainable for the solutions used.

In order to explain the low selectivity a rheological study was undertaken which considered
flow, oscillatory and creep rheological conditions and modelling of the flow patterns
observed across the spinneret annulus. This study showed large differences between the
dope at 20°C and 60°C in terms of viscosity and viscoelastic nature. These differences were
predicted to make spinning difficult through slippage on the spinneret walls and viscoelastic

nature of the solution.

Spinning at elevated temperature was undertaken and used to produce membranes under
different spinning conditions according to a Taguchi model and which would allow graphical
comparisons also in order to assess the validity of the Taguchi analysis in these applications.
The membranes produced an array of results all of which indicated solution diffusion through
PVC as the controlling transport mechanism under the spinning conditions. Both graphical
and Taguchi analysis concluded the same conditions to be optimal; low dope extrusion rate

but high convective gas flow rate and residence time producing the best selectivity.

The membrane permeation results were used alongside scanning electron microscopy
images to model the active layer thickness in the membranes. This concluded that the higher
selectivity membranes exhibited lower active layer thicknesses and porosity resulting from
the quick formation of a dense surface layer for nodule coalescence preventing further mass

transport and hence halting penetration of the active layer.

Ozone/oxygen binary gas mixtures showed qualitative evidence of separation. Unfortunately
due to equipment limitations it was not possible to provide quantitative data to support this.
The membranes have displayed good resistance to oxidative environment and therefore they
perhaps offer a viable solution for processes occurring in this type of environment which

more common membrane materials may not be suitable for.
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1. Introduction

1.1. Conventional Separation Processes

Separations processing is a huge part of the modern chemical and process industry. There are
not many processes which can escape the fact that taking a mixture of two or more
components, regularly on a large scale, and separating them into streams of greater purity is
often a necessary, complicated and expensive activity. Take for example a simple mixture of
water and ethanol, the first approach which might suggest itself is learned in school and
consists of boiling off the ethanol component and collecting it. However, the distillation
process of separating ethanol and water reaches an azeotrope; a point in the separation

process where the vapour being produced is containing equal parts of water and ethanol.

This implies a limit on the capability of industry to perform the water/ethanol separation
process. However, there has been a large amount of research done in this area which has
looked at varying separation processes: pervaporation®!, pressure swing distillation and
pressure swing adsorption™ ®. Even after the selection of a process type to perform a
separation there is a great deal of work involved in moving these processes from laboratory
and pilot scales to process plant production units. Additionally and in some cases perhaps most
importantly to businesses are the assessed costs and benefits which are associated with the

process.

The example given above shows the complexity of separation processes for even a binary and
supposedly simple system such as water and ethanol. However, separation processes are
necessary in so many and such complicated processes that it has been estimated they may
account for 40-70% of both capital and operating costs in industry!”.. This high cost makes them
a prime target for savings and for the use of cutting edge technology which makes the

processes more efficient in terms of both production and economics.

Apart from cost related issues there are other aspects of market, legal and social pressures
which are driving improvements in separation processes. The emergence of competitor

companies using the latest technologies forces large companies to continue developing better



processes so they do not fall behind. From a socio-political view point legislation such as the
Climate Change Act 2008®! in the United Kingdom means there is closer monitoring of effluent
and energy usage of process plant than ever before and the public like to see companies that
take responsibility for using greener processes as their knowledge on the subject increases.
These things lead to reform in the way in which materials are processed and a number of
conventional separation processes are being superseded or improved upon by more

environmentally friendly and efficient alternatives.

Conventional separating processes such as distillation, evaporation and adsorption face
challenges which are dependent upon the phases and type of separation which is undertaken.
However, a common theme which runs through most of the problems is the amount of energy
which has to be put into the process and this is most commonly the area of improvement for

process plant.

A change in the type of separating process being used has become a more common feature of
work in separation processes and one field which is often of interest and has been experiencing

growth is that of membrane separation processes.

1.2. General Membrane Separation Processes

1.2.1. Advantages and Disadvantages of Membrane Processes in Comparison to

Conventional Separation Methods

The growth which has been and is occurring in the membrane market is driven by the need to
improve the processes already in place and there are a number of ways which this can be

achieved and reasons why membranes should always enter the discussion:

e Membrane processes have applications for separating processes dealing with species
from the molecular level up to particles large enough to see giving a large number of

processes which are applicable.



Generally membrane processes do not require a phase change which can lead to large
savings on energy requirements.

A membrane process does not normally require a lot of moving parts or complex
control mechanisms and as such can offer a relatively simple solution to separation
processing.

Depending upon the process and materials used it is possible in certain circumstances
to produce very high degrees of separation.

The materials used for membrane production, often polymers or other inorganic
materials, cover a wide range of operating conditions and requirements and often do
not cost a lot.

The materials used in membrane processes are usually less toxic or harmful to the
environment than chemical procedures which are used in separations.

Membrane processes are often able to recover minor but valuable components from a
stream without substantial costs.

Membrane processes are easy to scale up being modular processes which can scale by
addition of further modules in either series or parallel depending on the required

effect.

However, this is not to say that membranes are a wonderful achievement of engineering which

do not have any drawbacks:

Producing two pure product streams is usually very difficult or impossible in membrane
systems with at least one of the exit streams from the system being contaminated.
Some traditional separation processes such as distillation can be staged to draw off
different concentration components at different positions in the process but this is not
easily carried out with membrane systems.

Since membranes are a method of physical separation the materials have to come into
contact with the species to be separated and this can lead to incompatibility issues.

In some processes where the conditions under which the separation must be carried
out are extreme e.g. high temperature it may be difficult to find suitable membrane

materials which will maintain their performance.



e Fouling can be a major issue to membrane separation. Since the membrane must be in
contact with the species to be separated any fouling which blocks the surface of the

membrane reduces its effectiveness.

Overall membranes can be a very effective separation technique if they are employed under
the right set of conditions and in the right process. The suitability and availability of
membranes for carrying out separations is something which industry should take seriously
when planning they’re processes because they have the potential to save money, reduce the

process impact on the environment and possibly improve upon separation performance.

1.2.2. Membrane Structures for Separation Processes

Membrane processes are physical separation processes; they pose a barrier to the mass
transfer of a feed stream, containing the components to be separated, which is designed to
allow certain components to pass through the barrier more easily than others leading to
concentration occurring. Membrane processes tend to split the feed stream in two parts: the
permeate stream will be more highly concentrated in the species which travel fastest through
the membrane while the retentate stream will contain a higher concentration of the slower
species than was present in the feed stream. Therefore since concentration occurs in both of
the streams the desired product could be in either exit flow from the process. Preferential
transport of one species over another can be as the result of factors such as solubility and
diffusion coefficients of the species in the membrane material and the driving force which is

acting in the process.

The actual mechanism by which transport through the membrane occurs is dependent upon
the process which is being carried out but two main structures were identified by Mulder in
1996: porous and non-porous membranes®.. The porous structure was described by Baker in
2012 as a rigid, highly voided structure with randomly distributed interconnected pores*?. In
this structure the separation which occurs is dependent upon the ability of the species to be

separated passing through the pores in the membrane and is therefore most highly dependent



upon the molecular size and the pore size distribution. This method of separation is similar to
that of conventional filtration but on a smaller scale and is seen in membranes utilised for

micro and ultrafiltration.

Feed Retentate
— -

[T Toen] ]|

FPermeate
—

Figure 1.2.2-1: Membrane separation process flow diagram

On the other hand a non-porous membrane is dense with very low porosity. The dense nature
of the membrane material is vital to how processes work which require this type of membrane.
The rate of transport through these membranes is governed by the diffusivity and solubility of
the species to be separated in the membrane and upon the driving force for the particular
process which could be a potential, chemical or electrical gradient across the membrane, in the
case of gas this driving force is provided by a pressure gradient. The other factors which affect
the flux of gas through the membranes are surface area which is directly proportional, and the
membrane thickness which shows an inversely proportional relationship to rate. Transfer of the
species through the membranes under these conditions is referred to as solution diffusion. It is
really important in these membranes that the porosity is really low and that any pores which
do exist are too small for the mass transfer of the process species through them. The transport
of material through pores is so preferential that it does not take a large degree of imperfection

in the membrane for the desired separation to be compromised.

The size and number of pores is particularly important for gas separation processes as the
density and diameter of gases is so low that passing through pores is particularly easy for
species in that state. In order to encourage the predominance of solution diffusion as the
primary mode of transport through the membrane the important factor is the ratio of the

mean free path length to the radius of the pores. If this number (the Knudsen number) is



greater than 10 then Knudsen flow will occur through the pores, if the number is less than 0.01
then viscous flow will occur in the pores and between the extremes a mixed regime will
exist™. Even with the presence of pores in the membrane it was first outlined by Henis and
Tripodit** 13! that with the application of a layer of silicone to a porous membrane then it may
become selective. Large pores make the Knudsen diffusion effect too strong to obtain the
heightened separation through the membrane and only modest Knudsen separations will be

achieved.

1.2.3. Mass Transport Modelling

The modelling of membrane processes has become an important aspect of the field of
membrane science as it has grown. It has become a vital tool in the design and implementation
of membrane systems that they are modelled and behave as the model predicts they will. A
large degree of the work is directly related to the optimisation of a specific processes!***7],
These works and many others like them look at how to produce models which can accurately
predict the passage of species from one side of a membrane to another. Data in these models
is often based on pure gas permeation properties and then go on to predict the binary

separation processes by an array of methods like: utilising a set of relationships such as the

Maxwell-Stefan equations!** &% or by numerical methods!?%?2,

The modelling which is required is dependent upon the sort of process which is to be carried
out. The separation which is required of a solid from a liquid for example is very different from
that which is required between two gases as is the case in this work. This is reflected in the
processes which are used to carry out the different kinds of separation. The model used to
describe the separation which is occurring is therefore closely related to the process which is
being used, the species being separated and the characteristics of the separation medium as

well as the process units which are to be used in the separation.

There are also different aspects of membrane separation which can be modelled together or

separately. These aspects are the modelling of the transport through the membrane!** 2325 and



the modelling of the membrane module design?®?°!. The object in this work is the initial
development of a membrane which is capable of gas separation using PVC so it is the first of
these two different approaches which is considered. As with almost any modelling there are a
large number of different ways in which to approach the problem and differing mathematical
techniques to utilise. Just looking at the four references given above shows Kangas et al. (2013)
using a Maxwell-Stefan model, Shen and Lua (2012) using both the Maxwell-Stefan model and
free volume theory, Golzar et al. (2014) utilising molecular simulations and Farno et al. (2011)

using neural network modelling.

The theory used here was first developed by Henis and Tripodi™®® *3! when they postulated
about the possibility of using a silicone layer to block the pores in a porous membrane and
thereby impart improved gas separation properties onto the membranes. However, the model
that they developed was limited and Fouda et al (1991)5% were able to improve upon what had
been built by the use of a Wheatstone bridge model which looks at the problem in an manner
similar to an electric circuit with resistances built in. The model has hence become known as a

resistance model and has seen use by a number of authors®34,

In order to model gas separation membranes the factors which have an impact on the
permeation rates of gases have to be considered. The factors about the species being
separated which have to be considered are the solubility of the gases in the membrane, the
partial pressure difference across the membrane, gas diffusion through the membrane material
and the physical dimensions and characteristics of the membrane. The resistance modelling
carried out here aimed to use the measured separating characteristics of the membranes in
conjunction with equations describing the transfer mechanisms in order to calculate the
physical characteristics of active layer thickness and surface pore fraction. The data obtained
from the oxygen and nitrogen gas pair experiments were focused on due to the literature

information available for the gas permeability in PVC.

1.2.3.1. Gas Transport Mechanisms - Knudsen and Viscous Flow




The different mass transfer mechanisms through various membrane structures need to be
understood. There are three mechanisms for gas transport through a membrane structure
which are solution diffusion, Knudsen flow and viscous flow. Of these three the two most
important for transfer through a solid membrane are solution diffusion and Knudsen flow

through pores although large pores can also lead to viscous (Poiseuille) flow.

Knudsen flow is a diffusive based flow regime which is expected to occur in narrow channels
and pores. The pore sizes in which Knudsen flow is expected to occur are obtained by
calculation of the Knudsen number. The Knudsen number, N, is found from the mean-free-

path length, A, for the particular molecule, i, and the pore radius, ro:

Ng=— Equation 1.2.3.1.1

RoT

Ai=———— Equation 1.2.3.1.2
i \/fnpNAd,ZV, quation

The mean-free-path length is calculated from kinetic theory where it is assumed that the
velocities of the particles have a Maxwell distribution. The mean-free-path length as described
by Equation 1.2.3.1.2 describes the average distance in metres which a particle has to travel
between collisions with another molecule in the gaseous state. In this equation Ro is the
universal gas constant, T is the temperature in Kelvin, p is the pressure, Na is the Avogadro

constant and dy is the molecular diameter.

There are two methods which are often used for the determination of the molecular diameter
to be used in these equations. The first rule also stems from kinetic theory and requires
determination of the viscosity of the gas so that it can be used in Equation 1.2.3.1.3. There are
various means of determining gas viscosity which tend to rely on the flow dynamics of the gas
under a certain situation with the most common being laminar capillary flow. In Equation
1.2.3.1.3 the viscosity, W, at a particular temperature, T, is related to molecular diameter, dw,

by the species molecular weight, MW, and a number of common scientific constants:



L.
. 2
i = (MW!R0T> 1 Equation 1.2.3.1.3

Tl'3 NAdIZW

The use of this formula results in the calculation of the molecular diameters shown in Table
1.2.3.1-1 where the viscosities of the gases are taken at 20°C from Kaye and Laby, Tables of

physical and chemical constants (1995)3°!,

Table 1.2.3.1-1: Molecular diameters of gases determined from the experimental gas viscosities

Gas Molecular Weight Viscosity (iPa.s) Molecular; Diameter
(g/mol) (A)
Oxygen 32 20.4 3.59
Nitrogen 28 17.6 3.74
Carbon Dioxide 44 11.0 4,58
Methane 16 14.7 411

The second method of determining the molecular diameter is to use the b constant from the
Van der Waals equation of state, an adaptation of the ideal gas law to better describe the
behaviour which is seen in real gas systems. The improvements on the ideal gas law come
about as a result of incorporating molecular size and interaction forces into the calculation. The
conventional derivation from the ideal gas law is described below but there is a second route to

the final equation using statistical thermodynamics.

The ideal gas law relates the pressure produced by a number of moles of a gas, n, to the
volume, V, which the gas will occupy at a stated temperature through the universal gas

constant:

Pi=~+— Equation 1.2.3.1.4

The volume is composed of two parts, space between particles and the particles themselves. If

the particles are considered to be hard spheres which cannot overlap then the spaces they

occupy can be subtracted from the total volume. This term is referred to as the excluded



volume, b, since it is not available for all the particles to occupy. The value of b differs for each

molecule.

_ ReT
" Vy-—b

Pi Equation 1.2.3.1.5

Figure 1.2.3.1-1: Representation of exclusion volume when two hard spheres interact

An important realisation is that the excluded volume is not as simple as being the volume
occupied by a single hard sphere but rather is four hard sphere radii in diameter. When two
hard sphere particles contact each other the smallest exclusion which can be drawn is the red
circle as shown in Figure 1.2.3.1-1. Where the diameter of the red sphere is dr the total
exclusion volume, b’, for the interaction of two particles is described by Equation 1.2.3.1.6 and
simplifies by introduction of the radius and halving the result to get the volume for a single
particle, b. The single actual value will normally be slightly less than that calculated as a

molecule is not a hard sphere.

b' = Eﬂd;;- = §1‘l’ *23 %13 = ?n'r% Equation 1.2.3.1.6
b = % — 23*23 r;;, — 13_67.”,% Equation 1.2.3.1.7
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The second refinement is the introduction of a term which takes into account the attractive
forces between molecules in the gas. Two molecules exhibit little force on each other over long
range, however, as they come closer together the interaction is one of attraction up to a
maximum where the interaction will move towards a repulsion of increasing magnitude until

the molecules are contacted.

Energy

/ Repulsive forces

0 e

Particle

— Attractive forces

Combined forces

Figure 1.2.3.1-2: Energy of particle interactions varying with separation

In order to implement an interaction term Van der Waals made assumptions about the nature
of the gas particles, first that the density of the fluid is homogeneous and second that the
attractive force is small enough that the majority of molecules are unaffected by the walls of
the container. With these assumptions the particles near the walls experience a net force
acting towards the bulk of the container. The effect of this force is to reduce the pressure
recorded as there will be less collisions occurring with the walls, to take this change into
account the concept of an effective pressure, pes, is introduced. The attractive forces pulling
the outer molecules inwards can be described by a factor proportional to the square of the
number density, (Na?/V?). So where a; is the factor associated with a particular species and Vu

is the molar volume the effective pressure is:

11



N4y 2 a; .
peff =p-+a; (7) =p+ ﬁ Equation 1.2.3.1.8

The two modifications to the ideal gas law by Van der Waals result in the final equation form:

_ RT a
Vy-b V%

p Equation 1.2.3.1.9

Now where a/V\? is the internal pressure of the system the relationship above can be fitted to
experimental data. This allows the determination of both a and b parameters for the equation.
Therefore the back calculation of the diameter is possible where the hard sphere
approximation is applied to the molecules. The values of a and b for some common gases used
in gas separation membranes are given in Table 1.2.3.1-2 along with the resultant Van der

Waals diameter.

Table 1.2.3.1-2: Van der Waals parameters and resultant diameter

Gas ‘ a (L2/mol?) ‘ b (L/mol)B3 \ Diameter (A)3°!
Oxygen 1.382 0.0318 2.93
Nitrogen 1.370 0.0391 3.14
Carbon Dioxide 3.658 0.0427 3.24
Methane 2.303 0.0428 3.24

Comparing the tables containing the molecular diameters for the two different calculation
methods, Van der Waals equation and gas flow dynamic experimentation, it can be seen that a
slight variation in the value arrived at by the methods exists. The general trend is for the
number calculated from the viscosity measurements to be higher than that obtained from the
Van der Waals assumptions and the ideal gas equation. For the purpose of this work the values
for molecular diameter obtained using the viscosity measurements will be used in the
modelling and result in mean free path lengths and Knudsen numbers as shown in Table

1.2.3.1-3.

The pressure used in order to determine the mean free path length is the mean of the pressure

difference across the membranes being used, for all the tests carried out in this work the

12



membrane units were pressurised to 5bar and the permeate side was at atmospheric pressure.
This approach is justified by the pore flow model for porous membranes which assumes that
the pressure gradient across the membrane reduces as a constant gradient, for Knudsen flow

to dominate the transport method must be through pores and thus the same theory applies.

500000Pa + 101325Pa

Pmean = 5 =300663Pa

Equation 1.2.3.1.10

Table 1.2.3.1-3: Calculated mean free path and Knudsen number for tested gases by experimental determination

Molecular Mean Free Path (A),
Gas Diameter (A) at Pmean and 20°C Knudsen Number
Oxygen 3.59 235 65.5
Nitrogen 3.74 216 57.8
Carbon Dioxide 4.58 144 31.4
Methane 4.11 179 43.6

So far these calculations have based the values entirely on the properties of the free gas. This
has allowed the calculation of the mean free path length which a molecule has before it hits
another molecule in an unconstrained environment. However, in the pore flow being described
the walls of the pore could have a bigger influence than the other molecules of gas so the pore
diameter which corresponds to a Knudsen number of 10 should be found in order to determine
the pore size for the onset of the transition and viscous flow regions. The Knudsen number for
the pore flow is calculated from Equation 1.2.3.1.1 which essentially replaces the molecular

diameter (used in the calculation in Table 1.2.3.1-3) with the pore radius.

Table 1.2.3.1-4: Pore radii which induce conditions associated with different flow conditions

Pore Radius (A), | Pore Radius (A), | Pore Radius (A),
at Pmean and at Pmean and at Pmean and
Gas D?::::::?;) 20°C, for 20°C, for 20°C, for
Knudsen Knudsen Knudsen
Number 10 Number 1 Number 0.01
Oxygen 3.59 23 235 22966
Nitrogen 3.74 22 216 20007
Carbon Dioxide 4.58 11 108 10352
Methane 4.11 24 239 23366
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The transport through a porous membrane has been shown by Barrer (1941)37 and Treybal
(1980)F% to be related to the surface porosity (A), the pressure difference (Ap), pore radius (r),

pore length (L) and the membrane surface area (A).

A,AAp Equation 1.2.3.1.11

_ 8( 1 )1/2 r
Q=3 2R, TMW,;

In addition to this Barrer also provided an equation describing the transport through a porous
membrane under the viscous flow regime (Qy) where pr and p, are the feed and permeate side

pressures:

r? (pf + pp) A,AAp

T 8R, T\ 2 Ly

Equation 1.2.3.1.12

Qv

These equations for the two different transport mechanisms can then be combined with
Equation 1.2.3.1.3 for the viscosity in order to determine the ratio of these types of flow to

each other for different pore radii:

Equation 1.2.3.1.13

Qv _ 3V2n?N,d% (pf + pp)
Qx  64R,T 2

Figure 1.2.3.1-3 shows the linear trend between the two flow types as the pore radius
increases. This produces the expected effect whereby the proportion of flow by viscous means
increases with pore radius. Dushman®¥ stated that even at pore sizes giving Knudsen numbers
of 1 the flow would still be 85% Knudsen diffusion. If the flow is 85% Knudsen then the ratio of
Qv/Qx=0.15/0.85 = 0.176. Using this value for the ratio it is possible to back calculate the
corresponding pore radius and Knudsen Number for each gas which corresponds to this. The
pore radius for a Knudsen number of 1 was calculated for Table 1.2.3.1-4 and is also included in

Table 1.2.3.1-5 for comparison to the prediction of Dushman.
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Figure 1.2.3.1-3: Ratios of viscous to Knudsen flow over a range of pore radii for the test gases used in this work

Table 1.2.3.1-5

: Comparison of pore sizes and Knudsen numbers for 85% Knudsen diffusion

Pore Radius (A), at

Pore Radius (A), at

Knudsen Number, at

Gas Pmean and 20°C, for Pmean and 20°C, for Pmean and 20°C, for
Knudsen Number 1 85% Knudsen Flow 85% Knudsen Flow
Oxygen 235 281 0.84
Nitrogen 216 259 0.84
Carbon Dioxide 108 173 0.63
Methane 239 214 1.12

The calculated values show that the point of 85% Knudsen flow and hence also for the pore

radius regions where particular flow regimes occur are dependent upon the gas which is being

transmitted through the pore. The values show a tendency for larger diameter gas molecules to

be under the prediction of Dushman in terms of Knudsen number when the flow mechanism is

85% Knudsen flow while the opposite is true of lower diameter molecules. The figures are
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reasonably close to the value of 1 and this would provide a reasonable estimate for most gas

molecules.

It has been established that the Knudsen diffusion selectivity is governed by the square root of

the ratio of the molecular weights of the gas species such that:

_ [MWh: _ .94
OK0,/N, = Mw, Equation 1.2.3.1.14
2
_ MWCH4 0.60 Equation 1.2.3.1.15
OKCO,/CHy = —MWco =V
2

These relationships are used extensively to explain the results for uncoated and ambient
coated membranes in this work. Selectivity values for the membrane similar to those above
suggests that the primary transport mechanism through the membranes was Knudsen diffusion
since its selectivity is dominant. Selectivity of approximately 1 could be either viscous flow or it
could be the balance of solution diffusion to Knudsen flow giving that selectivity. Selectivity of

greater than 1 is likely due to solution diffusion in the case of the gas pairs included above.

1.2.3.2. Gas Transport Mechanisms — Solution Diffusion

Two mechanisms were proposed during the 19t century for the transport of molecules through
media being used for separation processes!*?. The first of these was the pore flow model in
which permeant molecules are separated by pressure driven convective flow through small
pores in a similar way to Knudsen diffusion although with the postulated pore flow module
there was a large contribution through filtration where one of the species was excluded. This
idea is certainly plausible although the pore definition required in order to produce a filtration
effect when dealing with the small diameter differences between gas molecules in gas

separation processes would be very difficult to control and design towards.

The second transport mechanism proposed was that of solution diffusion. In solution diffusion

the species to be transferred through the membrane have to dissolve into the material and
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then diffuse through it following a chemical potential gradient. The chemical potential gradient
can take a number of forms including concentration, pressure, temperature or electromotive
force but it is supposed in the mathematical development of a solution diffusion equation that

these are all inter-related aspects which combine to produce an overall chemical potential®®.

Initially due to the ease of visualisation and relation to physical processes familiar in everyday
life at the time the pore flow model of mass transport was more popular than solution diffusion
as an explanation. However, the solution diffusion model met with great success in application

to gas transport properties and eventually success moved into the field of reverse osmosis also.

The steps in the derivation are dependent upon the species which the process has to describe.

As this work is interested in gas separations it is necessary to make some assumptions:

e The gas on either side of the membrane is in equilibrium with the membrane material
at the interface i.e. no variation in chemical potential gradient from one side of the
membrane to the other due to edge effects.

e The rate of absorption and desorption from the membrane interfaces is higher than the
rate of diffusion through the material. In order for the first assumption to stand this
must be the case or the rate determining step would occur at the interface and hence
affect the chemical potential gradient.

e For solution diffusion to apply then the pressure through the membrane must remain
constant. In the pore flow transport mechanisms discussed in section 1.2.3.1 this is not
the case and it is the concentration which is assumed to be constant (hence the use of

Pmean in the above section).

The solution diffusion model still includes a difference in pressure between the two sides of the
membrane which provides a chemical potential driving force, however, in the case of gases this
is manifest as a concentration gradient since the membrane is assumed to transmit a pressure
difference in the same way as a liquid does i.e. from Pascal’s law a pressure exerted anywhere
in a confined incompressible fluid is transmitted equally in all directions throughout the fluid

such that initial pressure variations remain the same.
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The starting point for the derivation is with Fick’s first law since the solution diffusion process is
a diffusive mechanism. Fick’s first law relates the flux, J, to the diffusion coefficient, D, and the

rate of change of the concentration, c, through the membrane thickness, L.

dc
] = —Da Equation 1.2.3.2.1

This law is applicable in the steady state situation which the assumptions above combine to
give. Therefore it is possible to integrate Equation 7.1.3.1 to give a relationship for J in terms of

the concentrations of the species on either side of the membrane, c; and c,.

€1—C
J= DT Equation 1.2.3.2.2

In the case of gases Henry’s law states that at a constant temperature the concentration of a
gas which is dissolved at equilibrium conditions in a liquid (again the membrane is treated as a
liquid for diffusion purposes) is proportional to the partial pressure of the gas. In this case the
coefficient relating the concentration to the gas partial pressure, p, is the solubility coefficient,

S. This relationship allows the replacement of the concentration term with gas partial pressure:

J= DS@ Equation 1.2.3.2.3

Conventionally the product of the solubility diffusivity coefficient is referred to as the
permeability coefficient, P. Also, the flux is a measure of the permeation per unit area, in
practice membranes do not commonly have an area of one unit so the flow through them due

to solution diffusion is given by Equation 1.2.3.2.4.

PAA
= Tp Equation 1.2.3.2.4

The permeability coefficient is often quoted in units of Barrer for a particular penetrant

dissolving in a particular material at standard temperature and pressure. The non-Sl unit of
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Barrer is named after Richard Barrer who was known for his work in gas permeability but in SI

units the conversion becomes:
1Barrer = 10"2° cm3(STP) cm cm? st cmHg™?

The unit contains a number of length terms which could be cancelled out but each refers to a
specific aspect of the membrane so they are normally all left in for clarity as to what is being

described:

e cm?is related to the flow of the gas which is penetrating the membrane.
e cmis related to the thickness of the membrane.

e cm?isrelated to the area of the membrane.

1.2.4. Membrane Materials

Membranes can be produced from many different kinds of materials such as ceramics!*"*? and
even metals*> **! however these materials tend to be restricted to very specific processes and
are far outweighed by the presence of polymeric membranes in the market. There has not
been a great deal of work done on the comparison between polymeric and ceramic
membranes within the same paper for a particular purposel*! and it seems likely that these
materials will both continue to be used for distinct applications for which they are suitable. In
general no matter which materials membranes are produced from they have shown and

continue to show promise in many applications.

Polymeric membranes continue to be the most common in part due to their low cost, flexibility
in use and provision of a range of different properties which make them suitable in varying
applications. The production of these membranes tends to start from a polymer solution.
Although for some processes a melt extrusion technique can be used it is rare for this type of
process to be applied in practicel*®. When polymers are melt extruded they tend not to solidify
into a morphology which is conducive towards practical separation or reaction applications.

Therefore a polymer solution, commonly known as a dope, is used as the extrusion media and
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vitrifies as a result of mass and or heat balances into various different structural forms
depending upon the conditions and process used, hence with careful study the performance of

the membrane can be tuned to some extent.

The focus of this work is on polymer membranes and in particular poly(vinyl chloride)
membranes, in the following discussion the term membranes generally refers to polymeric

based membranes.

1.2.5. Membrane Geometry and Resulting Processes Module Design

1.2.5.1. Flat Sheet Membranes

There are two commonly recognised membrane conformations which have applications in
industry. The first is to have the membrane in a flat sheet format and the second is to produce
hollow fibers. Both types of unit have advantages and disadvantages associated with them and
the selection of which type of membrane to use has to be based around the process which it is

to be targeted for.

The flat sheet membrane has been developed for use in a number of different processes
including; membrane bioreactors (MBR)®” %8 and many filtration*>*Y or reverse osmosis®>>4
systems. Flat sheets provide some advantages to the user in ease of production and also in
mechanical strength, however they also provide low surface areas per unit volume with some
designs. The production of flat sheet membranes is usually undertaken by casting the
membrane onto a support material. This makes the process itself simple to achieve if an even
distribution of polymer can be achieved. The support material itself depends on whether or not
it also has a role in the separation process. In the laboratory environment the support is often a
glass plate which the cast membrane can be lifted from and used as a free form entity but in
industry a film produced this way would be too thin to withstand the rigours of most processes.

For industrial applications the most common method of support is to produce a co-polymer
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membrane with a highly porous polymer acting as the support, polyester is commonly selected

as the material to provide the strength.

As with all membranes flat sheets can be produced in two distinct symmetries across their
width known as either symmetric or asymmetric membranes. A symmetric membrane is one
which has approximately the same morphology all the way through and the full travel distance
through the membrane plays an equal role in the separation which occurs. In an asymmetric
membrane the morphology changes across the thickness of the membrane and this leads to
the separation being dominated by the slowest mode of transport available. Normally this
asymmetric nature is characterised by having a porous support layer with a dense separating
layer sitting on top. The asymmetric membrane has the advantage of reducing the thickness of
dense membrane required for mechanical strength and therefore aiding the production of
higher flux membranes since the slow separation stage is usually the dense section. This is

particularly the case for gas separation membranes.

The first producers of an asymmetric membrane which was suitable for use in desalination
processes were Loeb and Sourirajan®®. They developed a method whereby a thin film of
cellulose acetate solution was cast and allowed a short evaporation time to form a dense layer
followed by submersion in ice-water to form the supporting substructure®®!. The method which
was developed gained favour with both Bouchilloux et al®® and with Kimura®' who were
successful in producing the first gas separation membranes. The method was applied to
polymer membranes later by Peinemann and Pinnau to produce membranes of both

polyethersulfonel®® and polyetheramide!®.

Another method for the production of flat sheet membranes is to produce symmetrical
membranes by casting onto a porous support which provides the same effect as if it was an
asymmetrical membrane®®®! from one material. This means that the membrane can be cast in
an extremely thin layer onto the support and allowed to vitrify using a standard process of
submerging the membrane on its support in a bath of non-solvent for the polymer (an
explanation of how this works will be given below in the hollow fiber discussion since it is a

similar process).
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As with most things however, there is a trade off in the use of flat sheet membranes and in this
case it comes in the form of the area of separating material which can be placed in a specified
volume. Flat sheets can be difficult to pack into a unit in a manner which provides easy access
to the membrane surface while not giving high pressure drops or making the membrane
module prone to fouling. There has been some research done into how to produce units which
can maximise the potential of different flat sheet arrangements and one which has gained
popularity is the spiral wound modulel®*®® indeed this arrangement has been successful

enough that even some gas separation applications have been seen!®’),

1.2.5.2. Hollow Fiber Membranes

The use of flat sheets for gas separation membrane processes is a surprise because flat sheet
membranes tend to have a greater restriction on area than is seen for hollow fiber modules.
What often swings the balance of favour towards the use of flat sheet membranes with the
lower surface area is the use of liquids and other “heavy” species in the separation processes
which would take a greater toll on the lifetime of thin hollow fiber membranes than they do on
the flat sheets. In gas separation processing however there is less chance of the hollow fiber
membranes being seriously compromised during processes and therefore the comparative
vulnerability to damage is not such a big issue. This allows the possibility in gas separation
processes to use modules of either vertically or horizontally strung hollow fibers which can be
closely packed, for commercial modules packing density is often between 45-60%!°! which can
give surface to volume ratios of 2000-4000ft?/ft3. This is the best illustration of why gas
separations processes utilise the hollow fiber arrangement as the surface area available for
plate and frame flat sheets is 100-150ft?/ft> and for spiral wound modules is 200-250ft?/ft3,
indeed this is the main reason behind the 80%!®” prevalence of hollow fiber modules for gas

separation.

The production of hollow fiber modules can be accomplished in a large number of ways. The
type of module used is generally process specific especially when dealing with processes such
as ultrafiltration where damage to the membranes could be a problem. The modelling of

modules and analysis of the flow patterns which are produced within them see a lot of interest
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from the scientific community particularly on the shell side!’®74. However, due to the low
density and viscosity and the high diffusivities of the species involved in gas separation
processes a number of the main effects seen in liquid separation processes are not considered
relevant to the study and design modules for these purposes. One example of these differences
in the processes is the flow maldistribution which has been a major topic of study for processes

with liquids but does not significantly impact gas separation processes.

The flow on the lumen side of the membranes was studied by Park and Chang!” who showed
that there were a large number of influences on the flow experienced on this side of the
membrane. These effects ranged from the manifold size and shape through expected
influences like fiber inner diameter and tube length but also included some influences from the
shell side flows such as shell diameter, packing fraction and Reynolds number. This shows that
the design of hollow fiber modules has to be very carefully considered with regards to flow and
mass transfer as the different sides of the separation can have an influence on each other. The
relationship between different sides of the separation is unsurprising since the key to
separations is a potential gradient between the two sides. Again these factors have much less

influence on gas separation processes than it does on processes which involve liquids.

In the laboratory setting small numbers of hollow fibers are often used in comparison to
industry where a module may contain thousands of strands. There are various reasons for this
including the facilities available, ease of module production and. In this work the largest
module used contained sixty individual membranes but the most common sizes were either
single strands or three strands. The actual set up is described more thoroughly in the

experimental section.
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1.3. Hollow Fiber Gas Separation Membrane Preparation Methods

1.3.1. Preparation of Hollow Fibers for Gas Separation

The production of the hollow fiber membranes to go in modules is a highly specialised process.
There are four general methods of production which are commonly referred to in the
literature: melt spinning, dry spinning, wet spinning and dry wet spinning!®. There is a great
deal of secrecy around the industrial processes and equipment which are used and this is
particularly true of the main piece of equipment; the spinneret, which is almost always
patented whenever a new design is utilised. Research is also published on the best way to go
about designing spinnerets’”- 78 and the focus of this research is often directed at the spinneret
nozzle and the best design to obtain a spinning process which is stable and consistent in the

quality of fibre which it produces!.

The shape of the spinneret can have a significant influence on the production of the hollow
fibers. It is often shape of spinneret which is responsible for fiber instabilities such as draw
resonance, necking, capillary break-up, irregular cross-section and melt fracture or extrudate
distortion®3, The results of such instabilities are most commonly seen as fiber breakage or
non-uniform cross sectional area during the spinning process and have mechanisms which are
influenced by fluctuations in the polymer flow lines which are the result of drawing and

capillary forces produced by the spinneret design!?.

The spinneret design is therefore an important part of the production of hollow fiber
membranes however the processes which take place within the design are all very similar. In
general the spinneret will allow the flow of a polymer medium (either melt or dope) through an
outer annulus and introduce a bore fluid into the centre of this flow to hold the hollow nature
of the membrane and stop the membrane wall collapsing. In order to do this the bore fluid
encourages the formation of an inner wall which will provide structural stability to the hollow
nature of the membrane. For melt extrusion processes this can be brought about by a
temperature variation but in solution processes the solidification is usually accomplished via a
combination phase inversion of the outer layer combined with phase inversion induced by the
bore fluid being a non-solvent for the polymer material. The separation for the hollow fiber

membranes is most usually conducted at the outer surface so for most applications, and

24



especially gas separation, the internal wall will form part of the porous section of an
asymmetric membrane. The bore fluid properties should be selected so as to expedite the

formation of this porous structure.

The formation methodology of the outer skin for the separation depends upon the production
method which is being used. Of the four mentioned above the most common to be seen in the
literature are wet spinning and dry wet spinning. These methods avoid some of the energy
requirements which are associated with melt spinning production and the wet phase allows
more control over the processes which are occurring than is generally achieved by a purely dry
manufacturing process. The mechanisms behind the wet process were described J.A. van’t Hof
et al in 199284 where a dual bath coagulation method was presented while the dry/wet

spinning method and theories behind it were discussed by I. Pinnau and W.J. Koros in 2003/,

1.3.2. Preparation of Hollow Fiber Gas Separation Membranes by the Wet Method

1.3.2.1. Liquid-Liquid De-mixing

The wet method described by van’t Hof et al utilises liquid-liquid de-mixing methods to
produce layers in asymmetric gas separation membranes, they built on the work of Reuvers et
al on the liquid-liquid de-mixing process®® &’ who had shown that there were two methods by
which the de-mixing could proceed: instantaneous and delayed. The type of de-mixing which
occurs is related to how well the different solvents which make up the solution are able to
interact with each other, it is thought that this is still the critical factor even when ternary

solutions are used as they often are in membrane production(®®.,

Where the interaction between solvent in the dope and non-solvent in the casting medium is
good the result will be an instantaneous de-mixing processes. If a membrane dope enters a
non-solvent solution which interacts strongly with the solvent in the dope then the de-mixing
process will begin as soon as the contact between the dope and non-solvent occurs. The de-

mixing process happens instantaneously because the ratio of outflow of solvent to inflow of
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non-solvent is lower than is seen in the delayed de-mixing process. The result of this is a dense
top layer which tends to be imperfect due to the amount of non-solvent influx and is therefore
unsuitable for gas separating. The sub-layer also de-mixes rapidly resulting in a local polymer
concentration hardly changed from that which was present in the dope solution initially which

means that the structure formed during the de-mixing is an open porous network.

Delayed de-mixing occurs where the interaction between the solvent in the dope and the non-
solvent in the casting medium is poor. Here, as the name suggests, the onset of liquid-liquid de-
mixing is delayed from the time of contact of the solvent and non-solvent by the necessity for
non-solvent to penetrate completely through the film (or fiber) being formed. Only when this is
complete can the local concentration of non-solvent rise high enough to allow liquid-liquid de-
mixing to occur. The reason behind this delayed progression to de-mixing lies in the different
diffusion rates which are occurring during the delay time as a result of thermodynamic
interaction and the friction coefficients which are present in the system!® 8%, These factors
combine to give a large outflow of solvent but with only a low inflow of non-solvent therefore
leading to an increased concentration of the polymer in the dope solution near the interface.
The thickness of the concentrated layer grows with respect to the square root of the contact
time between the two solutions but only up to a maximum concentration which is less than
that required for de-mixing. When the concentration front reaches the other side of the
membrane the concentration in the membrane can go above the threshold for de-mixing to
occur. At the interface between the solutions solidification of the polymer can occur producing
a dense top layer as would be desirable for gas separation membranes, however in the sub-
layer the result is a closed cell structure network which has high resistance to gas transport
which is undesirable. This structure is formed because the high polymer concentration hinders
nuclei growth in the polymer lean phase and the amount of solvent/nonsolvent available will

be limiting growth factors(®.

1.3.2.2. Utilising Liquid-Liquid De-mixing to Produce Gas Separation Membranes

From their understanding of the two de-mixing mechanisms outlined above van’t Hof et al

concluded that in order to obtain a good gas separation membrane it would be beneficial if a
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method could combine the two different mechanisms: firstly a short period of the delayed de-
mixing mechanism to produce the dense surface layer followed by instantaneous de-mixing to
produce the sub layer with an open pore network. The method developed utilises two different
non-solvent baths, the first of which displays poor interactions with the casting solution and
the second displays good interaction. The time in the first bath can be optimised to produce a
thin defect free active layer and normally has a lower submersion time than the time taken for
the interface concentration to reach its maximum value i.e. submersion time is less than delay
time. This can pose a problem as the submersion times required are so short in order to
achieve a very thin dense layer that they lead to high casting or spinning speeds which can be
detrimental to the structure (as it has no mechanical stability on leaving the first bath since
only the concentration has been increased and no precipitation has occured) or difficult to

achieve.

The difficulties are particularly true of hollow fibre membranes which have no casting support
but have to be self-supporting. The result is that the method described by van’t Hof often
requires some clever manipulation of the solvent/non-solvent systems so that the delayed de-
mixing process occurs in a less dense non-solvent layer sitting on top of the denser non-solvent
in which the instantaneous de-mixing occurs in a single coagulation bath. This has other
difficulties associated with it in terms of the non-solvent mixing which occurs as the fiber
passes through the interface of the two non-solvents. Careful design of the mechanical means
of transporting the hollow fibre between the two baths can also be utilised where miscible
non-solvents are to be used whereby a small diameter hollow only fractionally bigger than the

fiber itself may be used between the baths giving minimal mixing of the two.

1.3.2.3. Preparation of Hollow Fiber Gas Separation Membranes by the Dry/Wet

Method

Due to the difficulties which have been described above, in this work the dry/wet method
described by Pinnau and Koros was favoured as a spinning method since it could be set up to
avoid not only these issues but also to avoid the use of larger amounts of solvents/non-solvent

in the system. In the method developed by van’t Hof et a/ and described above there is no
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definitive time allowed in which evaporation of solvent or non-solvent from the
casting/spinning solution can occur between the casting or extrusion of the membrane and it
entering into the coagulation baths. However, it was found in the early seventies by
Strathmann et al®® % that the thickness of the active layer and the porosity of it can both be
affected by an evaporation step, this result has since been backed up by a number of research
groups. In the dry/wet methods phase separation brought about in the outer layer during the
evaporation step produces the active layer then the sub-layer is formed by liquid-liquid phase

separation by submersion in a non-solvent bath as before in the wet method.

1.3.2.4. Phase Diagram in Dry/Wet Method Gas Separation Membrane Preparation

The dope solutions which are used for dry/wet formation methods are generally at least three
component solutions. These solutions will contain a solvent, non-solvent and polymer
component, however the solutions can also have an additional high volatility solvent
introduced to shift the position of the composition on a ternary diagram. The diagram in Figure
1.3.2.4-1 shows the progress of the solution during the dry step of the process. Here the
extruded membrane is exposed to a set of forced convective conditions in the form of a gas
stream which causes evaporation of the solvent from the outer regions of the membrane. The
effect of the evaporation is to change the concentrations of the components in this region such
that the volume fractions (®) traverse a path similar to that from point A to point D in Figure
1.3.2.4-1. The physical processes which occur at each of these point are controlled by the Gibbs

free energy for mixing of the system!®?

The binodal curve is defined by the composition of polymer rich and polymer poor phases
which the unstable solution inside the curve will split into as shown along the tie lines. Along
this boundary each of the two phases which the solution separates into will have the same
chemical potential which is the equilibrium value®®. Phase separation can occur in this region
and proceeds by a process of nucleation and growth. If the Gibbs free energy is plotted against
the mole fraction of a component present in a phase then the minima present on this curve will

reflect the binodal compositions at this point. For a binary system this results in a single
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manner in which the solution will split however in a ternary system a much more complicated

relationship is required and most commonly the Flory-Huggins theory is used.
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Figure 1.3.2.4-1: Dope solution composition possible progression during dry step

The plot of the Gibbs free energy will also contain points of inflection between the maxima and
minima present within it and these are the points which represent the spinodal boundary. This
is a critical region in the systems behaviour as the only barrier present to phase separation in
this region is diffusion and hence the system will phase separate spontaneously into two
interpenetrating polymer rich and polymer poor phases given that the smaller phase has at

least a volume of 15% of the overall volume®®., Spinodal decomposition is related to time with
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the initial structure remaining unchanged while the compositions of the two phases depart
from the average composition and approach the binodal regions compositions and eventually
the structure coarsens and interconnectivity is lost!®?. Again this simple discussion is best
applied to a binary system and for the more relevant ternary systems Flory-Huggins theory is

often applied.

1.3.2.5. Flory Huggins Theory

The Flory Huggins theory relates the Gibbs free energy of the system to the volume fractions of
each component in the system, which is a direct replacement from the mole fractions in the
binary system theory but also has to take into account interactions between each binary pair
present in the system[®*+°¢],

AGy

—=nqIn¢; +nyIng, + nzIngz + y1on + n
rr - In@i+nz2Ing; + n3Ings +x1pn192 + X131 93 Equation 1.3.2.5.1

+ X23n2¢3

Where; AGy is the Gibbs free energy of mixing, R is the universal gas constant, T is the
temperature, n is the number of moles, @ is the volume fraction and the subscripts refer to the
components of the solution where non-solvent (1), solvent (2) and polymer (3). This situation is
complicated by the addition of a more highly volatile solvent to the system but for simplicity
the two solvents are considered as a single component in this discussion. In order to describe
the situation completely in ternary solutions however ternary interaction parameters would be
required in this equation also however a number of researchers have found success utilising

binary interactions alonel®’-1%],

The interaction parameters are also concentration dependent and so obtaining accurate
parameters over the full range is a time consuming process which has led researchers to keep
some of the parameters constant while changing others. It is not clear which parameters this
should be done with however as results have been found using either the non-

solvent/solvent®®! interaction or the solvent/polymer®! interaction as the dependent
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parameter which have allowed replication of the experimentally found miscibility gaps by

theoretical methods.

In a multiphase system the chemical potential of a component is split between the phases
which are present and these chemical potentials must be in equilibrium with each other, as for
the production of the binodal curve earlier, such that where Ap is the chemical potential
difference between the pure and solution state chemical potential and A and B represent the

two phases the for each component i:

Apiq = Apip Equation 1.3.2.5.2°%

101]

Since the change in chemical potential is also equal to the derivative of the Gibbs free energy
then by taking the partial derivative of Equation 1.3.2.5.1 with respect to the number of moles
of the component and combining this with Equation 1.3.2.5.2 expressions can be obtained for
the chemical of each component. Note that for these equations all interaction parameters have

been assumed constant and v is the molar volume of the component in the pure state.

Apq

RT =In¢; +1- ¢1——¢2 ——¢3

Equation 1.3.2.5.3[°2

+ (Y1292 + X1393) (P2 + P3) +X23:—:¢2¢3

=In¢g, +1- ¢, ——¢1 ——¢3

RT
. Equation 1.3.2.5.4/°%
2 2
+ (X1z v_1¢1 + X23¢3) (1 + d3) + x13 v—1¢1¢3
Aps
RT =lngz+1—¢; ——¢1 ——¢2

Equation 1.3.2.5.5°%

+ <X13 V_id)l + X23 i‘l’z) (P1+P2) + X12:—i¢1¢2

This system contains six unknowns, the volume fractions present in each of the phases for the
three different components, which allow the location at the binodal boundary to be calculated.

There are five equations which relate the six variables, three of these equations are obtained
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by substituting Equations 1.3.2.5.3,4,5 into Equation 1.3.2.5.2 and the other two are the
material balances which describe the volume fractions of each component in each phase given

by Equation 1.3.2.5.6:

z bia= z ¢ip=1 Equation 1.3.2.5.6

In order to define which point of the phase diagram is being looked at the volume fraction of
one of these components in the phase has to be defined, doing this leaves five equations and
five variables and the system of equations can therefore be solved although the methods

employed to do so may be complicated.

The spinodal curve on the phase diagram is defined thermodynamically as the second partial
derivative of Gibbs free energy with respect to the volume fraction of a component or two

components:

8%AGy Equation
s 1.3.2.5.71102

So where non-solvent (1) is taken as the reference component then the spinodal curve was

shown to be obtainable by Tompa/®® and separately by Kurata*% from:

Equation 1.3.2.5.8

82AGy 6%AGy <62AGM>2

5p3 8¢  \8d.os3

So from the Gibbs free energy relationship shown in Equation 1.3.2.5.1 and carrying out these
partial derivations it can be found that where u; and u; are the volume fractions of non-solvent

and solvent respectively on a polymer free basis®% 102!;

u, = 1 Equation 1.3.2.5.9

1 =5 uati

¢1+ P

U = i Equation 1.3.2.5.10

2= T uati
¢1+ P2
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62AGM= 1 vy
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d d?
—2x12 + 2(ug —uz) ( d);lzz) Tty <%> Equation 1.3.2.5.11
2

82AGy 1 vy dy1z
w2 -5 + +— + uy(ug — 2u ( )
54)% b1 (X12 t+ X13) vz){23 2(uq 2) du,
2 Equation 1.3.2.5.12
+ u u’ 4" x12
142 du%

820Gy 1 !
8¢5 b1 vids

d d?
)(12>_|_u1 3( X12

u;
du, du’

) Equation 1.3.2.5.13
2

2x13 + 2u5(1 —uy) (

Back substitution of these equations into Equation 1.3.2.5.8 along with the material balance
equation allows the solving of this system in a similar fashion to that used for the binodal
curve. Again there is a requirement to fix one of the variables in order to determine the

location of the data being sought and this will normally be one of the volume fractions.

1.3.2.6. Phase Separation as Depicted by the Phase Diagram

For any given position within the metastable or unstable region of the phase diagram the
composition will split along a tie line to give the polymer rich and polymer poor phases. The
ratio of one phase to the other can be determined from the lever rule. The lever rule states
that the length of the line from the composition point to the split on the binodal boundary in
the polymer rich phase multiplied by the amount of the polymer rich phase is equal to the

same thing for the polymer poor phase i.e. for Figure 1.3.2.4-1 point C:

nppl__, =nppL__, Equation 1.3.2.6.1
CPR CcPP

The start of this split effect occurs where the spinodal and binodal boundary come together at
the critical point (CP). The critical point is most important for phase separation which proceeds

by nucleation and growth. By comparing the polymer concentration at the critical point to that
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of the composition of the solution in the metastable region the phase which will nucleate can

be found where:

e polymer concentration lower than the critical point gives nucleation of the polymer rich
phase.
e polymer concentration higher than the critical point gives nucleation of the polymer

poor phase..

Point A shows the starting position of the dope solution composition. In this region of the
ternary diagram the dope is stable and will not phase separate. However, as the solution is
exposed to a forced convective gas stream the evaporation of the most volatile component in
the solution will evaporate first, this is an important assumption as it means that the
penetration through the phase diagram is partially controlled by the concentration of the
highest volatility component. This is the reason why a second high volatility solvent often forms
part of the dope solution to give the user more control over the process. The high volatility
solvent forms a part of the solvent component on the ternary diagram and therefore the ratio

of non-solvent to polymer in the solution remains the same through the process.

If the evaporation phase leads to a composition in the outer layer of the membrane at point B
where it lies inside the binodal boundary but outside the spinodal boundary (the metastable
region) the liquid-liquid phase separation can proceed by nucleation and growth. This type of
mechanism results in a phase separation which gives a dispersion of polymer lean phase in a
continuous polymer rich phase and as described above the position of the composition within

the phase diagram will determine the result!?:

e low polymer concentration nucleation of the polymer rich phase results in a powdery
type structure forming which will not have the integrity to produce successful
membranes.

e high polymer concentration nucleation of the polymer poor phase results in a closed
cell micro-porous morphology suitable for the membrane substructure in gas
separation but not the active layer formation which the evaporation step aims to

produce.
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Either longer exposure time in the dry step or a higher forced convective gas velocity can move
the composition of the solution at the surface to position C. In this region the phase separation
is spinodal in nature and the polymer rich phase produced by the separation will contain a
higher concentration of polymer than the binodal separation from the same polymer
concentration which results in the formation of a bicontinuous network of polymer rich and
polymer poor phases!®3l. This bicontinuous network results in the outer layer of the membrane
having a nodular structure consisting of high concentration polymer spheres with interstitial

spaces filled with polymer poor phasel04-106],

There are two suggested ways possible for why this nodular structure could benefit the
separation. The first of these is by multiple layers of nodules stacking such that the interstitial
space on one layer overlaps with a nodule on the lower layer thus filling and plugging the gap.
The second mechanism is nodule coalescence. It seems likely that the final separation of the
membrane is aided by both of these mechanisms. It is nodule coalescence which this thesis
focuses on as a method for explanation of the separations which are seen from the

membranes.

1.3.2.7. Nodule Coalescence

Kesting, (1973)1°7 suggested that the coalescence of nodular structures was playing an
important role in the formation of membranes which were produced by dry step phase
inversion but, it was Pinnau and Koros (1993)%% however who suggested the mechanism by
which this is believed to occur. They proposed that capillary pressure acting at the interface
between the membrane and the air could cause the surface nodules to coalesce producing a
dense layer. This was an already existing phenomenon in drying of latex to produce films and
could be promoted by the solvent and non-solvents present in the polymer solution exhibiting
a plasticising effect on the polymer rich phase. A number of authors had studied the film
formation of latex!!%13! byt it was the work of Brown (1956)"*** which provided the impetus to

produce the theory for membrane formation.
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Brown (1956)**% proposed that during the drying process the condition for film formation of
water-based polymer (latex) emulsions must come from the force exerted by capillary pressure
(Fc) being greater than the resistance of the polymer to deformation from its nodular shape

(Fe):

Fc>Fg Equation 1.3.2.7.2

The capillary pressure in the latex system comes about as a result of the curvature of the water between the latex
particles and this was seen to be analogous to the polymer lean phase between the polymer rich nodules. The

capillary pressure exerted acts in a normal direction to the interface between the polymer and interstitial fluid as

shown in

Figure 1.3.2.7-1 causing the deformation of the polymer nodule into the interstitial space

assuming the nodule is “soft” enough.

————p = Capillary Pressure

Figure 1.3.2.7-1: Polymer nodules showing capillary pressure
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The pressure which is applied onto the polymer spheres is associated with the Young-Laplace
equation for perfect wetting so long as the contact angle is zero and is related to the surface

tension of the interstitial fluid (y) and the radius of the interstitial space:

Pc= — Equation 1.3.2.7.30%4]

This equation can be exchanged for one relating the radius of the polymer spheres (R) if they

are considered to form an array of packed hexagons:

12.9
P; = il 4 Equation 1.3.2.7.4114

R

Brown**¥ also derived the relationship for when a film would be formed by an array of

hexagonal closed-packed spheres related to the shear modulus, G:

35
G < Ty Equation 1.3.2.7.5['%4

In reality it is highly unlikely that the spinodal phase separation produced bi-continuous
network will result in as regular a structure of spheres as is supposed in this theory however
studying the nature of polymers and putting in some values reveals why it is not a completely

unreasonable condition to apply.

The ability of the polymer to form a film through capillary pressure effects being related to the
modulus is important because the modulus of polymers can vary significantly under different
conditions. This suggests that the range of polymers which could be used for gas separation
membranes is larger than the range currently being studied intensely if the right conditions can
be found for production. The relationship between modulus and temperature for amorphous
polymers will typically show five regions of behaviour as shown in Figure 1.3.2.7-2 where for
any polymer material near its glass transition temperature (Tg) the same five regions may be
expected to be found. In the case of this work the PVC material being used has a glass

transition temperature of around 85°C which is much lower than the more commonly used
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polysulfone which shows a T; nearer 180°C so it is expected to see these regions in the work.
The limits on each of the regions depend on various factors but molecular weight and its

distribution are major contributors!®.
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Figure 1.3.2.7-2[115]; Five regions of viscoelastic behaviour of polymers based on epoxy and urethane examples.
The curves for polymers all contain the same regions but can present different values of modulus within them at

different temperatures.

Membrane formation processes are generally carried out at constant temperature but the
procession of the composition through the phase diagram will also produce the effect of giving
the five regions of behaviour. Burghardt et a/ (1987)1** and Gaides and McHugh (1989)**”]
made predictions for the behaviour of polymer solutions and estimated that the glassy phase
would correspond to polymer concentration greater than 70%. In the glassy state polymers are
more brittle than at higher temperatures. The molecules in a glassy state experience a greater
level of difficulty in rearrangement with realistically only vibrational and short range rotational
motions being enabled. Transition to a glassy state quickly enough can lock the polymer
molecules in a higher energy state as they are not free to move into a more thermodynamically

favourable orientation. This could be a helpful factor for the production of gas separation
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membranes as it has been shown that molecular orientation helps to improve the separating
properties which can be achieved. The reduction in molecular mobility is caused by a reduction
in the specific volume of the materials which shows a change in the slope and defines the
location of the glass transition temperature at the point where the straight line relationships of

the glassy and rubbery state intersect.

Rubbery State (2)

Glassy State

Specific Volume

Crystalline State

- ==

|

|

|

|

|

I
Temperature g Ts

Figure 1.3.2.7-3: Relationship between specific volume and temperature for a crystalline (2) and an amorphous (1)
material. T is defined as the point on the amorphous curve where if the lines for the glassy state and rubbery

state were both extended straight they would cross.

The reduction in the specific volume of the polymer could also prove useful as if there is less
space available between molecules then the material will exhibit lower porosity and this should
be good for the skin of a gas separation membrane. However, at the high polymer
concentration associated with the glassy state (70% V/V) the modulus of polymers is expected
to fall into the range of 100-1000MPa®>.. The high modulus in the glassy state can result in the

inability to coalesce the nodules in the skin formation process.

39



Pinnau and Koros (1993)/%°! used the work of McMaster (1975)"%! who suggested that phase
separation in polymer solvent systems occurs with particle sizes in the range of 150A to 60004,
in conjunction with their own experiences with SEM’s of polymeric membranes showing an
active layer between 200A and 500A to set a range of particle sizes which could exhibit
coalescence. This range has since been corroborated by a number of authors and with different
materials**®121 Using this data and Equation 1.3.2.7.5 along with a surface tension of 0.02N/m
for organic solvents in casting solutions!*?? the range of particle sizes which could coalesce to
form an active layer was plotted and gave a range of pressures of 7-70MPa which suggests

moduli would also have to fall into this range.

From the above work it can be concluded that entering into the glassy phase of the viscoelastic
behaviour would prevent the polymer surface from coalescing effectively and means the tie
line on Figure 1.3.2.4-1 which passes through point D and represents the glass transition
composition would not coalesce. It has been suggested that polymer concentrations of
between 50-70 volume% would give a modulus in the range of 2-40MPa®! which does fall
inside the theoretical range of pressures which are expected to be produced at the surface of
the membrane. However, in practice it is expected that a lower capillary pressure than
expected will exist due to the limits placed on it by the tensile strength of the fluid in the
interstitial spaces. Sheetz (1965)?3 suggested that the maximum capillary pressure available in
water-based emulsions is approximately 4.1MPa if this is used as a guide for the dope solutions
then this value would only correspond with the lower end of the concentration band identified

above.

Summing-up the conditions necessary to allow phase separation and nodule coalescence to
occur based on the above discussions: Equation 1.3.2.7.5 must be satisfied and “particle size”
of the nodules must be small enough to allow capillary pressures greater than the resistance to
deformation of the nodule. This corresponds to approximately position C in Figure 1.3.2.4-1
which will allow spinodal phase separation to occur at the surface of the membrane. Under
these conditions the nodules will coalesce and seal the outer extremities of the membranes
with a dense homogeneous layer. Since when this layer forms there are no longer any

interstitial spaces at the surface, then below the surface the polymer takes on a nodular
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structure over the depth which spinodal decomposition has occurred however without

capillary pressure the network will remain open.

1.3.2.8. Structure Formation in Dry/Wet Gas Separation Membrane Preparation

In order to form the structures which are described above the spinodal decomposition must
take place within the dry step. If the membrane enters the wet quench step then the whole
membrane will instantly de-mix, as this is what the wet step is designed to do, but if this occurs
before the spinodal separation and nodule coalescence has progressed far enough then the
whole membrane will be porous from this mechanism. The kinetics associated with the dry
step of the process are exceptionally quick, in fact if they are related to the more easily
quantifiable kinetics of thermal spinodal decomposition then for practical purposes the time
frames involved in the creation of the dense top layer are instantaneous®). This can be seen in
practice when the membranes pass through the spinneret and are exposed to the forced
convective gas stream as the surface begins to haze very quickly as the phase separation
occurs. The effect of the length of time the membrane is exposed to the dry step therefore has
a greater effect on the thickness of the layer which undergoes spinodal decomposition before

guenching than on the formation of the dense layer itself.

From the dry step convection chamber the membranes enter into the quench baths which form
the wet step of the process. Entering into the wet step the surface layer of the membrane is a
thin coalesced layer atop a partially spinodally phase separated layer with a final layer of
composition which has hardly moved from its original state. The support layer of the
membrane will not yet have had time to coalesce under the influence of the bore fluid as the
liquid-liquid de-mixing by solvent exchange takes longer than the influence of the dry
evaporation step. It is desirable to maintain as much of the structure as possible before pores
in the spinodally phase separated region can collapse and hence it is important to attain

instantaneous de-mixing in the quench baths.

By utilising a non-solvent which has good interaction with the solvents in the dope solution

forming the membrane the phase separation occurs rapidly transforming the surface layer into
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a non-porous, homogeneous layer. The top layer is so thin it allows diffusion of species through
it from both sides and this exchange allows the vitrification of the sub layer to occur from both
the surface and from the solvent exchange with the bore fluid. The wet step instantaneous de-
mixing results in an open porous structure with the dense homogeneous surface layer

representing the best profile for a gas separation membrane.

1.3.3. Additional Stages in Membrane Preparation

The membranes produced by either a wet method or a dry/wet method contain a large amount
of non-solvent within the structure. The most common practice at this point is to allow the
membranes to dry in air. However, often the non-solvent which is used in order to quench the
membranes is not highly volatile e.g. water and this means that it can be difficult for the centre
of the membrane structure to dry out in particular because it is porous. In order to work
around this there is often a solvent exchange step introduced before the membranes are

potted in modules.

During solvent exchange the membranes are soaked in a high volatility non-solvent for the
membrane material. This displaces a large amount of the low volatility solvent from inside the
membranes and then when the membranes are again allowed to air dry they are left in a much

drier state since it is easier for the evaporation to occur.

Gas separation membranes require a high degree of perfection in order to be effective. Even
with a consistent and developed process it can be difficult to achieve a surface layer which is
completely homogeneous over the full area and even if this were accomplished they are very
susceptible to damage by handling during processing including module production. Henis and
Tripodi were the first to provide a solution to the problem of small pores in the membrane
surface when they developed a process by which a silicone coating was applied to the
membrane surface!*> 131, This process does not have to be complicated with dip coating into a

solvent containing the silicone solution being enough to accomplish the desired effect of
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covering the pores. Indeed this work was successful enough that it led to a number of patents

for both the inventors and the Monsanto company!*?* 125,

1.4. Gas Separation Membranes Development Paths and Industrial Usage

1.4.1. Historical Overview

The use of gas separation membranes in industry began to take off with the patents gained by
Henis and Tripodi and Monsanto. They spearheaded the development of the first industrial
applications of gas separation membranes in the production of ammonia where they were used
to recover hydrogen from nitrogen based purge streams. In the early 1980’s this process was
estimated to be accounting for 5*10°%t3/day of Hydrogen recovered, however by 1994 the
rapid growth in membrane technology and understanding meant this number had elevated to
4*108%t3/day*?®!. The clear interest from industry in the use of membrane technology for gas
separation provided impetus for research both industrially and within academia. A field of
study which had been open since Sir Thomas Graham published “On the absorption and dialytic
separation of gases by colloidal septa”™?”! suddenly saw renewed interest with developments

and progression following quickly®2,

Figure 1.4.1-1 shows some examples of industrial developments in polymeric gas separation
membranes between 1980 and 2010. These highlights show the different areas of
improvement which have contributed to the continued success of membranes; modules (which
have been discussed already), preparation method (the switch to hollow fibers from flat

sheets) and also in the materials which are being used to produce membranes.
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Figure 1.4.1-1: Timeline of important industrial gas separation membrane application advances!128]

A large amount of work has been put into the development, refining and characterisation of
different materials for producing membranes. These materials can consist of pure polymers*?*-
133] similar to those of the initial polysulfone membranes produced for use by Monsanto or can
have been modified by processes to crosslink®***3”! or chemically alter the base polymer

structurel*¥141 One natural extension of the development of materials is to produce
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membranes which contain multiple materials, these co-polymer membranes produce different
combinations of properties than the pure polymers used to make them and this has become a

popular method of attempting to improve the properties!*42145],

1.4.2. Robeson Upper Bound

Another method of combining the properties of different materials in order to achieve gas
separation membrane performance is mixed matrix membranes. These membranes tend to
incorporate non-polymeric materials into a standard polymeric membrane in an attempt to use
the inclusions properties to boost the performance. The idea came about as a result of a paper
published by Robeson (1991)1*%°, this is generally considered a landmark paper for polymeric
membranes as it postulated an upper limit on the selectivity which could be achieved by using

solely polymeric membranes.

Robeson conducted a thorough literature search and plotted the values of selectivity which
polymeric membranes were achieving for different gas pairs. The selectivity values were
plotted against the permeability of the fastest permeating gas in the membrane and it was
found that almost no values existed above the upper bound of this line which had a slope
related to the Lennard-Jones Kinetic diameter. This resulted in Robeson drawing the conclusion
that the separating capabilities were governed by the diffusion coefficient of the membrane. In
a more recent update of his work Robeson (2008) concluded that there had been only minor

shifts in the positions of his upper bound for most gas pairs since he had first published!..

Figure 1.4.2-1 shows a schematic of a Robeson diagram which may be produced on completion
of a literature search for polymeric membranes for a particular separation. The key aspect of
this however was that it referred to polymeric membranes. In order to produce membranes
which could improve upon the upper bound and produce better separating properties at higher
gas fluxes researchers began working with carbon membranes*®. Carbon membranes proved
themselves capable of beating the rules imposed on most polymeric membranes by Robeson’s

upper bound™® % However, in spite of the growing popularity of producing carbon
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membranes by the pyrolysis of polymer precursor membranes they have flaws: production can
be relatively expensive to obtain high quality membranes, therefore there is a tendency to

display a fragility unpractical for industrial modules in some cases!*>%%],

Robeson’s Upper Bound

S Target Area for Membrane
™~ Performance

Selectivity, a; (P/P))

v

Permeability Fast Gas, P;

Figure 1.4.2-1: Robeson’s upper bound diagram

1.4.3. Mixed Matrix Membranes

As a compromise to the flaws of both polymeric membranes and their carbon membrane
counterparts the idea of mixed matrix membranes was developed. In these membranes solid
inclusions are added to the polymer dope solutions and cast or spun along with the polymer.
This produces a membrane which contains solid particles throughout its structure with the aim

being that enough of the inclusions better separating qualities are imparted to the membrane
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to improve its functionality while the polymer matrix provides the mechanical properties
desirable in gas separation membranes. These strategies have met with success at times and
the nature of the inclusions has progressed from the use of simple components like carbon
black!**®! and silical*®” 158 to more complex modern materials such as zeolites!*> %% metal

organic frameworks (MOFs)!*6% 162 gnd carbon gels!*®3!,

The mixed matrix membrane appears to give the best of both worlds, however, as with
anything there are draw backs and issues associated with them. From solution preparation
issues where the even dispersion of finely ground particles through what can be a highly
viscous solution presents a challenge to the final characterisation of the more heterogeneous
structure. Production issues also exist, particularly in the production of hollow fiber
membranes where the particles have a much higher propensity for blocking the spinneret or
causing uneven flow resulting in the fiber breaking during production. Perhaps the most
troublesome issue however is with obtaining a strong adhesion between the particulate
inclusion and the polymer matrix*®* 1%, |f interfacial separation between the particles and the
polymer is too large they act as a fast transport route for the gases to pass through reducing
the effectiveness of the separation, it was shown by Aroon et al 2010 that this was a bigger

problem with rubbery polymers than glassy ones!¢¢l.

1.4.4. Gas Species Targeted for Gas Separation

A look at the industrial processes which are described in Figure 1.4.1-1 reveals that industrially
gas separation membrane milestones are largely devoted to a small range of gases including
oxygen, nitrogen, hydrogen and carbon dioxide. These gases represent a large proportion of
the gases utilised in academic work also with the inclusion of methane to the list. The most
commonly seen gas pairs studied are oxygen/nitrogen and carbon dioxide/methane (or

hydrogen). There are a number of reasons for this:

e These gases are prolific throughout industry and so represent a large target

demographic and possibility for funding opportunities
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e They are simpler and safer to work with than most gases

e Other gases tend to have a much greater deleterious effect on the membrane materials
(carbon dioxide does present issues associated with swelling whereby the free volume
of the polymer is reduced and flux suffers without a great benefit in selectivity)

e Generally the research direction seems to have been towards understanding the
mechanisms of gas separations and how different membrane materials and

modifications can affect the properties of the final product.

These reasons are valid enough for the focus on a limited gas range. However, there are
deviations from this route with a focus on gases such as more complicated organics*®”!. The use
of these gases often severely hampers the choices of materials which can be used to produce
the membrane through damage which they will cause over time or reductions in flux which
occur over time. This work is focused on producing a gas separation suitable for dealing with

one such unusual mixture in the form of ozone/oxygen systems.

1.5. Gas Separation Membranes in this Thesis

1.5.1. Ozone Gas

1.5.1.1. Ozone Properties

Ozone, O3, is the triatomic allotrope of oxygen. It is a widely known chemical mostly for its
presence in the Earth’s atmosphere and the effect its depletion is having on global warming.
This is in spite of the fact that it only accounts for about 0.6ppm of the Earth’s atmosphere.
Natural ozone is produced by two mechanisms: from diatomic oxygen molecules under the
influence of ultraviolet light (this is the mechanism which prevents some of the suns radiation
reaching the Earth) and from natural electrical discharges in the atmosphere i.e.

thunderstorms.
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Ozone gas has a bale blue colour and a very strong odour being detectable to humans by this
trait at concentrations down to about 0.1ppm!®. Exposure to ozone should be limited and is
regulated in the UK by the Health and Safety Executive which gives a recommended exposure
concentration of no more than 0.1ppm as an 8hour time weighted average or a short term

exposure limit of 0.3ppm as a 15min time weighted average concentration.

There are also safety concerns around the use of ozone due to its capability to react
explosively. Ozone is highly reactive and can undergo a number of different reactions but the
most important with respect to the explosive nature of the reaction is the conversion back to

diatomic oxygen.
203 — 302

At room temperature and pressure with ozone gas this decomposition is not so quick as to
pose a threat of explosion, it has been found that the half-life time of ozone is highly
dependent on temperature and humidity conditions and could vary between 39mins and
24hours over a range of conditions!*®®. The slowest reactions occur at low temperature,
humidity and pressure. Even although the gas does not pose a spontaneous explosion risk at
atmospheric conditions at concentrations of more than 10% deflagration can be triggered by an

ignition source*”?,

1.5.1.2. Industrial use of Ozone

The safety implications of working with ozone make it less attractive than it might otherwise be
for use in industry. However, the characteristics of ozone and the potential which it has for use
across industry mean that it has gradually gained popularity. The widespread use of ozone and
its varied use began in 1840 when German Scientist Christian Friedrich Schdnbein officially
discovered and named ozone from the Greek “ozein” meaning to smell. The first specialised
ozone generator was patented by Nikola Tesla in 1896 followed by the commercial application
in the water industry which began in 1903 in Niagra Falls but took off particularly in France

where by 1916 there were 26 industrial plants utilising ozone. Progress was steady across
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industry but the progression in the USA is best seen by the progression of the Food and Drug

Administration (FDA) approvals:

e 1976 —approved as antimicrobial oxidiser

e 1982 — granted generally recognised as safe (GRAS) status for use in bottled water

e 1997 — an expert panel from the electric power research institute finds in favour of
granting GRAS for ozone direct contact with food and the FDA agrees

e 1998 — US Environmental Protection Agency confirms ozone is effective in removing
hazardous pathogens and chlorine resistant Cryptosporidium from water

e 2001 — FDA approves ozone as a secondary direct food additive as an antimicrobial

agent.

Ozone now has applications across industry seeing use in pharmaceuticals, lubricants, cleaning,

water, food and even medical industries.

1.5.1.3. Ozone Production

Having such a wide range of applications means that the production of ozone is itself quite a
large industry. Provision of ozone to processes is not as simple as for many other species due to
the half-life issues which have been mentioned above. The fall out of these handling difficulties
is that ozone tends to be produced on-site, local to the application in order to avoid

transportation losses. The production also tends to be on a continuous but on-demand basis.

The production methods for ozone involve four main methods: corona discharge, ultraviolet
light, cold plasma and electrolytic. Each method has advantages associated with it which
influence the choice of process for the production. Corona discharge is the most commonly
used method and involves the production of an electrical discharge to spark the feed gas (air or
pure oxygen) to produce ozone in concentrations which range from 3-15% dependant on feed
and the generator. There are some modern models such as the SEMOZON® AX8407 which can
do better than this achieving 18.5% ozone by weight. Where air is used in the feed harmful

nitrates can also be produced by these production units.
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Ultraviolet production methods utilise the same mechanisms as take place in the Earth’s
atmosphere in order to produce ozone without the production of the nitrates seen in corona
discharge. However, ozone concentrations are often in the region of 0.5% and the time for

production of ozone is slower due to the lower energies involved.

Cold plasma utilises pure oxygen and exposes it to plasma which splits the oxygen into single
atoms which can then recombine as ozone. These generators produce ozone in maximum
concentrations of approximately 5% and even although they are capable of doing this very
quickly the systems are very expensive both in capital cost compared to other types and in

operational costs.

Finally electrolytic production involves splitting of water molecules into H,, O,, and Os. This
produces ozone where some is lost in solution but still modern generators can achieve up to

30% concentration ozone. The production requires a large energy input and as such is costly.

It is important for the production of ozone that all these generators can be produced from
materials which are compatible with ozone. This is a bigger limitation on the equipment than
with most species due to the high reactivity of ozone. Metals will generally be oxidised by
ozone to the extent that even stainless steel of grade 304 will gradually degrade under the
influence of ozone and grade 316 is required for production units. On the side of polymers and
rubbers most materials will be degraded by the presence of ozone with the most resistance
being offered by carbon chains which are completely saturated and contain few functional

groups.

1.5.1.4. Ozone Reactivity and Half-life

The restriction on unit construction materials may seem like a property which would further
restrict the use of ozone but it is the high reactivity and oxidation potential which in fact makes
it such a valuable tool in essentially all of the applications with which it is associated. The
oxidation potential of ozone is huge in comparison to other commonly used oxidisers as Table
1.5.1.4-1 shows it has over 1.5 times the electrochemical potential as chlorine which is perhaps

the best known oxidising agent in general use. This large potential means that ozone will drive
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reactions to occur, and is able to break down compounds and species which other oxidising
agents cannot and therefore it is particularly useful where the extent of reaction is crucial such
as in the water industry. The additional benefit which comes from ozone is the bi-products of
the reactions which it undertakes, where with other oxidisers the bi-products tend to also be
dangerous e.g. halogenated organics, these do not exist with ozone which in fact will attack

them and break them down.

Table 1.5.1.4-1: Electorchemical potential of various common oxidising agents

Oxidising Reagent Electrochemical Potential (V)
Ozone 2.07
hydrogen peroxide 1.77
chlorine dioxide 1.57
Chlorine 1.36
Oxygen 1.23
Bromine 1.09
hypochlorite 0.94
Chlorite 0.76
lodine 0.54

Ozone does have challenges and limitations on the uses with which it can be put. Some of the
handling issues have been touched on but it is the concentration limitation and production of
these higher concentrations requiring a large investment which is stunting what has otherwise
been a rapid growth in ozone use in a number of markets. Looking at the review of the
production methods above the highest concentration which can be produced of ozone is the
electrolytic method at 30%. This is a much higher concentration than the other methods and
opens up other potential uses and a higher efficiency in established processes. However, it is
more expensive. Likewise improvements can be made in the production methods which utilise
gas stream inputs by switching from air input to pure oxygen input. This has benefits on
processes in multiple ways giving not only a higher concentration of ozone but also avoiding

the production of side products like nitrous oxides which can be particularly problematic in

52



corona discharge production. The down side of making this switch is the cost associated with
supplying pure oxygen feed to the process and that the oxygen which is unconverted often

goes to waste.

The research to find an answer to the concentration tends to focus on the efficiency of and
improvements to the ozone generator’*74 in order to reduce costs. However, this is not the
only route available. A large amount of the cost involved in the use of pure oxygen gas is
incurred in the oxygen which goes to waste having not been converted but being unable to be
recycled. If a separation process was developed which allowed the recycling of this oxygen then
this could be a valuable contribution in allowing the use of pure oxygen feeds which results in a
double method of ozone concentration improvement i.e. use of pure oxygen feed improves

concentration and the separation process again improves concentration.

The high reactivity of ozone has benefits for the processes which ozone is useful in, however
clearly makes handling an issue. This is also a problem which applies to the separation
processes which could be applicable because chemical methods result in the ozone reacting.
Membrane gas separation avoids some of these issues but since gas separation membranes are
most commonly made out of polymer materials a polymer which is ozone resistant must be
used as the base case for the membranes. This base case could then be changed to improve
membrane performance by addition of particulates to form a mixed matrix membrane or by
modification of the polymer chains. However, modification of the polymer material presents
problems as the addition of functional groups into the structure makes it more likely that the

ozone will have a group which it can react with.

The membrane also should be produced from a material having properties which lend it to the
production of hollow fibers. This means that a glassy state (at room temperature) polymer
which is saturated and does not contain functional groups which are subject to attack has the
best properties. Traditional membrane materials such as polysulfone are generally unsuitable

for use with ozone so the possibility of using poly(vinylchloride) was identified.
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1.5.2. Poly(vinyl chloride) (PVC)

1.5.2.1. Industrial Usage of PVC

Poly(vinyl chloride) is one of the most commonly used polymers in the world with production
falling behind only that of polyethylene and polypropylene as far as plastics are concerned*’*!,
The development of poly(vinyl chloride) to this state of popularity was not altogether smooth.
The polymerised form of vinyl chloride is believed to have been discovered accidently at least
twice during the 19" century, first in 1835 by French chemist Henri Victor Regnault and then in
1972 by German chemist Eugen Baumann. However, it was not until 20" century that serious
attempts were made to utilise the material in commercial products. Unfortunately these early
attempts were stymied due to the rigid and sometimes brittle nature of the polymer they were
attempting to use. Most modern PVC products are produced with the addition of plasticiser
into the pure PVC compound. These plasticisers have the effect of producing a material which
is easier to work with. Inclusion of plasticisers is not desirable in this work as these may be
subject to the chemical attack of ozone, especially since the most common plasticisers are
species of the phthalate family which introduces an aromatic nature into the compound which

is very susceptible to ozone.

1.5.2.2. Beneficial Polymer Structures for Gas Separation Membranes

The review of polymer materials and the potential for their use conducted by S.A. Stern
(1994)/*7¢1 gives a thorough overview of the important polymers in the gas separation
membrane field and the polymer properties which are considered to have an important effect
on the production of a high selectivity gas separation membrane. Structurally the best
polymers have a stiff backbone, low inter-segmental packing of the polymer and low energy

inter-chain interactions.

A polymer with a stiff backbone is beneficial because it allows better discrimination between
different gas species. The selectivity of the membrane is linked to the amount of free volume
which is present in the polymer matrix and the size of the spaces between the molecules. A

rigid backbone generally will allow the molecules of the polymer to pack better with less chain
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folding and this helps to better define the interchange spacing resulting in a more uniform
molecular pore size. If the size of the inter-chain spaces is then in the region of the size
required to separate gases then this can have a profound effect on the separation qualities of

the membranes.

Low inter-segmental packing follows a similar reasoning as that of the stiff backbone where
with low chain folding the structure is more regular. The regular structure in turn allows better

molecular packing and from this a better selectivity can be achieved.

Finally if the inter-chain interactions between the molecules are large then they can increase
the energy of certain conformations of the polymer molecules. This can result in the chains not
packing particularly well as they find lower energy states to arrange themselves in when
coming out of the solution. The shear forces involved in the production of membranes,
particularly hollow fibers, can help to relieve this issue somewhat by the shear forces stretching
the polymer chains out to provide a greater degree of molecular orientation and then this

conformation being frozen in place during the formation of the active layers.

These factors all help to improve the selectivity of the membrane but they also help explain the
inverse relationship between the selectivity and the permeability since they all involve the
closer packing of chains and hence a reduction in free volume. Reduction in free volume
decreases the permeability because the gas permeation mechanisms allow for faster mass
transport through a more porous structure. These properties are also all physical in nature and
therefore ignore effects which could be induced by interactions between the gases being

separated or interaction between the gases and the polymer being used.

1.5.2.3. PVC Structure

PVC is a glassy amorphous polymer. This means that before the application of shear forces the
polymer chains are not stacked in a structured manner and therefore the free volume could be
expected to be larger than for a closely packed polymer matrix. However, with the application
of a shear force the amorphous nature of the polymer makes it easier for the chains to

rearrange themselves along the flow lines and if this molecular orientation can be frozen into
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the structure then it could lead to a highly aligned structure in that area of the membrane with
a low free volume. In the case of unmodified PVC there are no large side groups to disturb this

orientation process which could lead to very tight packing.

The limited use of PVC for gas separation membranes which does exist in the literature tends
towards the use of modified PVC. The work which has been done shows that the unmodified
version exhibits good selectivity but low permeability in the production of cast sheet
membranes*”7-*8% This low permeability has been seen as prohibitive to the use of pure PVC
membranes and so modifications made have been targeted at opening the structure slightly to
improve the transmittance of the gas!*’’-*®°!, Unfortunately due to the reactivity of ozone the
modification of PVC is not seen as viable for a starting material and instead the pure PVC

membranes are preferred as a starting point.

1.5.2.4. Influence of Molecular Weight

Another aspect of the polymer utilised which can have an impact on the separation which is
achieved is the molecular weight. There are a few methods of calculating the molecular
weights of polymers but there are two which are more common than the others: number
average and mass average. The number average molecular weight (M,) is the mean of the

molecular masses (M;) of the number of molecules (N;) which make up the total mass:

_XNM;
M= SN
L

The mass average molecular weight of a polymer is the molecular weight which a randomly

Equation 1.5.2.4.1

selected molecule will have on average and is found by:

_ Y N;M;?

My =—— Equation 1.5.2.4.2
VY NM;

The effect of the molecular weight is reflected in the membrane by the relationship which it

displays with the specific free volume (SFV) of the polymer matrix:

V=V
SFV = Wr=Vo) Equation 1.5.2.4.3[81
My,
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Where V7 is the specific volume of the polymer at temperature T, and Vq is the hypothetical
specific volume of the material at OK. This free volume is further affected by the processes
which produce the membranes i.e. shear forces. These shear forces and their affects on the
material also vary with molecular weight adding a further layer of complexity to the situation. It
has already been described how the shear effects seen in the spinneret during hollow fiber
production can cause the polymer to experience rubbery behaviour even at temperatures
below the glass transition temperature. This is especially true since a larger molecular weight
polymer is likely to produce a dope solution which has a higher viscosity which can have
implications on the spinning processes of hollow fiber production. Since the free volume
changes significantly with the changing nature of the material it is difficult to predict the effects
of initial free volume on the final structure but it is expected that the general relationship

(Equation 1.5.2.4.3) should have an impact.

The relationship between the free volume and molecular weight is therefore inversely
proportional so following this equation one way to increase selectivity is to use a lower
molecular weight polymer starting material which will also give reduced permeability of the
membrane. The most commonly used gas separation membrane polymer is polysulfone which
is available from Aldritch with number average molecular weights of 16000g/mol and
22000g/mol. With respect to PVC Aldritch offer three different number averaged molecular
weights at 22000g/mol, 35000g/mol and 47000g/mol. Since the densities of PVC (1400kg/m?3)
and polysulfone (1240kg/m3) are similar at 25°C and the specific volume is the inverse of
density it was concluded that the use of the 22000g/mol PVC would give a free volume which

was most similar to that which is seen in polysulfone membranes.

Another impact which may be seen through the molecular weight of the material being used is
the consistency between membranes which are produced. The requirement for molecular
weight to be expressed as an average comes from the range of different molecular weight
polymer molecules which exist for a particular product. The distribution of this molecular
weight range depends on the processes and the materials used to form the final product. It
could be expected that a narrow molecular weight distribution would provide a greater degree

of consistency in final membrane products than might be seen from much wider distributions.
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The effects of this however are likely to be very small and hence are unlikely to be able to be

isolated through variations contributing from other factors.

1.5.2.5. PVC Reactivity

The use of PVC in this application comes around partly as a result of its relatively low reactivity
being a saturated organic molecule with the only group place susceptible to chemical attack
really being the site of the chlorine bond. While this helps provide a stable membrane under
the target process conditions PVC is not the best choice of polymer when it comes to producing
a solution. The range of suitable solvents is slim and for the dry/wet process the desired dope
solution composition utilises both a high volatility solvent and a low volatility solvent. One
relationship which is well known for being used with polysulfone membranes is to use
dimethylacetamide (DMA) as the low volatility solvent and tetrahydrofuran (THF) as the high
volatility solvent. THF is a good solvent for PVC and is used as a solvent for the polymer in a
number of industrial processes including resin production. DMA is not as good a solvent for the
PVC but does have a much lower volatility than alternatives such as toluene which is a good
solvent. The most likely alternative to DMA would be dimethylformamide (DMF) but both offer

similar properties and hazards so DMA was used as there was experience in working with it.

The final two components are the non-solvent for the dope solution for which ethanol was
used and the non-solvent for the coagulation baths. One advantage of the use of these solvents
is that they allow the use of water in the coagulation baths which reduces the cost of the

hollow fiber production process significantly.

Finally, it is worth noting that although this thesis focuses on the ozone and oxygen relationship
PVC exhibits good resistance to a number of oxidising materials. This property means that there
are also opportunities for the use of PVC membranes in applications which involve an oxidative

environment unsuitable for other membrane materials.
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2. Objectives

The primary objective of this work was the production, characterisation and structural
modelling of a hollow fibre gas separation membrane which displayed properties making it
suitable for the separation of binary mixtures of ozone and oxygen. In order to achieve this
membranes were to be produced and tested for their separation properties utilising common
test gases of oxygen, nitrogen, carbon dioxide and methane. The use of these gases allows for
comparison of the membranes to those in the literature as these gases are commonly
represented among the wide array of papers on gas separation membranes unlike the niche
gas of ozone. Once separating properties have been achieved the next target was to set up a

system involving ozone/oxygen separation.

The first step in producing membranes was to identify a suitable material for the membrane
production as ozone is a highly reactive oxidising agent which attacks most common polymeric
membrane materials. The selection of material had to consider a number of factors including
the permeation properties of the material, solution properties for spinning, chemical resilience
and strength. The polymer selected as a result of this study was PVC, the reasons for this have
been set out in the introduction section of this report, and as such the rest of the objectives for

the work were set around the use of PVC.

In order to produce membranes suitable for gas separation it was decided to base the
production around the successful dope compositions and spinning parameters associated with
the use of polysulfone. Polysulfone has been successfully applied in a number of gas separation
applications and the production of these membranes has been shown to be economically
viable. Hence, if membranes could be produced under similar conditions with PVC then, since
PVC is considerably cheaper as a raw material, the economic value of such membranes would

hopefully represent viable output.

During the initial stages it was desired to produce a membrane batch which demonstrated a

level of gas separation which would be in line with solution diffusion transport mechanisms.
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The membranes were produced under ambient conditions and the stability of the production
over the course of a full run was assessed to determine if comparisons of membranes produced
at the start of a spinning run compared to membranes produced later in a spinning run are

justified.

The spinning conditions used for the initial experiments were chosen such that they
represented spinning parameters which are commonly employed for a variety of membrane
production applications. Due to the use of spinning conditions which could be reasonably
expected to produce separating membranes, although perhaps not optimally, the next aim was
to use the results obtained from the first production runs in order to make changes to the dope
solution as required in order to tune it. Following, the tuning of the dope under the generalised
spinning conditions the aim was to move to optimising the spinning conditions being used. In
order to determine the best dope composition and spinning conditions for the membrane both
the pressure normalised flux through the membrane and the selectivity had to be considered in

order to obtain a balance between them.

In addition to the investigation into the membrane production the dope solution itself was
rheologically investigated under a variety of conditions in an attempt to reconcile the
rheological properties of the dope solution with those observed in the membranes separations.
The rheological investigation aimed to use flow, oscillatory and creep rheological methods to
produce data on the solution nature over a range of different stress and shear conditions.
These studies were conducted with a focus on considering different possibilities for producing
membranes at ambient and raised temperature and also consider the implications of the delay

in the time which the dope was used after preparation.

It was then aimed to use the data collected from the rheological studies in combination with a
software package to model the flow of the dope solution as it passes through the spinneret.
This combination was utilised in order to determine what spinning conditions might best
benefit the dope solution and whether or not spinning at an increased ambient temperature
may help in producing better flow characteristics through the spinneret for the production of
gas separation membranes. This information was to be implemented into the production

process in further attempts to produce higher quality membranes.
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Post spinning processes such as coating were also known to have an influence on the
performance of membranes and a further aim of the work was to consider the application of an
additional coating layer to the membranes. The literature on membranes commonly refers to
the coating of membranes for use in gas separation properties as it is known to improve the
membrane properties. This investigation aimed to study the effect of an additional coating
layer to obtain information on whether the dip coating process employed for the work was
effective in a single coating rotation or whether a double coating could further increase the

results obtained.

Once conditions under which membranes could be produced showing potential for achieving
the ozone/oxygen separation required had been established they were to be characterised
through a number of methods. It was an objective of the characterisation process to produce a
model based on the principles of resistance modelling which could predict the active layer

thicknesses and surface porosity of the membranes which were manufactured.

In order to help with some of the input factors required for the modelling and to study the
structure of the membranes scanning electron microscopy (SEM) was identified as a technique
which could be used to provide visual images of the membranes and their characteristics. It
was also hoped that SEM could be used to provide confirmation on the influence of the coating

process and assess if it contributed anything significant to the membrane characteristics.

The strength of membranes was also investigated through tensile testing conducted on the
membranes themselves. Tensile strength gives an indication of how long industrial membrane
modules might last under operating conditions before the influence of broken membranes has
too large a negative impact on the module performance. This investigation aimed to compare
the properties of the PVC membranes with the mechanical strength of literature sourced values

for membranes produced from other materials.

Finally it was aimed to conduct experimental work to assess whether the membranes exhibited
any ozone/oxygen separating capabilities. The first aspect of this involved the creation of an
experimental set-up which allowed the connection of a generation system to a membrane test
chamber taking into account the issues surrounding the handling of ozone. Secondly, it was

hoped to conduct experiments with ozone/oxygen binary mixtures to prove that the concept of
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a PVC membrane could influence the output concentrations of the retentate and permeate

streams.

A number of these sections of work resulted in conclusions being drawn which mean that
further work would be required in order to refine the membranes presented here or improve
the processes through which they are tested. It was also an aim of this work to take these
conclusions and suggest possible future lines of investigation which could help resolve some of

the issues faced.
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3. Equipment, Methods and Common Calculations

All of the equipment used in this work was designed at the University of Strathclyde.
Some of this was undertaken by Dr S. J. Shilton and L. Allan for past work but
everything has been redesigned, refitted and re-commissioned by the author and L.
Allan. The exception to this is the spinneret which was loaned to the University for

research purposes by Air Products and Chemicals Inc.

3.1. Dope Preparation

Preparation of polymer dope solutions took place in a fume cupboard. The round
bottom vessel and other glassware equipment shown in Figure 3.1-1 were Quickfit®
products. Equipment which was used but is not shown in the diagram for simplicity
includes retort stands with clamps and rings for supporting the set-up, hosing for
supply of cold water to the condenser and various beakers, measuring cylinders and
watch glasses for the measuring out and addition of solution components to the round

bottom flask.

First, the stirrer was placed in the bottom half of the round bottom flask before the top
half was lowered over it threading the stirrer shaft through the central port in which it
was sealed with a Polytetrafluroethylene (PTFE) stopper designed to allow the stirrer to
rotate. The flanged vessel was sealed using a clamp which fit tightly all the way round
the flange and was designed for the purpose. The flask was then placed in a retort
stand ring and lowered into the water bath to a level slightly below the flange, the level
was important to establish a good heat transfer area between the water in the bath
and the vessel but also to minimise the chances of water gaining access to the system.

Retort stand clamps were used to provide extra stability to the flask.
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Figure 3.1-1: Apparatus set-up for dope preparation

The stirrer motor was moved into position over the flask, directly above the stirrer
shaft. The motor used was a 50W thyristor speed controlled DC shunt wound motor
geared to a maximum speed of 780rpm. The motor set up was selected because it is
capable of maintaining its speeds with the viscous solutions which occur when dealing
with polymers. With the motor in position the stirrer was attached to it and the motor
turned on to check for excessive vibrations produced by the alignment of the stirrer
shaft through the port in the flask. Once the motor was correctly aligned to minimise
the vibration the other pieces of equipment to be placed in the ports were added and,

where appropriate, sealed in place.

The digital thermometer was placed into the flask through another PTFE stopper and
reached into the flask to a point just above the stirrer to obtain the most accurate
reading possible of the solution temperature. Controlling the solution temperature is
important so as not to completely evaporate the volatile solvent which was present in
the solution. The condenser and funnel were Quickfit® apparatus and therefore fit

snugly into the flask themselves with plastic clips used to secure them in place. The
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extra port in the flask had a stopper placed in it. The condenser was then hooked up to

the cold water supply and a clamp retort stand used to provide it with some support.

When all the equipment was set up the water bath was turned on and set to 50°C. The

bath was then left for a couple of hours to reach this temperature.

Dry solvents and non-solvent were used to produce dope solution. The liquids were
added to the vessel through a long stem funnel, placed temporarily in the stoppered
port, which allowed the fluids to be added to the bottom of the flask and thus
preventing it seeping into the flange. For this work the low volatility solvent was
dimethylacetamide (DMA), the high volatility solvent was tetrahydrofuran (THF) and

the non-solvent was ethanol.

The appropriate mass of polymer, poly(vinyl chloride) (PVC) in this case, was then
weighed and added to the vessel via the solid funnel. The PVC addition was carried out
slowly in order to prevent agglomeration of the solid particles. The stirrer speed was
adjusted over the course of the addition to cope with the change in the nature of the
solution; although the effect of viscosity was reduced by the temperature of the bath
some of the solutions prepared were still highly viscous. Generally the required change
was an increase in the stirrer speed. Once the addition of the required mass of solid
was complete the funnel was removed and a stopper inserted into the port instead; if
the funnel was left in place it would have provided an easy route for solvent
evaporation from the system. The condenser retained the volatile components within
the system which was sealed with the exception of the condenser. The solid particles

generally took in the region of 2-3hrs to completely dissolve.

When the solid was completely dissolved the solution was homogeneous or contained
bubbles of gas. It was hoped these bubbles were air introduced by the mixing process,
although it is likely there was a component of high volatility solvent as well. Dependant

on the polymer concentration, and hence viscosity of the dope produced, the bubbles
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present would rise through the solution and pop at the surface given a couple minutes
rest time; this process was aided by the elevated temperature of the water bath.
However, for some thicker solutions it was necessary to degas the solution. This was

carried out on the system shown in Figure 3.1-2.

2.
1. DK
o@* 3. 4,
1. Vaccuurn Pump 2. Needlevalve
3. Vaccuum Buffer 4, DegasingVials

Figure 3.1-2: Degasing set-up

The vacuum pump used was an Edwards E2M2 BS 2208, two stage pump. The vials for
the solution were 200ml centrifuge tubes. The needle valve allows control of the
vacuum which was being exerted on the polymer solution. The pressure is controlled to
degas the bubbles in the solution slowly, as it was feared the high volatility solvent,
THF, would come out of solution rapidly at low pressure. The vacuum buffer was put in
place to help prevent fluid coming through the tubing from reaching the vacuum pump.
The buffer was a glass container which could withstand low pressure at low
temperature so it could be kept in an ice/water bath. The lower temperatures in the
buffer aid the condensation process of gaseous components. The process is described

in more detail in section 3.3.

3.2. Membrane Production

The membrane spinning process was carried out using the set-up shown in Figure 3.2-1.
The dope solution was placed in the dope pot (a pressure vessel with two ports in the

top). A pressure head of 20psig was applied to the dope pot from the gas cylinder
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(Nitrogen). The application of the pressure head achieved two goals: any bubbles which
were present in the solution would be reduced or collapsed by the increase in the
pressure head and it also provided the driving force to push the solution through the
piping. The application of the pressure head to provide the driving force for the
solution means that the gear pump was acting as a metering device although, since it is
a positive displacement type pump it should have no bother with the high viscosity of
the solution. The gear pump used was Slack and Parr — SPLA 0.3ml/rev driven by a 50W
thyristor speed controlled DC shunt wound motor geared to a maximum speed of
40rpm. The motor also utilised a double gear reduction to give steady rotation even at
slow speeds. From the gear pump the polymer line goes to the spinneret where the

fibres are produced.

The section of the spinning rig described so far was used for both elevated and ambient
temperature spinning. In order to convert from the ambient temperature method to
the elevated temperature method heat tape was wrapped around the piping between
the dope pot and spinneret, this included wrapping the gear pump and spinneret
mount, while the dope pot was placed in a water bath. Both the heat tape and water
bath were set to 50°C and controlled at this temperature for the duration of the
experiment. This was the only section of the spinning process which changes for

spinning at elevated temperature.

Also leading to the spinneret was a supply of bore fluid. The bore fluid was introduced
to the centre of the fibre by the design of the spinneret; the resulting appearance of
the spinneret base was of concentric circles as shown in Figure 3.2-2. The bore fluid was
a non-solvent for the polymer, in this case a 20% w/w potassium acetate solution, and
was contained in a reservoir. The flow of bore fluid was controlled using a Waters 510
HPLC (high performance liquid chromatography) Pump 115/230V 50/60Hz selected for
its ability to provide a continuous flow rate under the low flow operating conditions

required.
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graphical representation of the membrane route through the system from the
spinneret to the wind up drum

Figure 3.2-1: Membrane Spinning Apparatus

The spinneret was held within a specifically designed mount made of stainless steel.
The bore fluid feed is attached directly to the spinneret however the dope feed is
attached to the holding unit. Inside the holding unit the dope solution passes into the
spinneret through a set of holes placed in a circle, equidistant from the centre, in the
top surface of the spinneret. The outer diameter of the extrusion area for the dope was
6.35*10*m and the inner diameter was 2.29*10*m. More detailed data on the inner
workings of the spinneret is not available as it was provided for research purposes by
Air Products and Chemicals Inc. and these dimensions were all the data which were

provided with it.
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Figure 3.2-2: Schematic of spinneret outlet

Fixed below the spinneret was the forced convection chamber. The chamber was a
tube of Perspex with 3 holes bored into the side wall at the same height on the tube
and 120° apart. These holes were where the gas lines from the Nitrogen cylinder were
attached to the column. The gas cylinder fed Nitrogen gas to the convection chamber
at a rate determined by the rotameter flow controller. The convection chamber was
clamped in place between two rings at the top and bottom of the chamber. The
bottom ring of the support was held in place level with the top of coagulation bath 1 so
as to maintain the same distance between the bottom of the chamber and the surface
of the coagulant in the bath. The height of the top ring of the support above the
bottom ring however was freely and easily adjusted. The adjustments could be carried
out mid spin run in order to change the conditions under which the membranes were
being produced without stopping the flows of any of the feeds. The ability to make
changes mid process was important as restarting the membrane production

successfully could pose difficulties if it was stopped mid run.
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The coagulation baths were made out of stainless steel and contained PTFE rollers
which directed the membrane through the baths without damaging it. The first
coagulation bath which the membrane entered was deep to begin with, allowing the
first guide to be placed 40cm below the surface of the water bath. This arrangement
meant that the membrane was kept vertical after extrusion and hence the surface
would not be damaged by being flexed around a corner until it was strong enough to
do so. After this initial deep section the membrane was guided back to a depth of 5cm
by the rollers so that the bath would not be so large that if coagulation fluids other
than water were to be used then the cost of filling them would not be prohibitive. For
this work the coagulant in both baths was water from the mains supply. In the second
coagulation bath the membrane was always at a depth of 5cm under the surface. The
first bath was 1.60m in length while the second was 1.40m. These lengths were
adequate to produce a strong enough fibre to withstand being wound up on a drum
without suffering damage as a result. The wind-up bath plays a lesser role in the
membrane formation but serves to keep them wet while they are collected which helps

the sub structure of the membrane continue to form.

The wind-up drum itself was 16.5cm diameter and therefore gave membrane sections
approximately 52cm in length when they were cut free. The length of each membrane
does however depend on how long the membrane on the drum is allowed to build up
between removing the membranes as a build up of material on the drum contributes to
a steady increase in apparent diameter. The standard practice for when to cut the
membranes off the drum was to do so before they started to build a second layer
which kept the membranes a consistent length and also prevented the possibility of the
first membranes onto the drum being crushed by additional layers. Once the
membranes had been cut free of the drum they were transferred to a separate water

bath for 24hours to ensure complete formation of the membrane.
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The wind-up drum was connected to a motor which allowed control of its rotational
speed. This meant that the wind-up drum could be used to set the jet-stretch ratio of
fibres being produced where this is the ratio of extrusion rate to wind-up rate. There
was also the possibility of connecting the roller guide between the coagulation baths to
a motor which would allow two different fibre stretch methods to be investigated,
initial stretch between the spinneret and the roller and secondary stretch between the
roller and the wind-up drum: by altering the speeds of the motors on both the roller

and wind-up drum.

The final step in the production of the membranes was a solvent exchange process
followed by drying. The solvent exchange takes place for 48hours and was carried out
by placing the membranes in a methanol bath for this period. This step occurs after the
membranes have spent the 24hour period in a water bath. Methanol was used because
it is a non-solvent for PVC and has higher mobility and vapour pressure than water.
Solvent exchange has two functions the first is to further ensure the complete
formation of the membranes as the high mobility of the methanol means that it can
ensure penetration to the centre of the membrane and fully forming the substructure,
where water might have had problems penetrating this deeply into the membrane. By
replacing the water which is contained within the membranes it also makes the drying
process much simpler as the methanol has a higher volatility. This means that after
48hours the membranes can be removed from the methanol and allowed to air dry at
room temperature for another 48hours. The solvent exchange and drying process were

carried out in a fume cupboard as it was likely there would be loss of methanol vapour.
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3.3. Potting-up

Potting-up is the process of building a unit which could be placed in the permeation
test rig. The final potted up membrane consists of the membrane held in a tube at one
end and in an end cap at the other. All work associated with potting up was carried out

in a well-ventilated area.

The membranes were held in place using a two component polyurethane resin. The
production of this resin and the degasing of it were part of the potting-up process
where the equipment used in the degasing was as shown in Figure 3.1-2. The two parts
of the polyurethane resin were mixed together in a disposable beaker. This was done
slowly to minimise the amount of air which was incorporated into the resin and hence

speed up the degassing process.

After mixing the resin was transferred to two 50ml centrifuge vials which were
designed to be used at low pressure. The vials containing the polyurethane were then
connected to a vacuum pump via a solvent trap and a needle valve. The solvent trap
was kept in an ice water bath and meant any vapours which were given off by the
polyurethane would hopefully condense in the solvent trap and not reach either the
needle valve or the vacuum pump. The needle valve allowed control of the extent of
vacuum which was applied to the vials. The vacuum pump used was an Edwards E2M2

BS 2208, two stage pump.

It was important that the extent of vacuum was controlled carefully during the
degassing process. The resin vials were only filled with 20cm?3 of polyurethane solution
at a time, in spite of having a capacity of 50cm3. This was done so as to allow head
space for the bubbles which form during the degassing process, however even with this
headspace if the full vacuum were applied to the vials straight off the mark then the

bubbles would be drawn up through the system towards the solvent trap.

88



To begin the degassing process the needle valve was kept fully open when the pump
was turned on. The height of the bubbles inside the vials was monitored and if they
came close to getting sucked back through the system then the pump was turned off,
the bubbles would relax and then the process could be tried again. If the height of the
bubbles did not reach the top of the vial then the needle valve would be closed slightly.
This monitoring and closing of the needle valve continued until the needle valve was
closed as far as it would allow. Needle valves are not designed to be able to completely
shut off so when it was fully closed the needle valve bleed line would be fitted with a
blank to enable the full extent of the vacuum to be applied to the vials. The degassing
process had to be carried out as efficiently as possible as the polyurethane resin would

only be suitable for handling for a limited time.

After degassing the polyurethane was transferred from the resin vials to a disposable
syringe for use in the production of the modules. The first stage in module production
was the preparation of the tube sheets in a manner which allowed the resin to be
injected to them without damaging the fibre. The modules were prepared for the

introduction of resin before the resin preparation outlined above was carried out.

A tube sheet consisted of a length of %inch diameter stainless steel pipe with fittings at
either end appropriate to connecting to the permeation test rig. These fittings were
provided by Swagelok®. Each of these tube sheets had a piece of flexible tubing placed

over one end and was then placed in the lower level of the potting rack.

The lower level of the potting rack consisted of a series of holes in a line which were
large enough for the flexible tubing to pass through but not so large that the whole
tube sheet could pass through it. On the other side of the lower level another matching
series of impressions are cut, these do not go all the way through so that when the end

caps are potted up they can sit in these holes.
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A small screw clamp was then put over the flexible tubing but not completely closed so

that it would still be possible for resin to flow through the constriction in the tubing.

5.
3. 4,
5.
1. Disposable Syringe 4. EndCap
2. Screw Clamp 5. Potting Rack
3.  Tube Sheet 6. Flexible Tubing

Figure 3.3-1: Potting apparatus

A suitable fibre had to be selected for gas permeation testing and be placed in the tube
sheet. A fibre was selected from the bundle of dry membranes and a magnifying glass
used to examine it for defects and suitability. A suitable fibre was one which had; a
near circular cross section, a centrally positioned bore when viewing the cross section,
no obvious imperfections such as pin holes or bubbles on the surface and no areas
where the hollow fibre had collapsed. It was noted that under the inspection lamp a

suitable fibre tended to have a slight sheen to the surface.

The selected fibre was threaded through the upper level of the potting rack, the tube
sheet and flexible tubing as shown in Figure 3.3-1 where the fibre is represented by the

bold line. The upper level of the potting rack consisted of a series of holes in a line
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which acted as guides for the fibre when potting the tube sheet. On the far side was
another series of holes which acted as guides for the potting of the end caps through
which the fibre was threaded and inserted into the end cap. The guide holes meant
that the fibre went into either the tube sheet or the end cap vertically and thus
minimised stress on the fibre at the point where it meets the Polyurethane when
hanging in a test chamber as it would not have a kink at this point. The rack was also
suitably sized so that the membranes could be cut to a length of 28cm between the
tube sheet and end cap without damaging the membranes by making them curve too

sharply.

With the module now constructed it was ready to be filled with Polyurethane, which
would be prepared at this point as described previously. The syringe containing the
Polyurethane was then placed into the open end of the flexible tubing. The tubing was
held tight to the syringe nozzle while the Polyurethane was slowly injected. This
resulted in the tube sheet slowly filling with resin from the bottom up. It was important
this process was carried out slowly so as to allow the Polyurethane to fill all the
available space in the module and not get air bubbles trapped inside. Doing the process
slowly also means that it is easier to control when to stop injecting the Polyurethane; it
should not coat any of the fibre above the tube sheet, this would reduce the effective

operating area of the membrane since the Polyurethane is impermeable.

The injection of Polyurethane was halted when it was a short distance away from the
top of the tube sheet. This meant that as the screw clamp was tightened, which it now
was, the reduction in volume of the flexible tubing caused the Polyurethane to fill the
rest of the tube sheet volume. When the screw clamp was fully tightened the syringe
was removed from the tubing and after checking the fibre was entering the centre of

the tube sheet this section of the module could be left to cure.

The end cap was then potted up by removing the fibre from it and filling the cap with

Polyurethane. This was done by inserting the syringe to the bottom of the end cap and
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then slowly filling it from the bottom up to make sure no air bubbles were introduced

to it. When the end cap was full the fibre was then reinserted to and centred within it.

The curing process took 24hours to reach full completion and relied upon a heat
catalysed exothermic reaction. If the heat provided to the reaction was not great
enough then the curing process would not go to completion within the time and would
have to be left for an extended period to finish curing or the module would not be
strong. When large enough volumes of the Polyurethane resin are being used this is not
a problem because the heat produced by the reaction itself is enough to catalyse to
completion at room temperature. However, in the case of potting up the volumes
being used are small and are also enclosed in metal which will very efficiently transfer
the heat produced away from the Polyurethane resulting in a poor cure. To counter this
effect a heat gun was used to warm the tube sheet and end cap to around 35°C for the
first part of the curing process (around half an hour) and this proved to be effective in

allowing the curing process to go to completion in the expected 24hours.

3.4.Sylgard 184 Coating

The hollow fibre membranes are coated to improve separation performance as
explained in the introduction. The coating process used was a simple dip coating and
was based on a patent passed by the United States patent office for Ward et al in

1980,

The coating material used for the PVC membranes was Sylgard 184. This is a two

component system consisting of a silicone elastomer and a curing agent which combine
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to produce Polydimethylsiloxane (PDMS). Both the elastomer and the curing agent are

soluble in Hexane however the final PDMS is not.

To coat the membranes a solution of the two components in the ratio of 10 parts
elastomer to 1 part curing agent dissolved in Hexane is produced, mixed well and
transferred to a measuring cylinder. The standard coating procedure used a 5% w/w

solution of Sylgard 184.

The membrane to be coated was suspended in the measuring cylinder of Sylgard
solution so that the full area of separating membrane was covered. The membrane
module was suspended such that the end cap was at the bottom of the cylinder and as
small a portion of tube sheet as possible was under the surface as coating the tube
sheet could have resulted in a poor seal between it and the permeation test rig. The
support to the tube sheet for holding it steady was provided by a retort stand which
held a pipe and fitting which attached to the tube sheet. The dip coating procedure
lasted for 15mins in the standard coating procedure after which time the membranes
were left to dry. The membranes were usually hung vertically for the drying process
although it would be better if they could be set out horizontally to prevent a thicker

coating being formed at the bottom of the membrane than at the top.

A number of membranes were usually coated at the same time and it was necessary to
make sure that the Hexane/Sylgard solution was well stirred between each one to
maintain an equal concentration throughout the measuring cylinder. Also After coating
10-15 membranes the Hexane/Sylgard solution was changed to prevent Sylgard

concentration varying too much between samples.

All work relating to the coating processes was carried out in a fume cupboard and a

diagram of the apparatus is shown in Figure 3.4-1.
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Figure 3.4-1: Sylgard 184 coating apparatus

3.5. Permeation Testing

Testing of the membranes was carried out on the permeation rig. The rig had five chambers
capable of testing modules, so they could be tested in batches, the diagram of the permeation

system shown in Figure 3.5-1 shows two modules for simplicity.

The permeation rig set up allows for testing with a single gas at a time and the gases used here
were Oxygen, Nitrogen, Carbon Dioxide and Methane. If attached to a gas chromatograph
instead of bubble flow meters and by using the valves labelled V104 and V110 to recycle a
portion of the gas flow it would also be possible to do testing of gas mixtures with the design
shown in Figure 3.5-1. V114 was also in place for multiple gas testing and was used to send the

shell side gas to the gas chromatograph for analysis. However, in this work all the testing
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carried out was with single gases and so the valves for multiple gas testing were permanently

closed.
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Figure 3.5-1: Permeation rig pipe and instrumentation diagram
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Potted up membranes were placed into the test chambers so they hung vertically. For start-up
V102/108/106/112 were open and the other valves were shut. The first gas to be tested was
connected to the system and the system was pressurised to 5bar using P901 to measure the
pressure so that the same gauge was used for each gas. With the system pressurised
V101/103/105/109/111 were opened for a short time purging gases other than the test gases,

then those valves were closed again.

The membranes were left in the test gas for a period of at least an hour before any permeation
tests were carried out, this time period was intended to allow for any immediate swelling of
the membranes resulting from exposure to the test gas occurred and that the consecutive
pressure normalised flux measurements did not trend due to this swelling. Towards the end of
this time the bubble flow meters were prepared for use by using a syringe to pass bubble
solution (washing up liquid in water) through the column thus wetting the inner surface. The

rubber teat on the bottom of the flow meter was then half filled with bubble solution

To test the first membrane module V106 was closed and V107 was opened. A suitable bubble
flow meter was selected using V115/116/117 for measuring the gas flow being directed
towards it by the valve system and five measurements of the flow of gas through the
membrane were recorded using the bubble flow meter. To check if the membrane properties
were consistent over short time periods after 15mins a second set of times were taken and if
they were consistent with the first times then it was expected the membranes from that test

batch could be tested with that gas.

Once the times had been recorded for the module in Chamber A V106 and V107 were opened
and closed respectively to reset the flows. This allows V112 to be closed and V113 opened to
test the membrane in Chamber B. Only one set of times was recorded for the second module

and the rest of the modules in that batch.

P902 was used to monitor the pressure which was being fed to the bubble flow meters because
they were constructed from glass. If the pressure exceeded 0.5bar then the flow was diverted

to vent.
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3.6.Chemicals and Materials

e Poly(vinyl chloride), number average molecular weight M,: 22000g/mol, weight average
molecular weight Mw: 43000g/mol, CAS number: 9002-86-2, Formula: C;HsCl,
manufacturer: Aldritch

e N,N-dimethylacetamide, grade: CHROMA SOLV® Plus for HPLC, assay: >=99.9%,
manufacturer: Aldritch

e Tetrahydrofuran, grade: CHROMA SOLV® Plus for HPLC, assay: >=99.9%, manufacturer:
Aldritch

e Ethanol, grade: CHROMA SOLV® absolut for HPLC, assay: >=99.8%, manufacturer:
Aldritch

e Methanol, grade: CHROMA SOLV® for HPLC, assay: >=99.9%, manufacturer: Aldritch

e Hexane, grade: CHROMA SOLV® for HPLC, assay: >=95.0%, manufacturer: Aldritch

e Polyurethane, grade: PU 3410, manufacturer: Alchemie

e Polydimethylsiloxane, grade: Sylgard® 184, manufacturer: Dow Corning

e Carbon dioxide, grade: CP, purity: 99.995%, manufacturer: BOC

e Methane, grade: research, purity: 99.995%, manufacturer: BOC

e Nitrogen, grade: CP, purity: 99.9992%, manufacturer: BOC

e Oxygen, grade: CP, purity: 99.999%, manufacturer: BOC

e Ozone, produced from university generator and destroyed via catalyst before exhaust
release

3.7.Calculations

3.7.1. Calculating Pressure Normalised Flux

The methodology for collection of results from the permeation rig was discussed in the
experimental section but a fuller analysis of how to use the data acquired is necessary. As was

mentioned, five times were recorded for the amount of time, t, it took a set volume, V, of gas
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to permeate through the membrane. After the membranes had been tested in the permeation
rig the modules were removed and the length of exposed membrane surface, L, and membrane

diameter, d, measured in order to obtain the membrane surface area, A.

A=1Ld Equation 3.7.1.1

Using the permeation measurements, area and pressure across the membrane in the
permeation rig during testing, P, a pressure normalised flux, PNF, could then be calculated for

each membrane according to Equation 3.7.1.2.

| /4 .
— Equation 3.7.1.2
PNF = —
AtP
The mean, X, pressure normalised flux was then calculated for each different category of
membranes. The mean pressure normalised flux for a category is given by Equation 3.7.1.3
where; i, is the category, j, is the different samples within the category and n, is the number of

samples with category i.

J Equation 3.7.1.3

The mean pressure normalised flux was calculated for each gas which the membranes were

tested with.

The units of pressure normalised flux are consistent with the equation used to calculate it
where volume is measured in cm3, membrane area in cm?, time in s, and pressure in cmHg.
However, since this calculation results in a very small number with complicated units in order
to make the measurements more readily presentable and understandable they are often
abbreviated to gas permeability unit (GPU) where 1 GPU=1*10"° cm3cm2slcmHg™. GPU will be

used as the unit of pressure normalised flux from this point on.
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3.7.2. Calculating Selectivity between Gas Pairs

The selectivity of the membranes was calculated for each gas pair which was tested. In this

work the gas pairs used were:

e Oxygen and nitrogen

e Carbon dioxide and methane

A large amount of the research involving gas separation membranes uses these pairs!*,
although there are other options such as helium and hydrogen. For reasons of both safety and
expense the pairs above are used in this work preferentially. Since the final aim for the PVC
membranes is in the separation of ozone and oxygen using light gases such as these rather than
hydrocarbons are more suitable representations of the final procedure. Although ozone was to
be used in order to generate the oxidative environment to show the PVC membranes could
survive such conditions additional safety precautions are required when dealing with ozone.
Due to these considerations it was elected to prove the membranes first in a non-oxidising

environment using benign gases.

The selectivity for the membranes between gas pairs can be determined in a couple of different
ways which lead to different values. It is not normally commented upon in the literature as to
which method is used to obtain the selectivity which can lead to confusion in the interpretation
of the results presented. One method for the calculation is taking the ratio of the mean
pressure normalised fluxes for each gas pair giving Equation 3.7.2.1 where a and b represent
the two different gases.

XpNF;,

Qiab == Equation 3.7.2.1
’ XPNF; ),

The second method which can be used is to calculate the selectivity of each membrane within

the category and take the mean value of those selectivities.

PNF;
n ja
= _ Z}Ll Q]'-a.b _ ZFl PNF]-.b Equation 3.7.2.2
xﬂi.a,b - n - n
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In this work the method shown in Equation 3.7.2.2 will be used due to the difference which this

makes in the standard deviation calculation for selectivity (see section 3.7.3).

3.7.3. Standard Deviation in PNF and Selectivity

For statistical analysis and to obtain an impression of the variation in membrane samples the
standard deviation, o, and standard deviation of the mean, Omean, Were calculated where
appropriate. The sample standard deviation was calculated separately for each gas, a, the
membranes were tested with and represents the spread of results from the mean value. For
the pressure normalised flux, where, j, represents the different membrane samples the

standard deviation is given by Equation 3.7.3.1.

1 n
OpNF;, = —12 (PNF]a - EPNFi_a) Equation 3.7.3.1
n-— j=1

The standard deviation of the mean or standard error is used to obtain information about the

precision of the mean value which has been calculated for the sample.

_ OPNF;, .
OmeanPNF;, — T Equation 3.7.3.2

The standard deviation in the selectivity can be found by two different methods dependent
upon which of the two methods for calculating selectivity has been used. Equation 3.7.3.3
shows the equation for the selectivity as a ratio of the means of the PNF for the gas pair
through that membrane category, when this form is used the standard deviation of the value is

found by a sum the squares method as shown in Equation 3.7.3.3.

2 2
Oq. OpNF. OpNF. .
Qiap _ <_PNFL.a> + (_PNFl.b> Equation 3.7.3.3
Qiab XPNF;, XPNF;
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When Equation 3.7.3.4 is used the equation for selectivity standard deviation becomes similar

to that as for pressure normalized flux standard deviation.

1 n _
000y = n—-1 z]_=1(ﬂj.a,b - XQi_a,b) Equation 3.7.3.4

The difference in the calculated standard deviations between these two equations is the reason
for choosing to use Equation 3.7.2.2 to calculate the selectivity. Like the value of selectivity the
standard deviation differs dependent upon which equation is used, having carried out the
calculations with both equations it seems that the smallest error is incurred in the value of
selectivity when using Equation 3.7.3.4 which means the appropriate selectivity calculation has
to be used. This is demonstrated in Table 3.7.3-1 using a set of results which will be discussed

later.

The table shows results for 5 membranes which were all produced under the same conditions
so the results are from the same category. For each membrane a pressure normalized flux for
oxygen and nitrogen was calculated and the selectivity between this gas pair was also
calculated. For pressure normalized flux the mean value of the 5 membranes and the standard
deviation is given calculated as outlined above. For selectivity the two different methods for

calculating the values are given according to the equation number used in the calculations.

From the mean value of selectivity calculated using Equation 3.7.2.2 and the value calculated
using Equation 3.7.2.1 it can be seen that there is not a large difference in the result. Although
Equation 3.7.2.2 is a slightly better selectivity the percentage increase from Equation 3.7.2.1 is
only 2.9%. On the other hand, the standard deviation in the two methods shows a massive
comparative difference with a 96.2% increase going from Equation 3.7.2.2 to Equation 3.7.2.1.
The standard deviation in Equation 3.7.2.1 predicts a range and spread of results in the value of
selectivity which would be so large as to render the calculated value almost meaningless and
looking at the selectivity of the individual membranes clearly is not representative of the
spread. It therefore is Equation 3.7.2.2 which is the better, more accurate method of

calculating selectivity and will be used throughout.
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Table 3.7.3-1: Membrane results to demonstrate calculation method differences

Selectivity Method
PNF (GPU)
Membrane ou:
0, N2 3.7.2.1 3.7.2.2
1 2.276 0.494 4.612
2 2.667 0.689 3.870
3 2.478 0.537 4.613
4 2.912 0.910 3.200
5 2.086 0.555 3.761
Mean 2.484 0.637 4.011 3.899
c 0.323 0.169 0.605 1.187

The final advantage of using Equation 3.7.2.2 is that it also allows for the calculation of the

standard deviation of the mean for selectivity as it is carried out for pressure normalized flux.

0.

l.a

OmeanQ;, — \/T_l Equation 3.7.3.2

3.8.Plotting Graphs and Error Bars

In the sections of this thesis which contain results and discussion of the experiments the results
are sometimes shown in graphical form and some of these charts contain error bars. Where

there are error bars displayed it is the standard error which has been used.
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4. Ambient Temperature Spinning

4.1.Initial Dope Design

The polymer concentration used in the dope for producing gas separation membranes is a key
component in the properties of the membranes. In this case this means that the concentration
of poly(vinyl chloride) (PVC) to be used in the dope has to be selected. Literature values for PVC
hollow fiber membranes are commonly in the 10-15% range!*. In this case however there are a
couple of issues with direct comparison to other PVC hollow fibers: the literature search has not
revealed any other PVC hollow fiber membranes being targeted at gas separation purposes
(ultrafiltration being the most common application), for other membranes the PVC is often part
of a blend of polymers being used to create the material where the total dope solids content is
nearer 20% by weight>*. With membranes being produced for ultrafiltration it is desirable to
have a porous structure all the way through the membrane whereas for gas separation a higher
polymer concentration may be used in the hope of achieving a higher linear density. A higher
linear density in the dope was considered to make it easier to produce the dense active layer
characteristic of the gas separation membrane and also make the production of a higher strength
membrane more likely®®. It was concluded that these reasons justified the use of a relatively high

concentration of PVC in the dope.

The group at Strathclyde has extensive experience working to produce polysulfone gas
separation membranes over a wide range of concentrations!®®. In an analogous situation it was
determined to base the initial concentration of PVC on the range of concentrations commonly

observed in polysulfone membranes and hence a concentration of 24% was selected.

The use of a high volatility solvent for the polymer is important in the production of the active
layer, when using dry/wet spinning methods, since it is expected to evaporate rapidly from the
surface of the membrane during forced convection driving the surface composition of the
membrane into the two phase region of the phase diagram. In this case tetrahydrofuran (THF)
was selected as the solvent due to the volatility and solvating properties it provides and also due

to THF being a common choice for the high volatility solvent in dope solutions. The concentration
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of THF can therefore have a large influence on the thickness of the active layer produced®. With
hollow fiber gas separation membranes produced from other polymers the concentration of the
high volatility solvent (THF) is often high and in some cases is equal to that of the low volatility
solvent, for instance Ismail, (1999)® produced polysulfone membranes using THF at a

concentration of 31.8% which was in balance with the N,N-dimethylacetamide concentration.

However, it was determined in the case of PVC to initially use a low concentration of the high
volatility solvent due to the capabilities of PVC in terms of gas permeation. As outlined in the
introduction PVC s a glassy, low permeability polymer. This means that the production of a thick
active layer could be prohibitive to the transmittance of gas through the membrane at a rate
which would allow the membrane to be practically useful. So the low concentration of THF at the
surface should mean that rapid evaporation of it does not lead to a thick skin forming during the
dry step of the spinning process. For the initial dope solution a value of 7% set for the

concentration of THF.

Another common component of the dopes used for hollow fiber production is the non-solvent.
This non-solvent is included in the dope to push the composition closer towards the phase
separation boundary. The closer the solution is to the binodal phase separation boundary at the
start of the spinning process the better the easier it is to control penetration into the phase
diagram during the dry step as the composition has to change less in order to begin the phase

separation processes.

Commonly ethanol is used as the non-solvent in gas separation membrane dope solutions.
However, there was an issue with the supply lines of ethanol to the laboratory at this point in
time so it was determined to select another non-solvent and attempt to use this. In order to
choose a non-solvent to be used in the system the important factors which contribute to the
choice of non-solvent had to be identified while bearing in mind that using a solvent similar to
ethanol would be good as it has an existing basis in the field. The factors which make a good non-
solvent have been outlined in the introduction and it was concluded from them that another
similar alcohol would make a reasonable choice to give similar properties. Methanol was thought
best avoided as it would increase the health hazard presented by the experiments and after

propanol in the homologous series the water miscibility reduces quickly. Water miscibility is

105



important during the quench step for substructure formation, therefore propanol was deemed
a reasonable replacement. When the properties of the two propanol isomers are considered
(propan-1-ol and propan-2-ol) it is found that of the boiling points of the two (97°C and 82.5°C
respectively) the propan-2-ol boils nearer the temperature of ethanol (78.5°C) and it was
selected for this reason. The concentration of propan-2-ol was set at 16% by weight to begin with
as it was felt this value provided scope to increase or decrease the concentration as required and

is not outside commonly seen non-solvent concentrations in dope solutions.

The final part of the dope solution is N,N-dimethylacetamide (DMac) which is a good solvent for
PVC and makes up the majority of the composition. DMac acts as the carrier solvent and
therefore was expected to have less of an impact on the spinning processes than other
components. The DMac made up the balance of the weight of the initial dope solution giving it a

concentration of 53% by weight.

The resulting polymer solution for the first batch of membranes contained 24% PVC, 53% DMac,
7% THF and 16% ethanol.

4.2.Propan-2-ol Non-solvent Dope Component Membranes (MB1

The compositions of the streams used to produce MB1 are shown in Table 4.2-1. The set-up of
the spinning rig used to produce the first batch of membranes (MB1) with propan-2-ol as the
non-solvent in the system are shown in Table 4.2-2. The processes involved in producing and

testing the membranes were carried out as described in the experimental section of this thesis.

MB1 was the first set of membranes to be produced on the spin rig, after it was recommissioned,
following a number of years of dormancy so apart from the results themselves it acted as a test
batch of membranes to check all the equipment was working as expected. Since this was the first
batch and a test it was not felt necessary to try and change the conditions being used to produce
the membranes while the spin run was in progress but rather to target producing hollow fibers

that were consistent over the full spin run.
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Table 4.2-1: Compositions of the input streams to the spinning process for MB1

Dope Composition

Chemical Concentration (weight %)
Poly(vinyl chloride) 24%
Dimethylacetamide 53%

Tetrahydrofuran 7%

Propanol 16%

Bore Fluid Composition

Chemical Concentration (weight %)
Water 80%
Potassium Acetate 20%

Coagulation Bath Composition

Chemical Concentration (weight %)
Water 100%

Table 4.2-2: Spinning conditions for MB1

Spinning Conditions

Extrusion rate (cm3/min) 2.5
Dope temperature (°C) 19

Jet stretch ratio 1
Bore fluid flow rate (cm3/s) 0.8
Bore fluid temperature (°C) 18

Convective gas Nitrogen

Convective gas flow rate (L/min) 4
Convective gas temperature (°C) 18
Convection chamber height (cm) 6
Distance to gas jets (cm) 3
Bath temperature (°C) ‘ 14

Air temperature (°C) ‘ 20

Fibers for this section should all provide equal results since they are all spun under the same set
of conditions. A selection of five fiber samples were taken from the spin run and potted up for
testing. The fibers were selected at equal intervals over the course of the production process to

check for variations which could occur during the run. The samples were numbered 1 through 5
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and the time into the spin run which each sample was taken at was recorded in Table 4.2-3, the

dope solution ran out after 43mins so the fifth sample was taken very close to the end of the run.

The results for the uncoated samples are shown in Table 4.2-4 and the results for the coated

samples are shown in Table 4.2-5.

Table 4.2-3: MB1 membrane sample definitions

Membrane Identity Spinning Time Elapsed (mins)
1 0
2 10
3 20
4 30
5 40

Table 4.2-4: MB1 uncoated results and calculations

Membrane PNF (GPU) Selectivity
Identity 0. N, | co, | CH, 0,/N; | CO,/CH,
1 3228 2560 2940 4596 1.261 0.640
2 2574 1833 2272 3619 1.404 0.628
3 2974 2688 2766 4301 1.106 0.644
a4 2007 1831 1865 2920 1.096 0.640
5 2060 1886 1894 3022 1.092 0.626
X 2568 2159 2347 3692 1.192 0.636
o 541 427 492 748 0.138 0.008
Omean 242 191 220 334 0.062 0.003

The uncoated results show high fluxes combined with low selectivity. The results of uncoated
membranes are often not published in academic papers as it is well known that the uncoated
performance of membranes for gas separation is heavily hampered by defects in the surface.
However, when some of the results in the literature are studied the pressure normalised fluxes
tend to be in the order of hundreds GPU 3, although this is influenced by the material and
conditions present during the spinning process. MB1 gave particularly high values of uncoated
flux with the mean values for all gases being at least an order of magnitude higher than is
commonly seen. The standard deviations in the flux and the mean flux were also fairly large

showing the membranes have some inconsistency present over the course of the spin run
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although none of the deviations suggest that the PNF could be low enough to fit in with other

uncoated results.

The uncoated selectivity of MB1 for oxygen/nitrogen and carbon dioxide/methane gas pairs
show values of 1.192 and 0.636 respectively. The oxygen/nitrogen results show very low levels
of selectivity which suggest either a highly compromised active layer or very low levels of
selectivity from solution diffusion. As PVC selectivity is known to be around 4.5 for
oxygen/nitrogen this suggests that the surface is highly flawed. Since the values are so close to
1.0 for this selectivity in a number of cases and the gas flux is so high it is likely that the major
mass transport method is viscous flow. The carbon dioxide/methane figures are very close to the
theoretical Knudsen diffusion separation which would be achieved of 0.6 and since the standard
deviations are small it seems likely that the mass transport across the membrane is primarily by
a Knudsen diffusion mechanism. The difference between the transport mechanisms for the two
different gas pairs suggests that the pore size is very close to being at the transition region

between Knudsen and viscous flow.

Table 4.2-5: MB1 coated results and calculations

Membrane PNF (GPU) Selectivity
Identity 0. N, | co. | CH 0:/N: | CO./CH,
1 115 132 262 243 0.870 1.08
2 81.9 87.7 206 89.6 0.933 2.30
3 28.2 27.5 35.0 30.3 1.02 1.16
4 68.4 65.7 68.9 86.7 1.04 0.795
5 20.7 23.0 33.2 32.1 0.898 1.04
x 62.8 67.3 121 96.4 0.953 1.27
o 39.1 45.3 106 86.9 0.076 0.589
Oimean 17.5 20.2 47.3 38.9 0.034 0.264

The high flux obtained suggests three possibilities:

e Under the spinning conditions used to produce MB1 no active layer is formed.
e The active layer formed during the spinning of MB1 was similar to other gas separation

membranes but was subsequently damaged prior to testing.
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e The active layer formed in MB1 is much more highly porous than would be expected in gas

separation membranes.

The possibility that no active layer was formed during the production process is not easy to
disprove, however the spinning conditions used to produce MB1 are similar to conditions used
to produce other membranes which have been successful in separating gases™ **% and so it was
expected that while the conditions may not be optimal they would give a working membrane.
Additionally the substructure which was expected to form in the membranes would be highly
porous; the nature of this substructure means it would be likely that the selectivity would move
away from the Knudsen value as more of the mass transport would occur by viscous flow

mechanisms depending upon the size of the pores present.

The influence of damage to the membrane surface was minimised throughout the experimental
procedure including handling damage and where handling of the membranes was required the
section of membrane which would be carrying out the separation was avoided. A great deal of
effort is put into the preparation of the membrane modules to ensure the integrity of the

membranes so this option is discounted.

Of these three options it was deemed most likely that the third was occurring. If the membrane
active layer had many areas which were highly porous then it would bring the selectivity down
to Knudsen values so long as the pores are not so large as to allow viscous flow. When this is the
case it is expected that applying the coating layer to the membranes plugs these pores and allows

the true selectivity of the membrane to come through accompanied by a reduction in the flux.

Looking at the PNF results for MB1 coated they do indeed show a large reduction in the mass
transport attained. However, while these results are much lower than the uncoated values when
compared to the PNF attained for other polymers through hollow fibers such as polysulfonel® 7
12,131 they show higher values. This was an unexpected result since as mentioned in the
introduction the permeability of PVC is so low in comparison to polymers such as polysulfone.
This means that either the active layer present in MB1 is exceptionally thin, even for a gas

separation membrane, or even after coating the membranes still contain defects.
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The statistical analysis of PNF also shows that the membranes are highly variable across the
production process since the standard deviation is so high in comparison to the mean and the
accuracy of the mean is poor. This lack of consistency in the membranes suggested that some
may be suffering from larger defects or more concentrated smaller defects which the coating
solution was unable to plug effectively. The possibility of larger defects which the coating
solution could not plug is also backed up by the nearer viscous selectivity shown by the

oxygen/nitrogen pair.

The selectivity for oxygen/nitrogen shows a shift towards oxygen for the coated membranes and
is a part of the coated results where the standard deviation and error in the mean are low enough

to say it is a property of the membrane which is consistent.

The selectivity of carbon dioxide/methane returns to having a large standard deviation which
renders the result meaningless as far as consistency is concerned but the fact that all the
membranes show improved selectivity from the uncoated membranes means the same

discussion as for oxygen/nitrogen can still be applied.

Since the uncoated results show either Knudsen or viscous flow types it was proposed that the
size of pores must be too large for the coating procedure to effectively coat everything in a
manner which forces the gases through the polymer. Instead due to the amount of the surface
which is now governed by the coating it is mostly the low selectivity of the coating which is having

an effect and even this is limited by how well the coating material is filling the pores.

Another possibility is that the active layer is so thick as well as being a highly porous active layer
that even with a coating which is not blocking pores as it would be expected to, for instance due

to poor binding with the PVC, there is still a slight improvement in selectivity being observed.

The possible reasons for the membrane having such a porous and possibly thick structure are
mostly found in the conditions used to spin in the air gap. However, as mentioned above the
conditions used are not abnormal ones for gas separation membranes produced by the dry/wet
spinning method. For instance a high forced convective gas flow rate could lead to both thick

skins and a highly permeable structure by causing solvent to be driven off deep into the
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membrane during the dry step but moving the phase diagram into the glassy region and

producing nodules too hard to coalesce.

When analysing the results for MB1 there was always a question mark of having used propan-2-
ol rather than ethanol in the dope solution, in spite of the justification provided for its selection
as a replacement non-solvent. It was a concern that its use had resulted in a reduction in the
mobility of the solvents in the system due to its large molecular weight or that it had different
interactions in the system than ethanol does changing the phase diagram in some way. The
conclusion arrived at was that it would be sensible to repeat the above membrane production

but to the use of ethanol rather than propan-2-ol in the system.

4.3. Ethanol Non-Solvent Dope Component Membranes (MB2)

The spinning of MB2 took place under the conditions outlined in Table 4.3-1 and Table 4.3-2
following the directions given in the experimental section for production and testing of

membrane units.

MB2 was carried out in the same manner as MB1 as far as sample selection goes so that the
results would be directly comparable to the propan-2-ol non-solvent membranes and the
sampling is outlined in Table 4.2-3. For this spinning session the dope solution ran out after

42mins and so again the final sample was taken close to the end of the run.

The permeation testing results for the membranes are shown in Table 4.3-3 and Table 4.3-4.

Table 4.3-1: Compositions of input streams to the spinning process of MB2

Dope Composition
Chemical Concentration (weight %)
Poly(vinyl chloride) 24%
Dimethylacetamide 53%
Tetrahydrofuran 7%
Ethanol 16%
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Bore Fluid Composition

Chemical Concentration (weight %)
Water 80%
Potassium Acetate 20%

Coagulation Bath Composition

Chemical Concentration (weight %)
Water 100%

Table 4.3-2: Spinning conditions for MB2

Spinning Conditions
Extrusion rate (cm3/min) 2.5
Dope temperature (°C) 20
Jet stretch ratio 1
Bore fluid flow rate (cm3/s) 0.8
Bore fluid temperature (°C) 18
Convective gas Nitrogen
Convective gas flow rate (L/min) 4
Convective gas temperature (°C) 18
Convection chamber height (cm) 6
Distance to gas jets (cm) 3
Bath temperature (°C) ‘ 14
Air temperature (°C) ‘ 21

The uncoated PNFs for MB2 show similarities to those for MB1. They continue to give higher
than expected mean values for uncoated membranes and have high variation indicated by the
standard deviation. The samples do appear to show a generally increasing PNF as the spinning
time goes on in the case of the MB2 membranes where each of the gases displayed the same
trend. However, since only a single fiber was tested for each time split it is impossible to say if
this is a real trend or an artefact of the sampling method. Had the coated membranes proved to
be effective at separating gases then further modules would have been potted up to further

probe this trend, unfortunately the coated membranes did not show good separation
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characteristics so further experimentation on this batch of membranes was deemed

unnecessary.
Table 4.3-3: MB2 uncoated results and calculations
Membrane PNF (GPU) Selectivity
Identity 0; N, | co, CH4 0:/N; | CO,/CH,

1 2096 2322 2023 3196 0.903 0.633
2 2150 2375 2101 3293 0.905 0.638
3 3107 3397 3118 5162 0.915 0.607
4 3051 3352 3159 4859 0.912 0.651
5 3540 3713 3247 4990 0.957 0.651
X 2789 3032 2730 4300 0.918 0.636
c 637 640 612 970 0.022 0.018

Omean 285 286 274 434 0.010 0.008

Table 4.3-4: MB2 coated results and calculations
Membrane PNF (GPU) Selectivity
Identity 0, N. | co. CH, 0:/N. | CO,/CH4

1 53.6 334 143 64.6 1.77 2.29
2 59.9 38.9 148 64.3 1.55 2.31
3 242 214 405 321 1.15 1.31
4 286 279 419 408 1.03 1.03
5 230 194 317 347 1.54 0.92
X 174 152 286 241 1.41 1.57
o 109 110 135 164 0.308 0.679

Omean 48.9 493 60.2 73.4 0.138 0.304

The selectivity of the MB2 uncoated membranes continued to show Knudsen diffusion in a

similar fashion to the propan-2-ol membranes. The Knudsen selectivity is very consistent across

the spin run even with the high variation of PNF seen across the different membranes.

The uncoated results suggest that the membrane surface is highly porous due to the elevated

PNF and that the pores which are contributing to the flow are small, falling into the diameter

range which results in Knudsen controlled flow.
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The coated membranes show PNFs which are split into two different groups: a couple of lower
values for membranes 1 and 2 then three higher ones for membranes 3, 4 and 5. This leads to
high standard deviations being present for the PNF calculations and a mean value which is
difficult to ascribe meaning to. This split to the large PNF values, which are all much higher than
anything seen in the propan-2-ol membranes, leads to a higher mean value than seen for the
comparable production time elapsed membrane identity in MB1. The mean values in MB1 were

approximately the mean for MB2 minus its standard deviation.

The selectivity of the coated membranes also shows some variability in the data which was seen
in MB1 for carbon dioxide/methane but not for oxygen/nitrogen. However, the variability that is
introduced still gives a mean value which according to the mean standard deviation is a
reasonable depiction of the value. In comparison to MB1 the selectivity of MB2 is slightly higher
for both gas pairs even taking the higher standard deviation into account. This is an interesting
result because normally when dealing with gas separation membranes there is a trade-off which
occurs between selectivity and pressure normalised flux. While this pattern does seem to hold
true for carbon dioxide/methane one of the high selectivity values for oxygen/nitrogen is one of

the higher flux membranes (membrane identity 5).

From the MB2 results it can be concluded that when the surface is not highly porous i.e. lower
PNF, the membranes produced in MB2 show better separating properties than in MB1. This gives
the conclusion that ethanol is a better selection for use as the non-solvent than propan-2-ol and

hence ethanol was used as the non-solvent in the dope solution from this point onwards.

However, the progress in the membranes was not substantial enough to produce effective gas
separating membranes so further improvements were required. The results do show that
comparisons across a single spin run may not be valid due to the patterns observed in the coated

results which exhibit a downward trend in selectivity for both gas pairs.
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4.4.Investigation into the Influence of Dope Polvmer Concentration (MB3

and MB4)

When producing gas separation membranes the concentration of polymer material is an
important factor. It was put forward by Chung et al. in 19977 that based on their work on 6FDA-
durene asymmetric hollow fibers!*®! that there may be a critical concentration associated with
the polymer in dope solutions for gas separation membranes. This critical concentration has also
been found to exist in other systems!*> 2% and corresponds to a rapid change in slope of the
viscosity vs. concentration curve at a particular temperature. It has been postulated in the works
of Chung et al.'” 8 that this change in the slope is related to chain entanglement of the polymer
which could be an important factor. However, they then go onto suggest this might not exist in
the same papers. What is clear is that when low polymer concentrations are used it can be

difficult to form an active layer due to lower linear density®®.

Table 4.4-1: Compositions of input streams to the spinning process for MB3 and MB4

MB3 Dope Composition

Chemical Concentration (weight %)
Poly(vinyl chloride) 26%
Dimethylacetamide 52%

Tetrahydrofuran 6%
Ethanol 16%
MB4 Dope Composition

Chemical Concentration (weight %)
Poly(vinyl chloride) 28%
Dimethylacetamide 50%

Tetrahydrofuran 6%
Ethanol 16%

Bore Fluid Composition

Chemical Concentration (weight %)
Water 80%
Potassium Acetate 20%

Coagulation Bath Composition

Chemical Concentration (weight %)
Water 100%
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In this work it was a concern that by using the polymer concentration of 24% for the first two
spin runs the initial dope composition had moved into a region of the phase diagram which made
production of an active layer difficult. It was concluded that two further membrane batches
should be produced; one at 26% (MB3) and another at 28% (MB4) polymer concentration by
weight. These two concentrations were chosen so as to increase the concentration being used
without increasing the concentration to such an extent that the solution produced became un-
spinnable. It was hoped that this would move the membranes towards giving higher selectivity
at the expense of lower pressure normalised flux and would also act to refine the best

concentration to use in the membrane production.

The other components of the dope were kept as close to that of the work already described as
possible. This meant that, for the liquids in the solution, only the concentration of DMac was

changed for the 26% PVC dope. The compositions of the dopes are shown in Table 4.4-1.

Both dopes were spun under the same conditions as had been used for both previous sets of

membranes. The spinning conditions are shown in Table 4.4-2.

Table 4.4-2: Spinning conditions for MB3 and MB4

Spinning Conditions
Extrusion rate (cm3/min) 2.5
Dope temperature (°C) 20
Jet stretch ratio 1
Bore fluid flow rate (cm3/s) 0.8
Bore fluid temperature (°C) 14
Convective gas Nitrogen
Convective gas flow rate (L/min) 4
Convective gas temperature (°C) 18
Convection chamber height (cm) 6
Distance to gas jets (cm) 3
Bath temperature (°C) ‘ 13
Air temperature (°C) ‘ 18
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The testing which was carried out on these membranes was also changed. In order to save on

time and unnecessary testing of membranes which were not working these membranes were

only tested with oxygen and nitrogen. The oxygen/nitrogen gas pairing was selected as the

results which it gave in MB1 and MB2 showed less variation than the carbon dioxide/methane

pairing. Using oxygen and nitrogen also avoids any issues associated with plasticisation effects

which carbon dioxide is well known for causing in gas separation polymer membranes?!. The

samples for these batches were again taken across the full range in an attempt to back up the

evidence from MB2 that the conditions during the run were changing.

Table 4.4-3: Uncoated MB3 results

Table 4.4-4: Uncoated MB4 results

Membrane PNF (GPU) Selectivity | [ Membrane PNF (GPU) Selectivity

Identity 0 | N, 02/N. Identity o, | N, 02/N:
1 145 154 0.944 1 208 229 0.910

2 826 879 0.940 2 304 322 0.944

3 827 881 0.939 3 343 366 0.940

4 781 786 0.994 4 333 354 0.939

5 212 228 0.930 5 324 326 0.994

X 558 586 0.949 X 303 319 0.945

(] 348 363 0.026 o 54.5 53.8 0.030
Omean 156 162 0.011 Omean 24.4 24.0 0.014

Table 4.4-5: Coated MB3 results

Table 4.4-6: Coated MB4 results

Membrane PNF (GPU) Selectivity | | Membrane PNF (GPU) Selectivity

Identity 0, ‘ N, 02/N; Identity 0, ‘ N, 02/N;

1 106 95 1.11 1 57.7 44.5 1.30

2 122 113 1.08 2 55.7 37.3 1.50

3 106 94 1.13 3 64.4 53.5 1.20

4 118 114 1.03 4 66.2 52.8 1.25

5 90.5 80.4 1.13 5 66.4 50.2 1.32

X 108 99.2 1.10 X 62.1 47.6 1.31

c 12.3 14.3 0.040 c 5.02 6.81 0.111
Omean 5.51 6.37 0.018 Omean 2.24 3.05 0.049

The uncoated results for MB3 and MB4 offer some immediate improvement over the previous

membranes with a 24% PVC dope solution. All the PNFs are under 1000GPU and much more in
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keeping with values which are expected from uncoated gas separation membranes. The fluxes
associated with MB3 do show a clear split into a high and low level which suggests the
membranes are inconsistent during the spin run and this is reflected in the high standard
deviations and low level of accuracy in the mean value. The fluxes for MB4 show a much more
consistent level of mass transport through the membranes giving the lowest uncoated standard

deviation and highest accuracy in the mean in the results to this point.

The selectivity for both sets of membranes continued to show very little variation over the course
of the spin run when uncoated membranes were used and to provide a selectivity which is

consistent with Knudsen diffusion being the primary transport mechanism.

From the uncoated membrane results it seems that while the membranes still contain pores on
the scale of Knudsen diffusion they are now fewer in number since they have a lower PNF. This
was the expected and desired result of increasing the polymer concentration and hence the

linear density of the membranes.

The coated membrane results unfortunately do not reflect the improvements which the
uncoated membranes promised after they were tested. The flux in MB3 does not fall lower than
values which have been seen before, however, the values are more consistent as shown by the
reduced standard deviations. This suggests that there are fewer major flaws in the membranes
which the coating procedure could not properly plug. Even with this being the case though there

are still too many pores present for an improved selectivity to be achieved.

The selectivity for oxygen/nitrogen of MB3 is barely above 1 which is not as high as has been
seen before in the membranes produced for this work. Again the deviation in selectivity values
has reduced so the membranes being produced are more consistent in morphology than those

that had been produced prior to MB3.

The coated results for MB4 show more promise than any other results which have been
discussed thus far. The mean PNF of the membranes is the lowest of the membranes which had
been produced for both oxygen and nitrogen. Although there were individual membranes in
previous batches which displayed lower PNF these were accompanied by membranes of poorer

quality which would increase the mean value. The MB4 spin run produced not only lower PNF
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but did so on a consistent basis across the membranes tested resulting in a low standard

deviation and very good accuracy of the mean.

The PNF results suggest that the surface morphology of MB4 is improved towards gas separation
applications as the lower flux being produced is indicative of a less defective surface. It would be
expected that with this improvement there would be a similar improvement in selectivity but
this is not really the case as far as comparisons to the intrinsic selectivity of literature values for

flat sheet membranes goes.

What the selectivity results for MB4 do show is a selectivity consistently around 1.3 which is not
the highest produced so far but is the highest selectivity produced with a smaller standard
deviation. MB2 has a higher selectivity at 1.406 mean but could be down to a minimal of 1.098
taking the standard deviation into account, in comparison MB4 has a 1.315 mean but the lowest
value using the standard deviation would be 1.204. MB4 also has a much more accurate mean
value with a mean deviation of 0.049 as opposed to 0.138 from MB2. Looking at these values it
is thought that MB4 is likely the best batch of membranes produced so far but it is still not viable

as a gas separation membrane.

Additionally it was found that there was a noticeable difference in the viscosity of the dope as
polymer concentration was increased from 24% to 28%. This resulted in the dope solution being
difficult to handle and transfer between vessels at the higher concentration. The rapid change in
viscosity over this region suggests that the critical concentration for the PVC, as discussed by
Chung!™), for these solvent concentrations lies in this region and the 28% dope could be hoped
to provide better possibilities for the formation of an active layer if the correct production

conditions could be found.

Since the dope solution used in MB4 failed to produce the results which were hoped for while
seemingly marking an improvement on the parameters observed during testing it was concluded
that there may be something about the conditions being used to spin which were not suitable to
producing a good active layer for gas separation. As discussed in the introduction section of this
thesis the active layer is thought to be produced during the dry step of the spinning process by
spinodal decomposition followed by nodule coalescence of the outer surface of the membrane.

It is possible however that during the dry step process the composition of the dope at the outer
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surface could rapidly penetrate too deeply into the unstable region of the phase diagram crossing
over the solidus tie line and preventing coalescence from occurring. The result of this would be
a highly porous surface which would allow Knudsen diffusion between the spaces in the polymer
matrix formed by spinodal decomposition. This type of structure could be responsible for the
results which have been found so far and it was therefore felt that the next step in producing
suitable membranes was to reduce the penetration into the unstable region of the phase

diagram.

4.5.Restricting Phase Diagram Penetration During the Dry Step (MB5)

When attempting to control the evaporation from the surface of the membranes in the spinning

process there are a number of changeable factors which are applicable:

e concentration of the high volatility solvent
e concentration of the non-solvent

e driving force during forced convection

It was decided that altering all of these factors would give the best opportunity to produce

“softer” nodules and hence improved results.

The concentration of the high volatility solvent, in this case THF, has an important effect because
we assume that during the dry phase it is the rapid evaporation of this solvent from the surface
which causes the movement through the phase diagram. Therefore if the concentration of THF
is lowered then the penetration into the phase diagram which occurs during the dry step would
be lower and this was expected to result in “softer” nodules which would more readily coalesce.

Therefore for MB5 the concentration of THF was reduced from 6% in MB4 to 4% by weight.

The concentration of the non-solvent, ethanol, is another factor which has to be considered
because the addition of ethanol into the system increases the instability of the solution. The

ethanol is included with the specific purpose of making it easier for the spinodal decomposition
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to occur as the initial solution composition is nearer to the unstable region, however, by lowering
the concentration present in the starting dope solution the effect would be that the evaporation
of THF does not lead to such deep penetration into the unstable region. In MB5 the concentration

of ethanol was decreased from 16% in MB4 to 12% by weight.

The two reductions in concentration of THF and ethanol were made up in the solution by
increasing the concentration of DMac from 50% in MB4 to 56% by weight. The change in solution
mass was made up with DMac since the solution was already highly viscous and difficult to handle
at 28% PVC and it was felt increasing this any further would make both solution production and
handling of the solution difficult. As discussed above it was also felt that this concentration may
correspond approximately to the critical concentration for these solutions where the dope
becomes rapidly thicker. This left DMac as the only component which could have its
concentration increased, serving as the carrier solvent in the dope solution it also makes sense
to increase its concentration because changing the concentration of the highest concentration
component has the smallest percentage impact to composition i.e. going from 50% to 56%
concentration is only a percentage increase in DMac concentration of 12%. Whereas increasing
polymer concentration by 6% by weight from 28% to 34% would reflect a 21% change in the

concentration of the PVC component.

Finally the driving force of the evaporation has to be considered. The driving force for the
evaporation is related to how long the nascent membrane is exposed to the dry gap and also to
the flow rate of the forced convective gas. It was desirable to quickly move the composition of
the dope solution into the spinodal decomposition section of the phase diagram however with
too high a flow rate it would be expected that the active layer produced would be too thick as
evaporation occurs too fast and deeply into the forming membrane™. In order to attempt to
tune this value convective gas flow rates of 2, 4 and 6L/min were used over the course of a single

spin run to produce three different categories of membrane.

MB5 was the first batch of membranes to be produced where the spinning conditions were
changed over the course of the spin run. Of the results produced so far only a couple show
indications of a pattern over the length of the spin run and it seems most likely that these are

random occurrences due to the sampling. Nonetheless the membranes produced within 2mins
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of start-up of the spinning rig or of any change made to the spinning conditions were sent to
waste rather than sampled to avoid infringing on any time required to establish equilibrium in

production.

Another change in the procedure for MB5 was in the procedure for when spinning was carried
out in relation to dope preparation. Previously the dope solution had been prepared in an
afternoon to be spun the next morning and while it was contained within a sealed vessel during
this time it was feared that loss of THF could be occurring resulting in the poor performance of
the membranes. For MB5 the dope solution was spun as soon as it appeared homogeneous in

nature.

The system inputs are shown in Table 4.5-1 and spin conditions are shown in Table 4.5-2 and the

results are shown in Table 4.5-3 and Table 4.5-4.

Table 4.5-1: Compositions of input streams to the spinning process for MB5

Dope Composition

Chemical Concentration (weight %)
Poly(vinyl chloride) 28%
Dimethylacetamide 56%

Tetrahydrofuran 1%
Ethanol 12%

Bore Fluid Composition

Chemical Concentration (weight %)
Water 80%
Potassium Acetate 20%

Coagulation Bath Composition

Chemical Concentration (weight %)
Water 100%

The results tables show the mean values and statistics for each of the three categories: low,
medium and high convective gas flow rates. These values were arrived at by taking 5 samples for
each condition. The spin run lasted 45mins with 15mins of the run being devoted to each
category beginning with the low (2L/min) forced convection flow rate and culminating in the high

(6L/min) forced convection flow rate.
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Table 4.5-2: Spinning conditions for MB5

Spinning Conditions
Extrusion rate (cm3/min) 2.5
Dope temperature (°C) 20
Jet stretch ratio 1
Bore fluid flow rate (cm3/s) 0.8
Bore fluid temperature (°C) 14
Convective gas Nitrogen
Convective gas flow rate (L/min) 2-4-6
Convective gas temperature (°C) 17
Convection chamber height (cm) 6
Distance to gas jets (cm) 3
Bath temperature (°C) ‘ 14
Air temperature (°C) ‘ 20

Table 4.5-3: Uncoated results for MB5

Membrane L. PNF (GPU) Selectivity
. Statistic
Identity 0 | N 02/N;
Lo X 114 123 0.926
ow: o 2.16 2.87 0.009
2 L/min
Omean 1.25 1.65 0.005
Med: X 116 121 0.954
ar /emi.n o 2.57 2.84 0.003
Omean 1.48 1.64 0.002
. X 105 113 0.933
High:
. o 2.07 1.72 0.004
6 L/min
Omean 1.19 0.99 0.002

The uncoated results for MB5 were interesting because in all three categories of membrane
produced the PNF was lower than any that had been seen before. This suggested that once again
the morphology of the surface of the membrane was moving in the desired direction of having
less pores for the gas to travel through by Knudsen diffusion. The results also suggest that the

PNF for the 6 L/min flow rate is slightly lower than for the other two. This might be expected as
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the higher driving force leads to a thicker active layer due to THF leaving the system from deeper

within the structure than in the lower flow rates.

However, none of the uncoated results show anything other than Knudsen diffusion occurring as
far as selectivity is concerned. This suggests that while the membrane porosity has been reduced

there are still defects for pore flow to be the main mode of transport through the membrane.

The standard deviation of the samples and of the mean for both pressure normalised flux and
selectivity are all low for the uncoated results suggesting that they are an accurate

representation of what is occurring during the spin run.

Table 4.5-4: Coated results for MB5

Membrane Statistic PNF (GPU) Selectivity
Identity 0 | N, 0:/N;
Low: X 26.6 27.2 0.977
ow: o 0.766 1.02 0.009
2 L/min
Omean 0.442 0.588 0.005
X 26.9 28.2 0.958
Med: o 4.52 5.23 0.023
4 L/min
Omean 2.61 3.02 0.013
. X 19.6 19.5 1.006
High:
. c 1.14 1.09 0.003
6 L/min
Omean 0.66 0.63 0.002

The coated results serve mostly to confirm what was seen in the uncoated results. All the
categories produce a lower PNF than any that have been seen previously adding weight to the
idea that the surface is less porous and they do so with a high degree of repeatability of the
sampled membranes since the standard deviation and standard deviation in the mean are both
low for all the categories. Even with these improvements the PNF is still at least an order of
magnitude higher than the transport rates which would be expected from a gas separation
membrane produced from PVC suggesting that there are likely still issues related to the presence

of pores in the membranes and this appears to be borne out in the selectivity values.
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It is a recognised occurrence in the membrane field that there tends to be a trade-off between
selectivity and pressure normalised flux so that as one decreases the other increases. The results
for MB5 show a reduction in flux from the previous membranes produced during this work but
do not show the trade-off which is supposed to exist with selectivity. This expected pattern does
seem to be shown to some extent between categories for MB5. Once again in the coated
membranes the PNF associated with the high convective gas flow rate of 6 L/min are lower than
those associated with the other two convective gas flow rates and this also converts to these
membranes having a higher selectivity. Although this selectivity is only marginally higher the
standard deviations of the data would not lead to a crossing of the error bars associated with the

point.

This is an indication that the improvement in selectivity which is shown here and in other
membrane batches in this thesis is not being majorly contributed to by the coating which is being
used because the pattern in flux is one which is being preserved from the uncoated membranes
and not introduced on the addition of coating. This suggests that the coating is acting as desired
to force the gases through the membrane material by providing a minimal resistance to transport

through the pores.

Unfortunately even with these improvements the selectivity being produced in the coated
membranes is still being completely dominated by Knudsen diffusion mechanisms and this is why
in spite of the reduced flux there is virtually no improvement in selectivity. Once again the
statistical values for selectivity indicate a high degree of accuracy and repeatability in the data

obtained for each category of membrane.

The results from MB5 showed improvement on what had been achieved before in this work. The
changes that had been made to the dope solution being used seem to have had the expected
impact on the formation of the outer layer by allowing a greater degree of coalescence to occur
or at least reducing the porosity of the membrane as shown by the decreased value of PNF. The
changes did not however have an effect on selectivity and without showing a selectivity

improvement the membranes are not useful for gas separation applications.

It appeared at this point in the work like the changes being made to the solution and spinning

conditions could have an effect on the membranes and they seemed to shift the results in the
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manner predicted theoretically. Practically useful membranes were still out of reach though so
it was felt that some aspect of the behaviour was being missed in the production of the

membranes which was preventing them reaching the potential they had.

4.6.0verall Conclusion from Ambient Temperature Membrane Production

On reviewing the processes which were being carried out it was decided that there were two
factors which should be investigated more thoroughly. The first of these was the time between
preparation of the dope and its use in the spin rig, this procedure had been revised coming into
MB5 as mentioned above but it was thought that it could be more thoroughly investigated. The
second factor was the temperature at which the dope was being spun. These factors were not
easily or finely controllable within a spin run or even between spin runs with the set-up which
was currently in use on the spin rig and so it was decided that rheological methods of

investigation would be more useful.

The decision to investigate these factors in particular was contributed to by some preliminary
work carried out while spinning solutions at elevated temperature. This work was carried out by
S.A. Gordeyev and was published alongside some of the ambient temperature spinning results
in a communication in Polymer??, The dope composition by weight used for the elevated
temperature spinning solution was 28% PVC, 6% THF, 16% ethanol and 50% DMac and when
tested in a similar manner to the membranes produced at ambient conditions they gave the
results shown in Table 4.6-1. These results are far superior to what was achieved at ambient

temperature and it was hoped that the rheological analysis could reveal the reason for this.

Table 4.6-1: Preliminary Membranes

PNF (GPU) Selectivity PNF (GPU) Selectivity
0, N 0:/N; CO, CH,4 CO,/CH,
1.71 0.41 4.17 6.64 0.74 8.97
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5. Rheological Testing

5.1. Set-up for Rheological Experiments

All rheological testing was carried out on a Carrimed CLS 500 rheometer (TA Instruments). A
2cm diameter parallel plate with solvent trap attachment was used on the rheometer for
making measurements. The 2cm diameter plate was selected over a smaller plate in order to
reach high shear rate values but not substantially increase the risk of inertia throwing the
sample out of the geometry (the test cell) as can be an issue with high viscosity polymer
solutions. The solvent trap was filled with THF before each test was carried out in order to
minimize the evaporation of THF which would occur from the solution once it was open to

the atmosphere.

The gap height between the stationary and moving plate on the rheometer was 200um. This
gap was selected as it was big enough to allow movement of the solution but not so big as to
create relatively large differences in the shear rates being experienced across the height of

the sample.

The composition of the dope solution to be tested rheologically had to be selected and it was
decided to test with the dope solution which had produced good results in the preliminary

work mentioned at the conclusion of the previous chapter:

o PVC:28%
e DMac: 50%
e THF: 6%

e FEthanol: 16%

The use of this composition meant that the solution being used could definitely produce gas
separation membranes which worked albeit under conditions which were not yet known.
This was felt to be important because if there were differences which showed themselves in
the rheology results it would be useful to help identify the condition which had previously
been used and identify why the membranes produced so far for this thesis had not proven

effective.
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5.2. Flow Rheology

The starting point for the rheological investigation was to conduct a series of experiments
using flow rheology. The most relevant type of rheological study to hollow fiber membrane
spinning is capillary rheometry since it is also an extrusion process and allows the study of
variables such as extensional viscosity. Unfortunately there was no capillary rheometer
accessible to carry out experimentation on the dope solutions in this work. In the absence of
capillary techniques flow rheology is a good starting point as it is possible to cover a wide
range of shear rates including the high shears which are experienced by the dope solution

within a spinneret.

The aim of the flow rheology experiments was to investigate if there were any differences in
the nature or behaviour of the PVC dope solution at different temperatures and over

different periods of sitting at rest.

In order to do this after dope preparation the solution was split into two sealed reservoirs.
One of these reservoirs was maintained at 60°C, using a water bath, while the other was
allowed to cool naturally to ambient temperature before the start of experimentation and
for the duration of it. A fresh sample was taken from the relevant dope reservoir to carry out

each test run.

The main effect which the rheology tests were designed to look at was the influence of
temperature. The impact of temperature on a polymer solution can be large with the
possibility for solutions to become unstable at either low or high temperature depending
upon whether the solution exhibits lower or upper critical solution temperature. The
temperature will also have a direct effect on the rheology of the solution, exactly what these
effects are depends upon what rheological behavior the solution is exhibiting i.e. Newtonian
or non-Newtonian region. Changes in the rheology of the solution will also have an influence

upon the phase diagram for the system and thus the phase separation process.

A secondary investigation carried out in parallel to the temperature was into what the effect
of the polymer solution being stored was on the rheology. This section was to investigate if
the procedural improvement of producing and spinning the dope in a single day was
necessary or not or if doing so was detrimental to the ideal rheological characteristics for

spinning.

132



The effect of temperature on the rheology of the solution was investigated at two
temperatures, 20°C and 60°C. The relevant dope reservoir was used to obtain the sample for
each temperature and the testing was carried out at the same temperature the dope was
stored at. The time effect was tested by carrying out four analyses on each sample: two on
the day the dope was produced and two the following morning to match what the early
spinning procedure had been for MB1 through MB4. A third series of tests was also carried
out in an attempt to show which of the influences was having a bigger effect on rheology by
using the dope stored in the 20°C reservoir but heating it in the rheometer to 60°C for testing.
This set up gives the series of tests shown in Table 5.2-1 where the letters “a” to “d” represent

the four runs of the time investigation with “a” being the earliest, “d” the latest and “i” in the

test label representing one of these four letters.

Table 5.2-1: Label definitions for each rheological test for flow rheology

roporage || TeSETeMPeratre | g Seies | Testlabels
20 20 a,b,cd 2020i
20 60 a,b,cd 2060i
60 60 a,b,cd 6060i

When using the 2cm parallel plate with a 200um gap between the plates for the flow
rheology the maximum shear rate which could be analysed was 5000s. The flow curves were
produced over a period of 5-5000s however, the rheometer produced erratic data
immediately on start up. This is a common occurrence with the rheometer used and is not
related to the use of the PVC dope, so the data displayed ranges from 7-5000s? after it is
trimmed. The maximum shear rate of 5000s™* was seen as beneficial from the 200um gap
because from previous experience the shear rate experienced in the spinneret would fall into
this region and therefore the data could be used to obtain data on the dope behavior within
the spinneret. The gap distance set-up is a balancing act between obtaining the shear rates
required and avoiding particle or inertia effects contributing to the rheology results and
200um was seen as a suitable compromise. The tests were carried out as shear rate
controlled ramp experiments with 300 data points for each run where a run lasted for 30mins

(15mins up ramp, 15mins down ramp).
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First the effect of time on the polymer solution was considered. In order to do this the four

flow curves for each of the three testing conditions were plotted on the same chart.

When considering the 6060i rheological tests in isolation it is difficult to ascribe any particular
patterns to what is observed. It does appear that the two tests carried out on the afternoon
of dope production (a and b) are less viscous than the later runs (c and d) but for both the
early and later runs the order of the two tests within those groupings are the opposite of
what would be expected were it a trend with b being less viscous than a and d less viscous
than c. It might be expected that if there was loss of the high volatility solvent, THF, or even
the ethanol from the system that there would be an increase in viscosity for the later results
so it is possible evidence of this and that the change is not enough between the two runs on
each day for the trend to be observed and the switch is cause by experimental error such as

cell loading.
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Figure 5.2-1: Up and down flow curves for dope stored at 60°C and tested at 60°C

There are two things which should be commented on now and that will be returned to at a
later stage: time dependent behavior and slippage. There is a difference between the up
curve, the top curve for any particular test run which was produced as the shear rate was

ramped up, and the down curve, the bottom curve for any particular test run which was
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produced as the shear rate ramps down. The difference in the curves is indicative of time
dependent behavior in the fluid. Time dependent behavior is not a surprising occurrence for
a polymer solution which displays shear thinning as it is a viscoelastic fluid and according to
Barnes, 1997 a viscoelastic system shows time dependency because the microstructures
involved in viscoelastic fluids, in polymer solutions these are likely to be to do with chain
entanglement, take time to respond to flow/stress. Since the decrease in chain entanglement
is always going to take time for a polymer solution, unless the molecular weight of the
polymer is not above the critical value for chain entanglement to occur, it might be expected
that all shear thinning polymer solutions would display some form of thixotropic (time
dependent) behavior. Since we are looking to impart orientation through shear mechanisms
the thixotropy would only be a problem if it was so slow as to prevent the microstructure
from adapting to the shear but since responses are immediate in the solution to increasing
shear this should not pose a problem. In fact the thixotropic nature of the fluid can help to
seal in the orientated structure during the dry step as it takes time to relax to its former

structure.

At the high shear rates produced during the up curve it can be seen that for the later test
runs there is a sudden drop in the value of viscosity. This sudden change is a sign that the
sample is slipping. When this occurs the fluid in the cell is not contacting properly with the
parallel plates making the rotating plate slip across its surface rather than rotating the sample
and this produces an artificially low viscosity. One of the major assumptions made when
dealing with flow is that the no slip condition applies i.e. the “layer” of fluid closest to the
boundary of the fluid is stationary but where this slip appears in the rheology it would be no
longer possible to consider this assumption completely accurate for the flow in the spinneret

which could be an important point which shall be returned to.

It should be noted that when the slippage does occur it seems to bring the up curves of the
later experiments down to the viscosity of the early experiments however, even with this as
a starting point for the down curves they diverge again to higher viscosity values as the shear
rate decreases. This divergence suggests that the rheometer slowly recovers from the

slippage effect as the shear rate drops.

When the 2060i curves are considered it appears there are very few differences between the

test runs. There is no discernable pattern to the curves as time progresses from a to d. The
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curves are all similar enough that loading error and other sources of experimental error

cannot be discounted from causing the differences which are seen.
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Figure 5.2-2: Up and down flow curves for dope stored at 20°C and tested at 60°C

The two trends which are clear to see once again are the thixotropic nature of the dope
solutions which are being used and the slippage. The thixotropic effect does not appear to
have changed any between the 6060i and 2060i tests although this can be better examined
later. The same can be said for the slippage which occurs where there does not appear to be

a big difference from what was seen previously.

The 2020i flow curves however do look different than those which have been looked at so
far. There is no evidence that the early tests are any better than the later tests exhibited in

the charts.

The thixotropy which is encountered also appears to be much larger however than in the

previous two charts and this can again be shown better on the next series of figures.

What has very obviously increased dramatically is the slippage which occurs and with the
2020i tests this affect appears to be much longer lasting into the down curve with both test

runs a and d not displaying recovery till below 300s. All the curves generally look a little less
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smooth than they do for the other two sets of test conditions. This suggests that the

rheometer is having a more difficult time gathering accurate data on the fluid.
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Figure 5.2-3: Up and down flow curves for dope stored at 20°C and tested at 20°C

The next series of graphs make it easier to compare trends between the different
temperature conditions which the dopes were exposed to. This time each chart shows a
single test run for each set of temperature conditions and the curves for each set correspond

to the same testing time i.e. all the c test run curves on the same graph.

The first thing to notice when comparing the charts is the trends in viscosity between the
categories. For both the 6060i and 2060i membranes the viscosities are at similar levels for
all the curves produced throughout the time of the analysis. In the a and b tests the 6060i
curves exhibit a lower viscosity but without the back-up of the c and d tests which almost lie
on top of each other it is difficult to conclude that there is a difference. There is a possibility
that the THF escapes the 6060i dope overnight while not escaping the dope stored at 20°C
but it would be very coincidental that this would bring the curves into almost perfect
agreement. More likely is that experimental error contributed a little to the disparate in runs

a and b while not in c and d.
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The viscosity of the dope which is stored at 20°C and tested at 20°C is higher than for the
other two categories. This is obviously an expected difference to be observed as viscosity is
temperature dependent however the difference is large over all the curves and over most of
the range. The log scales on the graphs tend to make the differences look smaller but the
curves which are closest together are likely for run ¢ where at 1000s® the 6060c curve has a
viscosity of approximately 2.4Pa.s while the 2020c curve has viscosity of approximately
3.8Pa.s at the same point. Even the curves which are closest are still more than 1.5 times as
viscous. The only regions of the 2020°C curves which have the same or lower viscosity than

the other categories are when slipping occurs.

The thixotropy of the 2020i curves appears to be larger than what is observed for the
membranes which were tested at 60°C. Although, on the charts, the differences between the
up and down curves are very similar distance wise between the categories since the viscosity
is plotted on a log axis the same distance on the chart represents a much bigger jump. To
illustrate this consider the curves for run a, at the lowest shear rate which measurements
were recorded for the difference in viscosity between the up and down curves are:

e 60603, 13.66Pa.s

e 20604, 16.67Pa.s

e 202043, 215.82Pa.s

The greater thixotropic nature means that if the solution was used at 20°C but underwent a
preconditioning shear process then its viscosity may be more similar to that of the dope
tested at 60°C and if these were more similar then perhaps the 20°C dope could be used to

produce gas separation membranes.
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Figure 5.2-4: Up and down flow curves for test run a under each set of temperature conditions
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Figure 5.2-5: Up and down flow curves for test run b under each set of temperature conditions
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Figure 5.2-6: Up and down flow curves for test run c under each set of temperature conditions
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Figure 5.2-7: Up and down flow curves for test run d under each set of temperature conditions
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The curves shown here contain only the power law region for the dope solutions. The first
Newtonian region would have appeared as a flat plateau before the start of the power law
regionl?. The transition point from one region to the other is recognized as being the point

where chain uncoiling and molecular orientation begin to occur and is called the critical point.

Further tests were carried out at lower shear rates down to 0.01s for the 20°C dope and
there were signs that the curve was beginning to level off at this point, these shear rates are
so low that the shear rates experienced in the spinneret are always going to be high enough
to bring about molecular orientation. The reciprocal of this critical shear rate is defined as
the time scale of deformation which in this case for the 20°C solution is 100s and is a value

often used to estimate the relaxation time for molecular orientation.

Further tests carried out on the dope at 60°C found that the critical point was around 15s™
and hence the molecular orientation relaxation time is 0.067s for the dope at the higher
temperature. The reason these extra tests found the relaxation time at shear rates which
were present in the other tests for the 60°C dope when they did not reveal it is the type of
control which the rheometer was used under and its sensitivity in that set up. For the up and
down flow curves the rheometer was used with shear rate control however for the single
sweep to identify the relaxation time a higher sensitivity more gradual shear stress sweep
was conducted. These are large relaxation times in comparison to those that are seen in
polysulfone gas separation membranes where the relaxation times are down as low
0.0025sP!. In fact according to the prediction methods employed by Tripathy and Das!*, the
molecular orientation relaxation time for the polysulfone membranes used in the above

paper would be between 0.00018s at 9000s™ 0.004s at 400s™.
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Figure 5.2-8: Flow curve for dope at 20°C showing critical point

These high molecular orientation relaxation times are good for the production of an
orientated skin in the gas separation membranes. Since the relaxation times are high then
the orientation is able to be frozen in place during the extrusion process by rapid formation
of the external active layer. Within the relaxation time the THF near the surface of the
membrane will evaporate causing phase inversion of the dope solution and resulting in the
orientated active layer. Due to the length of the relaxation time it is likely that the depth of
orientated layer will be larger than those seen in the paper by Shilton et al’®’ where they used
a mass transfer model and the amount of THF which could evaporate within the relaxation
time to predict the thickness of orientated layer which was produced in therirmembranes.
With the relaxation times seen with the PVC dopes being so long in comparison to the
polysulfone dopes these calculations would have less meaning since the depth of orientation
is likely to be limited by the mass transfer of the THF through the solution rather than the

time for orientation to relax.
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Figure 5.2-9: Flow curve for dope at 60°C showing critical point

As far as detecting an effect which is to do with the time the dope is stored for before use
there is very little evidence to support any theory which could be put forward. This suggests
that the vessels being used in the experimentation are well sealed and preventing the loss of
the more volatile components such as THF, and even the ethanol, which would evaporate
from these solutions if they were not properly sealed leading to an increased viscosity over

time in the tests.

The temperature does have an effect on the viscosity of the solutions for certain and this
pattern does not seem to be affected by reheating the solution. However, viscosity alone is
not a good reason for why the PVC dopes used at 20°C failed to produce a good active layer
in the gas separation membranes. The factor which may be of interest as far as explaining
the poor performance of the membranes is the slippage within the rheometer. If there are
shear rates present in the spinneret which are in the same regions as slippage was being seen
here then it is possible that on extrusion through the spinneret the no slip condition does not
apply. This would lead to the molecules at the surface of the fiber being un-orientated and
therefore not producing a good active layer. This would also explain why some of the results
show selectivity which is not Knudsen but also not that produced by the early membranes

since the active layer is un-orientated and flawed.
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In order to investigate this it is necessary to model the flow of the solutions in the spinneret.

5.3. Modeling Flow of Dope Solutions in the Spinneret

The model used to describe flow in the spinneret was developed by S.J. Shilton and is
described fully in the paper: “Flow profile induced in spinneret during hollow fiber membrane
spinning”P. While the work of Shilton is used in this thesis there are a number of different
contributors to the study of flow in concentric piping, but most of the work concentrates on

turbulent flow directed towards heat exchangers and other large scale uses!®%,

The first thing to note about the model is the assumption that laminar flow is occurring within
the spinneret. Since the velocity of the of the dope within the spinneret is low, an average
velocity of 18.15cm/s at an extrusion rate of 3cm3/min, and the solution is highly viscous then
a low Reynolds number is likely to result. For example using a viscosity of 2Pa.s, density of
1100kg/m? and flow area diameter of 0.0406cm (the width of the polymer channel in the

spinneret) then the Reynolds number can be calculated:

1100%9 . 18.15™ . 0.0406cm
Re = m’ §

2 k_g Equation 5.3.1
ms
(sa0em)
*
100cm
Re =0.041

From this rough calculation using reasonable values and assumptions it can be seen that the
assumption of laminar flow in the spinneret is justifiable. The question mark over this would
be due to entrance and exit effects in the spinneret channel but it is hoped that these are

small enough that the model holds.
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Shilton’s approach to producing a model takes a force balance over an element in a circular

conduit giving:

dP k .
o= (_ — pg) + — Equation 5.3.2

T
2\dz r

Where; o is shear stress, r is radius, P is pressure, Z is length of the element, p is density, g is
acceleration due to gravity and k is a constant. Boundary conditions are then applied to
Equation 5.3.2 for a concentric annulus. When dealing with this flow conformation the
boundary conditions are more complex than they would be for circular pipe; the radius at
which 0=0is not clear and K0 this leaves us with two boundary conditions. When we assume
the no slip rule is applicable then the velocity, v, will be zero at both walls so that where R;

and Ry are the radii at the inner and outer walls of the annulus respectively:
v=0 at r=R;
v=0 at r=R;

When these boundary conditions are applied it is found that the equations can only be solved
numerically for a Newtonian fluid and an iterative process is required to solve for power law
fluids such as the PVC dopes used in this work. Shilton sets up a series of equations which
allows his program to determine the velocity, shear stress and shear rate profiles within the

spinneret along with values of flow rate and pressure drop.

Utilisation of the flow program requires determination of the power law equation which
represents the linear (power law relationship becomes linear on log-log scale) portion of the
dope flow curves described in the last section. Knowing this equation gives knowledge of the
power law index, n, and power law constant, K, which can be used in addition to the spinning

parameters from the equipment set up to provide the data output from the software utility.

To obtain the power law index and constant parameters from the flow curve each of them
was plotted individually. Once the curve had been plotted the data at the beginning and end
of each curve where the trend was not a straight line was removed. A power law trendline
was then fitted to the up curve, the up curve was chosen because there is only limited pre-
shearing involved in the spinning process; although the mixing of the dope solution will

impose a shear effect on the fluid the solution then has time to relax in the dope pot and the
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process of passing through the gear pump is expected to break up order which has been
imposed. Following the gear pump the flow is slow through a %” pipe and since the solution
is viscous the shear is low. When the trendline was fitted to the curve the coefficient of
determination, R?, was also calculated and it was found that for the tests run at 60°C the
value never dropped below 0.993 while for those at 20° it was never above 0.990. This
illustrates again how the rheological behavior of the dope tested at 20°C was more difficult
for the rheometer to pin down than for the dope being tested at 60°C. Figure 5.3-1 shows an

example of one of these graphs using the 6060a test data.
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Figure 5.3-1: Sample individual rheological test with fitted trendline

When the trendline is fitted the form of the curve given is:

dv n-1 )
Equation 5.3.3

Herr = Ky" ™' = K(d—y

So the value of K is given but the power given by the curve fitting is n-1 which has to be taken
into account before entering values into the software. For the sample curve given in Figure

5.3-1 the inputs from the curve and the experimental would be as follows:

e annulus inner radius, R1=0.229mm
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e annulus outer radius, R,=0.635mm

e spinneret length, L=0.2842mm

e dope density, paope=1.025g/cm? (found by weighing a set volume of dope)
e dope extrusion rate, DER=3cm3/min

e power law index, n=0.54

e power law constant, K=41.915

Some of these factors i.e. the radii and length associated with the spinneret are the same for
all curves produced. However, the other factors change for the different conditions being
utilized and the different temperatures. The dope extrusion rates modelled were 2 and
3cm3/min. The models were also produced at 20°C and 60°C, as per the rheology tests, using
the appropriate density which was found by weighing a set volume of dope to be 1.059g/cm?
and 1.025g/cm? at these temperatures respectively. The power law constant and index for
each condition are contained in Table 5.3-1 below.

Table 5.3-1: Modeling Parameters from Rheological Testing

Rheology Test Label Power Law Constant Power Law Index
6060A 41915 0.54
6060B 27.286 0.56
6060C 103.82 0.45
6060D 70.709 0.50
2060A 51.879 0.58
20608 47.036 0.55
2060C 36.029 0.58
2060D 56.223 0.55
6060A 540.29 0.32
6060B 487.50 0.28
6060C 706.87 0.24
6060D 978.54 0.22

The data produced can then be plotted to show the profiles of velocity, shear stress and shear
rate within the spinneret. A profile was produced for each set of test conditions which were
used in the rheometer and at extrusion rates of 2 and 3cm3/min. The naming method for
each of the tests follows the same pattern as for the flow rheology with the addition of a 2
or 3 following the letter showing which run is occurring to indicate the flow rate the model

is using.
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The graphs for the different runs “a” through “d” for each category all produced very similar
curves. The tests carried out at 60°C were consistent between runs, the 20°C tests varied a
more but still showed consistency in the profiles being produced over the runs after the
artifact filled parts of the flow curves had been removed. This consistency is caused by the
equations of the fitted curves not changing greatly and since they were accurate with the R?
value this is further proof there is very little time effect acting on the dope solution. For this
reason and to save on space only the model curves for the first test run with each set of

temperature conditions is displayed here i.e. run a.

The first factor which is considered is the velocity within the spinneret and the flow profiles
are shown in Figure 5.3-2. The most obvious thing to note is the difference which is brought
about between the step change in extrusion rate. On a drop from 3 to 2cm3/min the model
predicts that the maximum velocity will fall from around 6cm/s to around 4cm/s although it
appears there is a bigger decrease in the maximum velocity when the temperature being
used is 60°C than 20°C. This gap is expected and the change in maximum velocity difference
is because the decrease comes from the ratio of the change in extrusion rate i.e. 2cm3/min
is two thirds of 3cm3/min and therefore with all other factors remaining equal and no power
term in the velocity extrusion rate relationship the velocity also decreases by two thirds, since
the 20°C dope is at a lower starting value the decrease in going from 3cm3/min to 2cm3/min

is smaller.

The velocity profiles also appear to be shifted slightly to the left from what might be expected
to be witnessed in pipe flow. With pipe flow the profile would be expected to be perfectly
symmetric assuming the walls of the pipe are perfect. However the flow in the spinneret is
through an annulus so the profile presented describes the flow from the inner wall of the
annulus to the outer wall of the annulus hence the radius where the profile begins is
equivalent to Ry and where the profile ends is R,. Turbulent flow is most often studied and
the shift in the position of maximum velocity is put down to the effects of combining two
different boundary layers!®. The nature of the turbulence at the outer wall is similar to that
which would be expected in a pipe however the turbulence experienced at the inner wall is
different due to the transverse nature of the curve and the result is that the position of
maximum velocity moves toward the inner wall®®. While the flow under consideration in this
work is laminar there will still be different Reynolds numbers at the inner and outer walls

resulting in a combination of the two flow regimes and an off center maximum velocity.
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Figure 5.3-2: Velocity profiles within the spinneret for test run a of each set of temperature conditions

The final trend of interest is to note how flat the curves become in the centre of the annulus.
This suggests that the dope solution is so thick in the centre of the pipe that it is flowing
almost as plug. The model predictions for the low temperature conditions show a larger
range of radii where the velocity is almost constant, creating a situation which results in a

higher fluid velocity nearer the walls of the pipe.

The relationship between shear stress and radius is shown in Figure 5.3-3. The shear stress
shows a greater variation than was observed with the velocity profiles. The stress rises
towards the walls of the annulus as they are the source of frictional resistance. The lowest
shear stresses are associated with the 6060i dope tests followed by 2060i and finally 2020i.
The difference in the shear stress predicted for the two tests at 60°C is however much
smaller, at less than 1000N/m?, than when comparisons with the tests at 20°C are made,
differences are over 2000N/m?. This shows that there is a much larger stress being imposed

on the 20°C dope during the spinning process.
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Figure 5.3-3: Shear stress profiles within the spinneret for test run a of each set of temperature conditions

The shear stress experienced by the dope is larger towards the inner wall of the annulus than
it is towards the outer wall. This is the effect which is produced in the shear stress by the
concentric annulus nature of the spinneret. The shear stress is related to the inner velocity
and as such the same effects which cause the maximum velocity to shift off the center of the
annulus also cause the region of zero shear to shift, this was one of the main study areas
among early work on concentric annulus flow and indeed Knudsen and Katz (1950)?,
Brighton and Jones (1964)*3! and Quarmby (1967)4 all found that the zero shear stress and
maximum velocity positions coincided. However, Rehme (1974)**! found experimentally that
they were not coincidental and found that the zero shear stress was actually nearer to the

inner wall than the maximum velocity.

So it is not surprising to see a shift in the shear stress in the same way as for velocity, on the
other hand there does appear to be a bigger shift for the 20°C dope than for the 60°C dope
which is difficult to find an explanation for in the literature. It is suggested that due to the
more highly viscous nature of the dope at 20°C it is possibly more susceptible to differences
in the Reynolds number, this would make sense as the slopes on the 20°C tested flow curves
shown in Figure 5.2-4,5,6,7 are steeper than for those tested at 60°C, hence smaller changes

in shear stress have a larger influence on dope rheological behavior and these would be
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reflected in Reynolds number. A larger difference then in Reynolds number between the
inner and outer walls of the annulus may then be expected to contribute to a larger shift in

position of zero shear stress.

2000
1800
1600 \
~ 1400
Q ——6060a2
= 1200
p \\\ ——6060a3
® 1000
(-4
~ \\\ ——2060a2
& 800
< 2060a3
Y 600
\ ——2020a2
400 \ .
0
0.2 0.3 0.4 0.5 0.6 0.7
Radius (mm)

Figure 5.3-4: Shear rate profiles within the spinneret for test run a of each set of temperature conditions

The profiles associated with shear rate are related directly to the shear stress through the
viscosity of the solution so it is not surprising that some of the trends which were seen in
Figure 5.3-3 are also reflected in Figure 5.3-4. For example the shear rates predicted at 20°C
are higher than those associated with 60°C for the same extrusion rate at the walls, however
it is interesting that the shear rate toward the zero shear point for the system is actually
lower for the 20°C solution. This is in line with the larger region for the 20°C solution where
the velocity remains at a more constant and lower level in the middle of the annulus than for

the 60°C dope.

The most important area of consideration as far as shear rate goes is the region of the curve
closest to the outer wall of the annulus. This is the most important area because this is the
shear rate which is being exerted on the dope solution which is to form the active layer and
hence provides the molecular orientation to the active layer. The shear rates experienced by

the dope solutions in this region are between approximately 500s* and 900s?, when these
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shear rates are looked at on the flow curves which were produced the conditions in the
spinneret are taking place in a region of the curve which is approaching that of instability for

the 20°C dope.

The high extrusion rate set up in particular (shear rate 900s?) is pushing towards the
beginnings of instability of the 20°C curve and for at least two of the down flow curves the
dope solution has not recovered from the slipping effect until far below this value. The
outcome of this is that there is a possibility that the 20°C dope is encountering slippage within
the spinneret itself due to its highly viscous nature. If slippage were occurring then the
boundary conditions now associated with the flow model no longer apply since the no slip
condition is the basis for these. Under slippage conditions it would be expected that the shear
experienced at the wall would be particularly low and therefore the molecular alignment
induced in the outer layers of the dope solution would be minimal. The result of this would
be the formation of a randomly assorted active layer in the membranes which would not
provide a high degree of selectivity and without orientation the surface layer would be more

susceptible to imperfections.

The results of low temperature spinning could possibly be explained by this as a completely
un-orientated active layer might provide better selectivity than Knudsen diffusion but
without the molecular orientation the structure is not ideal for solution diffusion. Imperfect
packing of the molecules creates a larger free volume in the surface layers than would work
for a gas separation membrane. This produces the selectivity seen in some of the better
membranes from the ambient temperature spin runs where it is elevated above that of

Knudsen diffusion but not by a lot.

5.4. Oscillatory and Creep Rheology tests

5.4.1. Creep Rheology Tests

The tendency for slippage could be exacerbated in the spinneret if the solution exhibits more

gel like or solid properties. These properties would make it easier for the solution to be
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extruded like a solid bar by slipping through the spinneret rather than flow through it
especially under laminar flow conditions. In order to investigate these properties both

oscillatory and creep rheological tests were carried out on the dope.
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Figure 5.4.1-1: Typical creep test result with equations for each part of the response

As is hinted at by the name a viscoelastic fluid has both a viscous component and an elastic
component. These two components can be separated and quantified in a creep test. A
general creep test response and the sections which go along with it are shown in Figure
5.4.1-1. The test involves imposing a constant stress on the sample and monitoring the
deviation (strain) caused. Initially there will be an immediate elastic response which is
independent of time; this is followed by a delayed elastic response which is time dependent
and finally a steady state viscous response which is often identified with the zero shear
viscosity. Each of these three sections of the curve can be described by a different

relationship which is indicated in Figure 5.4.1-1 and brought together in Equation 5.4.1.1.

The various parameters in the creep equation are defined as: G; is the immediate elastic
response modulus, G; is the delayed elastic response modulus, t is the time and A is the

retardation time given by n,/G..

153



+ — Equation 5.4.1.1
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This equation comes about as a result of the combination of two well-known rheology
mechanical models: the Maxwell liquid and the Kelvin solid, which combine to produce the
model of the Burgers fluid. These models can be represented graphically as in Figure 5.4.1-2
using springs and dashpots. In these diagrams the springs represent a linear elastic element
to the material such that it represents the behaviour of the material which is given by Hooke’s

law:

=Gy Equation 5.4.1.2

Where; o, is the strain, y, is the angle of deformation the strain produces in the solid
behaviour and G, is the elastic shear modulus. So the spring represents the solid like

behaviour of the material.

The dashpot on the other hand represents the Newtonian liquid behaviour of the material

and is given by a viscous response, where; n, is the viscosity and y, is the shear rate:

o=ny Equation 5.4.1.3

The Maxwell model combines these different behavioural aspects in series while the Kelvin
model combines them in parallel. The Burgers fluid model then combines these two models

to provide the relationship seen in Equation 5.4.1.1.

The responses of the Burgers model fluid to the strain applied during a creep test is caused
by the immediate initial response of the spring from the Maxwell model, so G; is associated
with the initial elastic response. The delayed elastic response is then as a result of the parallel
spring and dashpot in the Kelvin model and hence G; and n; are associated with this section
of the curve. However, the situation is complicated by the viscous response caused by the
Maxwell model dashpot and the contribution of n: since it also responds immediately and
contributes to all parts of the curve but its effect can be isolated in the viscous response

section of the curve.
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Figure 5.4.1-2: Fluid models using springs and dashpots

So far the creep test process which has been discussed has consisted entirely of applying
strain to the material being tested, the second part of the test involves the release of this
strain and the recovery of the energy used in the elastic deformations. The recovery will
never return fully to zero because viscous flow has occurred during the course of the creep
test, ni. This means that the equation describing the behaviour of the fluid on relaxation
becomes:

y@® 1 1

—_—t— (1 — e_l> Equation 5.4.1.4
o Gl GZ

The A term now becomes known as the relaxation time and is a measure of the time taken
for the stress to relax. This parameter is interesting for membrane hollow fibre spinning since

it could provide some indication of the time it takes for the molecular orientation to relax in
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the active layer of the extruded membrane once the shear of the spinneret walls is released.
The recovery which is observed is an indication of how much solid/liquid character there is

in the fluid with a greater recovery showing more solid like behaviour.
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Figure 5.4.1-3: Response of dope at 20°C to a sudden applied stress of 10Pa

A number of creep tests were carried out in the rheometer to identify differences in the
behaviour of the dope at 20°C as opposed to 60°C. In order to carry out these tests the value
of imposed stress has to be set, for the 20°C dope stresses of 10, 20, 30 and 100Pa were used
whereas for the 60°C only stresses of 1 and 10Pa were used due to the different behaviours
observed. An example of the calculations carried out to identify each of the parameters
involved is shown below for the 20°C, 10Pa imposed stress test following which the results

are given for all the tests which were run.

Figure 5.4.1-3 shows the strain versus time relationship in the sample measured by the
rheometer for the 20°C, 10Pa imposed stress test. The sections of the curve outlined above
are clearly visible in the shape produced so it is expected that the fluid is a Burgers fluid

displaying Gi, G2, n1, nz and A.
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Firstly the initial elastic response can be read straight from the graph, in this case the initial
strain is 0.2. This allows the use of Equation 5.4.1.5 to obtain the value of G; where: y, is the

strain and o, is the applied stress.

o
Yo = G,
Equation 5.4.1.5
G 10 50P
= —= a
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0.6
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Figure 5.4.1-4: Trend line for the viscous section of the creep response curve with equation and fit for 20°C

dope

The steady state viscous response at large values of time can then be considered. This section
of the curve shows a straight line relationship between strain and time the gradient of which
is associated with the steady shear rate, y. The shear rate and stress are related through n:

as in Equation 5.4.1.6.

y=— Equation 5.4.1.6
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With this information the first and third parts of the overall creep response are now known.
This means that if the values of yo and yt are subtracted from all points of the original curve
then the response which is left will be that of the delayed elastic response. The curve which

this procedure results in is shown in Figure 5.4.1-5.
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Figure 5.4.1-5: Delayed elastic response of 20°C dope on application of 10Pa stress

The plateau on this plot is equal to the ratio o/G.. In this case the ratio is equal to 0.2 and
therefore G,=50. With this knowledge it is possible to rearrange the equation for the delayed

elastic response such that:

—y(t) * G2 t
In (& + 1) = —— Equation 5.4.1.7
o A
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The resulting plot is shown in Figure 5.4.1-6. It should be a straight line through the origin of
gradient -1/A, as can be seen this is not quite the case due to experimental error. However,
the line of best fit is not far off as shown by the R? value over 0.9 and should serve as a good

estimate in this case.

The chart gives A a value of 9.07s. This value can then be used to calculate n;:

G
N, = 72 = 5.51Pa.s Equation 5.4.1.8
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Figure 5.4.1-6: Graphical representation of Equation 5.4.7 allowing determination of A

All the parameters calculated with the exception of retardation time show slight downward
trend as the imposed stress increases, only the G; parameter in the 100Pa test contradicts
this pattern. Creep analysis of polymer solutions is best suited to low imposed stresses as
the rheometer can best assess the small deviations occurring if they are not with respect to
a large applied force. For this reason the results for the applied stress of 10Pa are likely the
most accurate. One of the most important parameters measured is n: because it can be
associated with the zero shear viscosity. This is another reason for why the lower the stresses
are better because the lower these are while providing sensible results the closer the system

is to providing a true zero shear viscosity.
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Table 5.4.1-1: Calculated parameters from creep analysis

Parameter Imposed Stress (Pa)
10 20 30 100
G; (Pa) 50 48.78 42.856 52.63
G (Pa) 50 47.96 44.11 31.45
n: (Pa.s) 11111 8889 9332 6573
nz (Pa.s) 5.51 4.724 3.984 0.717
A(s) 9.07 10.15 11.07 43.86

After the increase in applied stress has been monitored for a period of time it is normal
practice to remove this strain and allow the solution to relax. Since the energy loss process
is a viscous response then it is expected that the more solid like the solution is in its behaviour

then the more of the energy will be recovered.
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Figure 5.4.1-7: Creep analysis full strain and recovery curves for 10, 20 and 30Pa of imposed stress at 20°C

Figure 5.4.1-7 shows the 10, 20 and 30Pa imposed stress curves for both the strain applied
step followed by the relaxation step. As would be expected the increase in stress applied
results in an increase in the strain which occurs in the fluid. The interesting aspect of this is
that the recovery step shows that the energy is recovered to a very similar level for all the

curves and that this is close to full recovery suggesting very little viscous flow has occurred.
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As described above this means that the 20°C dope is expressing a large amount of ordered

or solid like behaviour.

Associated with the creep recovery curve is a relaxation time. The recovery behaviour should
contain no viscous sections i.e. linearly decreasing sections, because the energy associated
with the viscous flow in the retardation curves is lost through friction. This should mean that
the recovery curves do not fully recover until infinity. The relaxation time is generally taken
as the time taken for the elastic strain to be recovered to 1/e of its original value. The total
elastic contribution in this case is estimated as being the difference between the point where
the elastic response appears to be levelling off and the stress which was applied for the
retardation curve. The rheometer used had a tendency to continue to exert a small strain
and thus there was a slight viscosity contribution to the recovery curves which could not be
taken into account by a purely mathematical method which has led to the relaxation time

requiring a small degree of estimation.

Table 5.4.1-2: Creep statistics for recovery curve

Imposed Maximum | Linear Strain | Recovered 1/eth Relaxation

Stress (Pa) Strain Onset Strain time Ag (s)
10 0.505 0.086 0.419 0.241 1.06
20 1.076 0.218 0.858 0.535 0.86
30 1.729 0.309 1.42 0.834 0.96

The relaxation of the elastic behaviour component from the creep analysis occurs over a
much shorter time frame than the relaxation of the molecular orientation as predicted by
the critical point from the flow rheology for the 20°C dope, this means that the relaxation of
the elastic strain imparted on the dope solution will relax before the molecular orientation
of the dope relaxes. Relaxation times of a second should still mean that the conformation
which is imparted to the dope solution by the spinneret will be frozen in place since much
lower relaxation times than this are usually recorded for orientation and it still gets frozen

into active layer of the membrane.

Creep tests were also carried out on the dope at 60°C for comparison between the

temperatures. The same analysis and calculations of associated parameters was not possible

161



for this dope however. The graphs for the full creep tests for both retardation and relaxation
are shown in Figure 5.4.1-8. They show completely different behaviour from that of the dope
at 20°C. This shape of graph and especially the relaxation steps are indicative of an entirely
viscous fluid i.e. the dope at 60°C shows virtually no solid like behaviour at the tested
stresses. In order to check these results the rheometer was pushed to the limits of the set up
being used and the applied stresses in the two graphs are 10 and 0.1Pa but no elastic solid

behaviour could be detected.

The observed trends from the creep analysis support the possibility that the lack of good
separation ability for the membranes at low temperature could be caused by the rheological
nature of the solution. The curves produced show highly elastic characteristics in the dope at
20°C which, under the conditions tested, completely disappear at 60°C although will be

present at high enough frequencies or low enough time frames.

The dope solution at rest is viewed classically as containing long molecules of PVC with
solvent between the molecules which makes it easier for the solution to flow than it would
be in a melt situation. The polymer chains are subject to Brownian motion and are therefore
capable of taking up many transient forms and arrangements. Common to these
arrangements will be areas where polymer chains intertwine and these are called
entanglement junctions. These entanglements put a strain on the realignment of the polymer
molecules under flow conditions and are the source of the viscoelastic properties. With an
increase in temperature the Brownian motion also increases, this means that the
entanglements are more easily broken and formed faster. Since it is these entanglements
which are providing the strain which shows up as elastic behaviour if they are more easily
broken at higher temperature then the 60°C dope will show less elasticity because the

entanglements are not providing the same resistance to strain.

In order to attempt to further elucidate on these results oscillatory rheological tests were
also carried out on the dope at 20 and 60°C. Creep analysis can have problems revealing the
nature of solutions at rest due to instrument sensitivity and the ease with which some test
materials, i.e. the dope at 60°C, can enter the non-linear region and beyond of their
behaviour under stress. When this happens the behaviour can depart from that predicted
due to shear thinning in a number of viscoelastic fluids and the dope solutions used in the

membrane work are known to exhibit such behaviour from the flow rheology tests.
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Figure 5.4.1-8: Creep analysis full strain and recovery curves for 0.1 and 10PA of imposed stress at 60°C

5.4.2. Oscillatory Rheology Tests

In an oscillatory test the rheometer plate puts a sinusoidal stress on the fluid which is of a
very small magnitude and measures the strain which this creates. Due to this small amplitude
of stress it is expected that even fluids which very easily move into the shear thinning section
of their rheological behaviour can be examined for rest behaviour using oscillatory
measurements. As with the creep testing materials such as polymer solutions are expected
to exhibit a mixture of elastic and viscous response to the testing. For a completely elastic
material the sinusoidal response of the polymer to the stress will be completely in phase with
the stress applied since elastic response is instantaneous. For a completely viscous material
the measured response will be exactly 90° out of phase with the input signal. Therefore by
analysing the curves produced an example of which is shown in Figure 5.4.2-1 it is possible

to determine the amounts of each physical component present in the material.
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Figure 5.4.2-1: Example stress and strain signals from oscillatory testing

When carrying out oscillation rheometry it is possible to use either stress or strain controlled
methods but both methods lead to the same information. For the case of a stress, o, applied
at frequency, w, and amplitude, o, the magnitude of the stress at time, t, is given by Equation

5.4.2.9 and the response of the strain, vy, is given by Equation 5.4.2.10.

o = 0, cos(wt) Equation 5.4.2.9
Y = ¥Yo cos(wt — §) Equation 5.4.2.10
Y = Yo cos(wt) cos(8) + y, sin(wt) sin(6) Equation 5.4.2.11

In the oscillatory relationships the amplitude of the strain component in phase with the stress
is represented by yo cos(d) and is related to the elastic response of the fluid. This allows the

definition of the elastic modulus which is also known as the storage modulus as:

!

_ 0y cos(d)
Yo

Equation 5.4.2.12
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The component of the strain which is 90° out of phase is therefore related to the viscous
response of the fluid and represented by vy, sin(d). The viscous or loss modulus can now also

be defined:

_ 0y sin(d)
Yo

14

Equation 5.4.2.13

The two moduli are the two major parameters used in defining oscillatory flow. There are
also two viscosity parameters associated with the moduli which are related through the
angular frequency such that, 0’ = G”/®w and 1" = G’/®, where 1’ is the dynamic viscosity.
However the important viscosity from and oscillatory point of view is the complex viscosity

which is given by:

In*| = Equation 5.4.2.14

The oscillatory experiments were carried out at a constant stress for the dope kept at 60°C
and 20°C. It was hoped to identify the crossover points between G’ and G” for both as this
allows the calculation of the relaxation time for the test material. The maximum relaxation
time is simply the inverse of the numerical value of the angular frequency measured in
radians per second. The tests were carried out at various stress values to attempt to locate
the crossover. For the 20°C dope the crossover was located when the applied stress was 20Pa
(Figure 5.4.2-3), unfortunately at these stress values the 60°C dope was strongly affected by
shear thinning so a lower stress had to be used but over the range from 50Pa to 5Pa the
crossover could not be found. The 5Pa results are displayed here which were the smoothest

(Figure 5.4.2-2).

As can be seen the dope at 60°C shows G’ has a larger magnitude throughout the experiment
than G’. This is not surprising since G” is associated with the viscous behavior of the material
and the creep test showed there was a large degree of viscous behavior in the dope when it
was kept at 60°C. This section of the oscillatory response is known as the viscous or terminal

region and comes before the crossover so either higher frequency or stress would be
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required to obtain the locations of the crossover. Neither of these could be achieved on the

rheometer available.
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Figure 5.4.2-2: Oscillatory data for dope at 60°C, constant stress of 5Pa
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Figure 5.4.2-3: Oscillatory data for dope at 20°C, constant stress of 20Pa
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When the dope was tested at 20°C and at a constant stress of 20Pa both the upper and lower
crossover points were located on the graph. The lower crossover point is located at around
25rad/sec and is the crossover associated with relaxation time. The reciprocal of this time

gives a relaxation time of 0.04s from the oscillatory motion.

The shape of the PVC curve is a little unusual for a polymer solution as it would be more
expected that the curves associated with G’ and G” would be the opposite way around.
However there are examples, such as low molecular weight polystyrene solution, where G’
and G” are also similar to the above curves[*®.. The PVC used in this case is also a fairly low
average molecular weight material at Mw=43000, the effect of this low molecular weight is
that the dip in the G” curve seen at the crossover is not highly pronounced. If a higher average
molecular weight was used then it would be expected that the G” valley would deepen and
this would lead to less of an overlap in the case of PVC. Although this would also increase the
contribution of G” in general as the solid like behavior of the solution would be expected to

have increased).

When comparing the oscillatory rheology results of the 20°C and 60°C tests the first thing to
be noticed is that the moduli which represent both liquid and solid states are both lower for
the 60°C results. This would be expected since the Moduli are related to the viscosities of the
solution and the 20°C solution has a much greater viscosity. What is also clear is that where
G” dominates in the 60°C dope it is G’ which dominates most of this region in the 20°C dope.
This again highlights the difference in nature which is induced by the change in temperature.
Where the viscous behavior is shown by the value of G’ it is clear that the dope shifts towards
having a greater proportion of viscous behavior as the temperature is increased. Indeed the
range of frequency is surprisingly short for which G’ is higher than G”’[*”, It is most common
to only see one or two of the five regions associated with polymer solutions being analysed
by the oscillatory analyses. In this case as both crossover points are visible for the 20°C dope
then it is on the edge of all five behavior regions be identifiable. This reflects what a small

section of the behavior of the 20°C dope is viscous.
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5.5. Summary of Rheological Analysis

All the rheological analysis carried out agree that the main difference which is brought about
by increasing the temperature which the dope is processed at is a shift from predominantly

solid elastic like behaviour at 20°C to predominantly liquid viscous like behaviour at 60°C.

Flow rheology highlighted that under low temperature conditions there were a couple of
differences between the low and high temperature. Rheologicially the low temperature dope
exhibited greater thixotropy which meant that the spinning process would be much more
susceptible to the conditions the dope was exposed to prior to membrane fabrication. This
might include residual differences in behaviour brought about as a result of slight differences
in the conditions used to produce the dope if it is not allowed rest time between production
and use. Slippage of the sample within the rheometer was also a much larger factor in the
low temperature dope and it sometimes took an extended period of time within the test
before the observed slippage was recovered from. The more solid or gel like behaviour of the
dope under low temperature conditions was the factor which these phenomena were
attributed to. In order to show this change in behaviour both creep and oscillatory rheometry

measurements were carried out.

The creep analysis showed a stark difference between the tests carried out at the two
temperatures with the 20°C exhibiting the expected curve with initial and delayed elastic
responses followed by a viscous response while the 60°C curve only showed unrecoverable
viscous flow. This was corroborated by the oscillatory results which showed that for the 20°C
dope the storage modulus G’ dominated over a wide range of frequencies and the crossover
points where the loss modulus G” dominates the behaviour were unusually close together.
These results combined to show that the dope at 60°C has a very different nature to the dope

at 20°C.

When polymer solutions are under strain they can relax by a number of different mechanisms
which can be either mechanical or electrical*® 1, Each of these relaxation mechanisms has
a different characteristic time associated with it and results in a spectrum of discrete
relaxation times which are dependent on either the segmental mobility??” of the polymer
chains or the reciprocal of it!?Y, the molecular weight!*® 191 of the polymer and the

polydispersity within the solution%.
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The critical point for polymer solutions obtained from flow rheology is often associated with
the molecular orientation relaxation times!®! which for the 20°C was found to be 100s and for
the 60°C dope was found to be 0.067s. These flow relaxation times present the only
opportunity to compare the 60°C and 20°C relaxation times because for both the oscillatory
and creep tests the nature of the 60°C solution was such that the relaxation times for these
relaxation modes could not be identified. There is a large difference in the relaxation times

which are described for the molecular orientation by the flow rheology.

From the list in the paragraph above of the factors which affect the relaxation times of the
solutions there is only the segmental mobility of the molecule which can have an impact since
the solutions are produced from the same PVC and therefore the molecular weight is the
same and it is assumed that the solution is well mixed before the different samples are taken.
The mobility of the molecules within the solution can be affected by the packing of the
molecules within the solution and any structure which is contributed to by intermolecular
forces. In the case of PVC it was shown by Canteral?? that the mean squared dipole moment
was related to the temperature by a negative coefficient such that there will be more
attraction between the molecules at a lower temperature!??. It was also shown by Lutskii?*
that the viscosity of a solution is affected by the dipole moment which is observed. Taking
these two works and the effect that temperature has on the solution it is likely that the dope
at 20°C has a greater amount of intermolecular forces present when it is sheared and the

molecules line up than the 60°C dope does.

Before being sheared the molecules are classically considered to be wound up into polymer
spheres which does not allow for optimisation of the possible intermolecular forces produced
by the dipole moment. When the molecules are sheared the increase in the intermolecular
forces available make it easy to provide the molecular orientation resulting in only low shear
rates being required however, this also means the sheared structure is less inclined to relax
to the equilibrium state and therefore provides long relation times. These long relaxation
times should be good for the production of membranes unfortunately the PVC solution at
20°C appears so thick in nature and displays strong gel like characteristics so that at the
spinning shear rate the solution simply slides through the spinneret and the beneficial
characteristics of the solution for producing membranes cannot be taken advantage of as the

orientation is never induced in the first place.
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This means that although the relaxation time for the solution at 60°C is shorter it is not
prohibitively shorter and the rheological results suggest that the use of high temperature
spinning could provide a possible solution to producing membranes capable of providing gas

separation.
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6. Elevated Temperature Spinning

6.1. Experimental Set-up

While rheological testing had been carried out on the solution at 60°C due to the difficulty of
controlling temperature and the inevitable variations involved it was felt that 60°C was too close
to the boiling point of THF at 66°C. Therefore, elevated temperature spinning was carried out at
50°C. In order to spin at an elevated temperature of 50 °C some changes had to be made to the
spinning protocol. Some of these are mentioned in the equipment section of this report i.e.
lagging lines with heat tape and using the water bath containing the dope pot at the elevated
temperature. All heating of the equipment to be carried out was started as the dope solution
approached a homogeneous state in its preparation i.e. during mixing, this meant the spinning
equipment was pre-heated and up to the control temperature when the production process
started. When the solution preparation was complete it was transferred immediately to the spin
rig dope pot which had also been preheated to 50°C and the dope pot was attached to the rig.
This immediate transfer and start to spinning meant that any time delay effects incurred in

membrane properties due to the solution resting after production were as negated as possible.

The heat tape used to wrap the lines between the dope pot and spinneret was also wrapped
around the spinneret holder which was made of stainless steel and therefore raised its
temperature also. The bore fluid feed temperature was approximately 15°C from the HPLC

pump, the low flow of bore fluid resulted in a raised temperature through the spinneret.

The dope solution to use at elevated temperature had to be selected. It was decided that the
best plan was attempting to replicate the preliminary results from the information available on

them. This meant using the same solution as described in section 4.6 and shown in Table 6.2-1.

It was also decided to switch back to testing with carbon dioxide and methane as well as oxygen
and nitrogen for the high temperature spinning as it was hoped that spinning at high
temperature would resolve the problems being experienced in producing an effective active

layer at lower temperature.
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6.2. Elevated Temperature Spinning - Initial Test Run (MB6

Table 6.2-1: Compositions of input streams to the spinning process for MB6

Dope Composition

Chemical Concentration (weight %)
Poly(vinyl chloride) 28%
Dimethylacetamide 50%

Tetrahydrofuran 6%
Ethanol 16%

Bore Fluid Composition

Chemical Concentration (weight %)
Water 80%
Potassium Acetate 20%

Coagulation Bath Composition

Chemical Concentration (weight %)
Water 100%

Table 6.2-2: Spinning conditions for MB6

Spinning Conditions
Extrusion rate (cm3/min) 2.5
Dope temperature (°C) 50
Jet stretch ratio 1
Bore fluid flow rate (cm3/s) 0.8
Bore fluid temperature (°C) 15
Convective gas Nitrogen
Convective gas flow rate (L/min) 4
Convective gas temperature (°C) 17
Convection chamber height (cm) 6
Distance to gas jets (cm) 3
Bath temperature (°C) ‘ 15
Air temperature (°C) ‘ 21

The aim of MB6 was to produce results which replicate the preliminary result set shown in Table
4.6-1. In combination with this an analysis of variations over the course of the spin run similar to

that in MB1 was considered advantageous. An additional aim post spinning was to investigate
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the effect of doing more than one coating on the polymer with the same coating process, it was
hoped this would achieve better coverage of the pores in the surface and hence drive up

selectivity by encouraging solution diffusion.

The testing of spinning variations was carried out differently for MB6 than in previous runs. This
time the 45min spin run was categorised into 15min sections with five samples being taken from
the membranes collected during each time block. The mean values for each category and the
statistics associated with these values are shown in Table 6.2-3, Table 6.2-4 and Table 6.2-5. The

input compositions and spinning conditions are shown in Table 6.2-1 and Table 6.2-2.

Table 6.2-3: Uncoated Results for MB6

Membrane Statistic PNF (GPU) Selectivity
Identity 0, N, | €O, | CcH, 0,/N, | CO,/CH,

X 246.1 265.9 242.9 381.6 0.925 0.637
0-15mins o 13.0 14.1 12.7 20.3 0.003 0.001
Omean 5.8 6.3 5.7 9.1 0.001 0.001
X 245.5 268.3 233.3 374.7 0.915 0.623
15-30mins o 15.7 16.2 14.4 23.4 0.004 0.005
Omean 7.0 7.3 6.4 10.5 0.002 0.002
X 261.0 278.3 246.6 419.5 0.938 0.588
30-45mins c 8.8 9.1 8.5 14.8 0.003 0.002
Omean 4.0 4.1 3.8 6.6 0.001 0.001

The uncoated results show PNF values which are consistent across the full spin run. They are a
little higher than had been seen in MB5 suggesting that these higher temperature membranes
might be more porous than the ones created in MB5 but they are low enough that they display
reasonable numbers for an uncoated membrane. The standard deviation and mean accuracy

both suggest that the membranes show little change in behaviour between samples.

The selectivities of the uncoated membranes are, as would be expected from uncoated
membranes, suggestive of a Knudsen diffusion controlled transport method and show the

smallest deviation in this characteristic of the membranes produced in all batches.

175



After testing uncoated the membranes were all coated using the standard procedure as
described in the Equipment and Methods section. They were then tested again after this single

coating had been allowed to properly cure.

Looking at the results obtained for the each individual once coated membrane it was noted that
the fifth membrane in each category presented pressure normalised flux values which were
reduced and selectivity values which were higher than the rest of the membranes by a larger
than statistically relevant amount. It was concluded that there may be a problem with the fifth
test chamber and the results collected from this chamber have not been included in calculating
the mean or statistical values for the membranes, note that five membranes were still tested the

tests were simply not undertaken in this chamber.

Table 6.2-4: Once coated results for MB6

Membrane Statistic PNF (GPU) Selectivity
Identity 0, N, | €O, | CcH, 0,/N, | CO,/CH,

X 3.29 1.53 11.7 2.65 2.23 4.57
0-15mins c 0.48 0.48 1.39 0.70 0.377 0.755
Omean 0.24 0.24 0.70 0.35 0.189 0.378
X 3.15 1.16 11.6 2.66 2.75 4.47
15-30mins c 0.20 0.21 0.93 0.46 0.323 0.763
Omean 0.10 0.10 0.46 0.23 0.161 0.381
X 3.12 1.35 11.0 2.73 2.52 4.19
30-45mins o 0.62 0.55 1.34 0.74 0.662 0.744
Omean 0.31 0.28 0.67 0.37 0.331 0.372

After a single coating the results for the pressure normalised flux have reduced dramatically. For
the first time the membranes produced in this work are comparable with the preliminary
membranes as far as pressure normalised flux goes. There are some comparatively large
discrepancies in the values of flux within in each membrane category and these are reflected in
the standard deviations which range from a ninth of the mean for carbon dioxide up to a third of
the mean for nitrogen. This large standard deviation and comparatively low mean accuracy for
nitrogen in comparison to the carbon dioxide is likely due to the extremely low flow rate present
for nitrogen permeation being affected more severely by external factors such as pressure

fluctuations in the laboratory. This pattern appears to be borne out across all the gases in all the
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categories as the ratio of standard deviation to the mean value decreases with permeation rate
with the exception of oxygen and carbon dioxide in category 2 where the order is reversed.

However the means are deemed accurate enough to still be valid.

When the PNF results are plotted over time to look for time of spinning effects over the course
of the production process, Figure 6.2-1 and Figure 6.2-2, there appears to be a general trend for
oxygen, nitrogen and carbon dioxide that the flux decreased over the length of the production
time. However, the decrease is not a large amount and any observed trend is called into question
by the error bars which overlap across the full spin run and for each gas. The methane trend
through the spin run is for the membranes to show a consistent PNF. Again this may or not be
accurate due to the error bars which are associated with the trend. Although the graph of the
gas pair makes the error bars look smaller than for the other curves this is due to the larger y-

axis scale in order to include the carbon dioxide results in the same figure.
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Figure 6.2-1: PNF of oxygen and nitrogen for MB6 over the duration of membrane production after single coating

The selectivities associated with the membranes after they have been coated once are the first
values of selectivity to be high enough that it is considered Knudsen diffusion is not having a
significant impact on the transport mechanism. The selectivity which is achieved is not as high as

that of the preliminary measurements and is likely a combination of solution diffusion through
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both the coating polydimethylsiloxane (PDMS) and the PVC as a result of the PDMS blocking
pores. The results show that producing PVC membranes which are capable of separating gases
is definitely possible on the current spinning rig set up as long as elevated temperatures are
utilised. The standard deviations and standard error associated with the selectivities do indicate
that there is some variation within the categories as to how well they separate the gas pairs but
the variation is not outside reasonable limits and none indicate that the mean value could fall as

low as it would have to in order to indicate Knudsen controlled flow.
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Figure 6.2-2: PNF of carbon dioxide and methane for MB6 over the duration of membrane production after single
coating

When the selectivity changes over the period of the spin run are plotted, Figure 6.2-3, the curves
indicate a decrease in carbon dioxide/methane selectivity but an increase in oxygen/nitrogen
selectivity. This difference in the trends can be associated with the difference in the behaviours
of the slow gases in each gas pair: nitrogen and methane. For both pairs the fast gases, oxygen
and carbon dioxide, display similar decreasing trends in PNF of 5% and 6% respectively over the
spin run. On the other hand for the slow gases nitrogen displays a 10% reduction in PNF and
methane shows a 3% increase in PNF. These differences in the behaviour of each of the gas pairs
result in opposite trends. It has already been pointed out that these PNF results are difficult to

ascribe trends to across the spin run due to the errors associated with them overlapping so this
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analysis of the differences in the slow gases while can be considered reflective of the data
available is questionable on the basis of the error. The error bars associated with the selectivity
also reflect that the values are all closely grouped even between categories since they also have
error bars which overlap and again make it difficult to say anything conclusive about the trends

over the spin run.
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Figure 6.2-3: Selectivity of gas pairs for MB6 over the duration of membrane production after single coating

Overall after a single coating procedure the results suggest that the changes which occur over
the course of a spin run are too small to be commented upon with a great deal of certainty. If
further details were required carrying out more membrane production with the same set up in
order to obtain more data points could improve the accuracy of the results. Trends could be
better established by having more definition in the measurements i.e. use of smaller time periods
and also by using a bigger dope reservoir to extend the period of spinning and hence allow more
time for the patterns to form. However, in this work the fact that the changes were small was

viewed as being a good sign moving forward since any changes made to the set up during the
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course of a spin run should be comparable without needing any kind of factor applied to them

to take into account the point in the spin run when the membranes being tested were produced.

Since the single coated membranes have selectivity values between those predicted by Knudsen
diffusion and the intrinsic selectivity for PVC found from thin film experiments in the literature it
can be concluded that the coating has sufficiently blocked the imperfections in the membrane
surface for the mass transport to occur as a function of both the Knudsen and solution diffusion
mechanisms. Although these results are not yet reflective of an industrially suitable gas
separation membrane the first evidence of the membranes working to separate gases is an
indication that the research was moving on the right track. The results also suggest that the
membranes produced in the provisional work were prepared in an elevated temperature

environment similar to what was being conducted here.

The membranes were then coated for a second time using the standard coating procedure as
described in the methods section of this thesis. Once this coating cured fully the membranes

were tested and the mean values and statistical results are shown in Table 6.2-5.

Similar to the membranes which had been single coated the statistical values presented in the

table are calculated without using the membranes from test chamber 5.

Table 6.2-5: Twice coated results for MB6

Membrane Statistic PNF (GPU) Selectivity
Identity 0, N, ‘ CO, ‘ CH, Oz/Nz ‘ COz/CH4

X 2.58 0.657 11.2 1.89 4.07 6.03
0-15mins o 0.271 0.188 1.23 0.411 0.680 0.767
Omean 0.136 0.094 0.614 0.206 0.340 0.383
X 2.39 0.645 9.37 1.68 3.71 5.38
15-30mins o 0.424 0.113 3.60 0.427 0.258 1.03
Omean 0.212 0.057 1.80 0.214 0.129 0.516
X 2.37 0.684 10.3 1.96 3.46 5.25
30-45mins c 0.387 0.100 1.63 0.316 0.163 0.176
Omean 0.194 0.050 0.814 0.158 0.0813 0.088

The pressure normalised fluxes associated with the membranes after a second coating are

reduced from what was achieved with a single coating. Although the values are still not as low
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as those seen in the preliminary work they are very close and suggest that the preliminary
membranes may have either been coated twice or could have been coated with a more
concentrated solution perhaps as this may be expected to achieve lower fluxes also!* 2. The
fluxes again show increasing deviation as a percentage when they are lower with nitrogen and
methane exhibiting the biggest deviations as a percentage of the mean value, this having been

said the standard error for the means suggest that they are a reasonably good fit overall.

The selectivity values are improved by the second coating also. The oxygen/nitrogen selectivity
of around 4 is close to that observed in the preliminary work but the carbon dioxide methane
selectivity is not as good at around 5.5 compared to 9 in the preliminary work. As could be
expected there is a degree of deviation from the mean in the selectivity values being produced
by the elevated temperature membranes which was not seen in the ambient temperature
membranes. This can be explained by the mechanisms of mass transfer which are causing the
selectivity to be produced. Whereby when more highly selective membranes are being produced
the imperfections in individual membranes have a bigger impact on performance than when all

the membranes are performing poorly.

The ambient temperature membranes are so porous that almost all of the transport through the
membrane is coming from Knudsen diffusion through these pores as it is a much faster mode of
mass transfer than solution diffusion. This means that the selectivity could be found directly from
a single equation which governs Knudsen diffusion and as such is unlikely to produce large
degrees of divergence. The situation for the elevated temperature membranes is more
complicated because it is likely they have a combination of both Knudsen diffusion and solution
diffusion contributing to the selectivity which is observed. Since Knudsen diffusion is so much
faster as a transport method through the membranes it does not take a large increase in the
paths available for Knudsen diffusion in order for it to have an impact on the results. Therefore
small changes in surface morphology of the elevated temperature membranes produce bigger

deviations in behaviour than are observed with the ambient temperature membranes.

Once more in comparison the means are indicated to be reasonably accurate as even the bigger

deviations do not results in a large error being incorporated into the membranes.
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When the data are plotted to look at trends across the membrane categories the curves
produced are shown in Figure 6.2-4, Figure 6.2-5 and Figure 6.2-6. The trends in PNF show a split
between the fast and slow gases. The fast gases PNF decrease slightly as the spin run progresses
while the PNF of the slow gases holds fairly steady. The trends are masked slightly by the errors
which are associated with the mean values which overlap and thus mean that statistically there
might be no trend at all. However, only the ends of the error bars overlap so it seems reasonable
to think there could be a trend and more weight is added to this when the selectivity results are
considered. The trend in the selectivity shown for the membranes, in both gas pairs, is clearly for
a reduction in selectivity over the course of the spin run and this time the error bars do not

overlap so they are statistically relevant trend.

In order to attempt to explain the reasons for the observed trends the mechanisms of the gas
transport through the membranes have to be considered. It is known that pores exist in the
membranes from the previous results with them and thus there is a possibility for Knudsen
diffusion to play a part in the trends observed, however, if there were to be an increase in surface
porosity allowing Knudsen diffusion then it would be expected that the permeation of all gases
would increase. If a reduction in Knudsen diffusive pores available was the cause then it may be
expected the single coated membranes would also have shown this result more strongly.
Additionally it would be expected that the change would occur in the slow gases rather than the
fast gases as they are more favoured by Knudsen diffusion due to possessing a lower molecular

weight.

The reason for the trends must therefore be coming about from the solution diffusion
contribution to mass transfer. It has been shown that the free volume of the polymer matrix has
a strong influence on the transport of gases through polymer membranes®®. It has also been
postulated by Chen et al'”! that high selectivity in membranes can be related to the cavity size of
the free volume which was an idea which received backing from Ismail et al'®'. Both these works
discussed an increase in selectivity when the mean free volume cavity diameter was in the same
length scale as the kinetic diameter of the gas molecules whereby the cavity was the correct
diameter to allow the small kinetic diameter fast gas through but the lower kinetic diameter slow

gas was held up producing highly selective membranes.
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Figure 6.2-4: PNF of oxygen and nitrogen for MB6 over the duration of membrane production after double coating
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Figure 6.2-5: PNF of carbon dioxide and methane for MB6 over the duration of membrane production after double
coating
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Figure 6.2-6: Selectivity of gas pairs for MB6 over the duration of membrane production after double coating

The idea of the mean cavity diameter can be extended to explain the trends seen for the PVC
membranes. If the cavity diameter was initially in the region of preferentially allowing the
passage of the smaller kinetic diameter gases but over the course of the spinning process there
was a shift in the distribution of cavity sizes towards smaller cavities then it is conceivable that
they could reach the point where some of the cavities are not acting as gates in the same way as
they were when they were larger. This could cause the concentration of cavities providing higher
fluxes to the oxygen and carbon dioxide than the larger methane and nitrogen molecules to
decrease and hence selectivity to fall. While the reduction in these cavities would lead to lower
flux for the fast gases since they were already presenting more barrier like properties to nitrogen
and methane it might be expected that the fluxes of these gases could be less affected and hence

the selectivity falls as seen in the results for MB6.

This is a possible mechanism but in order to test to see if it is reflected in the membrane structure
it would be necessary to carry out positron annihilation lifetime spectroscopy (PALS). PALS has
been used by a number of authors in order to study the structure of polymer membranes®?3!
and can give details about the total free volume available and the size of the pores!® ** 11, This

work has not been carried out at this point due to the availability of a PALS instrument.
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The factors which could be affecting the free volume are varied because it is related to molecular
orientation which is present in the polymer, the orientation of molecules in the outer layers of
the membrane allows closer packing of the molecules and hence reduces free volumel'® 71, The
strongest influence on molecular orientation of molecules while being spun for hollow fibers has
been suggested to be shear ratel'”! and there are a number of studies reporting increased
selectivity with higher shear rates which cite molecular orientation as the cause!® #2%, So if the
shear rate in the spinneret is taken as the key factor then this implies the rheological conditions
of the dope have a big effect on the nature of the free volume which is produced and it could be

that as the spin run progresses the nature of the solution being spun is changing.

The rheological examination in the last chapter suggested that there was no large time effect on
the dope solution over a longer period than 45min so it is unlikely that the change in membrane
properties is due to any sort of crystallisation or phase inversion before the dope reaches the
spinneret. If this had been the case it is likely the trends observed over the spin run would have
been the opposite to what is observed as the outer layers would already have partly formed by
nucleation and growth, for either of these mechanisms, and therefore would not have coalesced

from a spinodal decomposition process to produce the active layer.

The rheological examination did identify that there is a temperature effect on the dope where it
displays much more solid like behaviour at 20°C and more liquid like behaviour at 60°C. The
elevated temperature membranes are being spun at a temperature of 50° to try and encourage
the dope solution to display liquid like characteristics but it is possible the temperature controls
which have been put in place are allowing temperature fluctuations to occur over the course of
the spin run. Every effort has been put into maintaining a steady temperature of the dope
solution all the way through the process and the temperature is being monitored in as many

places as possible but there could still be a net loss or gain of heat over the course of the run.

A reduction in dope temperature over the course of the run would make any explanation of the
results difficult as intuitively this would move the dope towards displaying more solid like
qualities. From comparison of the ambient temperature results to the elevated temperature
results solid like behaviour would lead to increased flux and decreased selectivity of all gases

rather than the changes being seen here. If heat were building up in the system over time then
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it would be expected that bubbles of THF would start to form in the lines and the membrane
might be expected to show some sign of this in the form of structural weakness. It is also likely
that if the THF was coming out of solution in the pipes then it would be difficult to form an active
layer since there would be reduced high volatility solvent present in the extruded solution. These
factors suggest that temperature is unlikely to be the leading cause of the trends unless the
temperature is increasing but not enough to make THF come out of solution this would lead to a
less viscous dope solution being extruded over time and hence greater molecular orientation

could be achieved as the molecules have more freedom to move and align with the flow lines.

The most likely explanation for the trends being produced is that a number of factors are
combining which could produce higher molecular orientation. Fluctuations in a number of
different factors on the membrane rig can enhance molecular orientation such as draw ratio,
extrusion rate and the rheological effects already mentioned. Any number of these could all be
contributing in some way to the observed changes and are being controlled as tightly as possible

making it difficult to justify how the trends are developing.

In conclusion a second coating of Sylgard 184 caused a decrease in PNF and an increase in
selectivity. A trend for a reduction in PNF of the fast gases accompanied by a reduction in
selectivity was also revealed by the results for the membranes after a second coating. It is not
clear what caused this trend although it is postulated that a number of factors have contributed
towards a reduction in the mean free volume cavity size resulting in a closing of certain mass
transport gates to the fast gases which were already closed to the slow gases and thus did not

affect their flux so severely.

In order to achieve a better understanding of the trends which are thought to be occurring in the
membrane production process a larger dope reservoir would be required to spin for longer and
smaller timeframe categories could be used. It would also be good to test more membranes to

improve the standard error and thus lend greater credence to the trends.

The difference which was achieved from double coating was quantified by taking the ratio of the
values for PNF and selectivity which were achieved for a single coating and a double coating. The

mean values and errors associated with these comparisons are described in Table 6.2-6.
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The flux results show clearly that reduction in mass transfer brought about by the second coating
affects each gas differently. The slow gases are affected by a greater extent for all the membrane

production time frames which creates the improvement which is seen in the selectivity.

The improvement which is seen for each gas at different time frames show a tendency to be in a
similar range which suggests that the coating effect is contributing to the improvement equally
across all the categories and therefore should not be considered a factor in the trends over time
discussed above. It is also interesting to note that the improvement achieved in selectivity
between first and second coating is best for the 30-45min category of membranes, this is
unexpected since the selectivity decreases over time towards this category and it might
therefore be expected to produce the least degree of improvement from one to two coatings.
This is further evidence that the coating procedure is not affecting the trends observed to be

developing over time.

Table 6.2-6: MB6 membrane results showing the ratio of the once coated result (subscript o) to twice coated
result (subscript t)

PNF Selectivity
Membrane Statistic| Oz Ny, | COs CHao (02/N2)o (CO2/CHa).
Identity — —
Ozt N2t COx CHa: (O2/N2): (CO2/CHa):
X 1.29 2.48 1.1 1.43 0.558 0.761
0-15mins o 0.27 1.20 0.15 0.42 0.115 0.100
Omean 0.13 0.60 0.08 0.21 0.057 0.050
X 1.35 1.85 1.5 1.72 0.743 0.856
15-30mins o 0.30 | 0.46 1.07 0.77 0.097 0.220
Omean 0.15 0.23 0.53 0.39 0.049 0.110
X 1.35 1.99 1.1 1.42 0.729 0.800
30-45mins o 0.34 | 0.75 0.24 0.40 0.181 0.153
Omean 0.17 | 0.38 0.12 0.20 0.090 0.076

The standard deviations and standard errors reported in Table 6.2-6 are all fairly large in
comparison to the mean values. Which is a reflection on how the improvement achieved varied
from membrane to membrane however it is interesting that where these errors are large, for

instance nitrogen between 0-15mins, is where the mean value is out from by a greater extent
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from the other mean values associated with that gas. So the errors, while large, do not detract
from the patterns observed in the change going from one coating to two since they do not cause

much overlap in the ratios between gases.

From this point onwards all membranes were double coated in order to achieve a better
selectivity. It was felt that the trade-off between selectivity and PNF is worth it in this case. It was
also felt that although there appears to be a trend for reduction in selectivity over the course of
a spin run and this is something which should be borne in mind in future runs the reduction is
not serious enough to make comparisons between membrane categories produced at different

points in the spin run invalid.

6.3. Optimisation of 28% PVC Dope Over Different Spinning Conditions
(MB7)

6.3.1. Factors to be Investigated and Methodology for MB7

The production of gas separation membranes is a highly multivariate process which requires a
great deal of optimisation. Ideally this starts in the dope solution and progresses to the spinning
conditions which are utilised from there. In this case however since finding a dope composition
and spinning condition which produced effective membranes had proven difficult
experimentation time was becoming a factor in the decisions it was decided to press ahead with
the 28% PVC dope and attempt an optimisation of the spinning conditions under which the

membranes were being produced.

Experimental design is an important aspect in the preparation of many new materials which
helps to refine the processes involved. The Taguchi method is one experimental design
mechanism which appears regularly in literature in a number of membrane fields such as; fuel
cells?¥23 filtration!?* 2 and reverse osmosis/?®, although, from the literature search carried out

for this work it appears to have much less popularity in the field of gas separation membranes
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with investigations into individual effects still bearing the weight of investigation rather than
designed sweeps of factors. The reverse osmosis paper by /dris et al® is used as a guide in this

case for how to go about carrying out Taguchi analysis on a series of membranes.

The Taguchi method allows investigation into several factors which effect membrane
performance, and the degree to which they do so simultaneously. The experimental design
method utilises an orthogonal array of experimental conditions to be tested and then analyses
these results using standard statistical methods in order to answer one or multiple of the

following three questions:

e What is the optimum set of conditions?
e What factors contribute to the results and to what extent?

e What are the expected results at the optimum conditions?

Once the optimisation process has been carried out the experiment at the predicted conditions
should also be carried out to test the results unless it is on or very close to the conditions of one
of the experiments already carried out. The design method created by Taguchi is useful because
the use of standard statistical methods with its orthogonal arrays gives it consistency and

reproducibility which it uncommon amongst statistical methods!?”..

The aim of MB7 was to create a series of membranes produced under different conditions which
could be used to optimise some of the spinning conditions for the 28% dope. It was decided that
three different factors known to affect the properties of gas separation membranes should be
investigated and the factors selected were extrusion rate, forced convective gas flow rate and
residence time of the membrane below the impingement zone in the forced convective gas
chamber. Each of the three factors was assigned a high and low level to be used during the spin
run making the Taguchi analysis a 3 factor, 2 level design aimed at optimising the selectivity of

the membranes.

The extrusion rate was chosen as a factor to be investigated at it is well known to have an
influence on gas separating qualities due to its influence on shear rate and hence molecular
orientation!% 1. 28291 Since extrusion rate influences molecular orientation it was also felt that

this would be an interesting factor to alter after the discussion of MB6 suggested there could be
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a link between increased molecular orientation and a reduction in selectivity for the PVC
membranes which is the opposite of what would be expected. The values of extrusion rate
chosen were 2 and 3cm3/min. These values were selected because they are within a normal
range used for the production of gas separation membranes yet the increase represents a 50%

difference in the value used and hence it was hoped noticeable differences.

There are other factors which can affect the molecular orientation such as jet stretch ratio but it
was decided that the relationship between shear rate and molecular orientation was best

analysed first in terms of the selectivity produced.

When adjustments to the flow of dope solution are made this affects the relative flow rate
between the dope and the bore fluid. The effect of bore fluid flow rate has also been studied
previously®” although not as extensively as the effect of dope compositions*® 3133 |t was
suggested by Gordeyev et al®” that the effect of bore fluid flow rate was similar to that of bore
fluid composition and was related to the rate at which the non-solvent front from the bore
encroaches on the membrane active layer. It was suggested that high bore fluid flow rate
produced a damaged active layer due to rapid encroachment and erosion of the active layer
before it was fully formed. However, the flow does have to be high enough to maintain the
hollow nature of the membranes; it has been the practice when using the spinnerets in this
research group to maintain the bore fluid flow at around a third that of the dope fluid flow. It
was felt the ratio of the flows of bore to dope fluids was more important than the actual rates
involved and so when the dope extrusion rate was altered in MB7 the bore fluid flow rate was

also altered to maintain an equivalent ratio.

As mentioned above the bore fluid composition is a factor which has been considered before.
There are two main considerations with the bore fluid composition which are the species
involved and the ratio of the species. It is most common for a two component system to be used
as the bore fluid and for polymer membranes this is generally based around water plus an
additional component®¥. Different bore fluids can have different effects on the substructure of
the membrane, sometimes creating different sized or shaped voids in the porous substructure
which can benefit the permeation of gases through it while still providing strength®>-3], From the

collective studies on bore fluid composition one theory which has evolved is that the best bore
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fluid for a particular dope solution is solvent neutral and hence interacts very little with the dope.
With regard to the phase separation processes this kind of bore fluid will produce the maximum
time between contact of the two solutions and phase separation occurring by delayed de-mixing.
The delay slows down the encroachment of the non-solvent front into the membrane and
prevents the damaging of the active layer in the same way as a lower flow rate of bore fluid does.
Within the Strathclyde group this has in the past been achieved by adding potassium acetate to
the water in the bore solution at 20% by mass which has the effect of reducing the water activity
in the bore fluid!®. A reduction in water activity means that the bore fluid solution has less energy
and hence will interact less strongly with the dope solution forming the membrane. The bore

fluid used in this case was also a 20% by mass potassium acetate solution.

The forced convective gas flow rate is also a factor which has been considered beforel?® 3%
although it does not seem to feature in as many papers as shear rate. This is likely due to the
different methods used to produce hollow fiber membranes such as wet spinning and dry gap
spinning where the extruded membrane passes through a dry gap but does not get exposed to
forced convection. The values selected for forced convective gas flow were 4 and 8L/min. These
again represent reasonable levels of gas flow rate for this spinning method while being different
enough that it was hoped a trend between the two different values would be visible. It was also
borne in mind when selecting these factors that the membranes produced had to work to
separate gases so that the data used in the Taguchi model was not flawed and so extreme values
of either high or low flow rates were avoided. From this point on this will be known as the gas

flow rate factor.

A study of the literature has found many examples of dry gap residence time studiesB*
unfortunately since a lot of these studies do not involve forced convection they did not present
the opportunity to study exactly where the membrane surface was being formed in the gap.
Where residence time has been considered for a forced convective hollow fiber spinning set-
up'?® 3% the impingement zone (point in the chamber where the gas flow is directed at the
membrane) has been in the centre of the chamber. With this set up it is the overall residence
time which is studied in the chamber and the residence times above and below the impingement

zone change depending upon the size of the chamber and the extrusion rate which is being used.
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For this work the forced convection chambers were designed so that for each category of
membrane produced the residence time above the impingement zone was the same and only
the time below it altered between categories. It was hoped that by isolating the time below the
impingement zone it could be shown that the production of the active layer was occurring above
the impingement zone because the residence time below it was not affecting the membrane
performance. To show this however the residence times below the impingement zone could not
be so high as to allow bore fluid non-solvent encroachment from the membrane lumen to erode
or damage the active layer?® %3, For this reason the residence times below the spinneret were
restricted to 0.248 and 0.496s while the total residence times in the chamber were 0.496 and
0.744s. Creating this set up required the four forced convection chamber arrangements shown
in Figure 6.3.1-1. From this point onwards this will simply be referred to as the residence time

factor.
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Figure 6.3.1-1: Forced convection chambers used for spinning MB7

The Taguchi analysis requires an orthogonal array to be set up using the conditions and factors.
In this case an orthogonal array is a matrix which is generally two dimensional where each entry
comes from a set of symbols which define experimental set-ups. The number of these symbols,

t, is key as in order to qualify as an orthogonal array if a number of columns is selected equal to

192



t then they should contain each possible combination of symbols (t-tuples) once i.e. if the
symbols are 1 and 2 then t=2, therefore selecting two columns in an array, each would have to
contain the combinations (1,2), (2,1), (1,1) and (2,2). Where L and H are used to represent the
low and high values for the each of the three factors to be investigated with MB7 setting out the
full array of experiments gives the pattern seen in Table 6.3.1-1 and requires eight different

categories of membrane.

Table 6.3.1-1: Categories of membrane to be produced in MB7

Extrusion Rate Residence Time Convective Gas Flow
Rate
1 L L L
2 L L H
3 L H L
4 L H H
5 H L L
6 H L H
7 H H L
8 H H H

However, one of the benefits of design of experiments and Taguchi is that it allows the number
of experiments to be conducted to be reduced. In this case the eight categories could be reduced
to four in order to conduct the analysis as shown in Table 6.3.1-2. This reduction in categories
gives a standard orthogonal array for a 3 factor 2 level Taguchi design. However, all eight
categories of membrane were produced in order to allow comparisons to be drawn between

what the Taguchi analysis shows with what graphical interpretation of the results suggests.

Table 6.3.1-2: Reduced categories in orthogonal matrix for Taguchi Analysis

Extrusion Rate Residence Time Convective Gas Flow
Rate
1 L L L
4 L H H
6 H L H
7 H H L
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The aim was to produce all these membranes within a single spin run so that there were not
different dopes being used to produce different categories. Since under the new protocols the
dope was to be used immediately after production a larger volume of dope solution had to be
prepared in order to undertake the spinning. With the standard spin run of 45mins for 8
categories there would only have been approximately 3mins to produce the membranes for each
category once down time for making system changes and allowing equilibrium to re-establish
was taken into account, which left the process extremely vulnerable to any failures in the system
for example if the membrane thread snapped. The spinning time was increased to 5mins per
category by increasing the volume of dope produced so that the spin run lasted for
approximately 1hour. The 1hour of spinning time meant that there could be a 2min period
between each category where the membranes could be sent to waste while changes were made
and equilibrium re-established.

The spinning for MB7 was carried out with the elevated temperature alterations made to the spin rig and at the
conditions laid out in Table 6.3.1-3 and the stream compositions shown in

Table 6.3.1-4. After being produced the fibers were coated twice using the standard coating

procedure with enough time between coatings for the cure of the first coating to be complete.

Table 6.3.1-3: Compositions of input streams to the spinning process for MB7

Dope Composition

Chemical Concentration (weight %)
Poly(vinyl chloride) 28%
Dimethylacetamide 50%

Tetrahydrofuran 6%
Ethanol 16%

Bore Fluid Composition

Chemical Concentration (weight %)
Water 80%
Potassium Acetate 20%

Coagulation Bath Composition

Chemical Concentration (weight %)
Water 100%
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Table 6.3.1-4: Spinning conditions for MB7

Spinning Conditions
Extrusion rate (cm3/min) 2.0/3.0
Dope temperature (°C) 50
Jet stretch ratio 1
Bore fluid flow rate (cm3/s) 0.7/1.0
Bore fluid temperature (°C) 15
Convective gas Nitrogen
Convective gas flow rate (L/min) 4/8
Convective gas temperature (°C) 17
Convection chamber height (cm) 6.0/9.0/9.0/13.5
Distance to gas jets (cm) 3.0/3.0/4.5/4.5
Bath temperature (°C) ‘ 15
Air temperature (°C) ‘ 21

6.3.2. Results for MB7

The results of PNF and selectivity for each membrane category are given in Table 6.3.2-1 for

uncoated membranes and in Table 6.3.2-2 for the coated membranes.

As expected from the results of previous membrane batches the uncoated membranes did not
show a great deal of variation between the categories of membrane produced. All the conditions
used produced uncoated membranes with PNF values for the gases in the expected range of low
hundreds of magnitude GPU and the selectivity describes the relationship for Knudsen diffusion
being the controlling factor in the mass transport through the membranes. While these results
are the expected ones the PNF values do suggest the active layer has been produced reasonably
well since they are not in the thousands of GPU as in MB1. The results are also very consistent

suggesting the spin run has effectively produced consistent membrane material.
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Table 6.3.2-1: Uncoated results for MB7

Membrane Statistic PNF (GPU) Selectivity
Identity 0: N, | co, CH, 0,/N, | CO,/CH,

X 135 140 129 199 0.964 0.647

1 c 6.11 8.52 5.74 8.10 0.036 0.005
Gmean 2.73 3.81 2.57 3.62 0.016 0.002

X 154 166 147 231 0.932 0.637

2 c 3.24 15.6 3.98 4.73 0.071 0.005
Gmean 1.45 6.97 1.78 2.12 0.032 0.002

X 138 153 130 207 0.900 0.629

3 c 11.0 13.0 9.77 16.9 0.005 0.007
Gmean 4.91 5.82 4.37 7.55 0.002 0.003

X 128 141 121 190 0.908 0.639

4 c 2.46 3.34 2.86 4.81 0.005 0.004
Gmean 1.10 1.49 1.28 2.15 0.002 0.002

X 183 200 174 275 0.915 0.633

5 c 17.4 18.7 16.6 25.4 0.003 0.005
Gmean 7.78 8.38 7.41 11.3 0.001 0.002

X 175 191 166 257 0.915 0.648

6 c 478 5.48 411 7.14 0.004 0.006
Gmean 2.14 2.45 1.84 3.19 0.002 0.003

X 152 170 144 230 0.894 0.626

7 c 11.1 12.6 12.1 17.7 0.003 0.006
Gmean 4.98 5.64 5.41 7.89 0.001 0.003

X 163 176 152 241 0.925 0.631

8 c 4.85 5.06 5.60 8.20 0.003 0.016
Gmean 2.17 2.26 2.50 3.67 0.001 0.007
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Table 6.3.2-2: Coated results for MB7

Membrane Statistic PNF (GPU) Selectivity
Identity 0, N, | co, | cH, 0,/N, | CO,/CH,

X 2.96 1.03 11.3 2.87 2.90 3.97

1 o 0.216 0.113 0.793 0.301 0.137 0.234
Omean 0.097 0.051 0.355 0.135 0.061 0.105

X 2.20 0.497 8.79 1.40 4.50 6.33

2 o 0.182 0.088 0.786 0.213 0.445 0.427
Omean 0.081 0.039 0.351 0.095 0.199 0.191

X 2.35 0.690 8.52 1.50 3.53 5.76

3 o 0.193 0.157 0.635 0.257 0.720 0.698
Omean 0.087 0.070 0.284 0.115 0.322 0.312

X 2.13 0.502 8.02 1.10 4.27 7.49

4 o 0.146 0.066 0.685 0.252 0.440 1.07
Omean 0.065 0.029 0.307 0.113 0.197 0.477

X 2.43 0.653 9.9 1.49 3.72 6.65

5 o 0.160 0.034 1.08 0.207 0.195 0.479
Omean 0.072 0.015 0.485 0.093 0.087 0.214

X 2.58 0.693 11.0 2.10 3.74 5.25

6 o 0.309 0.061 1.35 0.177 0.452 0.490
Omean 0.138 0.027 0.603 0.079 0.202 0.219

X 2.80 0.818 10.7 2.05 3.42 5.25

7 (] 0.065 0.032 0.384 0.232 0.199 0.479
Omean 0.029 0.014 0.172 0.104 0.089 0.214

X 2.64 0.662 10.3 1.67 4.02 6.27

8 o 0.269 0.105 0.769 0.251 0.366 0.591
Omean 0.121 0.047 0.344 0.112 0.164 0.265

The coated results for MB7 reveal some of the patterns in behaviour changing the conditions

which membranes are produced under can bring about. Before returning to the Taguchi method

of analysing the fibers it was felt to be useful to check for patterns graphically and report on

these.
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6.3.3. Graphical Analysis of Twice Coated MB7 Membranes

When comparing the conditions under which fibers were produced there are four direct
comparisons available for each of the three factors investigated. These comparisons are made
where the only difference between the fiber production conditions is in the factor being looked
at, for example if looking at extrusion rate then the only difference between categories 1 and 5
is that 1 is extruded at 2cm3/min and 5 at 3cm3/min. This allows comparisons to be made as

outlined in Table 6.3.3-1.

Table 6.3.3-1: Comparisons which can be made between membrane categories for each spinning parameter

Factor Being Studied
Extrusion Rate | Residence Time |  Gas Flow Rate
Combarisons 15,26 13,2 4 1.2,3 4
P 37,4 8 57,68 56,78

Figure 6.3.3-1 to Figure 6.3.3-6 show graphs displaying the changes in PNF for each gas and the
changes in selectivity for the 0,/N, and CO,/CH4 gas pairs for each of the three factors
investigated. For each factor investigated a set of graphs was produced which show the four
relevant comparisons labelled on the chart with the factor being changed on the x-axis and the
calculated PNF or selectivity on the y-axis. The error bars shown in the charts are the standard

error associated with each value.

The first factor investigated was the extrusion rate of the dope solution. On comparing the
graphs showing the PNF for the various gases through the membranes it can be seen that the
same pattern establishes itself in all cases. The low extrusion rate membranes produced lower
fluxes than the high extrusion rate membranes they were being compared to for all the
comparisons except comparison 1_5. Indeed with the exception of nitrogen categories 2, 3 and
4 produced the lowest PNF of all the membrane categories for each gas. The exception to this
for nitrogen is also very close and the category three error bars, the category which breaks the
trend, has a slightly larger error range at the low end of which overlaps with the category 8
membranes for the third lowest PNF. With the exception of this overlap there is not another
occasion when looking at the category 2, 3 and 4 low extrusion rate membranes where the error

bars for PNF overlap with the higher extrusion rate category 6, 7 and 8 membranes.
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The category 1 membranes contradict this trend giving PNF values higher than any other
category. The difference is not enough for any particular gas to call the integrity of the

membranes in this category into question but they do buck the trend.

When selectivity is considered the expected trade-off between PNF and selectivity is clear with
the low extrusion rate categories 2, 3 and 4 now producing the higher selectivity than the direct
comparisons to them. Although when the selectivity is considered the pattern does not appear
to be as strong with the category 8 membranes providing better oxygen/nitrogen selectivity than
category 3 and better carbon dioxide/methane selectivity than either category 2 or 3. In the case
of category 2 the error bars suggest that the category two membranes are consistent while the
category 8 membranes can have a lower value at the bottom of the associated error bar than
those of category 2. Category 5 also performs well from a selectivity perspective especially when

carbon dioxide/methane selectivity is considered.

It does appear that there is a discrepancy in the selectivity performance of the membranes when
the two different gas pairs are considered. There are some categories which perform better
relative to the other categories on one gas pair than the other. This suggests that there could
possibly be some very subtle morphological effects at work in the separations which are better

in some membranes than others, possibly as has previously been hinted at in the cavity sizes.

The error bars associated with the extrusion rate effects tend not to overlap with the membranes
which are being compared directly i.e. 1 and 5 do not overlap and 2 and 6 do not overlap. There
are a couple of exceptions to this but generally this suggests that trends which can be seen in the
direct comparisons have a decent chance of being true and would be expected to be reflected in

the Taguchi analysis results. The expectation is that the low extrusion rate will be favoured.
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Figure 6.3.3-1: Effects of extrusion rate change on PNF and selectivity values for MB7. Top: O, PNF, middle: N, PNF,
bottom: CO, PNF.
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The charts of residence time comparisons are generally less conclusive than those discussed
above for the extrusion rate charts. There appears to be more of a trend for the PNF to decrease
going from lower to higher residence times, however the 5_7 comparison goes against this trend
in all the graphs. Bearing in mind that the category 1 membranes appear to have an elevated
PNF and hence depressed selectivity and it is the 1_3 comparison which shows the strongest
adherence to the observed trend it is thought that the residence time may not be having a large

effect at this point.

Since the category 5 membranes are involved in the apparent exception to the rule shown for
the extrusion rate along with category 1 it is possible that the fact that it bucks the trend again
is a sign that it varies from the expected results in the opposite manner from category 1, so that
where category 1 shows unexpectedly high PNF category 5 shows unexpectedly low values. If
this is the case then the trend would become much more definitive but again neither of the
categories falls widely outwith expected ranges for the values and therefore they are not

excluded from the analysis.

The selectivity shows more of a trend to increase going to higher residence times but again this
is only a marginal observation since five of the comparisons show this trend and three the

opposite.

The error bars associated with residence time have a larger tendency to be overlapping where
comparisons are made between categories than they had when extrusion rate was studied. They
are the same error bars as for the extrusion rate and hence the implication that they overlap
more suggests that the results tend to be more similar between the directly comparable

membranes.

Overall it is expected that the Taguchi analysis will reveal the residence time below the
impingement zone to have only a minor effect but that it will lean slightly towards the higher
residence times as it will be optimising the selectivity for the highest value possible. It was a
concern here that the uncharacteristically high/low levels of some of the results in comparison
to similar membranes i.e. category 1 may result in the Taguchi analysis giving too much weight

to this production factor.
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Figure 6.3.3-3: Effects of residence time change on PNF and selectivity values for MB7. Top: O, PNF, middle: N,
PNF, bottom: CO, PNF.
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Figure 6.3.3-4: Effects of residence time change on PNF and selectivity values for MB7. Top: CH4 PNF, middle:
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The final factor investigated was the convective gas flow rate. The trends shown in the PNF for
as affected by convective gas flow rate are the same for all the test gases. The trend is for the
higher convective gas flow rate to give a lower flux. The exception to this is in the comparison
for membranes 5 and 6 which show a lower flux at lower gas flow rate. As mentioned in the
discussion of the residence time effects it seems that category 5 has produced membranes which
are displaying different properties from what they might be predicted to have as it is involved in

all the comparisons which seemingly deny the otherwise consistent trends.

When the selectivity of the membranes is considered with respect to changes caused by the gas
flow rate the trends are clearer than when the PNF is considered. There is a clear increase in all
the selectivity values as the gas flow rate increases in the comparisons which do not contain
category 5. This time however the selectivity for the 5_6 comparison shows the same trend as
the other categories for the oxygen/nitrogen selectivity so although it still contradicts the other
trends in the carbon dioxide/methane chart it is only one of the comparisons which is
contradictory. This is reasonable evidence to suggest that the higher of the two gas flow rate

settings is the better condition for producing higher selectivity in the membranes.

The error bars for the gas flow rate comparisons display almost no overlaps in the direct

comparisons which suggests that they are a good representation of what is occuring.

From the graphs it is expected that the Taguchi analysis will predict that the higher gas flow rate
level is better for producing the membranes. It is unclear from the charts how much of an effect
the gas flow rate has in comparison to the extrusion rate but it seems likely it will have a stronger

influence than the residence time.

The graphs produced and analysed manually suggest that the best set of conditions, of those
which were tested, for the production of higher selectivity gas separation membranes are; low
extrusion rate, high residence time and high gas flow rate. These conditions correspond to

membrane category 4.
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Figure 6.3.3-5: Effects of gas flow rate change on PNF and selectivity values for MB7. Top: O, PNF, middle: N, PNF,

bottom: CO, PNF.
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Figure 6.3.3-6: Effects of gas flow rate change on PNF and selectivity values for MB7. Top: CH4 PNF, middle:
selectivity O,/N,, bottom: selectivity CO,/CHa.
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6.3.4. Taguchi Analysis of Twice Coated MB7 Membranes

Returning to the Taguchi method of analysis, it is common practice to utilise signal to noise ratios
rather than average values where multiple samples are being used. The signal is the change in
the quality characteristic i.e. selectivity, of the experiment in response to factors introduced in
the experiment. However, these reults are influenced by other factors or errors which are not
necessarily tightly controlled or predictable which are termed the noise factors. The signal to
noise ratio (S/N ratio) measures the ratio of the sensitivity of the quality characteristic to the
changes produced by the controlled factors to the changes produced by the noise factors. The
coefficient of variation has seen extensive use in statistics*? and the S/N ratio is recognised as

the inverse of this as shown in Equation 6.3.4.1.

X
S/N = p Equation 6.3.4.1

The higher the value of signal to noise ratio which is found the higher the signal is and the lower
the varience in that signal i.e. the noise factors have less effect. This makes the S/N ratio useful
as a guide for finding the optimum set of experimental conditions and for comparing two sets of
experimental data to determine which provides the best value towards a target value with least
variation. The S/N ratio is determined from the mean squared deviation (MSD) as shown in
Equation 6.3.4.2 where Y:..Yn are the selectivity values associated with each membrane
categories results, N is the number of membranes tested and Y, is the target value of selectivity
which in this case is set at 5.5 for oxygen and nitrogen (this is the selectivity used in the modeling
of the membrane charactersics due to the permeability of PVC films to the gases later in this
work). The oxygen and nitrogen results are used for the Taguchi analysis because the final target
for the use of these membranes involves oxygen and the literature values for oxygen and
nitrogen permeability show less variation than the carbon dioxide and methane values. The

signal to noise ratio is then determined from Equation 6.3.4.3.

_ 2 _ 2, ... — 2
MSD=(Y1 YO) +(Y2 YO) + +(YN YO) Equation 6.3.4.2

N
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S/N = —-10log,o MSD Equation 6.3.4.3

The MSD and S/N ratios for the four categories which form part of the Taguchi matrix are shown

in Figure 6.3.3-2.

Table 6.3.4-1: Mean squared deviation and S/N ratios for the Taguchi membrane categories

Category MSD S/N
1 6.794 -8.321
4 1.656 -2.191
6 3.274 -5.151
7 4.346 -6.381

The signal to noise ratios allow the calculation of the effect which each of the three factors has
on the results. This is done by taking the difference of the average S/N ratios for each category
of membranes produced at the high and low settings of each factor as shown by Equation 6.3.4.4

for extruion rate.

1 1
Extosr = (EZ S/Ni,ExtT) - (EZ S/Ni,Extl>

% % (S/Nﬁ + S/N7) Equation 6.3.4.4
Exteff =

1
— o (S/N,+S/N,)

As these calculations were carried out as high level minus low level S/N ratios a positive value
indicated an increase in S/N ratio and a negative value indicated a decrease in S/N ratio going
from the lower level to the higher level. Since the aim is to maximise the S/N ratio, as was
discussed previously, then a positive value means utilising the factor at its high level is better
while a negative value means the low level is better. The average signal to noise ratios for the
high and low level of each factor is given in Table 6.3.4-2 along with the difference total. These
values indicate that low extrusion rate should be used while residence time and gas flow rate
should be kept high which corresponds well with the graphical analysis conclusions that

membrane category four is the optimal set-up of those used.
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Table 6.3.4-2: Simple factor effects table for high/low level setting determination

Factor Low Level | High Level | Difference
Extrusion Rate -5.256 -5.766 -0.510
Residence Time -6.736 -4.286 2.450
Gas Flow Rate -7.351 -3.671 3.680

The influence of each of the factors can be quantified more precisely utilising analysis of variance
(ANOVA). This analysis attributes a proportion of the varience observed in the experiments to
each of the factors which were changed and utilises an error term to take into account any
uncontrolled factors which may have changed over the course of the experiments. In the case of
this work all the factors during the spinning were rigidly controlled and are not expected to
contribute large error terms to the experiments, particularly since all the membrane categories
were produced in a single run from the same dope batch. Therefore the error for the spinning

conducted is considered to be negligible.

Possible sources of error which were not controlled are the temperature of the water baths and
the temperaure during permeation testing. The laboratory for the membrane testing did not
have a temperature control facility and it was noted the temperature of the room could vary
between 15 and 25°C. Temperature is known to be a factor which influences the results seen
when testing gas separation membranes: Duthie et a/**! investigated the temperature effects on
polyimide membranes and found that temperature affected the diffusivity in the room
temperature range significantly. Hwang et a/'*® studied polysulfone membranes in the operating
temperature range of 30°C to 50°C and found that increasing temperature incresed the
permeation through the membrane due to increased activation energy of the gases whereas it
caused a reduction in selectivity. These works show that the temperature range seen could have

an impact and therefore this is included as an error term.

The temperature of the water baths during spinning could also have been affected by the
ambient temperature. The volume of water used in the water baths, which was temperature
controlled and monitored separately, could only incur small fluctuations which would have

minimal influence on the final membrane.
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There is a further possible contribution to error during the permeation testing as there were
multiple test chambers available but each category was tested separately. Therefore it is possible
that in the process of changing the samples being tested the environment within the test
chamber could change e.g. humidity however if these changes did occur then they would be

small and not expected to have significant impact upon the results obtained.

The percent contribution from each factor to the varience is related to the sums of squares (SS¢)
of those factors where; n is the number of categories of membrane tested and S/Njy is the total

S/N ratio for the high or low (j) categories of the factor (f) the calculation is for.

2
_ (Z S/Nfl —X S/NfT) Equation 6.4.3.5
F- n

The sums of squares for the error term is arrived at differently since its effects have not actually
been tested. The equation describing the error sums of squares (SSe) comes from the S/N ratios

but through a more prolonged methodology.
n 1 n 2
SSp = Z(S/Ni)z B ;(Z(S/Ni)> _ Zssf Equation 6.4.3.6
i=1 i=1

The varience of each factor including the error term is the sums of squares value divided by its
degrees of freedom and this value is used to calculate the F-ratio for each factor. The F-ratio is
the ratio of the varience of the factor to the varience of the error term. So where; V is the
varience and dof is the degrees of freedom of a factor (f) or error (E) Equation 6.4.3.7 describes

the F-ratio for a factor.

$S¢
|4 dof
. _7f _ f .
F—ratlof = V_E =55, Equation 6.4.3.7
dofg
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The pure sum of squares (SS’s) can also now be calculated for each factor from the varience of
that factor and the varience in the error, however since error is not being included in this study

then this is not necessary:

SS'f =Vi—Vg Equation 4.3.2.8

This then allows calculation of the percentage effect (%) for each factor using the total sums of

squares error SSt, where the use of an error value is required the standard values are used:

% SS'f
0 —_— —
f SSr Equation 4.3.2.9

SS; = Z SS; + 55; Equation 4.3.2.10

Following the ANOVA calculations through with the data collected here gives the results shown

in Table 6.3.4-3.
Table 6.3.4-3: ANOVA results for Taguchi analysis

Factor DOF 71 22 SS¢ Vi F-Ratio SS’s %
Extrusion

Rate 1 -10.51 | -11.53 0.26 0.26 | 7.32E+12 0.26 | 1.31%
Residence

Time 1 -13.47 -8.57 6.00 6.00 | 1.69E+14 6.00 | 30.31%
Gas Flow

Rate 1 -14.70 -7.34 13.55 13.55 | 3.81E+14 | 13.55 | 68.38%
Error 1 3.55E-14 | 3.55E-14

Total 4

The ANOVA table suggests that gas flow rate has the biggest influence on the varience seen in
the experiments followed by the residence time and finally the extrusion rate. Meanwhile the
error term is too small to make a meaningful contribution to the varience in the results observed.

The magnitudes of the effects predicted from the analysis are not exactly what was expected
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from the graphical analysis really due to the small varience effect which is seen from the
extrusion rate in the analysis. It was predicted that gas flow rate would show a greater impact
than the residence time but the effect of the extrusion was less sure. The fact that nearly all the
low extrusion rate selectivities were better than their high extrusion rate counterparts in the
graphs suggested that there was a definitve varience effect from this factor, however the
differences seen in the oxygen/nitrogen selectivity in the graphs are small in spite of the

consistency and this results in a low impact on the Taguchi analysis.

The final stage of the Taguchi analysis is the prediction of the result which would be seen at the
optimal conditions. Since all the possible combinations of parameters were produced in the
work, despite not being required by the Taguchi, then the predicted best condition set has been
produced and corresponds to category 4. As a result the Taguchi analysis should predict the
selectivity achieved with category 4 which over the 5 membranes tested gave a mean value of

4.27.

In order to determine the the optimum condition the grand average of performance, T, must be

found across the categories.

4
1
T= —2 S/N; Equation 4.3.2.11
n
i=1

In this case all the factors are considered significant to include in the prediction because the error
contribution from other factors is so low and hence the F-ratio large. With this being the case
the expected result, Eg, from the factors can be calculated from the factor effects at the optimal
condition and the grand mean. Hence, the factor effects used are for the low extrusion rate, Fex,,

the high residence time, Fres, and the high gas flow rate, Fgas .

ER =T+ (T —Fgxy) + (T —Fresu) + (T — Fgasn) Equation 4.3.2.12

The contribution for each factor, C, is determined from the difference between the optimal signal

to noise ratio for that factor and the grand mean such that for the extrusion rate factor Equation
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4.3.2.13 gives the contribution. The total contribution to the optimal condition from all the

factors is then the total of the individual contributions.

Cext = Fpye — T Equation 4.3.2.13

These calculations result in a grand mean of -5.51 and an expected result of -2.19. The

contributions to these results is summarised in Table 6.3.4-4.

Table 6.3.4-4: Summary of contributions to the optimal set of factors

Optimal Factor
Factor Condition Level Effects Contribution
Extrusion Rate 2cm3/s L -5.256 0.255
Residence Time 0.74s H -4.286 1.225
Gas Flow Rate 8L/min H -3.671 1.840
Total 3.320

The expected result is the signal to noise ratio of the optimal set of conditions and can be related

to the MSD by Equation 4.3.2.14.

S/N = —10log(MSD) = — 2.19
MSD = 1.66

Equation 4.3.2.14

The MSD is the deviation from the the target result which could be expected and hence where
the maximum selectivity expected is 5.5 the predicted selectivity of the optimal set-up using the

conditions specified in the matrix result in:

Qo,/n, =5.5—1.66 =4.21 Equation 4.3.2.15

The mean value obtained from the Taguchi analysis compares well with the 4.27 actually found
and agrees with what was predicted to be the best option by the graphical methods on the full

eight category production run.
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The results of comparison by both graphical and Taguchi methods shows validation of the use of
Taguchi methods for design applications using polymer gas separation membranes. However,
the results are limited by both the number of factors which were investigated and the range of
parameters used. The Taguchi analysis results in finding the best set of parameters of those
tested with this methodology and hence the more factors and levels investigated the more
accurate the results will be although these benefits have to be traded off against the cost and
time implications of conducting the experiments. The small scale example here demonstrates

the applicability of the system against a full investigation and finds the use justified.

Overall membrane category 4 is seen to have been produced under the best set of conditions for
producing the desired selectivity of those tested. This category was hence focused on when
producing membranes to determine the ozone separations and also in the characterisation

processes.
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7. Membrane Characterisation

7.1.Surface Imaging

7.1.1. Importance of Surface Imaging to Membrane Processes

The gas transport through membranes is governed by a combination of the transport
mechanisms which have been discussed above. Any of the above methods can provide
separation of some sort depending upon the system which is being studied however generally
for gas separation processes the separation factor which is achieved is best for solution diffusion
and worst for viscous flow. The type of flow which is achieved through the membrane is
inextricably linked to the size of the pores which are present. It is therefore very important for
understanding the types of flow which will be achieved by a membrane to find characterisation
methods which can grant information on the surface morphology of the membranes which are

being produced.

It is worth noting that some general information on what might be expected from surface images
might be gleaned by comparing the achieved separation characteristics of produced membranes
to those achieved in the literature or known values. In order to confirm this however surface
imaging techniques may be utilised to look for surface pores. The flow mechanism seen may be
influenced not only by the size of the pores but also by the number of them: even although
Knudsen diffusion is a much faster transport mechanism it is possible that good separation could
still be achieved by a membrane which shows very few pores which are of a size for Knudsen
diffusion to occur. This can present a conundrum for imaging techniques since the sample size is

generally small and it takes time to map larger areas.

The main imaging technique which has gained popularity in membrane characterisation is
scanning electron microscopy (SEM)™4!. It is used both to confirm the absence of large pores and
also in the case of mixed matrix membranes to study the dispersion of the inclusions and how
they appear at the surface of the membrane. An SEM uses a beam of electrons in order to
produce images at high magnification with high resolution. The interactions between the

electrons and the surface can be detected and it is the results of these interactions which are
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used in order to build up the picture. In order to be used with SEM the samples of non-conducting
polymer membranes must be gold coated before being put into the imaging chamber as for
conventional SEM techniques the sample must be conductive. The gold coating applies only a

very thin layer to the sample and thus preserves the contours and shapes on the surface.

7.1.2. SEM Imaging of PVC Membranes

For this work SEM images were obtained for each of the eight categories produced in spin run
MB7. It was hoped that by doing this an explanation for some of the patterns observed for MB7

could be found and also to provide an opportunity to look at the pore sizes in the membranes.

In order to produce samples for imaging a membrane was selected and placed into liquid
nitrogen. The liquid nitrogen was used because hollow fiber membranes exhibit a tendency to
collapse at the point through which they are cut making cross sectional images difficult to achieve
of high quality. This collapse can be displayed in two forms either the bore of the fiber closes up
or the structure itself becomes compressed due to the force applied in order to cut the
membrane. Liquid nitrogen dipping is generally recognised as being a good way to mitigate
against these issues. In this work various dipping times into the liquid nitrogen were tried ranging
from a 1second soak to a 15min soak unfortunately this did not show the expected effects when
it came to cutting the membranes and both collapse effects were seen. For this reason obtaining
a good image for a full cross section of the membranes was not possible and only sections of the

cross sectional area are shown here.

Following being cut the membranes were mounted on platforms using black carbon tape to
support them in place. The membranes on the platforms were then gold coated using a gas flow
sputtering technique which coated the membranes in a thin film of gold. The gold coating is
necessary as for SEM imaging the material being imaged has to be conductive in order to obtain
a clear image. The gold coating is thin enough that it does not have a significant effect on the
nature of the surfaces being imaged during the SEM. The gold coated membranes were then

transferred into the vacuum chamber where the imaging occurred.
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The first images were taken before the coating process was utilised and showed the surfaces and
also the ends of the membranes. First the images of the ends of the membrane were studied.
There were some difficulties in obtaining a cut through the membranes which would leave the
ends undamaged in order to view the structure and this made the use of the SEM images in order
to estimate active layer thickness difficult, however a rough estimate of 250nm is made for this
from some of the better images. The active layer thickness will vary between membrane
categories depending on the conditions under which they were spun but these differences are
likely to be small and would require a very clean cut through the membrane in order to give an
image which could show these differences effectively. In many works the images produced by
SEM show the porous network in the membrane substructure as an open porous structure
consisting of many small interlinked open porous areas'® * others show much larger voids
running through the substructure of the membrane!® 7). Other images including those of the PVC
membranes in this work show larger voids towards the outer regions of the membrane but a

structure of much smaller pores towards the middle of the membrane wall®!.

This morphology over a cross section of the membranes combined with the gas separation
parameters which were found in MB7 suggests that, in general for the categories, the dope
solution composition at the outer surface is entering the spinodal decomposition region and
instantaneously demixing to produce a very thin layer the surface of which coalesces by capillary
pressure. It is thought this layer exists as the separation factors suggest that there is a dense
layer present in the membranes even though from the SEM images it is difficult to assess the
presence of this layer. It is possible the surface has been close to being able to produce the
required dense configuration for gas separation and the coating process has been enough to tip
the resistance balance in the favour of solution diffusion. The separation factors achieved are
greater than those that would be seen for polydimethylsiloxane alone (2.21 for oxygen/nitrogen

pair) and therefore there has to be a contribution from the PVC material.

With a very thin imperfect skin the layers near the outer surface of the membrane would phase
separate very quickly on immersion into the coagulation baths. This rapid separation produces
the larger pores seen near the edge of the membrane but then as the rate of solvent
encroachment decreases then the phase separation occurs more rapidly leading to the porous

network of smaller voids in the centre of the wall. At the inner surface the same effect is repeated
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as the membrane is immediately exposed to the bore fluid on spinning but with the reduced
water activity of the bore fluid due to potassium acetate this only cause macrovoids near the
inner surface. Again as the solvent front encroaches from the inner diameter of the membrane

it also results in a more closely packed structure with smaller voids than near the edges.

The PVC membranes proved difficult to cut in such a manner as to avoid collapsing the end of
the hollow fibers and therefore obscuring the details which could be obtained about the surface
layers of the fiber from a cross sectional viewpoint. In particular it made seeing a dense layer at
the surface challenging as the ends of the membranes tended to collapse over the region where
this would be seen. The best photos obtained for each category are shown in the images below
to illustrate the discussion above. For each category the image on the left shows a section across

the full wall thickness and the second image shows a closer view on the external wall.

While it does appear from the images that the voids do not extend all the way to the surface of
the membrane the outer regions still appear to possess a nodular characteristic rather than a
completely dense layer. This indicates that the nodules being produced during the dry phase are
too hard to coalesce completely under the capillary pressure which is experienced during the
spinning. However as the coated membranes are producing greater than Knudsen diffusion
selectivity the active layer must be adequately complete following coating to encourage the
dominance of a solution diffusion mechanism and it follows that the nodules in the surface are
very closely packed to deny gas transport. This also suggests that the surface nodules were very

close to forming a complete active layer.

SU6600 15.0kV 10.3mm x1.00k SE 50.0um SU6600 15.0kV 10.3mm x10.0k SE

Figure 7.1.2-1: MB7 category 1 fiber end views
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Figure 7.1.2-4: MB7 category 4 fiber end views
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Figure 7.1.2-5: MB7 category 5 fiber end views
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Figure 7.1.2-7: MB7 category 7 fiber end views
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Figure 7.1.2-8: MB7 category 8 fiber end views

In addition to the images of the fiber ends images were also taken of the external surfaces of the
membranes. By taking these images it was hoped to be able to identify if there were larger pores
present in the surface and to see if there were still nodules present on the membranes as may
have been indicated by what is visible of the surfaces in the cross sections. Images were taken as
at a magnification of 60k times of all the surfaces. Under this magnification the samples were
becoming charged by the electron beam and this was causing blurred images when looking at a
largely flat surface. However, what the images show clearly is that there was very little difference

between the surfaces of the membranes produced for each category.

L B LT L T T B

SUB600 15.0kV 10.2mm x60.0k SE 500nm  SUBB00 15.0kV 10.1mm x60.0k SE 500nm

Figure 7.1.2-9: MB7 category 1 60K magnification Figure 7.1.2-10: MB7 category 2 60K magnification
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15.0kV 10.1mm x60.0k SE 500nm

Figure 7.1.2-11: MB7 category 3 60K magnification Figure 7.1.2-12: MB7 category 4 60K magnification

SU6600 15.0kV 10.0mm x60.0k SE 8SUB600 15.0kV 10.0mm x60.0k SE

Figure 7.1.2-13: MB7 category 5 60K magnification Figure 7.1.2-14: MB7 category 6 60K magnification

500nm  SUBB00 15.0kV 9.9mm x60.0k SE

15.0kV 9.9mm x60.0k SE

Figure 7.1.2-15: MB7 category 7 60K magnification Figure 7.1.2-16: MB7 category 8 60K magnification
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The images do show a nodular structure on the surface which confirms the idea that the nodules
formed during the dry phase have not been subjected to a high enough pressure in order to
coalesce the top surface layer fully. However, the nodules faces do appear to fit quite closely
together which suggests that the pressure has been high enough to shape them if not merge the
areas of high polymer concentration produced during the phase inversion as suggested above.
This may explain why the membranes show no sign of separating qualities before being coated
as with the nodular structure there are still small spaces which have not been filled by the
deformation of the nodules but the coating process is enough to fill these areas. Indeed there
are a few hints of darker areas which may show these pores in the photos particularly in the

bottom right of the image for category 8. The size of these pores is approximately 150nm.

Feng et al 2013/ 1% reported on surface imaging utilising atomic force spectroscopy (AFM) on
hollow fiber membranes produced from polyetherimide (PEl) while altering the bore fluid flow
rate. They found that the membrane outer surface nodules showed elongation which increased
when the bore fluid flow rate was lower. The explanation provided in the paper for this was that
at lower flow rates the membrane spent a longer time in the dry gap and this led to a stretching
of the membrane under gravitational influence and therefore elongated the nodules as they
formed. Additionally they noted elsewhere in the paper that the dope solution velocity was
increased with the bore fluid velocity and the increased shear this would cause within the
spinneret before extrusion could lead to a higher degree of molecular orientation which for long
molecules could then lead to elongated nodules. In the images of the PVC membranes above
there does not appear to be much elongation of the nodules which suggests that either the
polymer solution flow rate was not enough to induce this effect, nodules formed are too hard to
be stretched by gravity during the air gap or the air gap time was not long enough to give
elongated nodules. The air gap in the work by Feng was 80cm which is much larger than the air
gap used for the PVC membranes in this work but had no forced convection. Producing PVC
membranes with a less aggressive air gap may lead to results more similar to that seen in the
above work however it was also noted that they also saw pores between the nodules
approximately sized 40-80nm which is in line with the pore size in the PVC membrane images
above. The nodule size in the work by Feng is averaged at 63nm which is also similar sized to the

nodules in the images above. The use of a less aggressive air gap may also have benefits for the
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ability to coalesce the nodules produced in the gap as it may be expected that a less aggressive

gap would lead to lower penetration into the phase diagram and hence softer nodules.

The surface images displayed in Figure 7.1.2-9 to Figure 7.1.2-16 show an outer surface which is
similar to those which are seen in other types of membrane. Another feature which the PVC
membranes have in common with other membranes is that the surface when considered from a
less highly magnified position exhibit a wave like structure on the surface with the ripples running
in an axial direction along the membrane. This rippling is thought to occur as a result of reduction
in volume as the membrane solidifies and the structure of the outer layer not being strong
enough to withstand this reduction in volume without changing shape. The rippling effect is

shown in Figure 7.1.2-17 to Figure 7.1.2-24.

However, the PVC membranes also showed some surface features which are different from
those normally seen on membranes and are unwelcome for separations purposes. Figure
7.1.2-17 to Figure 7.1.2-24 also show a rip in the surface of the membrane which was present in
each category, the features look almost identical on each membrane category and there was no
pattern discernible in regularity of the rip so a selection of magnifications are shown for the

different categories.

The widths of these rips varied within a single category and even on the same small section, this
is demonstrated by the images for category 2 and 5 where it can be seen that the width
dimension changes around the circumference of the membrane. The largest rip found during the
SEM session is that imaged in Figure 7.1.2-19 and is 20um across, generally the range seen was
between 5 and 20um. The other feature of the rips which is consistent among all the membranes
is that they occur in the surface layer but below this it can be seen that the porous substructure
is as would be expected. The fact that the damage is not visible on the porous substructure
suggests the membrane is ripping before the substructure is fully formed and the substructure
is therefore able to react to the forces acting on the membrane in a manner in which the surface

layer is not.

For this to be the case the rip is forming either during the dry step or not long after this. One
possible contribution is from the jet stretch ratio between the spinneret extruding the fiber and

the wind-up drum collecting it. If a high enough jet stretch ratio was being used then it may be
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possible for the surface layer to solidify at a point far enough in advance of the supporting
substructure and in a thin enough layer that it could not support the fiber against the effect of
gravity and the jet stretch ratio combined. Since the outer layer could not stretch in the solidified
form in a manner to match the substructure then the solidifying layer gets pulled apart revealing
the sub layers beneath. There is evidence for this kind of stretching motion forming the rips in
the images for category 3 and 4 where there appear to be small tendrils from the edge of the
strips as would be seen from the ductile failure of a tensile specimen. The exposed sub-layers
would then be exposed immediately to the water in the quench baths and this could also explain
the large size of the pores seen at these surfaces due to rapid de-mixing of the solution. However,
against this point is the fact that the wind-up rates were equal to the extrusion rates for this work
i.e. the jet stretch ratio was 1 so the only force acting on the fiber being spun is gravity. In order
for gravity to be responsible it could be that the nodule stretching noticed by Feng et al®® 1% is
going further and causing the fracture since the nodules are too hard to stretch during the

production process.

Another possible mechanism may be that a process similar to the volume reduction which causes
the rippling effect is at play. In order for coalescence of nodules to occur there is a force acting
to pull nodules together, for a homogeneous surface all the capillary forces responsible for this
balance each other out and the surface layer holds together as is coalesces but if this force were
to be locally unbalanced the combined effect may result in nodules being pulled in one direction
or another. If the effect was large enough then it may lead to the surface pulling itself apart. In
the spinning system used it is difficult to identify a possible source to introduce this kind of
inbalance to the system but perhaps the high flow convective gas flow rate impingement zone

area could result in buffeting the membrane to the extent where this happens.

Of these two mechanisms the first is by far the most likely reason behind the rips and it may be
the case that for the active layer forming in the spinning process gravity is enough force by itself

over the drop between the spinneret and coagulation bath to cause a tear in these membranes.
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SU6600 15.0kV 10.2mm x4.50k SE 10.0um SU6600 15.0kV 10.1mm x6.00k SE

Figure 7.1.2-19: Category 3 surface feature Figure 7.1.2-20: Category 4 surface feature

0 0 P e e
15.0kV 10.0mm x700 SE 5.00um

Figure 7.1.2-21: Category 5 surface feature Figure 7.1.2-22: Category 6 surface feature
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5.0kV 9.9mm x5.00k

Figure 7.1.2-23: Category 7 surface feature Figure 7.1.2-24: Category 8 surface feature

The SEM images produced displayed a number of interesting characteristics of the membranes.
For modelling the separation however it is the thicknesses of active layer and pore sizes at the
surface layer which are important. As discussed earlier it is expected that the active layer
thickness will lie around 250nm for most membrane categories and the pore radius used in the
model will be 75nm based on the more highly magnified surface images. The rips in the surface
must have an effect on the separation qualities of the membranes as they contain large pores
which would definitely lend themselves towards transport mechanisms associated with higher
flow rates i.e. Knudsen flow, however, as the membranes exhibit better separating properties
than this when coated the coating must be raising the resistance offered by these pores enough
for solution diffusion to dominate the flow regime. Additionally the rips show pores inside which
are clearly smaller than the surface effects, hence these smaller pores would be the rate
determining factor. In an attempt to look at the effect of the coating process on the pores SEM
images were also taken of the membranes post coating. The images shown are for category 1
which was a poorer performing category, and category 4 which was one of the better performing

categories.

The images taken after coating took on a ghostly quality particularly in the regions of the tears.
First of all the pore density and size within the tear appears to be slightly reduced from those

seen in the uncoated photos. Either the membranes used for these photos were better than the
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previous membranes imaged or the coating was having the effect of making some of the pores

less visible in the images.

=
R

20.0um 15.0kV 10.0mm x10.0k SE

Figure 7.1.2-25: MB7 coated category 1 membrane Figure 7.1.2-26: MB7 coated category 1 membrane
2k magnification 20k magnification

e
5.00um

Figure 7.1.2-27: MB7 coated category 4 membrane Figure 7.1.2-28: MB7 coated category 4 membrane
2k magnification 10k magnification

The same membranes could not be used for uncoated and coated images as the gold coating
required for the uncoated images prevents the Sylgard 184 coating procedure from getting to
the membrane surface. The membranes imaged for the coated comparisons were taken from
the same membrane strands as the previous images and hence are sampled from within 30-40cm

of production of the other images in an attempt to minimise the effects of moving to a different
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sample. Hence, although it was not possible to eliminate the sample variation completely
between the uncoated and coated images the precautions which could be taken to eliminate or

reduce the associated impact have been.

It is therefore concluded that the images are showing an effect induced by the coating which is
reasonable since the separation qualities of the membranes improved dramatically after coating.
The tears and pores are still visible in the membrane however and the coating does not show up
on the membrane surface in any other detectable way. It is thought the ghosting effect is caused
by the presence of a very thin layer of the coating polydimethylsiloxane. The coating layer is so
thin that the electron beam is able to penetrate through it to generate the surface image of the
PVC. However, because the coating layer is causing secondary election scattering which is used
to build up the image even if not in large amounts then these electrons produce the ghostly

effect to the images.

SUB600 15.0kV 9.9mm x150k SE

Figure 7.1.2-29: Membrane surface image after coating

The effect made it such that it was almost impossible to get clear images of the surface of the
membranes as shown in Figure 7.1.2-29. This was the clearest image which was attained of the
surface and shows the nodules as were visible before coating but the coating has the impact of

making it more difficult to discern the shapes of the nodules.

Overall while it is not possible to see the coating on the membranes with the SEM imaging

undertaken it has had an effect on the clarity of the images which the SEM is capable of taking
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and this adds weight to the argument that the coating is having an impact on the final membrane

characterisation. It is therefore necessary to take it into account when undertaking modelling.

7.2.Membrane Modelling - Development of Resistance Model

Membrane modelling was discussed in the introduction as a method of analysing the different
flow mechanisms through a gas separation membranes. In this work a resistance model has been
developed which uses the mass transport relationships through the membranes in combination
with the SEM images in a Wheatstone bridge analogous model to determine the active layer

thicknesses and surface porosity of the membranes.

The SEM surface images gave a pore radius of 75nm to be used in the membrane model. This
pore size does not take into account the rip features seen in the surface as described above which
are much larger but the separation properties of the membranes push towards Knudsen
diffusion. If the rip size was taken into account then the pore radius to be used would be around
10um. At these two pore sizes the corresponding Knudsen numbers are calculated and shown in
Table 7.2-1. If the pore size indicated by the rips was applied in the model since the Knudsen
Number would be below 0.01 for all the gases concerned then viscous flow regimes would apply
to the membranes and there would be no separation achieved on the basis of either solution or
Knudsen diffusion. However, as has already been intimated the uncoated membranes displayed
separation characteristics which were in line with what would be expected to be seen from

Knudsen diffusion.

Table 7.2-1: Knudsen numbers calculated for popular gases in membranes with pore radii of 75nm and 10um

Molecular Mean Free Path Knudsen Knudsen
Gas Diameter (A) (A), at pmean and Number for Number for
20°C 75nm 10pm
Oxygen 3.59 235 0.313 0.002
Nitrogen 3.74 216 0.289 0.002
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Molecular Mean Free Path Knudsen Knudsen
Gas Diameter (A) (A), at pmean and Number for Number for
20°C 75nm 10pm
Carbon Dioxide 4,58 144 0.144 0.001
Methane 4,11 179 0.319 0.002

Using the pore radius of 75nm results in Knudsen numbers which fall into the transition region
of flow regimes between Knudsen and viscous flow i.e. between Knudsen Numbers of 10 and
0.01. The Knudsen numbers are below 1 so, according to work by Dushman*, the flow would
be expected to be less than 85% Knudsen. However, the evidence of the membrane separation
factors being so close to Knudsen as shown in Table 7.2-2 suggests that the use of this 75nm pore
radius is either conservative for the true pore radius in the membranes or that in this case the
Knudsen flow dominates for a larger range of Knudsen numbers than was seen in the work of
Dushman.

Table 7.2-2: Comparison of the theoretical Knudsen diffusion selectivity with the average selectivity which was
achieved from the uncoated membranes produced for MB7

Average Uncoated

Gas Pair True Knudsen Selectivity Membrane Selectivity
Across MB7
Oxygen/Nitrogen 0.94 0.92
Carbon Dioxide/Methane 0.60 0.64

The oxygen/nitrogen gas pair was used in the creation of the model for the membranes since the
final aim of the PVC membranes is in the separation of an oxygen/ozone gas pair and hence one
of the species would remain the same. Additionally the information available on the permeation
of the oxygen and nitrogen in the literature is more prevalent and consistent than that available

for carbon dioxide and methane (this topic will be touched on later).

The first part of the model to determine the characteristics of the membranes therefore focuses
on the uncoated membranes and assumes that the selectivity is entirely down to Knudsen

diffusion. This assumes that, as shown above, the pores are reasonably sized for Knudsen
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diffusion to occur and also that the resistance presented by a solution diffusion transport
mechanism through the solid has such a high resistance in comparison to the Knudsen transport
that it does not have a significant impact on the uncoated membranes. This second assumption
is also well supported by the collected data showing very near Knudsen selectivity. Therefore the
equation describing Knudsen diffusion (Equation 7.1.2.11) can be used along with the
experimental data to determine the ratio of surface porosity (A,) to active layer thickness (L) by
Equation 7.3.1 where the flow becomes the pressure normalised flux of the gases (PNF;) obtained
during the experimental measurements. The resulting ratios for oxygen and nitrogen for each of
the membrane categories in MB7 are shown in Table 7.2-3 along with an average of the ratio for
the gases. The average is necessary for use in the calculation of the results for the coated
membranes as this value should not change during the coating process and the variation
displayed in the calculated values for the two different gases will come from the experimental
measurements. This is shown by the values obtained through the model calculation being very
similar for both gases.
A 3(2mR,TMW;)%>

p .
— = PNF Equation 7.2.1
gas
L 8T pore

Table 7.2-3: Surface porosity to active wall thickness ratio for MB7 membranes for Oxygen, Nitrogen and the
average of these gases

Membrane Category | Oxygen A,/L (1/m) Nitrogen A,/L (1/m) | Average A,/L (1/m)
1 4.626 4.494 4.560
2 5.279 5.326 5.302
3 4711 4.896 4.804
4 4.389 4,522 4.455
5 6.259 6.394 6.326
6 5.977 6.111 6.044
7 5.194 5.437 5.316
8 5.568 5.630 5.599

238



In order to determine the properties of the coated membranes the situation is more complicated
as there are more resistances to gas transport which have to be taken into account. The increase
in selectivity experienced after coating is caused by the gases being forced to proceed through
the membrane by a solution diffusion mechanism in the solid PVC. Therefore the first path is
completely controlled by solution diffusion mechanisms firstly through the poly(dimethyl
siloxane) (PDMS) coating and then through the PVC. The second possible path is transport
through the PDMS coating and then through the pore where the PDMS can be expected to have
penetrated into the pore to some extent. In the model then the thickness of the PDMS coating
above the surface can be ignored as this is the same for both paths through the membrane.
Similarly the thickness of the porous substructure below the active layer can also be ignored and
is assumed to display separation properties which are Knudsen dependent. The permeation
model therefore becomes a combination of solution diffusion mechanisms through the solid
polymer with a path length corresponding to the active layer thickness (L), and a second path
consisting of Knudsen diffusion through the pores (L,) followed by solution diffusion through the

coating which has penetrated into the pores (Ls).

The permeability coefficients of the species involved come into play when dealing with solution
diffusion mechanisms. A literature survey conducted on the permeability of the common test
gases reveals variable values for permeability through PVC but particularly in those quoted for
carbon dioxide, this is likely due to different levels of swelling being induced in the membrane
by carbon dioxide. The conflict in these values results in selectivity between gas pairs being more
variable where carbon dioxide is involved. The values in Table 7.2-4 show these figures and
demonstrate another reason why the model was focused around the oxygen/nitrogen gas pair

which give much more consistent numbers particularly in terms of selectivity.

Table 7.2-4: Literature permeability values for common test gases in PVC

Source | Permeability coefficient *10° (cm3.cm/s.cm?.cmHg) Selectivity for gas pair
[ref] Po, P, Pco, Pcu, 0./N; CO,/CH,4
(12] 0.07 0.01 0.25 - 7.0 -
(13] 0.124 0.022 0.540 0.024 5.6 22.5
(14 - - - - 5.0 20.0
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Source | Permeability coefficient *10° (cm3.cm/s.cm?.cmHg) Selectivity for gas pair
[ref] Po, Pn, Pco, Pcu, 0./N; CO,/CH,4
(23] - 0.00945 0.243 0.0108 - 22.5
(23] - 0.00668 0.184 0.00850 - 21.6
(18] 0.12 0.04 1.0 - 3.0 -
(271 - 0.028 0.32 0.06 - 5.33
18] 0.05 0.01 0.15 0.025 5.0 6.0
19] - - 0.16 0.0106 - 15.1

The values used in the model for permeability of oxygen and nitrogen in PVC were 0.12barrer
and 0.022barrer respectively which results in oxygen/nitrogen selectivity in the model of 5.5. The
values for permeability through PDMS were taken from the work of Robb?% on thin silicone
membranes and gave values of 620barrer and 280barrer. It should be reiterated at this point
that that this suggests a membrane reliant on the PDMS for selectivity would give a separation
factor of 2.21 but that all the membrane categories for MB7 showed better selectivity than this

and hence it is not the PDMS alone which is causing the selectivity achieved.

To create the equations for separation achieved through the coated membranes the resistance
paths described above were converted into an electrical analogue whereby the pores (Rz) and
PDMS (Rs) resistances are connected in series and the resistance through the PVC (R;) is in
parallel to this route. The appropriate equation for either Knudsen or solution diffusion flow is
then substituted in place of the resistance term which gives two simultaneous equations for the
pressure normalised flux of the gases which can be solved if the ratio of surface porosity to active
layer thickness (L) is also added into the equations and made equal to that found for the
uncoated membranes for each category. Additional assumptions which have to be made to allow

the model to be prepared are:

e Apis much smaller than 1 and hence the membrane area can be used as the area of solid
polymer which can be calculated from the circumference of the spinneret used to

produce the membrane and the length of membrane, this also assumes that the die swell
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associated with the production of the membranes is minimal (some of this effect may be
cancelled out by the shrinking on solidification)

e The resistance offered by the surface coating is negligible with respect to the thickness
of the coating above the surface of the membrane across the full membrane surface

e L3, the penetration depth of PDMS into the pores is much smaller than L, the active layer

thickness, and hence the corresponding pore length, L,, is approximately equal to L

So where the subscript C is for coated membranes and Amem is the surface area of the membrane

the derivation follows the path:

i = l + L Equation 7.2.2
Rc Ry R;+R;
Where:
R = ! Equation 7.2.3
PNF;A

Substitution gives:

PNF A = PNF{A +
cAmem 14imem 1 1 Equation 7.2.4

PNFyAmemA, ¥ PNF3AmomA,

Dividing throughout by Amem gives:

1

PNF cAges——
C mem g
= PNF Apem———
1 memAm Equation 7.2.5
1 1
+
1 + 1 Am
PNFyAmemA, ' PNF3AmemA,
1

PNF¢ = PNF; + 1 1 Equation 7.2.6

PNF,4, ¥ PNF;4,
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Inserting the appropriate relationship for either solution or Knudsen diffusion depending on

the flow regime for each location gives:

pNF, = 21 !
c=7 7 1 L1
1 Equation 7.2.7
g( 1 ) /2 T'poreA %Ap aration
3 ZﬂRoTMWl Lz p 3
Rearranging and applying the assumption that L,~L:
PN, =11y !
€7 L " 3(2mR,TMW,)%5 L L L Equation 7.2.8
8r A, " P3A,

If the ratio Ay/L=Z and is known from the uncoated equations then this can be substituted

into the equation for the coated membrane in order to eliminate the A, variable:

PNF, =21, 1
€7 L " 3@2mR,TMW)°5 1 N
8rpore Z

L3 Equation 7.2.9
P3ZL

When experimental values are used to provide data of the actual PNF for a coated membrane

then this derived form Equation 7.2.9 contains only two unknown values which are L and Ls.

Hence, having an equation for each part of the gas pair allows the solving of the equations

simultaneously by iterative processes. Mathcad 15 (Parametric Technology Corporation) was

used to find solutions to Equations 7.2.10 and 7.2.11.

PNF, C=P02PVC 1
z L 3(2nR,TMW ;)05 1 Ls Equation 7.2.10
8Tpore Z  Po,ppusZL
PNF, CZPNZPVC 1
z L 3(2mRy,TMW )51 + | A Equation 7.2.11
8T pore Z  Py,ppusZL
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Additionally, the value of A, can then be back calculated from the A,/L ratio and since the pore
radius is 75nm this allows the calculation of the mean number of pores per unit area, Nyore, and

the mean distance between these pores Gpore. These values are tabulated alongside the results

of the modelling calculations in Table 7.2-5.

Ap

N pore — 2

T pore

— n-—0.5
Gpore = Npore

Equation 7.2.12

Equation 7.2.13

Table 7.2-5: Summary of the calculated characteristics of the membrane surface and thicknesses

. Pore

Membrane Acflve Layer PDMS. Surface Po.r es per separation

Categor Thickness, L | penetration orosity. A unit area, distance
gory (A) depth, L; (A) | PO Re | N (1/em?) ’
Gpore (€M)

1 1014 11 4.62E-07 2617 0.0195

2 646 56 3.43E-07 1939 0.0227

3 862 20 4.14E-07 2344 0.0207

4 702 46 3.13E-07 1770 0.0238

5 726 25 4.59E-07 2599 0.0196

6 679 24 4.10E-07 2323 0.0207

7 721 17 3.99E-07 2256 0.0211

8 606 29 3.40E-07 1921 0.0228

The model predictions show some interesting comparisons with the properties of the
membranes as seen in the membrane fabrication section of this work. Membrane categories 1,
2, 3 and 4 were prepared at a lower extrusion rate than 5, 6, 7 and 8, the lower extrusion rate
appears to have resulted in a thicker active layer with a mean thickness for these membranes of
806A in comparison to 683A at the higher extrusion rate (the other parameters altering between
membranes allow direct comparison of the following membrane category pairs 1 & 5,2 & 6,3 &

7 and 4 & 8). This could be explained by the slightly longer time which the membranes produced
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at the lower extrusion rate would be exposed to the impingement zone gas velocity allowing the
evaporation of the high volatility solvent to occur to a greater extent producing the thicker layer.
This increase in thickness does not seem to transfer itself into the model prediction of surface

porosity where a trend is more difficult to establish.

In balance to this argument for the increased exposure to the impingement zone producing a
thicker skin is the observed pattern for the different flow rates of forced convective gas. If greater
time of exposure produces thicker walls then it may be expected that greater gas flow rate would
also induce a similar effect, however the opposite appears to be the case from the results.
Membrane categories 1, 3, 5 and 7 are produced at a low convective gas flow rate while 2, 4, 6
and 8 are produced with a higher flow rate. This time the direct comparisons which can be made
between categories are for the pairs 1 & 2,3 & 4,5 & 6 and 7 & 8. These comparisons all show
the lower convective gas flow rate predicting a higher skin thickness. The theory for why this
might occur is that the high gas flow rate very quickly causes the formation of a thin active layer
which prevents the process penetrating deeper into the membrane. On the other hand the
slightly slower progress at the lower flow rate allows the boundary of the active layer to proceed
deeper into the membrane before the final structure is formed. This time the pattern also
appears to be reflected in the porosity of the membrane with the high gas flow rate and possible

faster forming active layer reducing the surface porosity.

The final factor focused on in this investigation was the residence time below the impingement
zone with direct comparisons possible between category pairs 1 & 3,2 & 4,5 & 7 and 6 & 8.
However, the model does not show any easily identifiable trends in the active layer or porosity
predictions for these pairs suggesting that the membrane structure is formed before this part of
the process, this adds some weight to the ideas behind the influence of the convective gas flow
rate in that it suggests there is a limit to the depth of the membrane structure which can be
affected within the dry zone. This follows on from the need for mass transport to occur through
the forming surface membrane structure in order for change to occur deeper into the

membrane.

These trends shows the model predicts the gas flow rate to have a large impact on the final

membrane performance, with a secondary effect from the extrusion rate and no notable effect
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from the residence time. This pattern agrees well with the observations from the Taguchi analysis
and the graphical representations described in the membrane fabrication sections for the

influences which could be expected from the different parameters.

7.3. Tensile Properties of Membranes

7.3.1. Importance of Tensile Properties for Hollow Fibers

Hollow fiber membranes are viewed as being a greener and cheaper alternative to other
separation processes however one of their disadvantages is fragility. This has impacts on both

the production and also on the lifetime of membrane units.

During hollow fiber spinning some polymer solutions will exhibit instability in the continuous
production because the fiber is not materially strong enough to hold together the weight of the
membrane as it forms. This can result in membrane breakage and extensive down time on
production runs as the membrane has to be re-threaded, while this might be workable under
laboratory conditions in order to assess the suitability of the separating qualities of a polymer it
will never lead to that particular solution being used industrially as it is too unpredictable. It is
likely that the dope used in this work is treading close to this line with the tear formations seen
on the outer surface of the membranes. However, there was never any problem with the

membrane snapping under production conditions.

The hollow fibers may have to go through potting-up procedures and coating procedures in order
to be commercially useful, this means that the separating qualities of the fibers must be resilient
to a certain amount of processing once they are fully formed. When dealing with surface layers
which are as thin as in the case of gas separation membranes it does not take much force in order
to cause damage which reveals the porous sub-structure beneath and this kind of damage

influences the performance which is achieved. A strong material enhances the protection against
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this processing damage and provides better assurance that more consistency will be achieved

between membranes.

Membrane units are operated under pressure so it is necessary for the structure to be capable
of withstanding the conditions it will be exposed to. These conditions tend to be more easily
adaptable than other requirements of the process although if the membranes are capable of
supporting larger pressure differences across the retentate and permeate sides of the membrane
then this will increase the flux through the membrane which has processing benefits in terms of

unit scaling.

Once a membrane unit has been assembled and put into service the membranes inside will be
expected to have a service lifetime which is consistent. There are a few factors which can affect
this service lifetime. The first is physical aging affecting the separation properties of the
membrane, this is a well-documented effect on a number of different polymers!** 2231 and
focuses on the gradual reduction in free volume of the membrane over time causing the flux to
decrease and the selectivity to increase. An increase in selectivity can be viewed as a benefit but
industrial processes have to hit production targets and significant reduction in flux makes

meeting these targets more difficult.

The second in service factor is the process conditions when the membrane is in use. It is very
rare in the processing industries that the environment in which a membrane system is operating
will only be exposed to binary gas mixtures, it is much more likely that the feed stream will
contain a number of species some of which can have detrimental effects on the membrane
materials. There are two main detrimental effects on the process which other species may have:
chemical attack or fouling. Chemical attack on the membrane will eventually leave it unusable
and therefore the unit has to be replaced. Fouling on the other hand is sometimes reversible,
hollow fiber module arrangements will often have the capability for back flushing to occur and
hence regeneration of the membranes. As with most processes where regeneration can occur
such as absorption columns the processes will generally not return the membrane unit to its
original operating capacity but will extend the usable lifetime which may offer benefits in

comparison to complete decommissioning and recommissioning of the unit.
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Regeneration processes can have an impact on the final reason for membrane replacement
which is damage incurred to the membrane over time in the process environment. As has been
mentioned already strong materials help the membranes to resist damage incurred during
preparation but they can also help extend the lifetime of the membranes during practical use.
The sources of damage to a membrane under operation can come from the feed stream or time
effects but gradually more of the individual membranes in a unit will give a reduced performance
due to mechanical failure. The tensile strength of the membrane material is one factor which is
considered as a guide for helping to avoid the replacement of membrane modules occurring as
a result of mechanical failure of the membranes inside. Some examples of the tensile strengths
for various polymeric materials are shown in Table 7.3.1-1 as described in “Physical Properties of

Polymers Handbook”, J. E. Mark, Springer 200724,

The table shows that most of the polymers commonly used for gas separation membranes have
tensile strengths which are in the region of 70MPa (although the precise conditions for
determination of this factor are not described and factors such as test temperature and pulling
rate have a strong effect on these values). It can be seen that un-plasticised (rigid) PVC falls on
the low end of this and that plasticised (flexible) PVC has very low strength for consideration as
a gas separation membrane. Cellulose acetate also falls down on this front having a lower tensile
strength than is commonly seen and this may be one reason why a large amount of research and
processes have moved away from the use of this material when it was one of the first to be used

successfully in gas separation membranes under both lab and industrial conditions.

Table 7.3.1-1: Physical Properties of Various Polymers used for Gas Separation Membranes!?*]

Polymer Tensile S.trength, Solid Tensile Strength,
Plastic, 6 (MPa) Membranes, ¢ (MPa)
Poly(vinyl chloride), rigid 40-75
Poly(vinyl chloride), flexible 6-25
Poly carbonate 70-90 45(sheets)!
Cellulose acetate 25-45 3.4(sheets)?®, 11.7(sheets)?”
Poly(methyl methacrylate) 55-75 33.8(sheets)!?®
Polysulfone 70 ~4.5(fibers)?
Polyethersulfone 80-90 29.4(fibers)B%, 1.5(fibers)BY
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The expected use also plays a part on strength consideration however and the ozone/oxygen
processes which the PVC membranes are being considered for would place a very light load on
the membranes. Due to the production processes used the feed streams will often be highly
constrained in the impurities which the membranes could be subjected to and the low reactivity
is one of the benefits PVC presents. The production processes for ozone also tend to display both

low flow and low pressure which mean that the low tensile strength of the PVC may be ok.

The differences in mechanical strength shown by the table are to some extent mitigated because
membranes are required to have such high porosity and free volume to work effectively that the
strength is greatly compromised with respect to solid plastic material as comparisons between
the second and third columns of the table show. The mechanical properties of the membranes
can vary greatly from that of the parent material and the membrane production processes can
also influence the strength as they affect the orientation, dense layer thickness and porosity of
the membrane; this is demonstrated by the polyethersulfone fibers particularly well where one

author obtained over 29MPal®% for their fibers while another obtained less than 2MPaBY,

Another influence on the variation between membranes of the same material is the strain rate
of the tensile testing. This value does vary in the literature but it can have an impact on the
stresses obtained from the tensile testing with a higher rate bringing a higher tensile stress value
and the modulus will also be more accurate at low strain rates it is therefore an important value
to report. However because the cross sectional area of membranes is so small it may be expected
that the differences which strain rate would bring about are low. The relationship between strain
rate and tensile strength is related to the elastic properties of materials in relation to viscous
properties i.e. where the rate is fast the load is applied quickly and the material reacts elastically
which is a response associated with higher energy, however the viscous long time frame

response allows the energy to dissipate more resulting in lower strength.

One factor which may play into the reduction for values seen for membranes is also the
calculation of the cross sectional area of the membranes. The basis on which the cross sectional
area of the fiber is calculated is the same as the dimensions of the spinneret used to produce

that fiber, however there are various factors which affect this:
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e Die swell on leaving the spinneret
e Fiber drawing as it is produced

e Shrinkage of the fiber due to solidification (the ripple effect seen in the SEM images)

These factors make it unlikely that the membrane actually has the dimensions associated with
the spinneret but using this value means that the basis is consistent between spin runs which are
conducted. Measurements on hollow fibers by mechanical means are an alternative but often
the diameters are so low and the fibers so easily compressed by the mechanical method that this

can prove difficult to achieve accurately also.

Finally as was mentioned in the introduction there are other ways of providing strength to
membranes with composite or ceramic substructures being one method of giving additional
strength to a weaker polymer material while providing a porosity which enables the separating
gualities of the desired material to be utilised. As an additional benefit to this process it may be
that the reduction in free volume seen through polymer aging as discussed above is less an issue

for these membranes as the ceramic layer is less susceptible to this type of ageing effect.

7.3.2. PVC Hollow Fiber Membrane Tensile Strength

The mechanical properties of PVC membranes were measured using an Instron Tensile Test
machine. The tensile properties of two categories were measured and the categories chosen
were 2 and 4 as they represented the best membranes as found from the optimisation work
carried out in MB7. The samples were tested uncoated and without any further treatment after
the drying process following solvent exchange from the spinning production run so as to give
values associated with the fiber before any processes were undertaken which could affect the

nature of the membrane in any way.

The samples were prepared using a standard template for each test in order to maintain as much
reproducibility as possible through the testing. The template consisted of a sheet of card which

had windows cut out of it 30mm long. The windows were in rows of five and had a line down the
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centre of the card portion of each template. A membrane was placed along the line down the
centre of the windows, without stretching it, and secured in place at either end of the row with

sticky tape.

Unfortunately tape could not be used to hold the membranes in the test jaws since the strength
of the membranes could not withstand the compression which the grips applied, this would have
resulted in failure of the membrane occurring where it was crimped in the grips rather than in
the middle of the available gauge length. To remedy this a method of holding the membrane

onto the template which could withstand the force of the Instron clamping grips had to be found.

A number of glue products were tested for compatibility with the PVC membranes and the ability
to stack up in order to produce a gripping platform. It was found that Super Glue did not seem
to have any adverse effect on the membranes and by applying a thick layer over the top of the
membrane to hold it against the template could protect from the grip while holding the
membrane in place and allowing failure to occur in the gauge length (since during the testing
failures occurred away from the ends of the sample this suggests that the super glue gripping

method was not affecting the results).
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Figure 7.3.2-1: Preparation stages of samples for tensile testing

Figure 7.3.2-1 shows the final arrangement of a length of membrane on the templates. Each
individual sample template was then cut out to produce one test sample. For each of the two
membrane categories twenty samples were prepared and tested by clamping the ends of a single
template in the grips, closing the grips on the lower glue first then onto the top glue in order to
minimise the impact of strain being applied during clamping. Once the sample was secured in
place and the Instron tensile tester was set-up ready to go the sides of the sample template were
cut. Leaving the cutting of the template sides until this point meant that the chances of applying
any form of pre-strain onto the membrane was minimised as the sides of the card template
supported it, this is very important due to the small cross sectional areas and the influence which
even small pre-stresses could have on the strength as a result of this. In order to allow this test
method of sample preparation to occur the tensile tester was equipped with an automatic slack
correction feature. This feature meant that the small amount of slack in the membranes when

the template sides were cut did not affect the elongation readings for the membranes.
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The samples were tested at room temperature and at a strain rate of 5mm/min which is a
common set of conditions for the testing of hollow fibers. The results of the tensile testing are

shown in Table 7.3.2-1 and Table 7.3.2-2 for MB7 membranes category 2 and 4 respectively.

Table 7.3.2-1: Tensile testing results for membrane category 2

Corrected
Gauge Ultimate
Sample Length Load at Stress Strain at Modulus
Number (mm) Break (N) (MPa) Break (mm) (MPa)
1 30.25 1.81 6.56 30.45 236.68
2 30.39 2.20 7.98 45.47 249.93
3 30.49 2.05 7.45 29.31 211.59
4 30.22 2.09 7.58 25.30 228.58
5 30.25 2.04 7.40 32.03 226.29
6 29.88 1.71 6.21 40.36 -
7 30.56 2.13 7.74 27.74 257.84
8 30.23 2.01 7.29 18.65 210.36
9 30.18 2.06 7.49 22.81 211.85
10 30.37 2.16 7.86 42.25 199.67
11 30.30 1.82 6.62 33.65 252.76
12 30.40 1.98 7.17 42.75 214.23
13 30.61 1.97 7.13 35.34 243.23
14 30.37 1.89 6.86 21.28 233.65
15 30.46 2.02 7.33 46.86 185.59
16 30.84 1.97 7.14 33.39 237.76
17 30.68 1.90 6.91 25.17 235.38
18 30.78 1.89 6.85 24.76 240.64
19 31.04 1.86 6.76 16.84 239.57
20 30.63 2.04 7.39 36.02 209.87
Mean 30.48 1.99 7.24 31.05 227.66
c 0.24 0.11 0.41 8.87 19.33
cv 0.01 0.06 0.06 0.29 0.08
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Table 7.3.2-2: Tensile testing results for membrane category 4

Corrected
Gauge Ultimate

Sample Length Load at Stress Strain at Modulus

Number (mm) Break (N) (MPa) Break (mm) (MPa)
1 30.69 2.01 7.31 31.95 249.22
2 30.74 2.08 7.53 45.42 236.88
3 30.71 2.00 7.25 34.91 249.15
4 31.08 2.02 7.34 39.85 269.88
5 30.64 1.94 7.03 30.65 237.01
6 30.85 1.90 6.91 27.72 258.92
7 30.75 2.05 7.42 38.86 232.73
8 30.75 1.98 7.19 31.61 243.55
9 30.89 2.00 7.25 35.56 241.63
10 30.52 2.00 7.27 37.51 282.90
11 30.74 2.01 7.30 44.52 215.01
12 30.88 1.97 7.16 44.76 251.19
13 30.66 1.79 6.51 44.73 202.25
14 30.81 1.86 6.74 14.13 221.33
15 30.91 1.96 7.13 32.85 257.52
16 30.61 1.92 6.99 27.85 258.16
17 31.02 2.06 7.47 38.83 235.58
18 31.36 2.03 7.36 39.90 238.38
19 30.97 1.91 6.92 19.92 247.36
20 30.74 1.91 6.93 27.40 260.21

Mean 30.81 1.97 7.16 34.80 243.68
c 0.19 0.07 0.26 8.46 18.82
cv 0.01 0.04 0.04 0.24 0.08

The results for the tensile properties suggest that the membranes within a category do not show
a great deal of variation. Neither of the two categories contain results within the sample sets
which are outliers to the rest of that categories samples as demonstrated by the coefficients of
variance which are less than 10% for all the values except the strain at break. The automatically
corrected gauge lengths do not vary greatly which shows that the template was effective in
providing a sample which did not have a large amount of pretension applied to it. The values for

tensile strength are low as was expected from the values displayed for the different materials
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above. While the membranes have enough strength to hold themselves the low strength is a
concern for use in an industrial process. The strain at break shows the most variation for both
categories with the lower values being generally associated with the weaker membranes with
regards to tensile strength. This suggests that these membranes may have a strength reducing
imperfection which allows the failure to propagate more readily, in this case perhaps the tears
seen in the SEM images are responsible for making it easier for some membranes to fail over

others.

The results for the tensile properties suggest that there is very little difference between the two
membrane categories. It can be seen that in all categories with the exception of the corrected
gauge length both the means for the categories overlap the error bars within one standard
deviation from either category. Therefore it was concluded that it was not possible to tell the
difference between the membrane production conditions of these PVC membranes through the

use of mechanical tensile testing.

Overall the mechanical properties of the PVC membranes show the behaviour expected from
them revealing lower mechanical properties than are ideal for gas separation membranes but
providing consistent numbers. This means that the losses of membranes due to damage occurred
during the separation processes might be expected to be larger than seen with other more
traditional gas separation materials such as polysulfone. However, in competition to this are the
processes which the PVC membranes are being aimed at being particularly clean, for ozone
processing this is a key component to successful operation. The flow rate and pressures
associated with ozone production are also factors which can contribute to creating good
conditions for membrane survival since they provide a low stress environment. In order to fully
assess the impact which the low mechanical strength would have on the process a pilot plant
type unit would have to be produced. The membranes can support themselves under the
reasonable pressures associated with operating conditions (5bar), as the separation results
show, so with other operating conditions being favourable the PVC membranes should be
appropriate for use with a suitably designed module which provides the support the PVC

requires.
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8. Oxygen/Ozone Binary Gas Mixture Separations

8.1. Background

As has been mentioned, when working with a material such as PVC for gas separation membrane
processes which does not exhibit properties which make it ideal for general use in an existing
large membrane market it is important that the niche which offers a practical use for the
membrane is investigated. In this case the market identified is gas separation processes where
the environment present is likely to promote oxidative interaction with the membranes. In order
to establish the membrane resistance to this environment and also show its ability to separate a
strong oxidising gas ozone/oxygen separation was identified as a process which represented the
harsh environment and also offered an additional niche market on its own. The opportunity
which ozone presents for a number of industries and the challenges which its use also poses as
described in the introduction section of this thesis present a material such as PVC which is
resistant to the chemical attack of ozone with the niche market opening for its use in an

otherwise unlikely field.

It is desirable as a result of this not just to show how the PVC membranes perform on common
gases for gas separation but also in the target processes for which the membranes are being
targeted at. Hence a system whereby the qualities of PVC for separating binary mixtures of ozone
and oxygen could be assessed is a key part of the development of the membranes. Working with
ozone is not easy due to the high reactivity it possesses which means that material selection,
process technology and safety precautions which are put in place are really important. Ozone
processing can also be dangerous with high voltage electrical equipment being used in the
production and a UK Health and Safety Executive Work Exposure Limit (WEL) of 0.2ppm in air
averaged over a 15min period!. These practical impediments to experimentation with ozone
combined with the expense of ozone equipment meant that in order to carry out ozone

separation work some expertise in the area was sought out.

T. Wang and G. Huang in the Strathclyde University Electronic and Electrical Engineering

Department have experience in working with ozone production and have all the necessary
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production equipment as described in their proceedings paper “Investigation of ozone
generation using dielectric barrier discharges at 50Hz, 2.6kHz and 20kHz”!?!. A partnership was
formed with them where a small module would be looked at to test the suitability of the

equipment which was available for running alongside a membrane unit.

8.2. Experimental Set-up
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Figure 8.2-1: Schematic of the experimental set-up used to test membrane separation of ozone

A compressed gas cylinder of 99.99% oxygen provided from BOC is used to provide a flow of
oxygen to the ozone generator. The use of high purity oxygen gives a higher output concentration
of oxygen from the generator than the use of air, it also makes the monitoring of the separation
processes easier to manage as the gas mixture produced is binary oxygen/ozone. If an air feed
was used not only would this result in the other components of air being present in the separation
system and competing for transport through the PVC membrane but also nitrous oxides would
be created by the generation process also. While PVC is also resistant to attack of nitrous oxide it
is generally better to avoid the production as they should not be released and the process already

has to deal with the ozone gas which has to be converted back to oxygen before release.
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The generator is a dielectric barrier discharge model developed in the University of Strathclyde’s
Electric and Electronic Engineering department and the full set up involving the generator has
been described by the group!?. The power supply for the generator in this case was run at 50Hz
AC supply. Inside the generator three borosilicate glass tubes act as the dielectric barriers with
stainless steel electrodes and a grounding water electrode surrounding the set up. The distance
between the high voltage electrode and the glass dielectric barrier was 0.3mm. The water
provided the additional benefit of allowing temperature control at a constant 15°C during the
production. The generator design was developed to investigate ozone production efficiency
under various sets of conditions, however the design utilising glass results in a maximum output
pressure of lbar from the generator. The result of this low production pressure is that the
pressure difference driving force across the membrane is significantly lower than that which the
gas separation membranes were tested with while utilising the more common test gases.
Industrial ozone generators would be expected to provide a higher output pressure than this but
it may be necessary to study how to increase the feed pressure to the membrane unit in order to

provide the driving force necessary for an efficient separation process.

The oxygen/ozone mix produced by the generator passes to the membrane unit through ball
valve 1. This valve allows the membrane and ozone detection systems to be isolated from the
generation system which allows unsteady state, no feed tests, to be conducted if the vessel is
initially charged with ozone/oxygen mixed gases then isolated and the permeate concentration
monitored. However, again due to the low output pressure of the generator the starting pressure
and hence permeation flow were low under these conditions making these experiments of

limited value with the current generation system.

The membrane unit contains a potted up membrane module consisting of a number of
membranes in a tube sheet and end cap which hang suspended in the gas fed into the unit. The
module contained thirty individual membrane strands. This was the largest number of membrane
strands which had been potted up in a single module over the course of this work and was
undertaken in an attempt to compensate for the low feed pressure presented to the unit by

increasing the surface of membrane available.
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Both permeate and retentate flows from the module lead to ozone destructors through ball
valves 4 and 5 respectively. In the destructors the ozone is catalytically converted back to oxygen
and the pure oxygen flow passes to the bubble flow meter rack where an appropriately sized
bubble flow meter can be selected for measuring the flow. The catalyst for the ozone destruction
was carulite® 200 (Manganese dioxide/copper oxide) and is in a granular form used to create a
packed bed through which the streams can flow towards the outlet. The bubble flow meters
vented to atmosphere in a fume cupboard which was turned off whenever measurements were
to be taken. An ozone alarm was also located in the fume cupboard such so that if ozone was

coming through the destructors without being destroyed it could be detected.

Ball valves 3 and 6 are three way valves which could allow the flow of either permeate or
retentate to be diverted through an IN-USA Mini-HiCon Ozone Analyser or they can be set for
neither flow to go through the analyser. Valve 2 is a series of three valves, a ball valve followed
by two needle valves. This set up allows control of the retentate flow down to the same level as
the permeate flow. A single valve was found to be unable to accomplish this task requiring the

pressure drop across multiple valves in order to reduce the flow to the extent required.

The poly(vinyl chloride) (PVC) hollow fibre membranes used for this experiment were produced
from a solution via a dry wet spinning process and potted up into modules of thirty membranes
before being coated using Sylgard 184. The membranes produced for conducting these

experiments were produced under the conditions associated with membrane category 4 in MB7.

The first step in the experiment was to precondition the membranes using oxygen only. To do
this the oxygen supply was turned on and allowed to purge the membrane module to pure
oxygen. Valve 2 was closed and the membranes were left for 3hrs at 1 bar pressure. This step is
conducted to ensure there is no back flow of other air gases into the membrane generator and it
also purges these gases from the system such that the system can be considered binary
oxygen/ozone. It also reduces the impact of any swelling of the membranes due to the oxygen

which could increase the permeation rate.

Once the membranes have been preconditioned the ozone generator was turned on and valve 2
opened. This flushes the system at a flow rate of 100mL/min of the oxygen/ozone mixture. The

concentration of ozone throughout the shell side system rose to approximately 22g/m?3. After
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flushing the system for 5mins the flow rate of the permeate gas was measured so that the stage

cut for the system could be set at an appropriate value.

The retentate flow was then reduced and controlled to the required stage cut using valve 2. After
checking the flow rates of the streams again and that the pressure was still at 1 bar in the system

readings could be taken for the concentration of ozone in the system.

All flow times recorded for this experiment were averaged over at least 6 measurements and no
measurements were taken until the system had been at a steady equilibrium for 2mins after any

change.

Finally, the system also had a by-pass from the ozone generator to the ozone analyser. This
allowed detection of the concentration and flow rate in the generation stream. These
measurements were required in order to allow material balances to be constructed over the

system.

8.3.Results and Discussion

The first experiment which was conducted was a straight forward flow experiment where the
generator was set to run at 1bar and the flow was controlled but could either pass through the

membrane to the permeate stream or leave the module by the retentate stream.

The average permeate flow rate obtained was 1.57ml/min. The retentate flow rate was
controlled down to 5.66ml/min which gave a ratio of retentate flow to permeate flow of 3.62. At
these settings the ozone concentrations of both permeate and retentate streams were taken with
the ozone analyser. The permeate concentration gave a read out of 0.00g/m?® ozone. The
retentate reading exhibited an unsteady state nature and was constantly rising over the period

of the test (30mins).
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The permeate constantly reading a concentration of 0.00 g/m? was a promising sign as if there
was no ozone coming through the membranes then they would be providing excellent
separation. However, there are a couple of explanations as to why this reading may not be an

accurate representation of what was occurring in the experiment.

The first of these was a problem with the ozone analyser being used in conjunction with the
system. The manufacturer’s specifications suggest that the analyser has a minimal flow rate of
100mL/min for accurate measurement. It is therefore possible that as the flow rate in this case

was only 1.57ml/min it is not getting enough gas to sample for a reading.

An attempt was made to address the low flow issue, or at the very least obtain an idea of the
system sensitivity. By removing all parts of the membrane system from the experiment and
connecting the ozone generator directly to the analyser then controlling the flow to as low a level
as possible it was hoped to show that if there was ozone present even at these low flow rates it

would be detectable by the analyser.

The lowest flow that could be generated through the system was 3.19 mL/min so approximately
twice the flow of permeate during the testing. Under these conditions the ozone analyser proved
capable of detecting the presence of ozone. Similarly to the retentate in the main experiment, an
unsteady state process was occurring during the period of testing (30mins) whereby the

concentration of ozone in g/m? was seen to increase steadily throughout.

From this secondary test it was seen that at least the analyser could detect ozone under flow
conditions which were similar to those seen in the permeate stream. Although it should also be
born in mind that the concentrations being detected here were larger than anything which would

have been present in the permeate stream during the main experiment.

The second possible explanation for why the ozone concentration being given as zero in the
permeate stream might not be an excellent result would be if ozone is being converted back into
oxygen during the solution diffusion through the PVC membranes. If this was occurring then
guantitative data would be required in order to conduct calculations to show that there was

ozone missing from the outlet streams.
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However, the unsteady state nature of some parts of the experiment is a major problem when it
comes to gathering quantitative results. Even if it is assumed that the problems outlined above
are not occurring i.e. the analyser can be trusted to read accurately at the low flow rate and the
ozone is not being destroyed by the separation process, then it is still not possible to do
guantitative calculations with the system which is in place. If steady state was reached then it
would have been possible to obtain quantitative data from material balances across the

membrane system using the by-pass to obtain information on the feed stream contents.

The ozone concentration build up is another problem which is associated with the low flow rates
which are involved in the system. Because the flow rate is low, the hold-up which the gas
experiences in the ozone generator and even short lengths of pipe is large. The result of this is
that a particular volume of gas is reacted for longer in the generator causing the concentration
to build up towards the equilibrium value more than would be experienced at higher flow rates.
However, the transfer of this high concentration through the system is very slow due to the flow
rate and out with the time scale of the experiments. The simplest solution to this would be to run
the experiments for an extended period of time to allow the equilibrium concentration to be
established throughout the system. However, the power supply used with the system had a
tendency to over-heat due to the high load required of it in running the generator and this limited
the experimentation duration to 30mins which proved to be too short a time frame for

equilibrium to be established.

In an attempt to obtain some quantitative data a dead end test was attempted. For this test the
vessel was charged with the oxygen/ozone mix by again flushing gas through it at 100mL/min.
Valves 1 and 2 were both shut trapping the gas in the vessel with the exception of the permeate
line. The chamber was then left for 15mins while monitoring the flow rate of gas out through the
permeate line. After this time valve 2 was opened to allow the rest of the gas in the chamber to
flow through the retentate line to the analyser in an attempt to show an increase in the ozone

concentration from what was experienced during the flushing stage.

While this test is also unsteady state by monitoring the permeate flow closely it would have been

possible to predict the pressure in the chamber at any particular time. Unfortunately the test
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failed as the release of the contained gas from the chamber at the end of the experiment did not

produce a sustained enough flow for the ozone analyser to provide a reading.

8.4. Oxygen/Ozone Binary Gas Mixture Separation Summary

There is qualitative evidence that separation of ozone and oxygen has been achieved using PVC
hollow fibre membranes. However, there were a number of problems associated with the system
which mean that quantitative data is difficult to obtain. Most of these problems relate to the low
flow rate which is obtained from the small number of membranes (30) which were used in these
experiments. The low flow rate causes problems for the ozone analyser, in terms of the
manufacturer’s specifications; although it has been shown that the analyser is capable of
detecting ozone with flow rates close to the minimal observed in the experiment. The low flow
also causes issues relating to the establishing of equilibrium in the system with the ozone
production method resulting in a building up of ozone concentration throughout the apparatus
over time. Eventually the concentration build-up would reach equilibrium in the generator for
the energy being provided and the flow rate would carry this through the system but the

generator power supply cannot be used for the time scales required in order to achieve this.

There are possible improvements which could be made to the system which would allow for the

generation of quantitative data on the ozone/oxygen separation by PVC.

Improvements to the experimental set-up are required before it can be used to generate data on
the separation of oxygen/ozone binary gas mixtures. A survey of ozone analysers reveals that
nearly all the manufacturer’s specifications show a similar level of sensitivity with a minimal flow
of 100 mL/min or higher. Unfortunately this means that the flow through the system really has
to be increased or an alternative method of setting up the system and testing has to be found.
New systems, at least a larger capacity membrane unit, are likely to be required to deal with the

restricted flow creating unsteady state situations so aiming to achieve minimal flows in line with

265



this 100mL/min is a reasonable step. On the basis of the flow rates seen in this experimentation

the required number of membranes approximately 25cm long would be approximately 2000.

The numbers of membranes required could be significantly reduced if the pressure difference
across the membranes could be increased. The current generator is limited by its construction to
operating pressures of 1bar (gauge) so in order to increase the pressure on the shell side of the
system a new generator would be required. The pressure on the tube side (permeate side) of the
system is open to atmosphere so it is possible that a vacuum could be drawn on this side to
increase the driving force although the bubble flow meters make this more difficult so an

alternative means of measuring low flow may also be required.

Alternative analysis measures may also provide an ability to work at low flow rates. If gas
chromatography could be used as a gas detection method for instance then either the dead end
experiment carried out above could be run but allowing the gas at the end to be released to the
chromatograph or the continuous process could be sampled and run through the chromatograph.
The problem with this is that for chromatography columns to function the gases have to interact
differently with the stationary species in the column. While there is a high degree of difference
in the strength of ozone and oxygen in the strength of their interactions the ozone is so reactive
it would be difficult to identify a stationary species it would not just react with and hence never

leave the end of the column.
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9. Conclusions

9.1. General Conclusions

Membrane processes offer a number of advantages when compared to conventional separation
techniques such as distillation. The benefits of the use of membrane processes cover a variety of
areas which are important to industry including costs, environment, design, consistency and
process/species interactions. However, the processes tend not to offer a completely effective
solution to separation issues for a number of reasons including the purity of the separated
streams which they achieve, versatility for stage cut creation, fouling and chemical compatibility.
In gas separation applications membranes have made a large impact on other methods since
there is no need for a phase change in order to separate the species and they avoid the use of

expensive catalysts.

The gas separation membranes which have seen success in industry have been made from a
variety of models but the preferred confirmation is when a bulk polymer membrane can be used
as the separation medium and can be constructed into separation units containing hollow fibers.
The key aspect to the production of these hollow fibers is being able to produce a defect free
surface layer which forces the gas transport through the membrane to be by a solution diffusion
mechanism rather than Knudsen or viscous flow through pores, this affect can also be achieved
by coating the membrane to increase the pore resistance. The production of a hollow fiber can
be conducted in a number of ways but dry/wet spinning provides a highly optimisable process
while avoiding some issues associated with wet only production in terms of coagulation bath
contents. The mechanisms proposed by Pinnau and Koros™™ provide a good explanation of what
is occurring during the formation processes involved in the dry/wet phase formation

mechanisms.

While gas separation membranes have been adopted across a range of industries the gases
which they have been targeted at separating fall into a fairly narrow field: oxygen, nitrogen
hydrogen, carbon dioxide and methane being the main protagonists. There are still various

different markets which offer potential for the expansion of gas separation membranes into new
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areas. One such area is the separation of ozone and oxygen. The use of ozone in process
industries has been growing over the last couple of decades but this expansion is limited by a
number of factors including the concentration of the gas which can be produced by current
generation mechanisms. The use of an oxygen/ozone separating gas separation membrane
would open up new markets for both ozone and gas separation membrane technology. Ozone is
gaining in popularity largely down to its excellent oxidising potential. However, this high
reactivity poses problems when dealing with physical contact processes such as gas separation
membranes because the material used in the production has to be resistant to the chemical
attack of the ozone. PVC offers one solution to this problem. PVC has not been popular in gas
separation processes since it has low permeability and hence low flux increasing the unit size
required. In this situation though if the membrane was showing good selectivity in the
oxygen/ozone separations then the membranes may offer potential for use in industry in a

previously unexplored market.

The dope composition is a crucial aspect of gas separation membrane production. The dopes
used for dry/wet production methods can have complicated compositions, in this case the PVC
concentration was initially set at 24% as this was similar to the concentrations used for other gas
separation membrane work. This was also a little higher than the amount of PVC used in other
membrane applications such as ultrafiltration but was selected because it was expected that to
produce the dense layer required for gas separation a higher initial concentration would be
beneficial. Due to the role of the high volatility solvent in the dry step, where it is rapidly
evaporated to move the composition of the surface layers of the dope through the phase
diagram, and the desire to produce a very thin active layer for the low permeability PVC the
concentration of tetrahydrofuran (THF) was kept low at 7%. The non-solvent composition was
set at 16% as it was felt this would allow the concentration to be easily increased or decreased.
The balance of the solution was then made up with the low volatility solvent, N,N-

dimethylacetamide (DMac).
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9.2. Ambient Temperature Spinning Conclusions

The first membranes produced (MB1) involved the use of propan-2-ol as the non-solvent in the
dope solution. When used in permeation experiments these membranes gave Knudsen diffusive
selectivity when uncoated and very low selectivity once coated. The Knudsen selectivity when
uncoated suggested that the surface layer was imperfect with either damage having being
caused to the surface layer or failure to produce an active layer in the first place. That the coating
did not produce a massive improvement in the properties meant that the active layer was in poor
condition with either very large pores or many smaller pores such that the transport of gas by
methods other than solution diffusion was too favourable for the membranes to offer good
separating properties in terms of gas separation. Propan-2-ol is not a common choice for the
non-solvent in the dope solution for gas separation membranes with ethanol being a much more
common choice. While the use of propan-2-ol in place of ethanol was justifiable due to the
similarity in properties of the species it was concluded that the reduced mobility of the non-
solvent in the solution provided by propan-2-ol could have contributed to the problems with the

membranes and that ethanol should be used going forward.

The second batch of membranes produced (MB2) was prepared with the same concentrations
of the different aspects of the dope but replacing the propan-2-ol with ethanol. Only one set of
spinning conditions was maintained throughout the spinning run with various parameters being
set at typical values for gas separation membrane production. The sampling of membranes was
conducted at various times over the course of the spinning run in order to determine if
comparisons could legitimately be made across a run or if the properties varied during the
production time. When uncoated the membranes continued to show Knudsen diffusion
properties. After coating this time the membranes showed a larger improvement in selectivity
although there did appear to be a trend in the membrane properties over time with the
membranes at the start giving better selectivity than those at the end. From this run this

indicated that comparisons made over a spin run with varying conditions would be invalid.

Having achieved some level of selectivity in MB2 for the next two batches of membranes (MB3
and MB4) it was decided to increase the concentration of the polymer being used to 26% and

28% respectively. This was done in an attempt to increase the linear density of the dope solution

270



as it was being spun and hence increase the ease of formation of the active layer. This was
successful to some extent with the membranes produced showing a high degree of consistency
across the spin run for the two different concentrations which was in contrast to the MB2 results
suggesting the spinning protocols were conducted to a higher level. The membranes continued
to show Knudsen selectivity while uncoated with the coating process bringing about a swing
towards solution diffusion, however the results obtained were still far below the intrinsic
selectivity of the polymer (5.5). The dope solution itself changed nature rapidly over the increase
in concentration becoming noticeably thicker, it was concluded that this could be dope passing
through the critical concentration for the polymer as postulated by Chung et al*® and as such
that the 28% dope may hold better prospects for gas separation membrane preparation than the
24% dope. It was postulated at this point that the lack in effective separation was due to a lack
of coalescence of the nodules due to penetration into the phase diagram during the dry step
crossing the solidus tie line and resulting in hard nodules which were able to resist the capillary

forces involved in surface layer formation.

For MB5 in order to reduce the penetration into the phase diagram the concentration of high
volatility solvent was reduced to 4% and the concentration of high volatility solvent also
decreased to 12%. During the spinning process itself it was decided to alter the flow rate of gas
at the impingement zone during the dry step with the hope that less aggressive production
conditions would also relax the composition change, a range of values of 2, 4 and 6L/min were
used for this over the course of a single spin run which seemed to have been validated by the
consistency of the membranes which were produced for MB3 and MB4. The uncoated
membranes continued to show Knudsen selectivity under all the new conditions. The coated

membranes also failed to show improvement on what had previously been achieved.

The MB5 membranes failure to produce effective membranes resulted in a consideration of the
spinning conditions and procedures being used in areas which were until that point not being
considered. So far membrane spinning had been conducted at ambient temperature in an
attempt to produce membranes which worked with the lowest production costs possible.
However, preliminary work had indicated that membranes prepared at elevated temperatures

may exhibit more success in meeting the aims of the work.
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9.3. Rheological Conclusions

It was decided to investigate two factors which were felt could be having an impact on the results
which were being achieved. These were the time between dope production and the temperature
at which spinning was occurring. A rheological investigation was conducted into the dope
composition used in MB5 to assess if these factors had an impact on the nature of the solution.

Samples were subjected to flow, oscillatory and creep rheological testing.

Flow rheology tests were conducted where the temperature was varied between 20°C and 60°C
and the time of testing was varied by up to a day from the dope production. The dope was noted
to exhibit thixotropic behaviour on the up and down flow curves for all samples. It was also noted

that there was a degree of slippage associated with some of the samples within the test cell.

The thixotropic effect was much more pronounced in the dope tested at 20°C than the tests
conducted at 60°C. Although the storage occurring at the lower temperature before testing at
60°C seemed to have very little effect. This suggested that the thixotropic effect was linked to
the temperature being tested at. However, for any set of conditions since this effect is clearly
demonstrated the process may see an increase in consistency if an additional pre-shear step
were to be included. Indeed after a conditioning period the 20°C tested dope saw enough
difference to suggest that if the 60°C dope was successful in producing membranes then
inclusion of a pre-shear may move the 20°C dope towards producing more similar results to that
observed in the 60°C dope. However, overall the 60°C dope still exhibits a lower viscosity it could
be concluded that this viscosity may play an important part in the production process due to the

increased mobility of the solution components.

The slippage in the test cell during flow experiments was also worse for the 20°C dope. It was
postulated this could be linked to the high viscosity of the solution at the lower temperature
such that at the high shear rates the solution was unable to respond quick enough to the forces
acting upon it. This slippage appeared at shear rates which would be possible to experience
within the spinnerets. If this were occurring in the spinneret then the assumption of a no slip
condition which applies to flow conditions may not be accurate and hence the shear of the dope
passing through the spinneret would effectively not act on the outer layers of the dope being

spun. If this were the case then the shear induced molecular alignment widely accepted to be a
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contributory factor in producing separating layers in gas separation membranes could not occur.
This may be a contributing factor to the low selectivity achieved during the ambient spinning test

program.

The storage time of the solutions did not appear to have a large impact on the results which were
obtained in comparison to the temperature. However, there were some signs that the viscosity
could be increasing if the spinning of the solution was delayed. It was concluded from this that
the solutions should be spun as quickly as possible in order to discount any influences from a

storage time effect.

Finally from the flow analysis it was hoped to obtain estimates of relaxation times by determining
the critical point for the dope solutions i.e. the transition point between the first Newtonian
Region and Power Law behaviour. This is the point where the molecular orientation process can
begin to act within the dope solution. Both 20°C and 60°C dopes exhibit critical points at very low
shear rates so the spinning process is definitely operating in a region where this would be
expected behaviour. The reciprocal of the critical shear rate is often termed the relaxation time
and is a measure of how long it takes the solution to lose the conformation which the shearing
process imparts to it. Relaxation times of 100s for the 20°C dope and 0.067s for the 60°C dope
meant that the freezing in of any orientation achieved should be possible since polysulfone often
exhibits relaxation times as low as 0.0025s*. These results meant that the use of mass transfer
models to determine skin layer thickness were stunted in terms of the use of relaxation time
because the governing factor would be more likely to be the rate of transfer of the high volatility
component through the system. This links in with the idea that the dope at 60°C may exhibit
better molecular mobility through the solution and hence have a greater possibility of producing

a thicker active layer.

In order to assess the applicability of the results to the situation being seen in the spinneret it
was necessary to model the flow conditions experience by the dope within the spinneret. This
work was carried out with software developed by S.J. Shilton®®. The modelling conducted with
this software allowed the velocity, shear stress and shear rate profiles of the dope within the
spinneret to be determined. The velocity profiles showed that the 20°C dope travelled slower

towards the centre of the annulus than the 60°C dope but faster towards the walls of the
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spinneret. This resulted in an almost flat profile in the centre of the annulus for the 20°C dope as
opposed to the more common parabolic rate distribution for the 60°C dope. The higher velocities
at the wall for the 20°C dope give the expected associated increases in shear rate and shear
stress. This might normally be considered a good thing imparting a higher level of molecular
alignment. However, it pushes the 20°C dope towards the shear levels which were resulting in
slippage during the flow rheology experiments. This gave the main conclusion that the ambient
spun membranes may be lacking an orientated surface layer due slippage occurring within the

spinneret which has a negative impact on the selectivity which the membranes exhibit.

Creep rheology experiments were conducted in order to investigate the type of properties which
the different dope solution exhibit with respect to their viscoelastic properties. It was concluded
that if slippage of the dope as it passed through the spinneret was an influencing factor on the
performance of the membranes then the slippage occurring would be greater exacerbated by
more solid like behaviour as this would be less likely to flow. Creep analysis allowed the
assessment of the stresses required in order to move the different dope solutions from gel or
solid like behaviour i.e. elastic behaviour into liquid like behaviour i.e. viscous behaviour. The
tests conducted found that the 20°C dope contained a much higher degree of elastic
characteristics than the 60°C dope, in fact the 60°C did not exhibit any elastic behaviour under

the most scrutinising conditions which could be achieved with the experimental set-up.

As an extension to the creep testing conducted the dope solutions were subjected to oscillatory
testing. This testing confirmed the results obtained so far with the 60°C dope exhibiting
behaviour which was more favourable in terms of behaviour under shear within the spinneret

although the readings obtained for the dope were not what was expected.

Overall the rheological experimentation gave clear indications that spinning the dope at elevated
temperature provided access to more favourable conditions for the production of gas separation

membranes than the ambient conditions.
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9.4.Elevated Temperature Spinning Conclusions

The aim of MBS6, the first membranes to be produced at elevated temperature, was to show that
the protocols put into place to spin immediately after dope production and at an elevated
temperature would have an impact on producing greater selectivity from the PVC membranes.
It was also part of this to again take samples from various points of the production run in order
to assess the validity of comparisons made on membranes produced at various points in the run
under the new conditions. Additionally the membranes were subjected to and tested after two
coating processes as well as a single coating to assess if the results could be improved any. The
uncoated membranes continued to show Knudsen selectivity suggesting that the new protocols
were not enough to produce a perfect active layer on the membranes prior to coating. Selectivity
results improved greatly after the first coating procedure with a corresponding reduction in the
pressure normalised flux through the membranes. They also saw further improvement after a
repeat coating procedure. These improvements showed that the elevated temperature spinning
process could produce membranes where the primary method of transport was solution
diffusion. The selectivity properties of the produced membranes were lower than for isotropic

films but still high enough to show more promising separating qualities.

Over the course of the spinning run the membranes produced in MB6 displayed a small decrease
in the separation properties associated with them. The reason postulated for this change in
properties was that there was a change being induced in the mean free cavity sizes. The evidence
for this came from the different effects which were seen between the fast and slow gases in the
gas pair where the fast gases saw their flux affected to a greater extent than the slow gases. The
observed trends could be explained by the closing of cavity spaces reducing the mass transfer
associated with the fast gases while providing no reduction to the transfer of the slow gases as
this was already denied by the initial sizing. Overall the impact of the changes over the course of
a spin run was not seen to be a large enough difference to affect the comparisons between

membranes produced at different points in the spin run.

Having shown that PVC membranes could be manufactured at elevated temperatures which
gave selectivity for the test gases which could be attributed to solution diffusion mechanisms the

next step was to attempt an optimisation of the production conditions. The factors identified to
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be varied for optimisation were the dope extrusion rate, forced convective gas flow rate and
residence time in the dry step below the impingement zone. The dope extrusion rate and forced
convective gas flow rate are factors known to impact on the properties of membranes. The
residence time in other works is not generally separated into times above and below the
impingement zone. It was hoped by isolating these positions the important area for formation of
the active layer in the dry step could be more accurately identified. The factors were investigated
both graphically and by Taguchi statistical analysis in order to look for consensus between the
different methods and hence show the validity of the use of the Taguchi methodology with gas

separation membrane processes. Each of the three factors was utilised at a high and a low level.

In order to conduct the experimentation eight different membrane categories were produced at
elevated temperature. All the uncoated results exhibited the expected Knudsen diffusion results.
The coated results however exhibited a range of different separating properties dependent upon

the production conditions for each category.

The graphical analysis suggested that the best set of conditions, of those which were tested, for
the production of higher selectivity gas separation membranes were; lower extrusion rate,
higher residence time and higher gas flow rate. These conditions corresponded to membrane

category 4 being the most suitable category of membrane.

The Taguchi analysis agreed with the results of the graphical analysis that category 4 membranes
were the best membranes adding to this conclusion that the forced convective gas flow rate had
the biggest effect followed by the residence time below the spinneret and finally the dope
extrusion rate. This showed that the Taguchi method was a suitable statistical tool for analysing

the results associated with gas separation membranes.
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9.5. Characterisation and Modeling Conclusions

Having produced membranes which showed solution diffusion mass transfer properties the next
stage was to build up some characterisation information on the membranes. Scanning Electron
Microscopy (SEM) is one of the key characterisation tools for gas separation membranes allowing
detailed imaging of surface features such as pore size and sometimes information on the

thickness of the active layer.

Cross sectional cuts through the membranes showed that the membranes tended to have a very
thin active layer, with relatively large pores just below the surface, then a region with smaller
pores in the middle of the wall before having larger pores towards the inner wall of hollow fiber
again. Surface images showed that the membrane was composed of a large number of nodules
which were pressed together. Combining this membrane conformation with the results of MB7
gave the conclusion that the membranes were very close to forming a perfect active layer but
that the nodules were a little too hard for nodule coalescence to work completely effectively
resulting in small pores of approximately 150nm where the spheres could not properly coalesce.
The hard nodular structure results in the very thin almost perfect active layer but not enough to

replicate isotropic film performance.

The surface SEM images also revealed a number of unexpected rip like features in the surface of
the membrane. These rips varied in size, between 5 and 20um, and regularity. However, it was
noted that they only seemed to affect the top layer of material indicating that they were being
formed during the dry step most likely. Two reasons for the rip formation were proposed: jet-
stretch ratio and solidification volume reduction. The jet-stretch ratio is the most likely cause of
the issue with either irregular wind up speed (since this was set to match membrane extrusion
rate only variation would give the effects) or the influence of gravity on the membranes in the

dry gap providing the force required to rip the forming active layer.

Images of coated samples were also produced since even with the rips features in the surface
the membranes were providing respectable selectivity values. It was therefore anticipated that
effect of the coating might be visible in the SEM images. The images produced had a ghost like

quality to them which was not noticeable in the uncoated membranes. It was reasoned that the
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coating is forming such a thin layer over the membrane surface that the SEM penetrates this

layer and this ghostly visual effect is the sign that the coating was present.

The SEM images were used to aid in the inputs to create a membrane model which could be used
to determine the active layer thickness and surface porosity of the membranes. The model was
based on an electrical resistance analogue and found that the active layer thicknesses were
generally in the region of 600-800Angstroms and contained a large number of small pores. This
fits in well with the SEM images and the conclusions from these. The lower extrusion rate gave
higher active layer thicknesses due to increased exposure to the impingement zone flow in the
dry step. The lower forced convective gas flow rate also resulted in thicker skins on the
membrane thought to be as a result of the high flow rate doing a better job of “searing” the
active layer onto the membranes preventing the deeper penetration which the lower flow rate
achieved. The model showed no trends in terms of the residence time below the impingement
zone during the dry step suggesting that the thickness of the active layer is set before this point.

The model variations agreed well with the Taguchi and graphical analysis of the MB7 membranes.

Tensile testing on the membranes was also conducted as strength is an important parameter for
industrial applicable membranes. The results showed consistency within a single category in the
strength which the membranes displayed and only small variations between categories.
However, the strength associated with the membranes is low for an industrial process. This was
an expected issue with the PVC in comparison to other materials which have seen effective use
in gas separation but the target markets for these membranes involve particularly clean
processes, therefore the reduced strength of the membrane is less impactful on the potential of

the process.
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9.6. 0zone/oxygen Binary Mixture Separation Conclusions

Ozone/oxygen separation experimentation presented a number of problems with respect to the
equipment which was available. Experiments were undertaken under flow conditions initially.
The results of these experiments showed separation occurring but the flow rates seen were
below those which the detection equipment was specified to deal with. The impact of the low
flow was assessed and it was believed that the equipment would have detected the low level of
ozone in the membranes if it had been present rather than showing no reading as was the case.
If this is accurate then either the membrane was working to separate the ozone/oxygen mixture
or the ozone was being destroyed on its passage through the membrane. Dead end testing was

also conducted but did not change this situation any.

The ozone/oxygen work suggested that there was qualitative evidence that the membranes were
working to separate the gases. The experimental methodology which could be conducted using
the equipment available meant that obtaining quantitative data on the separations was not
possible. New more sensitive equipment or a much larger membrane unit would be required in

order to conduct the experiments effectively.

The PVC membranes exhibited resistance to the oxidative effects of one of the strongest
oxidising agents which is commonly used industrially in the form of ozone. This chemical
resistance combined with the values from the elevated temperature membranes suggests that
the membranes produced from PVC show potential for separating some of the more commonly
separated gases in industry in oxidative environments. The PVC membranes do not exhibit good
enough separation characteristics to compete with current membranes in a benign environment
however in an oxidative environment which would destroy membranes produced from polymers

such as polysulfone there is a possible market.

Considering all the results throughout the work the PVC membranes have shown that they have
some viability but there are a number of issues which require better understanding and resolving

before they could see progress towards use in an industrial environment.
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10. Future Work

When this section of work completed there were a number of areas which offered opportunities
for the continuation of the research in order to refine or better understand the PVC membranes

and progress the development process.

The first area which could be investigated further is the dope solution. During the research some
features of the polymer solution were identified which affected the results obtained from the
membranes and having a better idea of the behaviour of the PVC solutions may provide a better
understanding of the overall conditions being seen during the processing. The work conducted
indicated clearly that the dopes required elevated temperature in order to produce membranes
with good separating qualities. There were a few differences identified between the dope
solutions tested at low and high temperature: thixotropic behaviour, slippage effects during

testing and the relationship between viscous and elastic behaviour.

The thixotropic effect seen during the research was much larger for the low temperature dope
than for the high temperature dope. On the downward sweep of the rotational flow rheology
curves the behaviours of the high and low temperature dopes were much more similar than on
the upward sweep. Experimentation into the effect which pre-shearing the dope could have on
the process would be of interest since the viscosity is reduced so much after a period of shear at
the low temperature. This experimentation could be conducted first of all on a rheometer then
moved into the lab and used to produce membranes which perhaps utilise different production
conditions or dope compositions than those generated in this work. Shear in the spinneret is also
known to contribute to molecular alignment which can improve the performance of gas
separation membranes. With a suitable pre-shear method the molecular alignment could be
influenced prior to the spinneret perhaps obtaining some of the same benefits in addition to
changing the behaviour of the dope!*. Additionally this may help on the second point of slippage

as perhaps a lower shear spinneret could be designed and utilised under these circumstances.

The slippage effect was particularly noticeable in the dope at low temperature and was incurred

where high shear rates were present. The modelling of the flow within the spinneret showed
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that the conditions within the spinneret could result in shear rates which were in the region
which was inducing slippage during the rheology. Hence spinneret design could be considered
which would control the shear rates seen during production'>* in order to keep under any
established threshold value for the dope being spun where slippage sets in. Again this effect
could be studied on different dope compositions at different temperatures in order to establish
the boundary conditions which could be operated within. The main method of investigation

would have to be by use of a rheometer in this case.

The final difference which was established between the dope at low and elevated temperature
was in the viscoelastic nature of the solution with the low temperature dope exhibiting highly
elastic behaviour while the low temperature dope exhibited highly viscous behaviour. The
change in nature of the solution was felt to have strongly contributed to the change in the
selectivity of the dope between the ambient and elevated temperature conditions. This is
partially through contribution to points mentioned above in the shape of the slippage. The nature
of the solution could also be critical to the mobility of the molecules within the solution hence
the ability of the molecules to align in the active layer. One key to the ability of the PVC
membranes to separate gases could therefore lie in achieving a solution displaying more viscous
behaviour like the elevated temperature dope. Establishing whether this change in nature is
sudden or gradual and under what conditions it exists could help establish a set of boundary

conditions for the production of gas separating PVC membranes.

All the factors mentioned so far could allow the use of a different dope composition for the
production of the PVC membranes and perhaps allow the relaxation of some of the production
conditions such as temperature. This being the case an understanding of the phase diagram of
the PVC solutions and how it varies with temperature and different compositions could be very
useful in understanding the production process. The development of a phase diagram for use in
understanding the position of the dope during the spinning process has become a tool used by a
few authors>® where generally it is the binodal curve which is the focus of the work and is
determined by cloud point experimentation. Although phase separation and boundary locations
are influenced by shear conditions these phase diagrams could be combined with a mass transfer
model of what is occurring in the dry step to predict the composition of the dope and the kind

of phase separation which may be induced through the membrane. This would also require
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development of a suitable mass transfer model to describe the behaviour of the dope as it passes

through the dry step.

The development of a model to describe this aspect of the process is not something which has
seen extensive attention. A model has been created by Shilton® which was used to predict active
layer thicknesses by studying solvent evaporation during the dry step and this was suggested as
a “framework” for further development. By extending this model and further developing it then
it may be possible to determine the positions within the phase diagram of the spun membranes

at the end of the dry step of production.

Moving on from the dope solution to the membranes and the membrane production techniques.
The work carried out in MB7 displayed that the conditions under which the membranes were
produced would have an influence on the results achieved. The optimisation of these production
conditions can therefore be continued to include other aspects of the production, particularly if
a new dope were to be established for use. In tandem with this alternative ways of producing
the membranes which make the process more controllable could also be developed. It was noted
during the experimentation that there appeared to be small variation in the results which would
be achieved from a single batch of membrane production over time. It is likely these variations
are in response to the conditions under which the membranes are produced and hence
improvements in control should allow for more consistent and reliable results. This work should
also address the ripping which was seen in the membrane surface during SEM imaging. It was
concluded that these rips were likely an artefact of the production techniques used and hence
refinements which prevented these phenomenon from forming could see a dramatic

improvement in the selectivity properties displayed by the membranes.

The modelling and of the process to calculate active layer thickness could see some improvement
if a more definitive determination of the separating qualities of isotropic PVC could be
determined. The production of thin films of PVC for use in determination of the separating
qualities which it has would allow a more accurate representation of the model to be developed
and would also give a better idea of where the membranes were situated in relation to Robeson’s

Upper Bound. This would be useful as a performance characterisation tool.
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There are a number of opportunities to develop the work further in the use of ozone. The
experimentation carried out for the creation of this thesis gave qualitative evidence that the
membranes were being successfully separating ozone and oxygen binary gas mixtures. In order
to provide quantitative evidence however the flow through the equipment must fall within the
specified operating range and allow mass balances to be carried out over the system to
determine the separations achieved. This requires the development of a pilot scale module or
the acquirement of equipment suitable for dealing with the low flow rates associated with the

process.

Furthermore from any positive results found in working with ozone and oxygen the best way to
set up and industrial unit would have to be considered in order to achieve concentrated streams

while obtaining high productivity.

One of the issues with directing work at the ozone oxygen separation activity is the reactivity of
the ozone with many polymer materials. Another polymer material which has seen use for
membranes and provides good ozone resistance is polycarbonate!**?, Polycarbonate exhibits
some of the same problems as PVC for use in gas separation membranes having low permeability
towards gases!*”! but additionally to these is not commonly seen in hollow fiber membranes even
for other types of processing. This means that polycarbonate may be worth considering as an
alternative to PVC but the development of a suitable spinning solution would require a great deal

of work.

Another alternative membrane type to attempt to boost the membrane properties may be the
preparation of mixed matrix type membranes. It may be worth investigating the effect of
including ozone compatible particulates into the membrane in an attempt to maintain the

selectivity of the membranes but increase the permeability seen.

Overall, there are a number of opportunities for the development and refinement of PVC

membranes in order to make them into a suitable and attractive industrial option.
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