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Abstract

The present work was focused in the development of polyvinylchloride (PVC) hol-

low fibre membranes suitable for gas separation applications using the dry/wet

phase inversion technique.

The first part of this work involved the preparation of quaternary polymer solu-

tions containing polyvinylchloride (PVC), dimethylacetamide (DMAc), tetrahy-

drofuran (THF) and ethanol (EtOH) to study their phase inversion properties.

Different solutions, with different compositions, were prepared and a visual eval-

uation was made in order to understand the properties of the ternary phase

diagram for this system and the possible location of the binodal boundary that

separates the one phase homogeneous region from the two phase region (non-

homogeneous). For all the solutions prepared, there was one composition that is

suggested to be inside the non-homogeneous region, thus indication the potential

position of the binodal curve in the region studied.

During the spinning process, a polymer solution is subjected to shear stresses and

deformation; therefore, the rheology of the quaternary PVC solutions was studied

in detail. Oscillatory, creep and recovery and flow experiments were performed to

fully characterize these solutions. Temperature and composition showed to have

a big influence in the viscoelastic properties of the solutions investigated. The

preparation of the solution used to spin the hollow fibre membranes followed a

different procedure due to a larger quantity of solution needed and a different

”ageing” time. Because of that, a rheological evaluation of this solution was also

carried out and the effect of procedural differences on the viscoelastic properties
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of the spinning solution was analysed.

After the rheological studies, different spinning conditions were established to

better understand the impact of the solutions’ rheology features on the final per-

formance of the PVC hollow fibre membranes. Spinning dope temperature, dope

extrusion rate and external bath temperature were the parameters studied. The

design of the experiments was done using the Taguchi method and a set of nine

experiments with different experimental conditions were performed. Gas perme-

ation results obtained for the different membranes showed poor selectivities, even

after the two coating cycles. The analysis of variance (ANOVA) showed that

the external bath temperature was the parameter that most contributed to the

variability of the results.

Scanning electron microscopy surface images revealed defects in the membranes

surface (tearing). However, the Knudsen selectivity obtained for the uncoated

membranes and the significant decline in the gas permeation through the mem-

brane after coating cycles suggests that the fractures are not the main reason for

the poor selectivities obtained.

Mass transfer and resistance models available in the literature were used to pre-

dict the active layers thickness and the surface porosity of the membranes. Mass

transfer model predicts thick active layers if high temperatures are used and is in

accordance with the values obtained by the resistance modelling that also predict

the existence of thick active layers with high surface porosity. The high surface

porosity obtained is suggested to be due to the incomplete coalescence of the

polymer nodules during the formation of the active layer in the dry gap and is

pointed out as the possible reason for the poor selectivities.
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Introduction

This thesis focuses on the development of gas separation membranes suitable

for oxygen/ozone separation. Effective ozone separation membranes would have

a major impact on industrial applications such as water treatment, effluent pro-

cessing, bleaching and sterilization. The ozone production is an expensive process

due to the large amounts of oxygen wastage during the process. A way to im-

prove the economics of the process is the separation of the non-reacted oxygen

from the generated ozone and its recycle back to the reactor. This would make

ozone technology as a more attractive alternative to more conventional chemical

processes.

Polyvinyl chloride (PVC) appears as a good candidate for oxygen/ozone gas sep-

aration due to its ozone resistance properties. Also, its low price and excellent

physical and chemical properties make this polymer competitive when comparing

with more expensive ones.

Hollow fibre membranes are very attractive for gas separation applications due

to its advantages when compared with flat sheet membranes. However, the tech-

nology necessary to manufacture and develop hollow fibre membranes for gas

separation is challenging on a number of fronts. The equipment is difficult to op-

erate, the experimental techniques are demanding and the underlying principles

of membrane formation are multidisciplinary.

In this work, a number of different aspects related with hollow fibre membrane

fabrication will be addressed. Rheological and mass transfer factors were already

found as very important in the manufacture of membranes by forced convection

spinning and will be intensively studied in this work.
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This work aims to produce novel gas separation hollow fibre membranes from

PVC, an ozone resistant polymer.

The objectives of this work include:

• Preparation of multi-component PVC solutions with different concentra-

tions to get information about the system’s ternary diagram;

• Rheological characterisation of the prepared multi-component PVC solu-

tions;

• Establish the hollow fibre membrane spinning conditions based on the re-

sults obtained in the rheological tests using the Taguchi approach;

• Characterisation of the prepared membranes in terms of gas permeation

and relation of the results with the operational conditions;

• Characterisation of the prepared membranes using surface imaging spec-

troscopy;

• Predict membrane properties based on the operational conditions using a

mass transfer based model;

• Characterisation of the prepared membranes using the resistance model.
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Chapter 1

Background

1.1 Ozone Production and Applications

Ozone is an inorganic compound with chemical formula O3. It is known for its

presence in Earth’s atmosphere and associated with the global warming due to

the effect of its depletion. This gas as a bale blue colour and it is detectable at

concentrations above 0.1 ppm due to its strong odour.

In nature, ozone can be produced from diatomic oxygen using ultraviolet light or

from natural electrical discharges. Due to its high reactivity, ozone can perform

a lot of different reactions, being the conversion back to diatomic oxygen one of

the most important due to the high explosive nature [1].

The safety implications connected with the use of ozone make this gas less at-

tractive for industrial use. However, its applications across different sectors in

industry never let its popularity to go down. In 1886, ozone was first recog-

nized as a disinfectant for polluted water and the first full-scale application took

place in the Netherlands in 1893 [2]. Industrially, the four main roles of ozone

are disinfection, oxidation of inorganic and organic compounds (taste, colour and

odour removal) and particle removal. Nowadays, ozone is used for several differ-

ent applications such as purification of ground and surface waters, domestic and

industrial waste water treatment as well as in swimming pools and cooling tower
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systems. Other industries use this gas for bleaching (pulp and paper industry)

and as a metal oxidizing (semiconductor industry), instrument sterilization and

electronic component cleaning [2].

Because it is an unstable and short-life gas, ozone needs to be produced on-site

by an ozone generator. There are four ozone production methods: ultraviolet

light, cold plasma, electrolytic and corona discharge, the last one being the most

commonly used one. The highest concentrations are achieved in the electrolytic

method and can go up to 30% but at a high cost [1]. To improve the efficiency of

ozone production some changes can me made in the process such as using pure

oxygen in the feed instead of air. In this way higher ozone concentrations can be

achieved and the production of by-products can be avoided. However, the cost of

pure oxygen and the large amounts of oxygen that are not converted into ozone

during the process makes this change a challenge. But, if the oxygen wastage

could be recycled back into the ozone generator, the economics of the process

could be improved.

A lot of processes can make use of the high reactivity of ozone, however this

compromises the handling of this gas. This makes separation methods where

chemicals are used not suitable. The use of membranes can be a good choice

if the polymer used presents ozone resistant properties. At the same time, the

polymer should have properties that allow the production of hollow fibre mem-

branes. The use of polymers containing saturated molecules and that are at a

glassy state at room temperature are desirable. Polyvinylchloride appears as a

good candidate to produce ozone resistant membranes capable of performing gas

separation.

1.2 Polyvinylchloride

1.2.1 Structure and Properties

Polyvinylchloride (PVC) is a glassy polymer (at room temperature) composed by

repeated units of vinyl chloride monomer (C2H3Cl)n, Figure 1.1.
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Figure 1.1: Chemical structure of polyvinylchloride.

PVC is one of the oldest synthetic materials in the world being discovered by

accident twice in the 19th century, first by Henri Victor Regnault and later by

Eugen Baumann. At both times, the polymer was found inside flasks containing

vinyl chloride gas that was left exposed to the sunlight. By this time, this new

material was a challenge in terms of applications because it was found to be dif-

ficult to work with. Later, in the early 90’s, the polymerization of vinyl chloride

using sunlight was patented by Friedrich Heinrich August Klatte and the ma-

terial start to be popular as a replacement for costly natural rubber [3]. PVC

started to be produced in bigger quantities around the world in the 1950’s with

the diversity of applications of the polymer increasing as well. Also, methods

of improving PVC’s durability were developed, allowing the material to be used

in the building and construction industry due to its resistance to light, chemi-

cals and corrosion. The improvements made to the material in terms of extreme

temperatures resistance made this polymer important in water transportation to

industries and also homes. As for some applications pure PVC showed to be too

rigid, more modern products made of this polymer in combination with plasticiz-

ers are available in the market. These additional components, mainly species of

the phthalate family, allow the production of a modified material easier to work

with [4].

All these important features make PVC the third largest-selling plastic in the

world, after polyethylene and polypropylene, and it is nowadays used in different

industries - health care, IT, transport, textiles and construction.

60% of PVC applications have a lifetime superior to 40 years. PVC has many

attractive properties for membrane production such as low cost and excellent
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physical, chemical and mechanical properties [5]. Table 1.1 shows some mechan-

ical and thermal properties of rigid PVC.

Table 1.1: Some mechanical and thermal properties of rigid PVC [6].

Property Value

Density 1380 kg/m3

Young’s Modulus 2900-3300 MPa

Tensile Strength 50-80 MPa

Elongation at Break 20-40%

Glass Transition Temperature 87oC

Melting Point 212oC

1.2.2 PVC as a Novel Material for Membrane Fabrication

PVC is ozone resistant, making this material interesting for some applications

such as ozone/oxygen separation to enhance ozone production.

Accordingly to Stern [7], when choosing a polymer to produce membranes suitable

for gas separation processes, some properties should be taken into account. The

polymer should possess a stiff backbone in order to allow a better discrimination

between the different gases, since the separation is related with the free volume

present in the structure. A rigid structure will make the polymer molecules to

bundle in a more efficient way leading to a more uniform structure and a lower

free volume. Another important feature is a low inter-segmental packing of the

polymer molecules that is related with what was discusses previously and will

allow a more regular structure, benefiting the separation. Lastly, a low energy

inter-chain interaction is desirable.

Accordingly with these, membranes prepared using PVC will have a packed struc-

ture with low free volume so the discrimination between the gases can happen.

Although the selectivity will be good, a packed structure will lead to low per-

meabilities of the gases trough the membrane. A membrane to have a good
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performance should, apart from a good selectivity, have a reasonable permeabil-

ity. A way to overcome this problem and increase permeability is by preparing

asymmetric membranes with thin active layers supported by a porous structure.

Before the work carried out in our research group by Jones [8], the production

and study of gas separation properties of PVC hollow fibre membranes were

limited. Recently new modified PVC films for gas separation were produced

replacing the chlorine atoms for fluorinated ones obtaining a higher permeabil-

ity coefficient [9]. Also PVC membranes functionalized with mercapto pyridine

groups were developed leading to an increase in the permeability by a factor

of 4 [10]. Later, the same group studied the influence of the nucleophilic sub-

stitution of chlorine atoms by bulky groups (4-mercaptophenol sodium salt, 2-

thionaphthalene, 4-(1-adamantyl) thiophenol, and thiophenolate sodium salt),

concluding that these groups lead to an increase in the free volume and perme-

ability because they prevent the chain packing [11]. Sadeghi et al. [12] prepared

a series of polyvinylchloride/polyethyleneglycol (PVC/PEG) blend membranes

with different PEG molecular weights (from 400 to 4000) that showed a signif-

icant increase in the gas selectivities. More recently, Mohagheghian et al. [13]

investigated the gas properties of PVC/silica nanocomposite membranes. The

results showed an improvement in the thermal properties and also in the perme-

ability and selectivity of CO2/CH4 and CO2/N2.

As can be seen, most of the research done in this area is related with the use

of modified PVC to produce flat sheet membranes or films. However, hollow fi-

bre membranes have some advantages when compared with flat sheet ones, such

as high surface area and good self-support characteristics [14]. Also, the use

of a modified material would result in an increase in the cost of the produced

membranes, and the big advantage of using PVC - its low cost - would be lost.

1.2.3 PVC Solution Properties

In the previous section some properties of pure PVC were discussed. However,

in polymeric membrane production, the first step is the preparation of a stable

polymer solution. In this process, the polymer is mixed with a solvent (or mixture
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of solvents). When in solution, if the molecules of a polymer have enough uni-

formity in the chains, they can pack and achieve crystalline structures with the

polymer concentration playing an important role in the morphologies obtained

[15].

For polymers containing some degree of crystallinity (such as PVC [16]), it is

known that when in solution, these polymers can form thermoreversible physi-

cal gels when the temperature is decreased [17]. Opposite to chemical gelation,

where the cross linking is achieved though covalent bonding, in physical gelation

the gel structure is obtained due to hydrogen and van der Waals forces. The

thermoreversible nature of the gels are due to the ability of the structure to form

and destroy these bondings with temperature [18]. It was believed, initially, that

the polymer gel structures were formed when the material was in contact with sol-

vents characterized as bad solvents, promoting chain aggregation. However, years

later, some studies showed that it is possible to achieve these type of structures

using good solvents [19]. The definition of ”good” and ”bad” solvent is related

to its interaction with the polymer. A solvent is considered ”good” if there is

a maximization of the polymer-solvent contact, resulting in chain expansion or

swelling. A ”bad” solvent will promote the minimization of the contact between

the polymer and the solvent, provoking chain collapse, clustering or precipitation.

The Flory-Huggins binary dimensionless parameter its a good way to evaluate

the quality of a solvent in respect to another compound. If this parameter is

less than 0.5 the solvent is characterized as ”good” and if it is more than 0.5

the solvent is classified as ”bad” [20]. Figure 1.2 exemplifies the behaviour of a

polymer chain when in contact with a ”good” and a ”bad” solvent.

Figure 1.2: Schematics of the behaviour of a polymer chain when in contact
with a ”good” and a ”bad” solvent
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In 2008, Rogovina [21] and co-workers proposed a definition of polymeric physical

gels. Accordingly to the authors, a polymeric gel is a solid material comprising

at least two components where the polymer creates a tree-dimensional network

through non-covalent bonding. This 3D network is formed in the other compo-

nent medium, that is liquid. The amount of the liquid phase should be enough

to give the gel elastic properties.

PVC is well known to form gel structures while in contact with a solvent (or

a mixture of solvents) and work done by Li [22–25] investigates the rheological

properties of PVC in bis(2-ethylhexyl)phthalate (DOP) for different conditions.

It is reported in the literature that the PVC network gels are formed due to

junctions originated by the rearrangement of the polymer chains and that the

polymer-solvent interaction plays an important role in the crystallinity of the

gels [26–29]. The polymer-solvent interaction seems to have also effect in the

thermal and phase separation properties of PVC gels. Good solvents result in

higher gel melting points and no noticeable phase separation while poor solvents

result in a lower gel melting point and liquid-liquid separation takes place [30].

These results suggest that the gel network properties can be tailored accordingly

with the desire application by playing with the polymer-solvent interactions.

Early in 1983, a relationship between gelation and gel melting temperatures was

established for systems containing chlorinated polyethylene. For crystallizable

systems it was found that these temperatures are the same while in non crys-

tallizable they are different. An explanation given for this phenomena is the

presence of crystallites in the crystallizable systems [31, 32].

Some authors studied the system consisting of PVC and different solvents such as

7-butyrolactone, and attributed the gelation process as a consequence of hydrogen

bonding with crystallization happening after this process [33, 34]. Other authors

attribute the gel formation to the existence of crystallites that work as connecting

points of the gel network [35, 36]. Hong and Chen [17] investigated the proper-

ties of PVC in different solvents (bromobenzene and dioxane) that originated gel

structures. The study showed that, for this system, the gelation time decreases
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with the concentration of polymer for both systems. The Young’s modulus in-

creased with the PVC molecular weight and also with the concentration.

As can be seen, different systems containing PVC were studied previously con-

cerning its gel properties. However, in membrane preparation, the combinations

are so many that it is difficult to find information in the literature about the

gelation properties of these systems. In this work, a rheological assessment of the

system containing PVC, dimethylacetamide, tetrahydrofuran and ethanol will be

performed and some insight about this matter will be gained.

1.3 Separation Processes

Separation processes are defined as ”operations which transform a mixture of sub-

stances into two or more products which differ from each other in composition”

[37].

It is well known that it is easier to mix components than separate them. The

reason behind this is that, when solids, liquids or gases are combined, the ther-

modynamic features of the system change as a result of the mixing. One of these

features is the entropy that increases when two or more components are mixed -

because the variation in entropy is always positive when mixing. For this reason,

separation processes are always a challenge.

It can be very hard to name a chemical and process industry that does not have

a separation process. Even in every day’s life a lot of tasks can be found that

involve separate one or more components from a mixture. In industry, these

processes are used in the purification of raw materials, separation of reactions

products and also in the treatment of the process effluents.

Separation techniques make use of the differences in chemical or physical proper-

ties between the components of a mixture. These properties can be size, shape,

mass, density, or chemical affinity. Separation operations are crucial throughout

the process industry with respect to energy consumption, contribution to invest-

ments and ability to achieve the desired product with the right specifications.
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Separation technology is an area in constant grow - industry is constantly search-

ing to improve the efficiency of these processes since they represent 40%-70% of

the capital and operating costs [38].

The cost is not the only driving force to develop new technologies for separation

processes. New legislation and an increasing awareness to topics such as climate

change make companies walk in the direction of developing greener technologies

in order to achieve the stipulated objectives. This means that the industries have

to adequate their methods to these targets and, because of this, more efficient

separation techniques need to be investigated.

Some examples of separation processes commonly used are distillation, crystal-

lization, ion exchange and membranes.

Figure 1.3: Correlation between the use and the technological progress of
some separation processes. Adapted from [39].

In Figure 1.3 is represented the correlation between the use and level of knowl-

edge of some separation processes. The maximum in the ”level of knowledge”

axis means that the process is well established and studied and no further im-

provements need to be made. If a process approaches the maximum of the ”level
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of use” axis it means that it is used in its full extent. As can be observed, dis-

tillation - the most frequently used separation process in industry - is the one

that is closest to the maximum of both axis. It is a well known process that does

not need any laboratory or pilot tests to be designed. In contrast, membrane

processes are in the bottom part of the graphical representation and that means

that these type of separation processes need extensive research before its design

and implementation [39].

The use of membranes for gas separation has grown in the last decades, spe-

cially in the past 30 years. These membranes have a wide range of applications

such as natural gas purification, hydrogen recovery, CO2 capture and O2 and N2

enrichment [40].

1.3.1 Advantages, Disadvantages and Challenges of Using Mem-

branes in Separation Processes

Processes involving membranes have a number of advantages and disadvantages

when compared with alternative methods of separation. The growth in membrane

technology is due to the need of making this separation process competitive when

compared with others. The use of membranes for separation processes has grown

due to its advantages comparing with other processes. The most important ad-

vantages of this type of technology are listed below.

• Can be easily coupled with other processes and operations with no moving

parts or complex control schemes;

• Are normally easy to operate and require low maintenance;

• Allow separations from a molecular level to a scale at which particles can

be seen, showing the large amplitude of different separations that can be

performed (but through a different process);

• With pervaporation as an exception, membrane processes usually do not

require a phase change leading to low energy requirements (unless high
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pressures are needed in the feed stream in order for permeation to occur

across the membrane as in the case of reverse osmosis);

• Can be made of many different materials like polymers or inorganic media

allowing a control in the separation properties;

• The materials used in membrane technology are usually more environmental

friendly than others involving chemical or additives;

• Membranes with extremely high selectivities can be prepared achieving in

some cases higher values that the ones for relative volatilities in distillation

processes;

• Membrane processes are easy to scale up as they can work as modules that

can be used in series or in parallel.

However, there are also some disadvantages of membrane processes when com-

pared with other separation processes.

• Membranes seldom produce pure components being one of the streams often

contaminated with a minor amount of the other(s) component(s);

• In processes such as distillation it is possible to draw products at different

stages and this is not easy to do using membranes;

• Some incompatibilities can happen when using high concentration of or-

ganic compounds. As most of the membranes are made of polymeric mate-

rials, these organic compounds can dissolve, swell or weaken the membrane

structure, reducing the membrane life-time and efficiency;

• As the majority of the membranes are made of polymeric materials, the use

of temperature above room temperature is prohibitive since a large amount

of polymers will not maintain their physical properties compromising the

integrity of the membrane;

• Depending on the feed streams fouling can be present and it can be a major

problem mainly if it is difficult to remove. Fouling can affect the permeating

of the component through the membrane, reducing the flow rate.
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All the points refereed before make the use of membrane for separations as a

promising technique if each membrane is designed accordingly with the intended

separation in order to overcome some of the disadvantage highlighted before. This

is the big challenge in membrane technology, to try to tailor these structures to

make them attractive and cost beneficial when compared with other methods of

separation.

1.3.2 Membrane Technology

1.3.2.1 Membrane Structures and Geometries

A membrane is a selective physical barrier that allows the separation of a feed

stream in two different streams [41]. The portion of the feed stream that flows

through the membrane is the permeate and the portion retained is the retentate

or concentrate. Some examples of driving forces for the separation are hydrostatic

pressure, concentration gradient, temperature or electrical potential. Membranes

have different applications such as production of potable water, effluent treat-

ment, desalination of sea water or de-gasification of specific gases. The separation

is achieved due to the membrane structure and material, allowing some compo-

nents to flow through it and retaining others. This means that the membrane

structure is very important and will depend on the application. Also the material

must be chosen accordingly with the intended separation. A schematic represen-

tation of this process can be seen in Figure 1.4.
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Figure 1.4: Schematic representation of a membrane separation process.

In a membrane separation process, the permeate stream will have a higher con-

centration of species that travel faster trough the membrane, while the retentate

will be richer in the compounds that travel slower.

The development of membrane technology started in 60’s. Since then, different

membrane processes became established such as micro filtration, ultra filtration,

reverse osmosis and electrodialysis. Gas separation and pervaporation membranes

started to be developed in the 80’s and only in the mid 90’s micro and ultra filtra-

tion processes became commercially available for applications such as municipal

water treatment, Figure 1.5.
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Figure 1.5: Evolution in the development of membrane processes industry
until 2010. Adapted from [42]

1.3.2.1.1 Membrane Structures

Concerning their structure, membranes can be divided in porous, nonporous and

carrier membranes. In carrier membranes, the separation is dictated by a specific

carrier molecule that aids the species’ transport. In this type of membranes the

transport mechanism is not dependent on the membrane material [14].

In porous membranes, the separation process is controlled by the pore size in con-

trast with the nonporous membranes where it is the material permeation prop-

erties that control the separation [14]. A porous material is defined as a rigid,

highly voided structure with randomly distributed interconnected pores [43]. In

these type of structures the separation is achieved depending on the ability of the

molecules to pass through the pores. This method relates with another method

of separation - filtration - but at a smaller scale. Depending on the pore size of
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the membrane, different classifications can be given, Figure 1.6.

Figure 1.6: Membrane classification accordingly with the pore size. Adapted
from [44].

Membranes can also be divided in symmetric and asymmetric. Symmetric mem-

branes are characterized by an uniform structure and asymmetric ones by a non-

uniform structure composed by a dense top layer supported by a porous sub-layer.
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Figure 1.7: Schematic representation of a symmetric and asymmetric mem-
brane structure.

Non-porous membrane can have very good selectivities but the use of thick mem-

branes can lead to low permeation rates. On the other hand, reducing the thick-

ness of the membrane can lead to a very fragile structure. The use of an asym-

metric structure can be a good solution. In this approach, a thin dense active

layer is supported by a thick porous structure with high mechanical support and

low resistance to flow. The drawback is that this type of membranes are very

susceptible to have defects in the thin active layer and that can cause a drop in

the selectivity [45].

The first asymmetric membranes were prepared by Loeb and Sourirajan [46] in

the early 1960’s for reverse osmosis demineralization of saline water. These mem-

branes were prepared using cellulose acetate as material. To prepare these reverse

osmosis membranes, a short time should be allowed after casting the polymer so-

lution for evaporation to happen so the dense layer can be formed succeeded by

submersion in a solvent to allow the porous structure to form. This method was

replicated in 1973 to originated the first membranes suitable for gas separation

[47, 48].

1.3.2.1.2 Flat Sheet Membranes

Concerning the geometry, membranes can be divided, generally, in two different

groups - flat sheets and hollow fibres. Both of these geometries have advantages

and disadvantages and the choice of one against another is dependent on the ap-

plication. Flat sheet membranes can be used in a number of different processes
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including bioreactors, filtration and reverse osmosis systems [49–55].

Comparing with other type of geometries, flat sheet membranes offer mechanical

strength but comparing with hollow fibers they have a lower surface area. A way

to overcome this problem is to arrange flat sheets in a way in which the area per

volume of membrane is increased. Some examples are the use of spiral wound

modules that gain good reputation in gas separation techniques where 20% of gas

separations are made with this type of modules [56].

The production of flat sheet membranes is done by casting a solution contain-

ing the membrane material on a support. Common used support materials are

polymers with a high degree of porosity such as polyester.

1.3.2.1.3 Hollow Fibre Membranes

The first hollow fibre membranes were reported in 1966 [57]. In the last decade,

a lot of patents were release on the production of these type of membranes [58].

Hollow fiber membranes can be used for a variety of industrial applications such as

bioseparations, drinking water purification, wastewater treatment, liquid phase

separations and gaseous separations [58]. Due to the excellent mass transfer

features achieved by the hollow fiber configuration there are many commercial

applications in many different areas for these membranes.

The use of hollow fibers comparing with flat sheets can offer a lot o advantages.

The production of modules can contain thousands of packed hollow fibers that

can give a surface to volume ratio of 2000 − 4000ft2/ft3 comparing with 100 −
150ft2/ft3 for flat sheet membranes [1].

In the literature, a lot of different polymers are used to fabricate hollow fiber

membranes with reasonable selectivities. In 2013 a review was published about

the recent progresses made in the polymeric hollow fiber membranes production.

Polyvinylidene fluoride (PVDF), polysulfone (PSf), polyethersulfone (PES) and

polyethylenimine (PEI) are some of the polymers used to perform gas separation

with hollow fiber membranes [58].
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1.3.2.2 Membrane Materials

There is a wide range of materials from which membranes can be produced.

Materials such as ceramic [59–61], carbon [62], zeolites [63] and even metals [64]

are some of the materials used for membrane production. However, polymeric

materials are the most commonly used ones in membrane fabrication due to

their properties such as low cost. Polymeric membranes have a wide range of

industrial applications, such as microfiltration, ultrafiltration, reverse osmosis

and gas separation [14, 15, 65, 66].

Nowadays, there are several polymeric membranes available in the market for

different applications. Some of the polymers used are polysulfone, polyimides,

cellulose acetate, ethyl cellulose and silicon rubber. There is a correlation between

the polymer structure and the selectivity and permeability. Rubbery polymers

tend to have high permeability and low selectivity and glassy polymers exhibit

low permeability and high selectivity. In the glassy polymers, the gas passage is

restricted due to its rigid structure and this results in a high selectivity. For the

rubber polymers, the structure is more flexible so it is possible to achieve high

gas fluxes but with low selectivities [41].

1.3.2.3 Membranes for Gas Separation

For gas separations processes, polymeric membranes are widely used due to their

mechanical strength, easy to produce modular structures and economic process-

ing capacity. To select the adequate polymer to produce a membrane there are

some aspects that have to be taken into account such as good permeability and

selectivity, durability and thermal and chemical stability of the produced mem-

branes. To evaluate the membrane performance there are two key properties

that should be taken in account – selectivity and pressure-normalized flux. The

pressure-normalized flux is obtained by simply dividing the flux by the pressure

difference between the two sides of the membrane. The selectivity is defined as

the ratio between the pressure-normalized fluxes of the different gases and this
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ratio gives information about the degree of the separation. Ideally, a high perfor-

mance membrane should have a high selectivity and a high pressure-normalized

flux. These conditions will allow high productivity and purity at reduced oper-

ating costs.

In 1991, Robeson [67] published an empirical ”upper bound” relationship for gas

separation using polymeric membranes. In this work, permeability data in the

literature for different pairs of gases were put together and plotted. In the pro-

duced graph it is possible to identify a ”upper bound” where no data is present

in the area above it. In 2008 this data was reviewed and updated, Figure 1.8 [68].

Figure 1.8: Robeson ”upper bound” for oxygen/nitrogen separation [68].

In this graph, it is possible to see the selectivity plotted in the vertical axis and

the permeability coefficient in the horizontal one. Each one of the dots represent

a different polymer. In the area of high permeabilities and low selectivities are

represented the rubbery polymers, that are above the glass transition tempera-

ture being their free volume fairly open and will not particularly discriminate the
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gas molecules, presenting poor selectivities but high permeabilities. On the other

extreme are represented the crystalline polymers (such as PVC) that are bellow

the glass transitions temperature with a very tight free volume. They present low

permeabilities but high selectivities. In order to produce membranes with higher

fluxes using these promising polymers, it is necessary to obtain very thin and de-

fect free active layers. In the middle of these two classes of polymers are located

the amorphous glassy polymers (such as polysulfone) that reveal a good compro-

mise between the permeability coefficient and the selectivities. These polymers

tend to be the ones used in membrane fabrication because the technology to pro-

duce sufficient thin and defect free active layers has been already put in place in

order to get these systems to compete with other gas separation techniques.

1.3.2.4 Gas Transport Mechanisms Through a Membrane

To perform the separation of a gas mixture it is possible to use a porous or a

non-porous membrane, depending on the system being investigated. The differ-

ence between these two types of membranes is the mechanism involved in the

separation. In porous membranes three different transport mechanisms can be

considered - molecular diffusion, viscous diffusion, and Knudsen diffusion [69].

Non-porous membranes are defined as dense structures with pore size lower than

5 Å. In these dense materials, the differences in the solubility and diffusion

coefficients of the species through the material will dictate the extent of the sepa-

ration. This mechanism of transport is known as solution-diffusion. Surface area

and membrane thickness also have a great impact in the separation. Big surface

areas will allow a bigger flux through the membrane while big thickness will have

the inverse effect, lowering the flux. In this type of membranes it is important to

achieve a defect free dense structure in order to allow only solution-diffusion as

transport mechanism, otherwise, if there are pores present, the membrane selec-

tivity can be compromised. These structures are usually more difficult to achieve

due to the degree of perfection that needs to be in place.

In non-porous membranes the mechanism is the difference in the solubility and

diffusivity of the components in the membrane material [70]. For polymeric gas

separation membranes, the separation is achieved according to the solubility of
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the gas in the polymer and its diffusion through the polymeric structure. Table

1.2 elucidates the different mechanisms that can occur according to the membrane

structure and pore size.

Table 1.2: Different gas transport mechanisms depending on the membrane
structure and pore size. Adapted from [71].

Membrane Non Porous Mesoporous Porous

Flow

Mechanism

Solution

Diffusion
Knudsen Diffusion

Transition

Region

Viscous

Flow

Pore Size < 5 Å 5-1000 Å 1000-30,000 Å > 30,000 Å

As referred before, there are different gas transport mechanisms. These mecha-

nisms will be explored now in more detail.

1.3.2.4.1 Solution-Diffusion

Solution diffusion is the mechanism that occurs in non porous membranes (or

membranes with pore size smaller that 5 Å). In this process, the separation is

achieved due to two features: dissolution of the material in the membrane and

diffusion of the material through the membrane. The separation is dictated by

the difference in the amount of material dissolved and in the rate of diffusion

between the different components. According to this model the separation is

done in three different steps: A) The gas is dissolved in the high-pressure side

of the membrane; B) The gas diffuses through the material; C) The gas suffers

desorption in the low-pressure side of the membrane. The diffusion step is the

limiting step since the other two are very fast comparing with this one.

At constant temperature and for a single gas, the flow Q through a material

with permeability coefficient P, area A, length L and pressure difference of ∆Pr

(between the two sides of the membrane) is given by Equation 1.1.

Q =
PA∆Pr

L
(1.1)
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The permeability coefficients for the different gases through a material can be

found in the literature. Jones [8] gathered all the information regarding the

permeability coefficients and intrinsic selectivities of oxygen and nitrogen though

PVC flat sheets, Table 1.3 (1 Barrer = 10-10cm3(SPT)cmcm-2s-1cmHg-1).

Table 1.3: Permeability coefficients and intrinsic selectivities for polyvinyl
chloride [8].

PVC Intrinsic Selectivity

(O2/N2)

Permeability Coefficient x1010

(Barrer)

O2 N2

7.0 0.07 0.01

5.6 0.124 0.022

5.0 - -

- - 0.00945

- - 0.00668

3.0 0.12 0.04

- - 0.028

5.0 0.05 0.01

1.3.2.4.2 Knudsen Diffusion and Viscous Flow

For porous membranes, Knudsen diffusion occurs in membranes with pore size

between 5 and 1000 Å and viscous flow in membranes with pore size above 30,000

Å. To investigate which of the mechanism is present the Knudsen number (Kn)

is normally used and is defined as follows, Equation 1.2 [69].

Kn =
λ

dp
(1.2)

dp corresponds to the pore diameter and λ corresponds to the gas mean free path

that can be calculated using Equation 1.3 [69].
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λ =
kBT√

2Prπdg
2

(1.3)

kB corresponds to the Boltzman constant, Pr to the gas pressure, T to the gas

temperature (in Kelvin) and dg to the gas molecule diameter.

If the calculated Knudsen number (Kn) is greater that 10, the gas molecules

are colliding with the pore wall rather than between each other. If this number

is lower that 0.1 it is considered that the interactions are mainly between gas

molecules and the Knudsen diffusion becomes negligible. If the Kn is in between

this two values (0.1 and 10) the two mechanisms need to be considered - viscous

flow and and Knudsen diffusion, Figure 1.9.

Figure 1.9: Schematics of viscous flow and Knudsen diffusion gas transport
mechanisms through a porous membrane. Adapted from [14].

To calculate the gas mean free path in Equation 1.3, the molecular diameter

of the gas molecules should be determine. Jones [1] used the kinetic theory,

based on experimental gas viscosities, to determine the molecular diameter for the

common gases tested in membrane separation (nitrogen, oxygen, carbon dioxide

and methane). As in this work only oxygen and nitrogen will be used, only these

are presented in Table 1.4.
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Table 1.4: Molecular diameters obtained for oxygen and nitrogen by Jones
using the kinetic theory [1].

Gas Molecular Diameter (Å)

Oxygen 3.59

Nitrogen 3.74

After determining the molecular diameters it is possible to determine the gas

mean free path for each one of the species using Equation 1.3. Experimentally,

the membranes will be pressurized at a pressure of 5 bar being the interior of

the membrane at atmospheric pressure. The pressure to be used in Equation 1.3

should be the average of these two [1]. The temperature used is room temperature

and it will be established to be 20oC to perform the calculations. Knowing the

mean free path, by assuming a pore diameter of 100 Å it is possible to calculate

the Knudsen number using Equation 1.2. The results obtained are shown in

Table 1.5.

Table 1.5: Mean free path for oxygen and nitrogen calculated using Equation
1.3 and the respective Knudsen number assuming a pore diameter of 100 Å.

Gas Mean free path, λ (Å) Knudsen Number, Kn

Oxygen 235 65.45

Nitrogen 216 57.75

The selectivity in the Knudsen diffusion region for the pair oxygen/nitrogen is

given by Equation 1.4.

σO2/N2
=

√
MWN2

MW02

(1.4)

Substituting the adequate values of the molecular weights in the equation a value

of 0.94 is given for the Knudsen diffusion selectivity for the oxygen/nitrogen pair.

This selectivity it is not desirable because it shows poor separation between the

components.
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1.3.2.5 Production of Hollow Fibre Membranes for Gas Separation

There are a three techniques to produce polymeric membranes - phase inversion

process, thermally induced phase separation (TIPS) and diffusion induced phase

separation (DIPS) [72]. To produce hollow fiber membranes the most used spin-

ning methods are melt spinning, dry spinning, wet spinning and dry/wet spinning

[1]. The central piece of equipment in a spinning technique is the spinneret with

some studies already published about how this piece can influence the proper-

ties of the produced fibres [73, 74]. In this work hollow fibre membranes will be

produced using the dry/wet method so a major importance will be given to this

preparation technique.

A schematics of the spinning process is represented in Figure 1.10.

Figure 1.10: Membrane spinning apparatus (1-Nitrogen cylinder, 2-Polymer
solution vessel, 3-Forced convection chamber, 4-Spinneret, 5-Gear pump, 6-
Syringe pump, 7-External bath , 8-Wash bath, 9-Wind-up bath, 10-Wind-up

drum, 11-Nitrogen entrance).

A schematic of the spinneret outlet is represented in Figure 1.11.
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Figure 1.11: Schematic of the spinneret outlet (1-Stainless steel, 2-Dope ex-
trusion rig, 3-Bore fluid outlet).

The first step when preparing membranes consists in the preparation of the poly-

mer solution. All the components of the mixture must be soluble in each other

in order to achieve homogeneity. During the production of hollow fibers there

are two phase separation processes that occur simultaneously. While a dry phase

separation happens in the outside surface of the membrane to obtain an ultra

thin defect-free skin, in the inside surface a wet phase separation occurs due to

the passage of a bore fluid to form the lumen of the fiber [75]. The solvents and

the non-solvents have a major influence in the structure and performance of an

asymmetric membrane. The preparation of the polymer solution involves the use

of a high volatile solvent in combination with a low volatile one.

After preparation, the solution is pumped through the spinneret. The spinneret

is constituent by an outer annulus through which will flow the polymer solution

and by a central hole through which will flow the bore fluid. This fluid will allow

the formation of the inner wall of the membrane giving it structural stability.

After the spinneret a forced convection chamber is located. In this chamber the

spun membrane will contact with nitrogen that will induce the coagulation of the

external wall. After a residence time, the fiber is immersed in a non-solvent bath

in which the phase inversion occurs. Finally, the fiber is collected in a drum.

During this process there are a lot of parameters that should be optimized to

obtain the hollow fibers with the desired characteristics. These parameters are

the amount and type of polymer, solvents, extrusion rate of the polymer solution,

the bore fluid rate, the “jet-stretch” ratio, the residence time in the air gap and
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the dimensions of the spinneret. Also the composition of the polymer solution,

the composition of the coagulation bath, and its temperature are important pa-

rameters [14].

To perform the gas permeation tests, single membranes are potted and tested. A

major problem with asymmetric membranes is their susceptibility to have defects

in the active layer that may cause a drastic fall in selectivity. Silicone coating is

a technique that allows to repair the defects in the membrane wall and was first

used by Hines and Tripodi [76]. This polymer exhibits high permeability and low

selectivity and seals the defects effectively. Usually, the membranes are tested

before and after the coating process to understand the influence of the coating in

the properties of the membranes.

To obtain the physical properties of the hollow fiber membranes some techniques

are used - surface morphology (Scanning Electron Microscope (SEM), Atomic

force microscopy (AFM)) and state of the material evaluation (Differential Scan-

ning Calorimetry (DSC)) [58].

One of the concerns in membrane technology is the use of harmful chemicals dur-

ing the process of production. A recent research study shows that is possible to

produce hollow fiber membrane using less hazardous solvents. Ionic liquids (ILs),

methyl and ethyl lactate, dimethylsulfoxide are some examples of promising sub-

stitutes for dimethylformamide, methylpyrrolidone and dimethylacetamide [77].

1.4 Phase Inversion Mechanisms in Membrane For-

mation

1.4.1 Ternary Phase Diagrams

During membrane production, the phase inversion process is one of the most im-

portant steps since it dictates which membrane micro structure will be achieved.

In the phase inversion process the starting point is the preparation of a thermo-

dynamically stable solution that will be subjected to demixing. In this process
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a polymer in solution is transformed in a solid via a liquid-liquid process - an

initial liquid is separated in two liquid phases, one rich in polymer and another

poor in polymer. The control of this process can lead to porous or nonporous

membranes.

The use of phase diagrams is an important tool to better understand the phase

separation phenomenon in membrane formation and if a specific polymer in a

specific solvent (or solvent mixture) is suitable for membrane formation [15].

However, these diagrams only allow to predict the type of phase transitions that

can occur based on thermodynamic aspects. The kinetics of the system is the

key to determine which transitions are to follow and in which dimension.

Temperature dependent ternary diagrams are represented as a pyramid where

each ”slice” will be a triangle that represents the phase diagram for a specific

temperature (isothermal).

An example of a polymer ternary diagram with the different regions highlighted

can be seen in Figure 1.12.

Figure 1.12: Example of a polymer ternary diagram with the binodal and
spinodal lines. Adapted from [78]

In a ternary diagram, each pure component is represented in a corner and the
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sides of triangle represents binary mixtures. All the points located inside the

triangle are ternary mixtures. In a generic phase diagram, two different regions

can be identified - a homogeneous and a heterogeneous region. These regions are

delimited by a binodal curve and the area inside this region is the heterogeneous

zone.

A system can also have a spinodal curve that divides the heterogeneous region in

two - a unstable region, located inside the spinodal curve and a metastable region

located between the spinodal and the binodal. The point where the binodal and

the spinodal boundaries cross is named critical point.

In the unstable region, the phase separation will be very quick by spinodal de-

composition and, in the metastable region, the solutions are stable while small

variations in the compositions are present. However, liquid-liquid demixing will

happen if these variations are large enough by a nucleation and growth process. If

the final composition is located in the metastable region above the critical point,

the liquid-liquid demixing occurs by nucleation of the polymer lean phase while

this process occurs in the polymer rich phase if the final composition is located

bellow the critical point in the metastable region. The growth of the formed

nucleus is driven by the concentration gradient en route to the nucleus.

Inside the unstable region, where spinodal decomposition happens, even small

variations in the compositions will lead to the solution to phase separate. Con-

trary to what happens in the metastable region, in this case a bi-continuous

structure is formed where the polymer rich and the polymer lean phase are in-

terlinked.

As mentioned before, when a solutions reaches the heterogeneous system, two

phases are formed via a liquid-liquid demix process - a polymer rich phase and

a polymer lean phase - and the compositions can be calculated using tie-lines

and the lever rule. The solidification of the polymer-rich phase depends on the

nature of the polymer and can occur via crystallization, gelation or vitrification.

As crystallization is a slow process, during membrane formation this process is

unlikely to occur [14]. Figure 1.13 exemplifies a phase diagram of a ternary mix-

ture showing the gelation and the vitrification areas.
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Figure 1.13: Phase diagram of a ternary mixture showing the vitrification and
the gelation region. Adapted from [14].

Vitrification is a process that occurs when the glass transition temperature is

exceeded and the mobility of the polymer chain decreases drastically being in a

frozen state. In amorphous polymers this is the mechanism of solidification when

crystallization or gelation does not occur. Gelation is a process when a three

dimensional network is produced due to the physical or chemical cross linking. In

this phenomena micro crystallites are formed and instead of growing they connect

different polymer chains. A more viscous polymer is then converted in a system

of infinite viscosity by a sol-gel transition. PVC is an example of a polymer that

can exhibit gelation behaviour in membrane formation [14].

As PVC has around 10% of crystallinity, it is expected that the gelation process

is initiated by the formation of microcrystallites that connect various polymer

chains resulting in a three dimensional network [16, 79].

1.4.2 Skin Formation Mechanisms and Techniques

Different coagulation pathways can occur in membrane production, leading to

distinct final structures. As stated before, the starting point is a thermodynamic
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stable solution. Considering a solution with starting composition near the criti-

cal point (point 1) and ending point in the metastable phase, two situations can

occur in terms of path of composition change, Figure 1.14 [80].

Figure 1.14: Schematics of the two different compositions change pathways
that lead to phase separation in the metastable region.

• Coagulation path I: If the transfer of solvent and non-solvent is such that

this is the pathway of composition change, nucleation and growth mecha-

nisms are involved in the phase separation process. In terms of composi-

tions, using the lever rule it is possible to see that the percentage of polymer

lean phase will be much bigger that the one corresponding to the polymer

rich phase. The polymer rich phase will nucleate and form particles within

the polymer lean phase. The material that results from this process is a

latex.

• Coagulation path II: Following this coagulation pathway, the phase sepa-

ration will lead to two phases in equilibrium with a percentage of polymer

rich phase higher than the polymer lean phase. There will be nucleation

and growth sites on the polymer lean phase sitting within the predominant
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polymer rich phase which is solid at this point. This originates a closed cell

sponge structure.

However, both pathway I and II do not originate the structure desirable for mem-

brane manufacture. In order to achieve good performances for gas separation it

is necessary to obtain a structure containing a non-porous active layer with a

porous support underneath.

For an asymmetric membrane to have ideal gas separation features, some require-

ments must be met [81]:

• The membrane surface (active layer) should be defect free in order to so-

lution diffusion to be the only present transport mechanism in order to

achieve the best selectivity;

• To achieve high fluxes, the active layer should be as thin as possible;

• The substructure should be porous in order to avoid any gas transport

resistance, working only as a support for the membrane.

All these requisites make the production of asymmetric membranes a challenge.

Two different fabrication processes were proposed in the literature in order to

obtained membranes with non-porous skins. Smolders [14] and his co-workers

at the University of Twente (Netherlands) proposed a mechanism called delayed

demixing and Pinnau and Koros [81] and his co-workers at the University of

Texas a nodule coalescence and growth mechanism (also known by forced convec-

tion spinning). These two mechanisms are represented in Figure 1.15 in terms of

ternary diagram concentration pathway starting from point 1.

34



Chapter 1. Background

Figure 1.15: Schematics of the two different compositions change pathways
that lead to the formation of asymmetric membranes.

• Coagulation path III: Delayed Demixing - Accordingly with this mecha-

nism, starting from point 1, the mixture of solvent and non-solvent in the

coagulation bath should be such that the pathway of precipitation as the

fibre is passing through the bath is the one indicated with the arrows, along

the polymer rich line. This path will generate an appreciable polymer rich

phase and an infinitesimal amount of polymer lean phase. In practice, it

will exist only one phase and pores will not be form since these are a conse-

quence of the existence of a polymer lean phase. If the residence time in the

bath is sufficiently high, by the end of the process point c will be reached.

This point will represent such a high level of polymer that hopefully the

vitrification point will be exceeded. If this point is reached, mechanical

stability is achieved and the fibre is solid and fully formed, at least as far

as the skin is concerned.

Figure 1.16 shows the correspondence between the different stages (a, b,

and c) and the position in the coagulation bath for a hollow fibre mem-

brane.
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Figure 1.16: Correspondence between the solution concentration change po-
sition in Figure 1.15 and the position of the fibre in the coagulation bath.

• Coagulation path IV: Nodule Coalescence and Growth/Forced Convection

Spinning - This method of membrane formation is called dry/wet process.

In the first part of the process, the membrane passes through a forced

convection dry gap and nitrogen gas is blasted into the membrane in order

to evaporate the solvent from the polymer solution. During this forced

convection dry gap, the pathway for precipitation can be represented by

arrow IV. As this falls into the unstable region, the phase separation is very

quick and spinodal decomposition is achieved. In this situation appreciable

amounts of both polymer rich and polymer lean phase are present [82]. This

will lead to a material where the two phases are continuous with a nodular

structure composed by polymer rich phase with the polymer lean phase

inter dispersed in it [83, 84].

Figure 1.17 shows examples of structures formed by nucleation and grow

and spinodal mechanisms.

Figure 1.17: Example of structures obtained by nucleation and growth (left)
and spinodal decomposition (right). [85]

36



Chapter 1. Background

Work published by Kesting [86] in 1973 suggested the existence of a co-

alescence of nodular structures as having a big contribution in membrane

formation. Accordingly to Cahn [82], there is a periodicity in the char-

acteristic lengths between these nodules. The mechanism for this process

was later proposed by Pinnau and Koros [81] based on work done by Brown

[87]. Brown studied film formation of emulsions containing water and latex.

During the drying step he proposes that the film formation is due to capil-

lary pressures. Ignoring the other forces present, if these capillary pressures

(FC) are bigger than the resistance of the polymer to deform (FG), a dense

film should be formed, Equation 1.5 [87].

FC > FG (1.5)

Each one of the forces can be described as follows, Equation 1.6 and 1.7 [87].

FC = 12.9

(
α

r

)
×A (1.6)

FG = 0.37× 0.37Gt ×A (1.7)

In the equations above Gt corresponds to the shear modulus, α to the surface

tension, A to the sphere area and r to its radius.

For the film formation to be favourable to happen, a condition based on the shear

modulus can be established, 1.8 [87].

Gt < 35×
(
α

r

)
(1.8)
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As the shear modulus is used as condition for the film formation, and its value de-

pends on the conditions, a wide range of polymers can be used for film formation

if the right conditions are achieved. One of the parameters that influences the

shear modulus is the temperature and this effect will be studied for quaternary

PVC solutions later in this work. Making a comparison of this mechanism with

a two-phase system resulting from a spinodal decomposition, the polymer rich

phase will form nodules and the polymer lean phase will cause capillary pressure,

Figure 1.18.

Figure 1.18: Schematics representing the forces resulting from a polymer lean
phase dispersed in a nodular polymer rich phase. Adapted from [87].

Assuming that the vitrification point is not reached yet, the nodules are still

”soft” and, if the capillary pressures are high enough the nodules will be drawn

together, coalesce and form a non-porous active layer. If this mechanism happens

in the first few angstroms, there will be a chance to produce a decent active layer

that allows gas separation to occur.

The transition from a rubbery state to a glassy state (that happens at the glass

transition temperature, Tg) is usually achieved by changes in the temperature

of the system. There are some conditions that can have influence on the Tg of

a substance such as the heating rate and the molecular weight. For most of

the polymers there is an increase in the glass transition temperature with the

increasing in the molecular weight [88]. In 1950, Fox and Flory [89] developed an

expression that relates the glass transition with the molecular weight, Equation

1.9. Tg,∞ corresponds to the glass transition temperature at infinite molecular
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weight and Kfv is a constant related with the free volume present in the polymer

sample.

Tg = Tg,∞ +

(
Kfv

Mn

)
(1.9)

Studies made by some authors showed that a polymer solution achieves the glassy

state if its polymer content is greater than 70% (v/v) [90, 91]. This shows that,

by varying the concentration of polymer in the solution, the glassy state can be

achieved. When the glassy state is reached the polymer molecules lose mobility

with only vibrational and short range rotational motions being present. This will

also lead to a lower specific volume of the polymer, reducing the space between

the polymer molecules, Figure 1.19.

Figure 1.19: Schematics representing the glass transition temperature, the
change in the specific volume and the chain segment status in the glassy and

rubbery state. Adapted from [92].

In order for the glassy state to be achieved, the transition should be quick. This

phenomena can be useful in membrane fabrication because any orientation that is

achieved during a spinning/extrusion process can then be locked when the system
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reaches the glassy state. The reduction in the specific volume can also benefit the

separation since it will lead to a less porous structure. However, for a polymeric

solution with 70% (v/v) of polymer concentration, and therefore in the glassy

state, the shear modulus can vary from 100-1000MPa [81]. As can be seen by

Equation 1.8, the nodule radius pays an important role to determine whether the

conditions to film formation are met or not. Taking into account the particle size

distribution in the polymer solution that allow the production of dense layers

with adequate thickness for gas separation and the surface tension of organic

solvents in polymer solutions, a range of shear modulus can be determined - from

7-70MPa - which is much smaller than the shear modulus obtained for the glassy

state [1].

Compiling the information above, in order for a structure to be formed according

to the coalescence and growth mechanism, the size of the nodules should be small

enough in order to overcome the capillary forces and to deform the nodule. For

this to happen, the spinodal decomposition should be such that the tie-line does

not touch the vitrification area. Following these conditions it will be possible to

obtain a dense layer formed by coalescence and growth of the polymer nodules

that will seal the structure and the underneath layer will stay open since no

capillary pressure is present any more, forming a porous structure.

1.4.3 Prediction of Polymer Ternary Diagrams

In order to produce membranes using the dry/wet methods, a polymer solution

consisting of at least three components needs to be prepared. These components

are the polymer, a solvent and a non-solvent. However, in some cases an ad-

ditional solvent with high volatility can be added leading to ”pseudo-ternary”

diagrams where both solvents are plotted together. The addition of this solvent

has the purpose of shift the composition position in the ternary diagram in the

dry gap. In the dry gap, forced convection happens and the high volatile solvent

is evaporated from the membrane surface, making the composition position in

the diagram to change in the direction of the polymer/non-solvent axis (pathway
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IV in Figure 1.15).

The structure of an asymmetric membrane is dependent on the thermodynam-

ics and kinetics of the liquid-liquid phase separation [93]. In order to under-

stand these mechanisms, it is important to have access to the ternary diagram

(polymer/solvent/non-solvent) of the mixture that is being studied. This will

allow to define the phase separation conditions in order to achieve the desired

membrane structure, as discussed previously.

A ternary diagram gives information about the position of the binodal and the

spinodal curves. When the phase separation occurs via binodal decomposition

(by nucleation and growth) and the solution is divided in two accordingly with

the tie-lines, these two solutions are in equilibrium and have the same chemical

potential [80]. For a binary system, if the Gibbs free energy is plotted against

the mole fraction of one of the species, a minimum is achieved, related with the

binodal decomposition. Inflection points can be observed and correspond to the

spinodal decomposition. For ternary systems the approach is not that simple and

different mathematical models can be applied in order to build the phase dia-

grams and understand the thermodynamic and the kinetics of the system. The

most common model used in the literature is the Flory-Huggins Model that will

be discussed in the next section.

1.4.3.1 Flory-Huggins Model

The Flory-Huggins model is commonly used to predict ternary phase diagrams

and is based in a lattice model to describe the entropy of mixing of a polymer

solution [14]. In the literature, many references can be found in which this model

is used to predict polymer ternary phase diagrams [94–98].

Different quaternary systems were already studied comprising various combina-

tions of components - a system composed by a non-solvent, two solvents and a

polymer [99] and a system composed by three polymers and one solvent [100]. In

1998, Kools [101] studied a quaternary system formed by a polymer and three

other components with low molecular weight using the Flory-Huggins approach.

In the Flory-Huggins approach, the Gibbs free energy is related with the volume
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fractions of each component and also considers the interactions between each pair

in the system [20, 102, 103]. For a given system, the location and extent of the

binodal and spinodal regions are depending on these parameters as follows [15]:

• Polymer/non-solvent interaction: Dictates the extent of the liquid-liquid

demixing region. The bigger is this interaction parameter, the higher (in

terms of polymer concentration) is the point at which the boundary crosses

the polymer/non-solvent axis;

• Polymer/solvent interaction: Dictates the magnitude of the liquid-liquid

demixing region. The bigger the affinity between this pair, the smaller is

these magnitude.

• Solvent/non-solvent interaction: High affinity will increase the magnitude

of the liquid-liquid demixing region.

Parameters such as molar volumes, molecular weight and molecular weigh distri-

butions have a really low impact in the phase diagram structure when compared

with the interaction between the different species present in the mixture.

For a quaternary system the variation in the enthalpy of mixing (∆Gm) can be

presented as follows, Equation 1.10 [101].

∆Gm
RT

= n1 lnφ1 + n2 lnφ2 + n3 lnφ3 + n4 lnφ4 + n1 lnφ2g12 + n1 lnφ3g13+

n1 lnφ4g14 + n2 lnφ3g23 + n2 lnφ4g24 + n3 lnφ4g34
(1.10)

R represents the gas constant and T the temperature. The subscript numbers

refers to each one of the four components in the mixture, ni to the number of

moles and φi to the volume fraction of the component i. The parameter gij is
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the concentration-dependent interaction parameter between the pairs of species

present in the solution. Although this equation represents a quaternary system,

these binary interaction parameters were referred in the literature as a success to

describe these type of systems [104–107].

To calculate the chemical potential, the expression for the Gibbs free energy

should be derived with respect to the molar fraction of each component, Equation

1.11 [101].

µi =

(
δGm
δni

)
T,P,nj 6=i

(1.11)

To simplify the appearance of the formula, the ratio between the different molar

volumes Vi is expressed in the variables s, r and t.

For simplification, the ratios between the different molar volumes (V̄ ) and volume

fractions are defined by the variables s, r, t, ui, νi and wi, defined as follows,

Equation 1.12, 1.13, 1.14, 1.15 1.16 and 1.17 [101].

s =
V̄1
V̄2

(1.12)

r =
V̄1
V̄3

(1.13)

t =
V̄1
V̄4

(1.14)

ui =
φi

φi + φ1
(1.15)
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νi =
φi

φi + φ2
(1.16)

wi =
φi

φi + φ3
(1.17)

Using this equation, the chemical potentials for each one of the species can be

derived, Equation 1.18, 1.19, 1.20 and 1.21 [101].

∆µ1
RT

= lnφ1 − sφ2 − rφ3 − tφ4 + (1 + φ2g12 + φ3g13 + φ4g14)(1− φ1)

− sg23φ2φ3 − sg24φ2φ4 − rg34φ3φ4 − φ2u2(1− u2)
(
δg12
δµ2

)
−

φ3µ3(1− µ3)
(
δg23
δu3

)
− φ4u4(1− u4)

(
δg24
δν4

) (1.18)

s∆u2
RT

= lnφ2 − φ1 − rφ3 − tφ4 + (s+ φ1g12 + sφ3g23 + sφ4g24)(1− φ2)

− g13φ1φ3 − g14φ1φ4 − rg34φ3φ4 + φ1u2(1− u2)
(
δg12
δu2

)
−

sφ3ν3(1− ν3)
(
δg23
δν3

)
− sφ4ν4(1− ν4)

(
δg24
δν4

) (1.19)

r∆µ3
RT

= lnφ3 − φ1 − sφ2 − tφ4 + (r + φ1g13 + sφ2g23 + rφ4g34)(1− φ3)

− g12φ1φ2 − g14φ1φ4 − rg24φ2φ4 + φ1u3(1− u3)
(
δg13
δu3

)
+

sφ2ν3(1− ν3)
(
δg23
δν3

)
− rφ4w4(1− w4)

(
δg34
δw4

) (1.20)
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t∆µ4
RT

= lnφ4 − φ1 − sφ2 − rφ3 + (t+ φ1g14 + sφ2g24 + rφ3g34)(1− φ4)

− g12φ1φ2 − g13φ1φ3 − sg23φ2φ3 + φ1u4(1− u4)
(
δg14
δu4

)
+

sφ2ν4(1− ν4)
(
δg24
δν4

)
− rφ3w4(1− w4)

(
δg34
δw4

) (1.21)

∆µi corresponds to the difference between the chemical potential of a component

i in the mixture and in the pure state. For two phases, a and b, in a liquid-liquid

equilibrium, for a component i, Equation 1.22 is verified.

∆µi,a = ∆µi,b (1.22)

Using all the equations above it is possible to obtain the binodal boundary and

the tie-lines for a quaternary system. To obtain the spinodal curve, the second

derivative of the Gibbs free energy in relation to the volume fraction of the com-

ponent is used, in a similar way of what was done to calculate the binodal curve.

The drawback of using the Flory-Huggins model is difficulty in obtaining the in-

teraction parameters that must be polymer concentration dependent in order to

achieve a model that correlates the experimental data with accuracy. Depending

on the system being studied, it may be possible to find the binary interaction

parameters in the literature. In the case of these parameters not being already

determined, they can be estimated using group contribution theory or experi-

mentally.

Table 1.6 shows some experimental techniques that can be used to determine this

parameters.
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Table 1.6: Experimental techniques to determine interaction parameters.

Interaction Parameter Technique Reference

Polymer/Solvent
Swelling Measurements,

Intrinsic Viscosities
[108–110]

Solvent/non-solvent Activity data [107]

Polymer/non-solvent
Light Scattering,

Osmometry
[111, 112]

1.5 Rheology of Polymer Solutions

1.5.1 Importance of Rheology in Membrane Spinning

During the spinning process, due to the passage of the solution through the spin-

neret, the polymer experiences high shear rates. Due to the experimental condi-

tions experienced during the spinning, the shear rates at the outer wall within

the spinneret can achieve thousands of reciprocal seconds [113]. Also, after the

spinneret, the new produced fibre experiences an elongation process due to the

gravitational force. However, this effect can be negligible if the jet-stretch is equal

to one (velocity of extrusion is equal to the velocity of the wind-up drum) [114].

These two phenomenons will have a role in the final conformation of the polymer

chains, as can be seen in Figure 1.20.
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Figure 1.20: Schematic representation of the conformation changes of polymer
chains induced by elongation and shear rate. Adapted from [58].

The effect of these two parameters, shear and elongation, was already shown to be

important to the performance of polysulfone hollow fibre membranes [71, 113].

It is suggested that the performance of these membranes are related with the

orientation of the polymer molecules in the membrane active layer and this is

supported by plane-polarized infra-red spectroscopy measurements [115, 116]. For

the polysulfone membranes prepared, it was observed that an increasing in the

membrane dope extrusion rate (and consequently, in the shear rate) resulted in

selectivities above the polymer intrinsic selectivity [116, 117].

Before membranologists start giving attention to this subject, Wolf [118, 119]

had already published studies about the effect of shear in the phase separation

properties of polymer blends and solutions. In his studies, the author finds that

the introduction of shear in a polymer solution can change the phase diagram

and alter the phase separation thermodynamic properties of the system.

When working with polymer solutions with shear thinning behaviour (viscosity

decreases with the shear rate) it is expected that the molecular orientation is

enhanced by increasing the shear rate. Also, it is expected that this orientation

(or alignment) happens in the flow direction [120]. Ferry [121] explains this
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phenomena using the viscoelastic theory, where the alignment is achieved by

stretching the polymer chains between entanglement junctions.

When performing membrane spinning, the higher shear rates are located in the

spinneret wall and increase with the dope extrusion rate. This suggests that the

polymer molecules in the membrane surface became aligned and this orientation

is ”locked” in the forced convection chamber where the polymer precipitates and

the membrane skin is formed. This happens if the polymer relaxation time is

greater than the residence time in the chamber.

1.5.2 Concepts of Polymer Solution Rheology

Rheology is described as the science that studies the deformation and flow of a

material under applied forces and is usually measured using a rheometer [122].

This measurements can be applicable to all different kind of materials - concen-

trated and diluted solutions, semi-solids, melts, solids, etc [123].

For some materials, depending on the application, the study of rheological fea-

tures is important in all stages - from formulation to final product performance.

Most of the materials can present complex rheological behaviours depending on

the conditions applied - stress, strain, time scale and temperature. Shear stress

(σ), shear rate (γ̇) and viscosity (η) are the main concepts for a first understand-

ing of rheology aspects. Shear stress corresponds to the force applied per unit of

area, shear rate to the change in velocity per distance and, finally, viscosity is the

resistance of a material to flow [124]. Figure 1.21 illustrates these basic concepts.

Figure 1.21: Example of layers of a fluid sliding over one another under an
applied force.
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Shear flow can be compared with layers of fluid sliding over each other under an

applied force. The applied force is defined as the force F that is applied on the

area A - shear stress (σ). This force will originate a gradient of velocity - shear

rate (γ̇) - over the fluid where the top layer moves faster while the bottom layer

as zero velocity. The displacement obtained due to the shear stress - shear strain

(γ) - is equal to X/L.

If a shear stress is applied to a fluid, energy is transferred to the top layer being

after transported through the layers by collisions and interactions. This process

will reduce the fluid velocity and kinetic energy. Viscosity is the quantitative

measurement of the internal fluid friction related with the loss of kinetic energy

in the system and is defined as the quotient between shear stress and shear rate,

Equation 1.23 [124].

η =
σ

γ̇
(1.23)

Fluids can be classified in two big groups concerning its rheology features - New-

tonian and non-Newtonian fluids. The first group corresponds to a fluid which

viscosity is independent of the shear rate and the latter to one which viscosity

is dependent of the shear rate, for a given temperature. Polymeric solutions are

known as non-Newtonian fluids so a big emphasis will be give to this class of

materials in this work [125].

In the non-Newtonian group, four different rheological behaviours can be ob-

served Figure 1.22.

49



Chapter 1. Background

Figure 1.22: Flow curves of materials with different rheological features.
Adapted from [122].

If the viscosity of a fluid increases with the shear rate the material is called dila-

tant (shear thickening), contrasting with a fluid in which the viscosity decreases

with the shear rate - a pseudo-plastic material (shear thinning). In shear thinning

materials, when a material is subjected to sufficient high shear rates particles can

rearrange. Polymers can stretch out and align, droplets can organize and deform

and elongated particles may align with the flow. All these rearrangements will

originate a decrease in the interactions between the molecules and will increase

the free space between the particles resulting in a decrease in the viscosity. The

three examples described before can be seen in Figure 1.23.
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Figure 1.23: Example on how different structures may respond to shear. a)
polymer chains may disentangle and stretch; b) emulsion droplets can organize

and deform; c) elongating particles may align with the flow.

Shear thickening materials are less common in industrial applications. The in-

crease in the viscosity with the increase in shear rate is present in colloids where

particles are suspended in a liquid. Initial, at lower shear rates, due to repellent

forces between the molecules, they float in the liquid without aggregating. If the

shear rates are low this materials can exhibit shear thinning behaviour. However,

at a critical shear rate, the energy put into the sample by shear will be enough to

counteract the initial repellent forces and the molecules start to stick and form

hydro clusters. All this process will conduct to a material with high viscosity

[126, 127].

The fluids following Bingham model will show a linear relationship between shear

stress and shear rate (like in a Newtonian fluid) with the difference that this only

happens after an initial shear stress threshold has been reached. Lastly, in a

plastic material, also a initial yield stress required for flow to happen but the

relationship between shear stress and shear rate is not linear [128].

If the time element is added another type of fluids can be considered. In these

materials the viscosity changes over time under constant shear rate - a phenom-

ena called thixotropy [129]. Thixotropy can occur in combination with the flow

behaviours described before. This new variable (time) can have different effects

on a material under constant shear - some fluids can achieve the final viscosity in

seconds while other may take days.

Flow rheology tests are used to determine the general flow behaviour of a sample.
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In these experiments, viscosity is measured against shear rate. When the results

are plotted (viscosity vs. shear rate) a flow curve is obtained. Usually the axes

appear in logarithmic scale to facilitated the analysis. In a flow test it is possible

to identify the behaviour of a material at slow motions (low shear rates) and at

fast motions (high shear rates). If a material under shear is used in a specific

application where a particular viscosity is needed, these experiments become very

important.

To better understand the results, different models can be fitted to the experimen-

tal data accordingly with the behaviour observed. For shear thinning materials

(as the solutions studied in this work), the most common models are the Cross

model, Power Law model and Sisko model [130]. In Figure 1.24, an example of

a flow curve can be observed as well as the ranges of applicability of the three

different models mentioned above.

Figure 1.24: Example of a flow curve and the range of applicability of the
Cross model, Power Law model and Sisko model [130].

These three models are described by the following equations [122]:

Cross Model
η − η0
η0 − η∞

=
1

1 + (Kcγ̇)m
(1.24)

Power Law Model η = kpγ̇
n (1.25)
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Sisko Model η = Kcγ̇
n + η∞γ̇ (1.26)

η0 corresponds to the shear viscosity; η∞ to the infinite shear viscosity; Kc is the

Cross constant that accounts for the onset of shear thinning behaviour; m is the

shear thinning index (ranges from 0 (Newtonian) to 1 (infinitely shear thinning);

n is the power law index and is equal to 1-m and relates with the extent of New-

tonian behaviour (the more n is close to 1, the more Newtonian is the response);

kp represents the consistency index, numerically equal to the viscosity at a shear

rate of 1 s-1.

In 1996, Shilton developed a methodology to simulate the flow profile in a spin-

neret during the extrusion of hollow fibre membranes [115]. This model was built

considering a power law fluid passing though a concentric annulus. Using this

model it is possible to predict the velocity, shear rate and shear stress profiles. It

is well known that the flow conditions affect the properties of hollow fibre mem-

branes due to their direct relation with molecular orientation [115].

Using the appropriate boundary conditions, the shear stress (σ) profile in a con-

centric annulus is given by Equation 1.27.

σ =
1

2

(
dPd

dZ
− ρg

)
+

(
r − r20

r

)
(1.27)

r corresponds to the annulus radius, Pd to the pressure drop, Z to the distance,

ρ to the density, g to the gravity force.

The shear rate (γ̇) profile is given by Equation 1.28.

γ̇ = dUz =

(
1

2kp

(
dPd

dZ
− ρg

)(
r − r20

r

)) 1

ndr (1.28)
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kp corresponds to the power law fluid constant and n to the power law index.

Finally, the velocity profile (uz) is given by Equation 1.29.

uz =
Uz
K2

(1.29)

with,

K2 = R2

(
R2

2kp

(
ρg − dPd

dZ

)) 1

n (1.30)

R2 corresponds to the outer radius of the spinneret.

Shilton wrote a computer program to calculate these profiles that is available

on request. The inputs needed are the spinneret dimensions (inner radius, outer

radius and spinneret length), power law index, power law constant, dope extrusion

rate and density.

1.5.2.1 Viscoelasticity

Each time a structured fluid is subjected to an applied force and its equilibrium

state is perturbed the material responds in order to recover the initial state, as

energy is stored in the structure during this process. This response is what is

often called an elastic response [122].

Due to energy dissipation, viscous forces are also present. When this two forces

are present, a material is referred as viscoelastic. Some examples of viscoelastic

materials are polymer melts and polymer solutions [121]. Normal stresses are the

forces generated when the material tries to counter the imposed stresses [131].

Viscoelasticity can be linear or non-linear depending if the stress and strain have

a linear or non-linear relationship between each other. Also, for a material to
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have such ”ideal” behaviour, this relationship must be true at any given time.

In the majority of viscoelastic materials, the time is an important factor as it has a

significant impact in their flow features. In 1964, Reiner [132] introduced another

important concept in rheology - the dimensionless Deborah number, defined as

the ration between relaxation time and observation time. There is a relationship

between the time scale and the rheological features of a material. According to

the author, ”the greater the Deborah number, the more solid the material; the

smaller the the Deborah number, the more fluid it is”. The explanation behind

this quote is related with the fact that if the experiment time scale is inferior

to the relaxation time, elastic features will be predominant. However, if the

experiment time scale is bigger, the elastic domains will have sufficient time to

relax making viscous features to predominate. This suggests that all materials

will flow if sufficient time is given (glass is a good example of a material with a

large Deborah number) [132].

1.5.2.1.1 Oscillatory Rheology

Oscillatory rheology becomes very important when testing materials that have

the ability to experience macro or micro structural rearrangements as function

of time that will have influence on their rheological properties. This type of

experiments will allow to understand how the material changes over time. In an

oscillatory experiment, a sinusoidal shear or stress is introduced in the sample

and the stress or strain response is recorded. Usually this test is made over a

range of oscillation frequencies (ω) and this is what determines the time scale

of the deformation (as the frequency corresponds to the inverse of time). Short

times are represented by high frequencies and long times by small frequencies.

In the case that a specific strain is applied and the stress is measured:

• For an ideal elastic solid, the stress response is in phase with the sinusoidal

strain applied. In this case, the stress will be proportional to the imposed

strain with a proportional constant that corresponds to the shear modulus

of the sample.
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• For a purely viscous material, the stress response is out of phase (with a

phase angle of π/2). In this case, the stress is proportional to the applied

strain rate with viscosity being the proportional constant.

• If a material has both elastic and viscous features, a mix of the previous

two responses will be obtained, and the material is said to be viscoelastic.

Figure 1.25 shows the relation between stress and strain for a purely elastic,

purely viscous and a viscoelastic material and the values of the phase angle (δ)

for each case.

Figure 1.25: Relation between stress and strain for a purely elastic, purely
viscous and a viscoelastic material (δ=phase angle).

It is the phase difference between the strain and the stress waves that allows the

measurement of viscous and elastic characteristics of the material. For a purely

elastic material δ=0, for a purely viscous δ=90o and for a viscoelastic material

0<δ<90o. A phase angle of 45o represents the boundary between liquid like and

solid like features.

The complex modulus G* is given by Equation 1.31 and measures the resistance

of a material to deformation [133].

G∗ =
σmax
γmax

(1.31)
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In an oscillatory experiment, a material that exhibits viscoelastic features can be

characterised by two parameters - the storage modulus (G’ ) and the loss modulus

(G”). G’, the storage modulus, accounts for the elastic solid like behaviour and

the loss modulus for the viscous response. G* can be expressed by these two

parameters according to Equation 1.32. For polymer systems, the phase angle

can be given by the loss tangent (tan δ) that is given by G”/G’.

G∗ =
2
√
G′2 +G′′2 (1.32)

The storage modulus characterizes the solid behaviour of a material while the

loss modulus characterizes the fluid-like behaviour. If a sinusoidal strain, given

by Equation 1.33, is imposed to a viscoelastic material, the stress response will

be defined by Equation 1.34 (where ω represents the frequency) [133].

γ(t) = γ̇× sin(ωt) (1.33)

σ(t) = γ0
[
G′(ω) sin(ωt) +G′′(ω) cos(ωt)

]
(1.34)

In order to characterize the solid or fluid features of the material, G’ and G” are

measured at different frequencies that will reproduce short and long time scales

behaviour. These frequency dependent experiments are made at constant applied

strain. To decide with strain rate should be used an amplitude strain test is per-

formed, with G’ and G” recorded against the strain rate. As showed in Figure

1.26, until a critical strain is reached, G’ and G” are independent of the strain

and, beyond this point, the material will behave in a non-linear fashion.

The idea is to perform the oscillatory tests in the Linear ViscoElastic Region

(LVER) ) where the micro-structure of the material remains intact. Even if the
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Figure 1.26: Example of a typical graph for a viscoelastic material showing
the critical strain that separates the LVER from the non-LVER.

material shows a big strain rate range where the behaviour is linear, usually

small strain rates deformations are generally used to guarantee that the material

properties are not affected by the experiment.

The relaxation time can also be obtained from oscillatory experiments (frequency

sweeps) and corresponds to the inverse of the frequency at which G’ and G”

crosses in the transition to flow region. Another way to look at this parameter is

by using the definition of the Deborah number (De), Equation 1.35.

De =
Relaxation Time

Test Time Scale
(1.35)

At the crossover G’ = G”, the Deborah number is equal to 1 and the relaxation

time is equal to the test time. This means the relaxation time is equal to 1/ω at

the crossover.
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1.5.2.1.2 Mechanical Models to Describe Viscoelastic Materials

As discussed before, a viscoelastic material combines viscous (liquid) and elastic

(solid) behaviours. Due to this dual behaviour the mechanical models have to

take this into account. The elastic behaviour is commonly described as a spring

that, when subjected to a force (or deformation), will leave its equilibrium state.

To counteract this, the spring will create an elastic force that tries to return the

structure to its initial state of minimum energy. Obeying to Hooke’s law, the

spring represents a linear elastic solid where the stress that is applied is propor-

tional to the deformation of the material [134]. If the yield stress is not exceeded

the material will recover to its initial conformation. On the other hand, if the

yield stress is exceeded a permanent deformation will be in place. The elastic

modulus (G) corresponds to the quotient between the stress and the deforma-

tion. Figure 1.27 shows a spring and its behaviour when a force is applied.

Figure 1.27: Illustration of a spring and its behaviour when a force (F) is
applied. X represents de displacement.

The strain is given by Equation 1.36.

γ =
σ

G
(1.36)

G will give an idea about how stiff or how resistant is the material to a defor-

mation. The higher the elastic modulus, the stiffer is the material. In the case

of a purely viscous material, its representation corresponds to a dashpot obeying

to Newton’s law [134]. A dashpot is defined as a mechanical device containing a
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plunger that moves through a viscous fluid. When a viscous material represented

by a dashpot is subjected to a stress the device starts to deform at a constant

rate (strain rate) until the force is removed. Figure 1.28 shows a dashpot and its

behaviour when a force is applied.

Figure 1.28: Illustration of a dashpot and its behaviour when a force (F) is
applied. X represents de displacement.

For a viscous material the strain is given by Equation 1.37.

γ =
σt

η
(1.37)

When a material presents the two features described before (elastic and viscous

behaviours), they both must be combined in order to describe the viscoelastic

behaviour. The most simple model consist in connect a spring and a dashpot

in series and its called Maxwell model. If the same combination is made but in

parallel, the Kelvin-Voigt model is obtained [122]. Figure 1.29 illustrate these

two models.
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Figure 1.29: Illustration of the Maxwell model (left) and the Kelvin-Voigt
model (right) as a combination of a spring a dashpot.

If a stress is applied to a material described by the Maxwell model, at short times

the response will be essentially elastic (governed by the elastic modulus G) while

at long times viscous features will be predominant (governed by viscosity η). In

the Maxwell model the total strain is given by the sum of the strain of each

individual elements, Equation 1.38.

γ = σ

(
1

G
+
t

η

)
(1.38)

In a Kelvin-Voigt model the stress will take time to develop due to the dashpot

that retards the response of the spring. In this case the material behaves as a

viscous liquid initially and at longer times as an elastic solid. The transitions

between these two behaviours is dependent on the retardation time (λ) and is

give by the quotient between the viscosity (η) and the elastic modulus (G). The

retardation time is defined as the time needed for the strain to reach approxi-

mately 63% of its final value [122]. In the Kelvin-Voigt model the total strain is

given by Equation 1.39.

γ =
σ

G

(
1− e

−t
λ

)
(1.39)

Generally, to describe real systems a combination of the two models described
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above is frequently used. This combination is named Burgers model and is com-

posed by the Maxwell and Kelvin-Voigt models connected in series, Figure 1.30.

Figure 1.30: Illustration of the Burgers model.

In the Burgers model the strain is described by Equation 1.40.

γ = σ

(
1

G1
+

1

G2

(
1− e

−t
λ

)
+

t

η2

)
(1.40)

1.5.2.1.3 Creep and Recovery Tests

Creep and recovery tests are another way to study viscoelastic properties of a

material. In a creep and recovery test where a constant stress is used and the

strain is recorded, the obtained response is usually measured in terms of creep

compliance (J(t)). J(t) corresponds to the quotient between obtained strain at

each point and the constant applied stress (inverse of the elastic modulus - Equa-

tion 1.36). In Figure 1.31, a typical response of a viscoelastic material following

the Burgers model is shown.
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Figure 1.31: a) Stress curve; b)Typical response of a viscoelastic material to
a creep and recovery test. Adapted from [122].

As described before, in these experiments the sample is subjected to a constant

applied stress and the compliance response is recorded. In a typical test the

material will show a instantaneous elastic response after which the strain will

increase over time (delayed elastic response) and finally a steady state viscous

response. This part of the experiment is known as creep. In the second part

of the experiment, the load is removed and the compliance of the material is

recorded. Upon load removal, some of the strain will recover being the elastic

strain recovered immediately. After this point more strain will be recovered over

time and is often called delayed elastic recovery. In some materials, a permanent

strain (deformation) can be identified.

In some cases multiple Kelvin-Voigt elements can be added in series to better fit

the experimental results. This will result in the addition of more terms to the

creep equation as described by Equation 1.41.
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J(t) =
1

G1
+

1

G2

(
1− e

−t
λ2

)
+

1

G3

(
1− e

−t
λ3

)
+ ...+

t

η2
(1.41)

All the equations presented before were developed to fit experimental results for

the creep curve. However, in a creep and recovery test, also a curve showing how

the strain recovery, after the removal of the stress, is obtained. The equation

that describes the compliance for the recovery curve over time, according to the

Burgers model, is expressed in Equation 1.42.

Jr(t) =
tcr
η0

+
1

G1

(
1− e

−tcr
λ1

)
e

−t
λ1 +

1

G2

(
1− e

−tcr
λ2

)
e

−t
λ2 (1.42)

The models discussed above are mechanical models that treat the viscoelastic

materials as if they were composed by springs and dashpots. However, there is a

statistic model used in reliability engineering that is frequently used to describe

creep and recovery curves - Weibull model. This model, proposed by Fancey

[135] and based on the Weibull distribution that has no theoretical basis, allows

to predict time dependent and time independent strain using experimental re-

sults.

Considering that a material is composed by different latch elements, this model

was built using a function that allows to calculate the amount of elements that

will fail at a given time. The argument of failure behind the model can be adapted

to the creep and recovery experiments. The viscoelastic response is characterize

by latch elements that are dependent on the time and that can fail. Also, instead

of the mechanisms happening at once (continuously), this model proposes that

these are made in steps or jumps. This argument is supported by the similarity

in form between Weibull and the Kohlrausch-Williams-Watts (KWW) equation

being the latter connected with the Eyring’s potential energy barrier relationship

where motion of matter is associated with molecular jumps. Evidence of this is

the work carried out by Fancey [136] where stress relaxation curves are fitted

64



Chapter 1. Background

using Weibull and Eyring models with good correlations.

The author defends that characterizing a material with a small number of ele-

ments (springs and dashpots) will lead to low accuracy. These theory makes sense

in the way that it is more realistic to think about a material - a polymer solution

containing entanglements - composed by domains with different characteristics.

This would lead to a distribution in retardation times instead of having only one

(as it happens the case of Burgers model with 4 parameters). In Figure 1.32 is

possible to observe Fancey ’s representation of the Weibull model using springs

and dashpots to describe the recovery viscoelastic response.

Figure 1.32: a) All the present elements are extended; b) Only some elements
are able to recover the strain. [135]

The Weibull model is widely used in reliability engineering to predict the failure

of discrete elements. Accordingly with the model, the latches can only fail after

they were triggered. Looking into Figure 1.32 it is possible to see that in a) all
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the latches were triggered by the stress imposed; in b) two latches fail. Equation

1.43 and 1.44 represent equations used to quantify the strain response for creep

and recovery using the Weibull model [135].

εcreep = εi + εc

[
1− exp

(
−
(
t

sc

)βc)]
(1.43)

εi represents the instantaneous response, εc is the creep strain that takes into

account the cumulative number of activations with time, β is the shape parameter,

sc is the creep characteristic life.

εrecovery = εr

[
exp

(
−
(
t

sr

)βr)]
+ εf (1.44)

εr represents the viscoelastic strain recovery and εf the residual strain. In the

recovery curve, the parameter β is useful to understand if the distribution of

failure is increasing (β > 1), decreasing (β < 1) or is constant (β = 1, exponential

decay) with time.

1.5.3 Rheology of PVC Solutions

As discussed before, PVC is well known for forming gel structures while dissolved

in a solvent (or a mixture of solvents). A series of six papers were published be-

tween 1997 and 1998 with a detailed rheological study of gels constituted by PVC

and bis(2-ethylhexyl)phthalate (DOP). In these studies the influence of some pa-

rameters in the dynamic viscoelastic properties of PVC gels were investigated,

such as concentration and temperature [22–25, 137, 138].

The gel point is defined as the point in time at which a material changes from

liquid to solid through a process called gelation [139]. In a rheology test, the

gel point is defined as the critical point (temperature, concentration, time, etc.)

at which there is a crossover between the loss modulus and the storage modulus
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[25, 137]. The classical way to conduct these experiments is through changes in

temperature. Initially, it was thought that the temperature gel point would cor-

respond to the temperature point where G’ and G” cross for a given frequency.

However, later studies showed that this should be true for any frequency to allow

a correct gel point determination [140]. Following this, temperature sweep tests

should be designed at different frequencies and, to facilitate the analysis, when

plotting tan δ (tan δ = G”/G’ ) vs. temperature, a crossover should be identified

if a gel point is present. The same can be made in terms of concentration. Figure

1.33 shows an example of the gel point determined in terms of polymer concen-

tration and temperature for a systems composed by PVC and di-octyl phthalate

(DOP).

Figure 1.33: Frequency tests for a system comprising PVC and DOP. Left -
Loss tangent (tan δ) as function of concentration at various angular frequencies.
Right - Loss tangent (tan δ) as function of temperature at various angular

frequencies. Source: [25]

As showed, rheological experiments can be very useful to characterize polymer

systems and to determine the sol-gel concentration and temperature.

The gel point is relevant in the industry context since many materials such as

food, pharmaceuticals, adhesives or foams are usually close to their gel point

(liquids right before the gel point or solids just after it) [139].
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1.6 Designing of Experiments - Taguchi Method

In a multi parameter experiment, the objective is to change each one of the pa-

rameters and observe its influence in the property being studied. However, if each

one of parameters is studied independently a big number of experiments would

need to be performed. However, there are (statistical) models that can be used in

order to design experiments in an efficient way. These statistical models allow to

analyse the data in an efficient way to get objective conclusions. A correct Design

of Experiments (DOE) is very important and includes the detailed planning of

the experiments to carry out in the laboratory. A good design will optimize the

amount of data that can be collected for a given amount of experimental effort.

Taguchi made a big contribution by developing new methodologies in order to

optimize the design of experiments, often known as Taguchi Methods. Since 1960

the Taguchi Methods are used in Japan to improve quality. These methods are

classified as robust because they are ”engineering methodologies for improving

productivity during research and development so that high quality products can be

produced quickly and at low cost” [141]. Accordingly to the author’s philosophy,

the quality of a product should be taken into account before its production and

not after. He also believes that this quality is achieved by diminishing the devi-

ation from the final objective [142].

In membrane production, this method was already applied in different processes

such as vacuum membrane distillation [143], electrodialysis [144], filtration [145],

fuel cells [146–148], reverse osmosis [149, 150] and gas separation [1].

The Taguchi method is often used in experimental design and aggregates two com-

ponents - use of orthogonal arrays to build a matrix of experiments to perform

and a method to analyse the results obtained - making this method consistent

and with a reproducibility seldom found in other statistical methods [114]. In

Taguchi’s approach the parameters to study are named factors and the different

values for the parameters are named levels. After deciding the number of factors

and levels to be studied, the adequate orthogonal matrix can be selected, Table

1.7.
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Table 1.7: Taguchi method orthogonal matrix selector.

Factors
2 3 4 5

Levels

2 L4 L4 L8 L8
3 L9 L9 L9 L18
4 L16 L16 L16 L16
5 L25 L25 L25 L25

Each one of the matrices indicated in Table 1.7 will have a different set-up that

tells the user the combination between the factors and levels that should be

used in the experiments. The number associated with the matrix indicates the

number of experiments to be performed - a L9 orthogonal matrix will correspond

to 9 experiments.

After the experiments are performed, an analysis of the results can be made

using ANOVA (analysis of variance) that is a method that allows to analyse the

variance of the results with respect to the experimental parameters used and to

evaluate which have more influence in the results obtained. This analysis will be

touched in more detail in the results section. After Taguchi’s analysis an optimal

level for each factor is obtained. In the end of the analysis it will be possible

to identify the optimal conditions, to understand which parameters contribute

the most and in which extent and finally, what should be the results expected at

the optimal conditions. To confirm the method results a final experiment should

be done using the optimal conditions predicted in order to validate the method

[142].
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Phase Inversion Studies of

PVC Quaternary Solutions

2.1 Objectives

One of the processes to obtain asymmetric hollow fibre membranes is to create

the conditions so the phase separation follows a spinodal decomposition followed

by nodule coalescence and grow process [81]. This can be achieved by prepar-

ing membranes using the dry/wet phase inversion process, also known as forced

convection spinning. In the case of hollow fibre membranes preparation follow-

ing this method, a spinning solution is extruded through a spinneret and is then

passed inside a forced convection chamber where the fibre filament is contacted

with a gas (dry step) before is immersed in a coagulation bath (wet step). In

the dry step, the membrane defect free active layer is formed due to the rapid

evaporation of the most volatile solvent while, at the same time, the bore fluid

contacted the inner surface in order to form the fibre lumen. In the wet step,

while contacting with the non-solvent, the phase separation continues in order

to fully form the membrane structure [75]. As discussed previously, the knowl-

edge of the ternary diagram of a membrane forming system is very important in

order to understand which pathway the change in composition should follow to

71



Chapter 2. Phase Inversion Studies of PVC Quaternary Solutions

achieve the desired membrane morphology. However, these diagrams are not easy

to produce because they require concentration depended interaction parameters

between the species that are not experimentally ease to obtain.

In this section, three sets of eleven quaternary PVC solutions composed by PVC,

THF, DMAc and EtOH were prepared and studied in relation to their phase in-

version properties. The objective is to try to identify the position of each one of

the solutions studied in the ternary diagram in terms of miscibility to have an idea

of the localization of the binodal boundary, that separates the one phase region

from the two phase one, for this system. Having information about the position

of this curve is important since, in order to achieve a quick phase separation in

the dry step, it is necessary to start with a solution which composition is close to

the demixing zone.

2.2 Materials and Methods for Phase Inversion Stud-

ies

2.2.1 Materials

Poly(vinylchloride) (PVC) used is commercially available and was purchased from

Sigma Aldrich with an average Mw of approximately 43,000 (Mn ≈ 22.000).

N,N-Dimethylacetamide (DMAc) (purity ≥ 99.9% w/w, CHROMA SOLV Plus

for HPLC), tetrahydrofuran (THF) (purity ≥ 99.9% w/w, CHROMA SOLV Plus

for HPLC) and ethanol (EtOH) (purity ≥ 99.5% w/w, Absolut for HPLC) were

purchased from Sigma-Aldrich.

2.2.2 Solutions Preparation Method for Phase Inversion Studies

In order to investigate the phase inversion process in quaternary solutions com-

posed by PVC, THF, DMAc and EtOH, three sets of eleven solutions with differ-

ent compositions were prepared. It is conventional to map polymer solutions in a
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ternary diagram. However, when there are four components present, two of them

need to be plotted together. When the system is composed by one polymer, one

non-solvent and two solvents, is it common to lump the two solvents together.

Because of this, is was decided to prepare solutions with different ratios between

the two solvents in order to understand the effect of this parameter in the misci-

bility properties of the system.

The different ratios of THF/DMAc considered can be seen in Table 2.1.

Table 2.1: Ratios of THF/DMAc used in each set of solutions prepared.

Set THF/DMAc (%w/w)

A 12%

B 7.7%

C 16.7%

For each one of the sets, eleven quaternary solutions were prepared. The PVC

solutions compositions studied in this work were chosen based on work already

done by Jones [1] that prepared PVC hollow fibre membranes using the same

quaternary system. In his work, the concentration used was the composition

number 2 studied in this work. The idea was to choose solutions in the vicinity of

composition number 2 and study its phase inversion properties in order to iden-

tify compositions that might be located in the two phase region of the ternary

phase diagram. Also, different rates between the two solvents were considerer in

order to evaluate the impact of this parameter in the ternary diagram.

The representation of these compositions in a pseudo-ternary phase diagram,

where the solvents (THF and DMAc) are plotted together in the same axis, can

be seen in Figure 2.1. As it is only the proportion between THF/DMAc that

is varying (with the total amount of solvent kept constant), the position of the

compositions in the pseudo-ternary diagram will be identical for each one of the

sets, since it is the total amount of solvent that is plotted in the graph.
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Figure 2.1: PVC quaternary solutions compositions represented in a pseudo-
ternary diagram.

The quantitative representation of the solutions compositions for the different

sets can be seen in Table 2.2, 2.3 and 2.4.

Table 2.2: Composition of the quaternary polymer solutions prepared consid-
ering the THF/DMAc ratio equal to 12% (w/w) (set A).

Solution composition (%)

1 2 3 4 5 6 7 8 9 10 11

PVC 24 28 32 20 28 28 28 16 24 32 20

THF 6 6 6 7 6 5 5 6 6 6 6

DMAc 54 50 46 57 54 45 39 50 50 50 50

EtOH 16 16 16 16 12 22 28 28 20 12 24
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Table 2.3: Composition of the quaternary polymer solutions prepared consid-
ering the THF/DMAc ratio equal to 7.7% (w/w) (set B).

Solution composition (%)

1 2 3 4 5 6 7 8 9 10 11

PVC 24 28 32 20 28 28 28 16 24 32 20

THF 4 4 4 5 4 4 3 4 4 4 4

DMAc 56 52 48 59 56 46 41 52 52 52 52

EtOH 16 16 16 16 12 22 28 28 20 12 24

Table 2.4: Composition of the quaternary polymer solutions prepared consid-
ering the THF/DMAc ratio equal to 16.7% (w/w) (set C).

Solution composition (%)

1 2 3 4 5 6 7 8 9 10 11

PVC 24 28 32 20 28 28 28 16 24 32 20

THF 9 8 7 9 9 7 6 8 8 8 8

DMAc 51 48 45 55 51 43 38 48 48 48 48

EtOH 16 16 16 16 12 22 28 28 20 12 24

The solutions were prepared in a fume cupboard using 20 mL glass vials with

PTFE (polytetrafluoroethylene) lined caps to avoid solvent evaporation. The

first component added to the vial was the polymer, then DMAc, THF and finally

ethanol to minimise evaporation. The PVC was weighed in using a balance and

all the solvent additions were made in a fume cupboard using a micro pipette.

After the preparation all the vials were weighed in to register any solvent losses

over time.

A preliminary test was made in order to evaluate the time-temperature features

at which the solutions would start to degrade. These tests were made with the

three sets of solutions. The solutions were left at room temperature for 11 days

and, to achieve completely dissolved solutions, the vials were placed in the oven

with temperature increasing gradually until degradation was noticed and the tem-

perature and time recorded.

After this study, fresh solutions were prepared accordingly with the same prepa-

ration method described before and placed in the oven where the temperature

was increased gradually until a maximum of 69oC. Visual appreciations of the

solutions were made during the preparation in order to evaluate the dissolution
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of the components.

2.3 Results of the Phase Inversion Studies

In order to help and speed up the solutions preparation, high temperature need

to be used during the process to achieve homogeneity. However, it is known that

PVC can degrade with temperature through a dehydrochlorination reaction, Fig-

ure 2.2 [151].

Figure 2.2: Dehydrochlorination reaction of PVC [151].

To understand the temperature at which the quaternary would show signs of

degradation, the temperature was increased over time accordingly with the infor-

mation displayed at Figure 2.3.

After the preparation, the solutions were kept at room temperature for eleven

days. The reason not to use temperature right after the preparation was to avoid

degradation of the polymer that was still as a powder at this stage.

All the solutions were completely dissolved at around 58oC except the solutions

6 and 7 for all THF/DMAc ratios (6 solutions in total). To achieve homogeneity,

the temperature was gradually increased until a maximum of 75oC. After 15

days at 75oC, all the compositions except number 7 were homogeneous and some

of the solutions became yellowish. Although some of the solutions were already

completely dissolved at 58oC, to keep the same temperature history, all of them

where left in the oven in order to follow the same heating process.

Having these results in mind, fresh solutions were prepared and placed in a oven
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Figure 2.3: Time-temperature pathway followed to perform degradation tests
to the PVC quaternary solutions.

for over a week, with the temperature increased over time until a maximum of

69oC with total time in the oven equal to 24 days, Figure 2.4. Following this

procedure, no degradation was visually detected.

As volatile solvents (THF and EtOH) and high temperature were used in the

preparation of these solutions a weight control was made during the process to

detect any solvent loss. Despite using PTFE lined caps to seal the vials, it was

not possible to completely avoid solvent evaporation. Being THF more volatile

that EtOH at atmospheric pressure (boiling point around 66oC) and the max-

imum temperature achieved in the preparation 69oC, it was assumed that any

decrease in the weight would correspond to THF loss.

The results obtained for mass variation of the solutions corresponding to set A

can be seen in Figure 2.5. Similar results were obtained for set B and C.
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Figure 2.4: Time-temperature pathway followed to avoid degradation of the
PVC quaternary.

Figure 2.5: Weight loss (%) of set A solutions during the preparation period.
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After 24 days the maximum mass loss achieved in set A of solutions corresponds

to composition 2, 3 and 6 and it is about 0.35% (w/w) of the total mass. The

different behaviours obtained are related with the vials’ sealing. The vials were

closed using PTFE lined caps to avoid solvent evaporation and, although the

effort to complete seal the vials, it is possible that different levels of sealing were

achieved for different solutions. Looking to the concentrations of THF expressed

in Table 2.2 - that vary from 5% to 7% (w/w) - it can be concluded that the

maximum loss of THF will be around 10% of its initial value. The same was

found for the sets B and C.

After three weeks since the preparation, a visual evaluation was made to the three

sets of eleven solutions, Figure 2.6, 2.7 and 2.8 . This evaluation will allow to

understand which compositions achieve complete homogeneity in the given time

and temperature profile.

Figure 2.6: Visual appearance of the eleven prepared solutions with THF/D-
MAc equal to 12% (w/w) (set A).

Figure 2.7: Visual appearance of the eleven prepared solutions with THF/D-
MAc equal to 7.7% (w/w) (set B).
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Figure 2.8: Visual appearance of the eleven prepared solutions with THF/D-
MAc equal to 16.7% (w/w) (set C).

Analysing Figure 2.6, 2.7 and 2.8 it is possible to observe that, apart from com-

position number 7, all the compositions are visibly clear at naked eye, suggesting

that complete homogeneity was achieved. The non-homogeneity appearance of

composition number 7 suggests that, concerning a ternary phase diagram, it is

probably located inside the two phase area, for the given conditions.

In Figure 2.9 the results of a visual evaluation of the prepared solutions can be

seen in terms of pseudo-ternary diagram evolution. The same behaviour with

temperature was obtained for the three sets of solutions.
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The diagrams reveal the visual appearance of the solutions at room temperature

(day 1), 63oC (day 17) and 69oC (day 24). As expected, the visual appearance

of the solutions changes over time, starting from being precipitated at day one to

being clear (except for solution number 7) at day 24.

After the heating process, the solutions were left at room temperature to cool

down. It was noticed that, after the cooling, all the solutions remained the same

in terms of visual aspect (clear), with composition 6 remaining turbid (for all the

THF/DMAc ratios). It is also possible to observe bubbles in some vials that are

created due to the movement of the solvent due to the use of temperature. Tem-

perature Induced Phase Inversion (TIPS) is a process through which the phase

separation of a system is induced by decreasing the temperature [14]. In the

TIPS the phase separation occurs due to the decreasing of the solvent quality

with temperature, that means that the solubility of the polymer in the solvent

will decrease [15]. In this study, this mechanism was not identified since no phase

inversion was visualised when the temperature was decreased. It is true that this

can indicate that these systems are thermodynamic stable at room temperature

and because of this there is no phase separation. In some of the cases, the solu-

tions obtained were gels structures (a detailed study on this matter will be done

in the next chapter) where the kinetics for phase separation is slowed down. How-

ever, two years after the preparation is possible to observe that all the solutions

(apart from composition 6 for all the THF/DMAc ratios) remain visually clear.

Figure 2.10 shows the visual appearance of the eleven compositions of the set

with THF/DMAc ratio equal to 12% (w/w) as an example.

Figure 2.10: Visual appearance of the eleven prepared solutions with THF/D-
MAc equal to 12% (w/w) two years after preparation.
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The fact that a gel is turbid or clear can be related with the size of the crys-

tallites formed. Polymers with high crystallinity content are likely to produce

bigger crystallites and, because of that, the solutions have a turbid appearance

[15]. However, in this case, the concentration of polymer is the same for com-

position 7 as for composition number 5 for example, that presents a clear gel

aspect. The difference between these two solutions is the solvent and non-solvent

content. As it moves to the right in the phase diagram, the concentration of

non-solvent increases and it is more likely for the polymer to precipitate due to

the poor affinity of the non-solvent with the polymer. Also, as the crystallinity

content of PVC is low (around 10%) it is suggested that the turbid appearance

of these compositions (number 7 for all the THF/DMAc ratios) is not due to the

presence of crystallites. Using these results, it is possible to have an idea about

the possible location of the binodal boundary in relation to the prepared compo-

sitions and to drawn it in the ternary phase diagram to elucidate the separation

between the one phase and the two phase region, Figure 2.11.

Figure 2.11: Representation of the possible location of the binodal curve in
relation with the position of the prepared solutions in a pseudo-ternary diagram

(dashed line).
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2.4 Conclusions of the Phase Inversion Studies

In order to study the phase inversion studies of PVC solutions, 3 sets of 11 solu-

tions with different THF/DMAc ratios were prepared with different compositions.

As it is known that PVC can degrade when in contact with high temperature,

preliminary degradation tests were made. Achieving a maximum of 75oC in the

oven with a total time in the oven equal to 20 days, the solutions presented a

yellowish colour. Fresh solutions were prepared and placed in the oven for a week

with a maximum temperature achieved of 69oC. In this conditions, no yellowish

colour was observed, suggesting that degradation was avoided.

The evolution of the homogeneity appearance with the temperature was studied

and from all the concentrations prepared, only three cases showed that homo-

geneity was not achieved (composition 7 for all the THF/DMAc ratios) for the

given time and temperature, suggesting that these concentrations were inside the

two phased region, making this sample not suitable for hollow fibre preparation.

With this results it was possible to have an idea about the location of the binodal

boundary of the system in respect to the region analysed. Solution with compo-

sition number 2 appears as a good candidate for membrane spinning since it is

located in the homogeneous region (and not too close to the suggested binodal

boundary as composition 6). This solution composition was already used in pre-

vious successful work done with this quaternary systems, which reinforces this

choice.
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Rheological Studies of PVC

Quaternary Solutions

3.1 Objectives

To produce hollow fibre membranes, the first step is the preparation of a homo-

geneous polymer solution. In this work, in order to produce PVC hollow fibres,

a polymer solution composed by PVC, dimethylacetamide (DMAc), tetrahydro-

furan (THF) and ethanol (EtOH) is prepared and then extruded through a spin-

neret. The extrusion process subjects the solution to a high wall shear rate that

can be of thousands of reciprocal seconds [115]. The magnitude of this wall shear

rate is strongly dependent on the rheology properties of the polymeric solution

and influences the morphology of the produced hollow fibres [116]. In this section,

a set of 11 polymer quaternary solutions with different concentrations of poly-

mer, solvent and non-solvent were studied in terms of their rheological profile.

Oscillatory and creep and recovery tests were conducted at different conditions.

Oscillatory shear tests allow a better understanding of how the material behaves

at small and at long time scale deformations and also to investigate the polymer

chains relaxation time. Creep and recovery tests allow to study the effect that
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the applied stress has in the material and how it recovers after the stress is re-

moved. As temperature is an important factor for rheology properties, the tests

are performed in the range of expected spinning temperatures [137].

The main objective is to understand how the distinct rheological properties can

affect the permeation results obtained for the hollow fibres prepared and if a

correlation between them can be established.

3.2 Materials and Methods used in the Rheological

Studies of PVC Quaternary Solutions

3.2.1 Materials for the Rheological Studies of PVC Quaternary

Solutions

The solutions used for the rheological studies were the ones prepared to investigate

the phase inversion process (Chapter 2).

3.2.2 Methods used in the Rheological Studies of PVC Quater-

nary Solutions

All the rheological experiments were performed in a TA Instruments rheometer,

model DHR-2 and a plate-plate configuration (parallel plates) was chosen. The

plate diameter was 40 mm and the gap used 0.4 mm. A solvent trap containing

THF (most volatile solvent) was used in order to minimize the solvent evapora-

tion effect. All rheological experiments were carried out twice in order to ensure

reproducibility. The errors obtained in each experiment can be seen in the Ap-

pendices section.

The top plate had a diameter of 40 mm and the bottom plate was a peltier static

unit used to control de temperature of the sample. The 4 cm plate was chosen
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over a larger diameter one, in order to avoid high shear gradients across the sam-

ple. Accordingly with the manufacturer, the gap used should not be less than a

hundred of the plate diameter, so a 400 µm gap was used. In this work, three

different types of tests were performed - oscillatory, flow and creep and recovery.

Flow Tests: Flow tests were performed with shear rates ranging between 10 to

5000 s-1. Start-up (shear rate increasing) and start-down (shear rate decreasing)

curves were obtained at both 20oC and 50oC.

Oscillatory Shear Tests: A preliminary test (amplitude sweep test) was per-

formed to find out a suitable test strain amplitude well within the linear dynamic

viscoelasticity region. This test was made at a frequency of 10 rad/s and was

performed at 20oC and at 60oC. Angular frequency sweep tests were performed

at 20oC with frequency ranging from 0.1 to 100 rad/s. Following the amplitude

tests, a strain of 5% was chosen to guarantee linear viscoelastic behaviour at both

temperatures.

Temperature sweep experiments were performed between 20oC and 60oC at 3

different angular frequencies (1, 10 and 100 rad/s).

Creep and Recovery Tests: Creep and recovery tests were performed at 20oC

and 50oC using a set of different applied stresses - 5, 10, 20, and 40 Pa. A

typical experiment is composed by two minutes of creep followed by two minutes

of recovery.

3.3 Rheological Studies of PVC Solution Concentra-

tions with Different Compositions

The position of the compositions studied in the corresponding pseudo-ternary

diagram can be seen in Figure 3.1.
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Figure 3.1: PVC quaternary solutions compositions represented in the corre-
sponding pseudo-ternary diagram.

3.3.1 Oscillatory Shear Rheology

3.3.1.1 Results of the Amplitude Sweep Tests: Determination of the

Linear Viscoelasticity Region (LVER) of the PVC Solutions

The first step before starting the oscillatory experiments is to define the linear

viscoelastic region (LVER) of the prepared solutions. In this region, the stress

and the strain have a linear relationship [152]. This analysis is made by per-

forming a shear amplitude sweep test. In this experiment, the storage modulus

G’ and the loss modulus G” are recorded against strain at a constant frequency

equal to 10 rad/s. This test also allows to understand the mechanical stability of

a material/solution by looking into the extension of G’ and G” in the LVER. The

wider the LVER, the more stable and homogeneous is the sample [153]. Since the

tested spinning temperature will range from 20oC to 60oC, both temperatures

were tested to ensure we were working in the LVER in the whole interval of tem-

peratures. Figure 3.2 shows the results obtained for composition 1 at 20oC and

60oC. The errors obtained can be seen in the Appendix section (Table A.1).
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Figure 3.2: Storage (G’ ) and loss modulus (G”) as function of strain (%) for
composition 1 at 20oC and 60oC and at a frequency of 10 rad/s.

The results obtained for composition 1 at both temperatures show clearly the

linear viscoelastic regime in which the storage and the loss modulus are constant

regardless of the strain amplitude. At 60oC, it is possible to notice a variation in

the first points for G’ that is attributed to experimental error. Is it also possi-

ble to observe that at the higher temperature that both G’ and G” are smaller.

As the modulus measure the resistance to deformation this means it is easier to

deform the solutions at higher temperature. Also, while at 20oC both curves

are practically identical, at 60oC G” becomes higher showing the predominant

liquid-like features of the material at this temperature. Despite being possible to

identify some effects of changing the temperature in these experiments, detailed

temperature sweeps will be performed later to further study this parameter.

The length of the LVER covers the whole range of tested strains suggesting that

the sample is stable and homogeneous. The results for the remaining studied

compositions follow the same trend as can be seen in Figure 3.3. The errors ob-

tained can be seen in the Appendix section (Table A.1).

.
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Figure 3.3: Storage (G’ ) and loss modulus (G”) as function of strain (%) for
different compositions at 20oC and 60oC.

Based on these results, a small strain amplitude of 5% was chosen for the follow-

ing oscillatory tests. This small strain amplitude was selected in order to avoid

changing the material microstructure.
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3.3.1.2 Results of the Angular Frequency Sweep Tests: Deformation

at Short and Long Time Scales, Relaxation Times and Gel

Concentration of the PVC Solutions

a) Deformation at short and long time scales

After identifying the material’s linear viscoelastic region, further information can

be acquired by doing a frequency sweep at a strain well within the LVER (in this

case 5%). In the frequency sweep tests, the behaviour of G’ and G” is investi-

gated through a range of oscillation frequencies - in this case between 0.1 and

100 rad/s - at constant temperature. This test is used to understand how the

material deforms at different time scales, as frequency is the reciprocal of time.

Low frequencies will simulate long time-scales performance - slow motion - and

high frequencies will simulate short time-scales performance - fast motion.

Figure 3.4 presents the typical behaviour of G’ and G” as a function of angular

frequency (ω) for a generic polymer solution.

Figure 3.4: Typical behaviour of the storage (G’ ) and loss modulus (G”) with
angular frequency for a generic polymer solution. Source: [122].

In this figure, the different regions that can be obtained in an oscillatory fre-

quency sweep are shown. At low frequencies there is a predominance of the

viscous response, and at the higher ones, the response is glassy. In between there

are three additional regions that can be identified as the frequency increases. The
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transition to flow region, where a crossover between the moduli appears and G’

becomes higher than G”, the rubbery region where there is a predominance of the

storage modulus and a plateau can be identified and, finally, the leathery region

where another crossover is identified and G” becomes again higher than G’. The

rubbery plateau region is more visible in concentrated solutions and in solutions

with higher polymer molecular weight with entanglements [154].

In Figure 3.5, it is possible to see the results obtained for composition number 1

and 2. The errors obtained can be seen in the Appendix section (Table A.6).

Figure 3.5: Storage (G’ ) and loss modulus (G”) as a function of angular
frequency for composition 1 and 2 at 20oC.

The first observation that can be made is that both modulus are bigger for com-

position 2 than for composition 1. The explanation for this result is easy to

understand when looking to the pseudo-ternary diagram (Figure 3.1) where it is

possible to see that composition number 2 has higher polymer and non-solvent

contents. This will result in a higher complex viscosity and also in a higher stor-

age and loss modulli.

In the low frequency region, G’ exceeds the value of G” for both compositions

indicating that these solutions have a dominant elastic nature under this condi-

tions. This behaviour can be observed for composition 2 in the whole range of

frequencies studied. In a structured material with dominant solid features G’ is
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expected to be larger and independent of the frequency. If the elastic modulus

shows a high frequency dependence, this suggests that the material, at some point

of frequency, might change its characteristics and become more liquid-like [155].

For composition 1 it is possible to notice this as G’ varies over the frequency

range. For composition 2 there is also a variation in G’ but less accentuated.

This evaluation can be useful to understand the relationship between the differ-

ent solutions in terms of solid/fluid behaviour, depending on the time scale.

The results of the angular frequency sweep tests obtained for all the compositions

are presented in Figure 3.6. The errors obtained can be seen in the Appendix

section (Table A.2).
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Figure 3.6: Storage modulus (G’ ) and loss modulus (G”) as a function of
angular frequency for different compositions at 20oC.

As can be seen, different behaviours are observed for the different compositions.

Compositions 3, 6, 9, 10 and 11 present a solid-like behaviour while composition

4 presents a liquid-like behaviour in the whole range of frequencies studied. Com-

positions 5 and 8 showed a changed in behaviour - from solid to liquid-like - at a
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certain frequency.

b) Relaxation times

In hollow fibre membrane spinning, after the polymer solution exits the spinneret,

it is desirable that the active layer precipitates before the polymer molecules relax.

The time that takes for a polymer molecule to relax after being subjected to a

force (shear in this case) is called relaxation time [113]. The relaxation time

can also be obtained from oscillatory experiments. However, in the region of

frequencies studied it was not possible to observe the transition to flow region

where G’ becomes higher than G”. In fact, the results obtained show that we are

always after the crossover, since G’ is already higher than G” and the transitions

observed in composition 1, 5 and 8 are from the rubbery to the leathery region.

This means that, in the range studied, it was not possible to identify the exact

relaxation time for the compositions studied. However, it is possible to suggest

that this time is located at frequencies always bellow 0.1 rad/s, meaning that the

relaxation time will be always greater than 10 seconds.

c) Gel concentration of the system

As stated before, PVC is well-known as a physically gelling polymer when in so-

lution [25]. The gel point (concentration point or temperature point) can be de-

termined using multi frequency rheology experiments. A plot of tan δ (=G”/G”)

as a function of the three components (polymer, solvents (DMAc and THF) and

the non-solvent (EtOH)) as function of tan δ can be built with the results ob-

tained for each frequency in order to find the composition at which all the curves

crossover. That composition will correspond to the gel point concentration (Cg).

For the angular frequency sweeps, the series of homologue solutions at constant

non-solvent concentration of 16% were used to determine the gel concentration

of the system at 20oC, Figure 3.7.

95



Chapter 3. Rheological Studies of PVC Quaternary Solutions

Figure 3.7: Solutions used to study the gel properties of the quaternary system
represented in the pseudo-ternary diagram (green dots correspond to EtOH

composition of 16%).

The method used to calculate the gel point is described by Equation 3.1 and is

known as frequency-independence of tan δ [25]. Winter [140] and his co-workers

found that G’(w) and G”(w), at the gel point, obey to Equation 3.2.

G′′(ω)

G′(ω)
= tan δ = tan

(
nπ

2

)
(3.1)

or

G′′(ω) ∼ G′(ω) ∼ ωn with 0 < n < 1 (3.2)

In Figure 3.8 it is possible to observe the results obtained in a 3D perspective

(left) as well as the 2D projection (right).
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Figure 3.8: Left - Loss tangent (tan δ) as a function of polymer concentration
and solvent with non-solvent concentration constant (16%) at various angular
frequencies and constant temperature of 20oC. Right - 2D projection of graph

in the left. Cg represents the gel concentration.

The parameter n is suggested to be related with the nature of the system being

studied [140]. For this system tan δ = 3.4 and Cg = 21.2% PVC (w/w). This

means that, for this system (ethanol composition constant = 16%) a gel is ob-

tained for PVC compositions above 21.2%.

The value obtained for the scaling exponent n was 0.8179. Different studies al-

ready showed that this parameter is not universal but varies with the gelling

system [25]. In the work done by Li and Aoki [25], where polymer solutions

composed by PVC and DOP with different concentrations and molecular weights

were studied, the value of n obtained for the different molecular weights fell in

the interval of 0.753-0.749, supporting the fact that this parameter is specific of

the system that is being studied.

This type of study can be useful to identify gel structures in a system. This

preliminary study can be an important tool to develop materials where a gel

structure is desirable.

3.3.1.3 Results of the Temperature Sweep tests

Since it is intended to carry out membrane spinning at different temperatures,

the effect of temperature on the viscoelastic behaviour of the potential spinning
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solutions was studied in order to understand its impact on the spinning process.

The moduli G’ and G” were measured between 20oC and 60oC. The results ob-

tained for composition 2 and 6 are shown in Figure 3.9 as an example. The errors

obtained can be seen in the Appendix section (Table A.3).

Figure 3.9: Storage (G’ ) and loss modulus (G”) as a function of temperature
for composition 2 and 6 (at an angular frequency of 10 rad/s, with strain of

5%).

Figure 3.9 shows that, for all the curves, there is a decreasing in G’ and G” over

the temperature. It is also possible to notice two different behaviours - one where

a crossover between G’ and G” is identified and another were no crossover is

present in the temperature range studied. The results obtaining for the remain-

ing solutions are presented in Figure 3.10. The errors obtained can be seen in the

Appendix section (Table A.3).
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Figure 3.10: Storage (G’ ) and loss modulus (G”) as function of temperature
at a frequency of 10 rad/s.

As discussed above, in order to determine the accurate crossover point as the gel

point, a multi frequency experiment must be designed. Keeping in mind that,

although the gel point can’t be determined at only one frequency and that the

”real” gel point should be in the vicinity of this point [140], only the solutions

that showed a crossover at an angular frequency of 10 rad/s were further studied

since the others showed no crossover in the temperature range studied. Figure

3.11 shows the results obtained for the compositions showing a crossover between

G’ and G” in the range of temperatures studied.
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Figure 3.11: Storage (G’ ) and loss modulus (G”) as a function of temperature
for compositions 1, 2 and 5 (left) and for compositions 9, 10 and 11 (right) (at

an angular frequency of 10 rad/s, with strain of 5%).

As stated before in the frequency studies, in order to have a so called gel point (in

this case, temperature gel point) of a material, the crossover between G’ and G”

should occur at the same temperature independent of the frequency. A simpler

way to represent these results is by plotting tan δ versus temperature for each

frequency and see if the three lines cross at any point. The results obtained are

represented in Figure 3.12. The errors obtained can be seen in the Appendix

section (Table A.4).
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Figure 3.12: tan δ as a function of temperature for different compositions at
1, 10 and 100 rad/s.

According to the results in Figure 3.12 it can be seen that it was only possible to

observe the ”gel point” for one of the solutions studied - composition 2. For solu-

tion 1 it is possible to observe more than one crossover between different curves.

Composition 5 presents a crossover between only two curves (10 rad/s and 100

rad/s) and for the remaining solutions an intersection was not identified. The

fact that the crossovers were not obtained for compositions 9, 10 and 11 can be

related to the nature of the sample that is being studied and it suggests that the
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”gel point” might be located at higher temperatures than the ones studied.

One possible reason for the difficulty in obtaining the gelling temperature is re-

lated with solvent evaporation and consequently changes in the rheological be-

haviour of the samples. These results show the influence of working with a solu-

tion that has high volatile components in its composition and how difficult can

be to characterize them when temperature is involved.

Another factor that can have contributed to these results is the fact that, for

the different angular frequencies (for a given composition), different samples were

used. This was done because, as each temperature sweep took around 20 minutes

to perform and temperature was used, there was a high probability of solvent

evaporation leading to changes in the solution composition.

In order to investigate the effect of temperature in the storage modulus (G’ ), a

plot of the evolution of G’ with temperature for the compositions represented in

Figure 3.12, at different frequencies, was built and can be seen in Figure 3.13.

Figure 3.13: Storage modulus (G’ ) as a function of temperature for the com-
positions where a crossover between (G’ ) and loss modulus (G”) was observed,

at different frequencies.

Looking again to Figure 3.13 a pattern can be identified in the curves represented.
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G’ is decreasing with temperature and this decrease is more pronounced at the

lowest frequency used - 1 rad/s. At lower frequencies the experiment time is

greater, when compared with 100 rad/s, and this will mean that the sample will

be at each temperature for a longer time period, making the temperature effect

more accentuated.

To identify the temperature at which these curves change behaviour, the half

point of the curves was calculated by fitting the results to a sigmoid type of

curve, since this is the shape of the curves obtained. The half point (Thalf) can

be calculated using Equation 3.3.

log10(G’) =
log(G’→∞)

1 + exp(−a× (T − T half))
(3.3)

An example of the fitting obtained for composition 1 at 1 rad/s is showed in

Figure 3.14.

Figure 3.14: Fitting result obtained for the storage modulus (G’ ) as a function
of temperature for composition 1 at a frequency of 1 rad/s.

103



Chapter 3. Rheological Studies of PVC Quaternary Solutions

The obtained results for Thalf are shown in Figure 3.15.

Figure 3.15: Calculated half point temperature corresponding to the be-
haviour change in the loss modulus vs. temperature graph for the studied

compositions.

Figure 3.15 shows the interval where Thalf values are located in terms of tem-

perature. It is possible to see that all the values are located in the interval of

temperatures between 41oC and 51oC.

3.3.1.3.1 Differential Scanning Calorimetry Studies

As PVC usually has some degree of crystallinity [16], it was initially thought

that this drop in the storage modulus was caused by the melting of crystalline

domains in the structure since they are known by creating gel structures. The

melting of the crystallites would ”destroy” the gel network and the solutions would

become more liquid. Differential Scanning Calorimetry (DSC) experiments were

performed to one of the samples to search for melting transitions. The results
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obtained can be seen in Figure 3.16.

Figure 3.16: DSC experiment performed to composition number 2, between
20oC and -20oC at a heating rate of 10oC/min.

In the DSC experiments no thermal transitions were observed in this temperature

range, Figure 3.16. This result suggests that thermal transitions are not involved

in the rheological results obtained and that the gels are not formed due to the

present of crystallites but probably due to entanglements. A DSC experiment

was also performed to pure PVC, Figure 3.17.
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Figure 3.17: DSC experiment performed to pure PVC, between 20oC and
90oC at a heating rate of 10oC/min, highlighting the presence of the glass

transition temperature.

As can be seen, the only thermal transition detected in the temperature interval

tested was the glass transition temperature at around 83oC that is similar with

the value obtained in the literature (87oC) [6].

To try to understand more deeply the temperature sweep results and to further

study the viscoelastic properties of samples, creep and recovery tests were per-

formed.

3.3.2 Creep and Recovery tests

Creep tests allow to understand how a material behaves while being subjected to

a certain stress for a period of time. On the other hand, recovery tests allow to

observe how a material responds to the removal of the stress. These tests were

performed at 20oC and 50oC at different stresses (5, 10, 20, and 40Pa) for all the

compositions. The creep duration was 120 seconds as well as the recovery. The

reason why this test was performed at 50oC is related with the previous results

obtained in the oscillatory measurements, where this temperature seems to play
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a role.

In Figure 3.18 the results obtained for composition 1 are shown for 20oC (left)

and 50oC (right). The errors obtained can be seen in the Appendix section (Table

A.5).

Figure 3.18: Creep and recovery results obtained for composition 1 at 20oC
(left) and 50oC (right) at different stresses.

Concerning the stress applied it can be observed that this parameter does not

affect the trend of the results (true for all samples). The only visible alteration

is in the strain observed that is higher for bigger applied stresses. These results

can be correlated with the strain amplitude tests performed earlier that show

a constant behaviour of G’, meaning that the properties of the system are not

affected by the strain rate imposed. However, in relation with temperature the

same cannot be said. There is a change in the rheological response in the creep

and recovery test that is dependent on temperature. At 20oC the sample shows

viscoelastic behaviour and at 50oC only viscous response is observed, since no

strain recovery is observed. This graph suggests that these temperatures are

playing an important role in the viscoelastic/viscous properties of the solutions.

In Table 3.1 are presented the creep and recovery results obtained for all the

solutions studied in terms of viscoelastic/viscous properties. These results are

also compared with the results obtained previously in the oscillatory studies.
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Table 3.1: Rheological behaviour of the solutions when subjected to different
stresses at 20oC and 50oC (results were the same for all the stresses studied)
and comparison with the results obtained in oscillatory temperature sweeps (at

10 rad/s and 5% strain).

Creep and Recovery
Oscillatory Temperature

Sweeps

Composition 20oC 50oC Crossover temperature (oC)

1 Viscoelastic Viscous < 50oC

2 Viscoelastic Viscoelastic ≈ 50oC

3 Viscoelastic Viscoelastic -

4 Viscous Viscous -

5 Viscoelastic Viscous < 50oC

6 Viscoelastic Viscoelastic -

8 Viscous Viscous -

9 Viscoelastic Viscous < 50oC

10 Viscoelastic Viscoelastic > 50oC

11 Viscoelastic Viscous < 50oC

The dependence of the viscoelastic properties with the temperature was already

observed in the oscillatory measurements. Some of the solutions behaved as vis-

cous fluids even at 20oC (composition 4 and 8). Others changed behaviour from

viscoelastic materials to viscous fluids (composition 1, 5, 9 and 11) and some

solutions did not change their behaviour, behaving as viscoelastic materials at

both temperatures.

As can be seen, the solutions that presented a cross over where G” became higher

than G’ at a temperature lower than 50oC in the oscillatory experiments, also

present a change in the viscoelastic properties from 20oC to 50oC in the creep

and recovery results. For compositions 2 and 10 the results from both tests are

not concordant. The fact that a different sample was used in each one of the

experiments might be reason why the results are not concordant for these com-

positions.

These results can be very helpful to foresee how a material will behave at differ-

ent temperatures concerning the final application. A relation between this results

and the position of the solutions studied in the pseudo-ternary diagram can be
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made, Figure 3.19.

Figure 3.19: Creep and recovery results obtained at 20oC (left) and 50oC
(right) plotted in a pseudo-ternary phase diagram.

In Figure 3.19 it is easy to understand not only the influence of the temperature

but also the influence of the percentage of polymer in the rheological properties of

the system. At 50oC, there is a region where the solutions ”loose” their elasticity

feature becoming purely viscous materials.

Creep and recovery tests are relatively easy to perform and can be useful to

understand the features of a material under different conditions. Concerning the

spinning process, these tests help to predict how the solution will behave in and

after the spinneret since it is subjected to a stress that is then released when the

solution leaves the spinneret.

A combination of all the information obtained in the rheological measurements

and in the phase inversion studies is plotted in the system’s ternary diagram,

Figure 3.20 is obtained.
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A quick evaluation of the material behaviour can be made in terms of viscoelastic

properties by looking into Figure 3.18. However, a more detailed analysis can be

made in order to try to get quantitative data. Different rheological models are

available in the literature and can be very useful to interpret experimental data.
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In this work, the Burgers model was used to fit the creep results and the Weibull

distribution to fit the recovery data.

a) Adjusting creep results using Burgers model

The Burgers model is a combination of Maxwell and Kelvin-Voigt elements and

it is well known as a good approach to describe creep features in linear polymers

[156]. Despite the Weibull model, discussed in the theory section, be a better

representation of a real system, the Burgers model was used to fit the creep results

because it gives quantitative data about the system. The Burgers model with 4

parameters (G1, G2, λret and η) used to adjust the creep curves obtained in this

work is described by Equation 3.4.

J(t) =
γ(t)

σ
=

1

G1
+

1− e

( −t
λret

)

G2
+

1

η2
(3.4)

As this model is a combination of springs and dashpots, G1 and G2 correspond to

the spring constants, λret to the dashpot retardation time and η to the viscosity.

In Figure 3.21 it possible to observe the results obtained for composition 1 at 40

Pa and 20oC.
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Figure 3.21: Burgers model applied to creep curve for composition 1 at a
stress of 40 Pa and a temperature of 20oC.

As can be seen in Figure 3.21 the Burgers model with 4 parameters is in good

agreement with the experimental results, apart from the first points. Fitting this

equation to the results it is possible to obtain the numerical values for G1, G2,

λret and η. Equation 3.4 was fitted for all the compositions at different stresses

and two studied temperatures - 20oC and 50oC. The results obtain for each one

of the parameters at 20oC can be seen in Figure 3.22. The average of the pa-

rameters obtained for the different stresses (5, 10, 20 and 40 Pa) was taken since

these parameters relate to intrinsic properties that are not expected to vary with

the imposed stress. Along with these results, the standard deviations were also

plotted in Figure 3.22.
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Figure 3.22: Burgers model parameters results with corresponding standard
deviation for the solutions that showed a viscoelastic behaviour in the creep

curve at 20oC.

Observing the results obtained and the corresponding standard deviations it can

be concluded that the parameter G1 is the one that presents bigger deviations.

G1 is obtained by using the first points of the curve and as can be seen in Figure

3.21 the fit it is not the best in this section of the curve. This might be the

reason for the big standard deviation values. This variable represents the first

spring constant in the model that relates with the instantaneous strain. The

other 3 parameters (G2, λret and η) that represent the second spring constant,

retardation time and viscosity, respectively, seem to have good agreement for the

different stresses studied since the standard deviation is small. It is expected a

small variation in the parameters since the material is the same (and these pa-

rameters are characteristic of the material) and the only variable is the applied

stress.

Observing the results obtained for G1, G2 and η it is easier to see that all of
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them follow the same pattern when the compositions are compared with each

other. Compositions number 2, 3, 6 and 10 have comparatively higher values and

compositions 1, 5, 9 and 11 the lowest. These results are not surprising and are

easy to assimilate when plotted in a pseudo ternary diagram, Figure 3.23.

Figure 3.23: Creep results: G1, G2 and η trends at 20oC plotted in a pseudo
ternary diagram. Parameters value increasing as colour increment and circle

size increases.

According to Figure 3.23 G1 and G2, the highest values for the three parameters

are located in the region of higher polymer concentration and high non-solvent

content. The parameters G1 and G2 are related to elasticity. The bigger the

values for these parameters the bigger the elasticity of the material [157].

The same analysis can be made for λret, however the same trend is not obtained,

Figure 3.24.
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Figure 3.24: Creep results: λr trend at 20oC plotted in a pseudo ternary dia-
gram. Parameters value increasing as colour increment and circle size increases.

Concerning the retardation time (λret), that represents the delay in the elastic re-

sponse, it can be observed that the highest value is obtained for composition 1 and

lowest is composition number 6. Looking into the phase diagram it is possible to

observe that sample 1 is the closest to the polymer-solvent corner by opposition to

composition number 6. The compositions that are closest to the polymer-solvent

corner are more likely to have a ”predominant” viscous behaviour because the

polymer and non-solvent content is lower (as it happens for composition 4 that

has purely viscous features). As λret corresponds to the delayed elastic response,

also defined as ”delayed elasticity” [124] and accordingly with these results it

can be suggested that if a solution as a ”predominant” viscous behaviour (and

consequently lower viscosity), it will have a larger retardation time. This makes

sense because this retardation time is caused by the viscous part of the sample.

η represents the viscosity of the sample. As it can be seen in Figure 3.24, the

compositions further from the polymer-solvent are the ones with higher viscosity,

as expected.

Figure 3.25 shows the same set of results obtained at 50oC. Note that at this
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temperature only some compositions show viscoelastic behaviour, explaining why

only some are studied at this temperature in this case.

Figure 3.25: Burgers model parameters results with respective standard de-
viation for the solutions that showed a viscoelastic behaviour in the creep curve

at 50oC.

The data obtained at 50oC reflects one more time how difficult it is to study this

system at high temperature. Comparing with the results obtained at 20oC it

is possible to notice bigger standard deviations observed at higher temperature.

This results suggest that solvent evaporations might be involved in the big devi-

ations, producing uncertainties in the results.

Due to these deviations it becomes more difficult to analyse the data in terms

of accuracy. However, some qualitative comments can be made. Ignoring the

error bars, the same observations as in Figure 3.22 can be observed about the

trends of G2, λret and η between samples. In terms of pseudo ternary diagram it

becomes more difficult to build a representation because the relationship between

the compositions may not correspond to the reality due to the big uncertainties
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obtained.

b) Adjusting recovery results using Burgers model

To fit the recovery results it was not possible to use the Burgers model because

the curves obtained do not present exponential decay.

c) Adjusting creep results using Weibull distribution

Using the Weibull model, the creep is described by Equation 3.5 [135].

εcreep = εi + εc

[
1− exp

(
−
(
t

sc

)βc)]
(3.5)

In Figure 3.26 an example of the fit made to the creep data using Weibull distri-

bution for composition 1 at 40 Pa is shown. The errors obtained can be seen in

the Appendix section (Table A.6).

Figure 3.26: Weibull model applied to creep data for composition 1 at a stress
of 40 Pa and a temperature of 20oC.
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In Figure 3.26, it can be seen that the Weibull distribution is in good agreement

with the experimental creep results. In Figure 3.27 it is possible to observe the

parameters values obtained for each composition and stress - instantaneous re-

sponse (εi), final creep strain (εc), shape parameter from the creep test (βc) and

creep characteristic life parameter from a creep test (sc). The errors obtained can

be seen in the Appendix section (Table A.6).

Figure 3.27: Parameters obtained by fitting the Weibull distribution to the
experimental creep data for the solutions showing viscoelastic behaviour, at

20oC.

Parameter εi corresponds to the initial instantaneous response in terms of strain.
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As can be seen in Figure 3.27, this parameter increases with the increasing of the

applied stress, since strain is proportional to the applied stress. It is also possible

to see different values for this parameter depending on the solution composition.

The compositions with higher instantaneous response correspond to the ones with

higher polymer content (composition 10 and 3).

Parameter sc decreases with the increasing of the applied stress and this fact can

be due to the higher strain rates that result from the faster activation of the

available latch elements. For the parameter βc it was not possible to obtain a

trend that allows the correlation between the different stresses or compositions.

However, creep strain is normally observed to decrease with time, as is reflected

in the βc values always lower than 1.

εc represents the final creep strain. The results show an increasing of this param-

eter with the applied stress and, in terms of compositions, the trends are very

similar to the ones obtained for εi, as expected.

As showed before, when the Burgers model was used for the creep tests at 50oC,

only some compositions present viscoelastic behaviour at this temperature. The

compositions that present viscoelastic features at 50oC are 2, 3, 5, 6 and 10. The

Weibull model was also applied to the creep curves obtained at 50oC. The results

can be seen in Figure 3.28. The errors obtained can be seen in the Appendix

section (Table A.7).
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Figure 3.28: Parameters obtained by fitting the Weibull distribution to the
experimental creep data for the solutions showing viscoelastic behaviour, at

50oC.

At 50oC it is possible to observe an increasing in the instantaneous strain (εi) and

final creep strain (εc) values when compared with the values obtained at 20oC. At

50oC the viscoelastic strain is higher because at higher temperature the viscosity

is lower so the deformation of the material will be bigger.

Once again, for the parameter βc it was not possible to obtain a trend that allows

the correlation between the different stresses or compositions but as the values

are lower than 1, the strain rate is observed to decrease with time.

Parameter sc decreases with the increasing of the applied stress and this fact can

be due to the higher strain rates that result from the faster activation of the
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available latch elements.

d) Adjusting recovering results using Weibull distribution

For the recovery, the Weibull model is described by Equation 3.6 [135].

εrecovery = εr

[
exp

(
−
(
t

sr

)βr)]
+ εf (3.6)

As the Weibull model for the recovery curve does not include the instantaneous

elastic recovery this part of the graph needs to be excluded from the fitting. In

this particular case, in the recovery curve it was not possible to observe graphi-

cally the instantaneous elastic recovery because not enough points were recorded

in this region to notice it. In this situation, as this portion of strain is the same

obtained in the creep curve for the instantaneous elastic response [158], this strain

was subtracted to the first point obtained in the recovery curve before the fittings

were made.

In Figure 3.29 an example of the fit made to the recovery curve using Weibull

distribution for composition 1 at 40 Pa is shown. The errors obtained can be seen

in the Appendix section (Table A.8).
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Figure 3.29: Weibull model applied to recovery curve for composition 1 at a
stress of 40 Pa and a temperature of 20oC.

As can be seen in Figure 3.29 the Weibull distribution is in good agreement with

the experimental results. In Figure 3.30 it is possible to observe the parameters

values obtained for each composition and stress - viscoelastic strain recovery (εr),

creep characteristic life (sr), shape parameter (βr) and residual strain (εf ). The

errors obtained can be seen in the Appendix section (Table A.8).
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Figure 3.30: Parameters obtained by fitting the Weibull distribution to the
experimental recovery data for the solutions showing viscoelastic behaviour, at

20oC.

An example of the parameters values obtained with the respective deviation for

composition 2 at 20oC can be observed in Table 3.2.
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Table 3.2: Parameters values obtained by fitting the recovery results to the
Weibull model for composition 2 at 20oC with the respective deviation for the

different applied stresses.

Parameter 5 Pa 10 Pa 20 Pa 40 Pa

εr 0.021 ± 0.004 0.041 ± 0.005 0.089 ± 0.008 0.191 ± 0.009

sr 601 ± 725 166 ± 183 39 ± 45 23 ± 15

βr 0.26 ± 0.02 0.19 ± 0.01 0.15 ± 0.01 0.133 ± 0.007

εf 0 ± 0.004 0 ± 0.005 0 ± 0.009 0 ± 0.01

As before, looking to Equation 3.6 it is possible to see that the parameter sr

appears as a denominator of a fraction that has βr as exponent. Being βr<1 for

all the compositions and applied stresses, the value of sr is not much relevant to

obtain a good fit. This is easy to see in the values obtained for this parameter,

where the deviations are in some cases bigger that the value itself. This makes ηr

a parameter difficult to analyse in a quantitative manner. However, for the other

parameters the deviations are acceptable and it is possible to make a comparative

analysis between the different compositions and stresses.

βr<1 for all the compositions and stresses, meaning that there is a decreasing

in the failure rate with time [135]. In this situation, a failure happens when,

after a material is extended and all the latch elements are also fully extended,

the stress is removed and some latches fail and there is a partial recovery of the

strain. Failure is, in this case, associated with elastic features. This means that

with increasing time, the rate of elastic recovering is decreasing. This makes

sense because it means that most of the elastic strain is recovered in the initial

instants after the loaded is removed and that is actually the behaviour that is

observed in the recovery curves obtained. Looking now to εr it is possible to see

that, apart from composition 3 where there is a decreasing from the first point

to the second, there is an increasing of this parameter for all the compositions

with the applied stress. This makes sense since the more stress is imposed to

the sample, the bigger will be the strain that needs to be recovered (looking to

the creep curve it is easy to see that the bigger the applied stress the bigger is

the maximum strain achieved). Comparing this with the latch model it can be

suggested that with the increasing applied stress more latches will be activated

and, as the strain keeps increasing and a εr plateau was not achieved, an increase
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in the stress will continuing increasing the obtained strain.

εf corresponds to the residual strain (viscous flow) that is not recoverable. As can

be observed, only some compositions show residual strain, meaning that all the

other compositions not represented here are able to recover all the strain at some

point in time - suggesting that they don’t have purely viscous domains. It is also

possible to see that, for composition 9, a recovery is possible for stresses equal

to 5 and 10 Pa but not for 20 and 40 Pa showing that there is a threshold point

from where the solution cannot recover to the initial strain. In terms of the latch

model this means that some of the latches that were activated during creep time

will possess trigger times near infinity in the recovery curve that will correspond

to viscous flow [136]. This shows again the different rheological features of the

batch of solutions studied.

The Weibull model was also applied to the recovery curves obtained at 50oC.

The results can be seen in Figure 3.31. The errors obtained can be seen in the

Appendix section (Table A.9).
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Figure 3.31: Parameters obtained by fitting the Weibull distribution to the
experimental recovery data for the solutions showing viscoelastic behaviour, at

50oC.

Starting with sr, big deviations were again obtained for this parameter. The

reasons for this were already discussed previously and are related with the insta-

bility of the system at high temperature due to possible solvent evaporation. βr

values are <1, showing that there is a decreasing in the rate of elastic recovering

as it happened at 20oC. εr increase with the applied stress as before, however, at

50oC the viscoelastic strain recovered is bigger. This happens because at higher

temperature the viscosity is lower so the deformation of the material will be big-

ger and consequently the recovered deformation. Regarding εf , opposing to what

happen at 20oC, all the samples present residual strain. A possible explanation

for this results is the fact that, at higher temperature the solutions become more

liquid-like (and with lower viscosity) losing some of the solid features such as
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elasticity (this was already observed in Figure 3.13 where G’ decreases with tem-

perature increasing). Due to this, the viscous nature of the sample is bigger that

before and this part of the deformation is not recoverable.

3.4 Rheological Studies of a PVC Solution used for

Membrane Spinning

The rheological results presented in the previous section were related with the

study of 11 solutions with different compositions. In this section, a rheological

evaluation of the solution that was prepared to conduct the spinning experiments

(same composition as sample number 2 in previous section - 28% PVC, 50%

DMAc, 6% THF and 16% EtOH (w/w)) is performed.

This composition was chosen to conduct the spinning runs because of the results

obtained in the phase inversion studies that show that this solution is located in

the one phase region and is sufficiently far from the binodal boundary in order

to be stable and, at the same time, close enough for phase separation to occur

when the thermodynamic conditions change. Also, good selectivity results were

already obtained for fibres produced with this composition [8]. In this section,

the objective of studying this sample is to understand the rheology role in the

separation features of the prepared membranes.

What distinguishes this solution from the one studied in the previous section is the

preparation method. For the spinning solution preparation, mechanical stirring

was used and the time used in the preparation was about 24 hours. In the previous

section, the solutions were prepared without stirring and 24 days were needed to

achieve homogeneity. Also the time elapsed to perform the experiments after the

solutions were prepared was different. All these differences are compiled in Table

3.3.
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Table 3.3: Comparison of the preparation method and of the ”ageing” time
between composition number two studied before and the solution used to spin

membranes.

Composition 2 Spinning Solution

Type of stirring No stirring Mechanical stirring

Time to achieve homogeneity 25 days 20 hours

Maximum temperature

during preparation
69oC 50oC

Time since preparation until

experiments were performed
2 months 2 days

This study will allow to discuss the influence of the preparation method and

solution ”ageing” time in the final rheological results.

3.4.1 Flow tests

To produce hollow fibres membranes, a polymer solution is subjected to high

shear rates when passing through the spinneret. In line with this, it makes sense

to study how the solutions behaves under the influence of shear rate. Flow tests

allow to understand the behaviour described before. In this experiment the ma-

terial is subjected to a range of shear rates and the corresponding viscosity is

recorded.

For this analysis, shear rates from 10s-1 to 5000s-1 were used (up and down curves)

at 20oC and 50 oC. The results obtained can be seen in Figure 3.32. The errors

obtained can be seen in the Appendix section (Table A.10).
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Figure 3.32: Flow curves obtained for the spinning solution at 20oC and at
50oC.

As can be seen in Figure 3.32, the spinning sample behaves as a shear thinning

material as the viscosity decreases with increasing shear rate (up curve) [122].

This curves show typical flow behaviour for polymer solutions [113]. As can be

noticed, up and down curves are not identical. Initially, it was thought that the

high shear rates used might be causing some structural damage to the material

that seems not to be able to ”recover”. However, flow tests were performed ending

at different shear rates and the result was identical to the previous one. Another

possible reason this difference between up and down curves can be the time de-

pendent behaviour of the material. Accordingly to Barnes [130], this phenomena

occurs because the micro structures of a material will take time to respond to

stress or flow. In polymer solutions, these micro structures are suggested to be

related with the entanglements so, if a polymer solution as a concentration suffi-

ciently high for chain entanglements to occur, thixotropy should be expected.

Looking into the end part of the up curve (for both temperatures) it is possible to

observe a sudden decrease in the viscosity value. This phenomena is often called

as slippage and occurs because the contact between the sample and the plate is

lost making the plate slip across the sample instead of rotating it. However, as

the viscosity starts to increase when the shear rate decreases, it is suggested that

the apparatus recovers from the slippage condition detected before.
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3.4.2 Flow model: Determination of the Shear Rate, Velocity

and Stress Profiles in the Spinneret

In 1996, Shilton [115] developed a methodology to determine shear rate, velocity

and stress profiles of a power law fluid flowing through concentric annulus. This

methodology was aimed to be applied to membrane spinning giving information

about what is happening in the spinneret. Flow experiments are useful to use this

methodology since power law fluid parameters are needed to predict the profiles.

A power law fluid is described by Equation 3.7. K corresponds to the power law

constant and n to the power law index and both are needed to apply Shilton’s

model.

η = Kγ̇n (3.7)

Fitting Equation 3.7 to the flow results in the power law region it is possible to

obtain the parameters needed to draw the profiles using Shilton’s methodology.

Figure 3.33 shows how a power law fitting applied to the flow results obtained.

Figure 3.33: Power law fit applied to flow curves for the spinning solution at
20oC and at 50oC.
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All the inputs needed to draw the profiles accordingly with Shilton’s methodology

are presented in Table 3.4. The dope extrusion rates modelled were 1, 3 and 5

cm3/min because these are the ones that will be later investigated in the spinning

runs.

Table 3.4: Input parameters used in Shilton’s methodology in order to cal-
culate shear rate, velocity and stress profiles in the spinneret at 20oC and at

50oC.

Parameter 20oC 50oC

Inner Radius (mm) 0.229

Outer Radius (mm) 0.635

Spinneret Length (mm) 0.284

Power Law Index 0.44 0.855

Power Law Constant (Based on SI units) 88.21 0.821

Dope Density (g/cm3) 1.025

Dope Extrusion rate (cm3/min) 1, 3 and 5

The polymer solutions flows through the spinneret that is an annulus with an

inner and outer wall. With all the parameters, it is now possible to draw the

profiles at 20oC and at 50oC, Figure 3.34.
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Figure 3.34: Shear rate, shear stress and velocity profiles in the spinneret at
20oC and at 50oC.

As expected, at high extrusion rates the profile curves have higher values. In

terms of velocity, it can be noticed that the profiles are slightly shifted to the left

(inner wall). The reason for this results is the fact that the material being studied

is flowing through an annulus with an inner and an outer wall. This situation

will results in two different boundaries with different Reynold numbers that in

combination will give a slightly shifted curve [1]. This shift is also noticeable in

the shear rate and shear stress profiles. At 20oC, the maximum velocity varies

from 2 to 10 cm/s and at 20oC from 2 to 11 cm/s. The maximum velocities
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achieved are not very different for the two temperatures, however at 20oC the

curves are flat in the centre indicating that we are in the presence of a plug flow.

At 50oC, due to the lower viscosity of the sample, plug flow is not identified.

Looking into the shear stress profiles it is possible to observe that the bigger

stresses are observed in the walls of the annulus since they offer resistance to

the flow. It is also possible to observe a bigger variation with temperature when

compared with the velocity or shear rate profiles. At 20oC the values vary from

1500 to around 3000Pa and at 50oC from 100 to 45 0Pa.

Lastly, concerning the shear rate profiles, it’s easy to see that they follow the

same trend as the shear stress ones with values ranging from 500 to 2400 s-1 at

20oC and from 250 to 1500 s-1 at 50oC. The shear rates closer to the outer wall

are most important since the active layer will be formed in this region (due to

the spinneret configuration)and molecular orientation will take place. For the

conditions studied the shear rates observed vary from 250 to 2400 s-1. Looking

into Figure 3.33 it is possible to see that the power law model adjusted curves

cover this interval. If shear rates higher than 2400 s-1 (at 20oC) or 2000 s-1

(at 50oC) are achieved in the spinneret outer wall, slippage can occur and the

shear imposed to the sample will be lower than expected. This can be important

concerning the molecular orientation induced by shear rate producing membranes

that are less oriented than predicted, affecting the performance of the formed

fibre. This shows the importance of the temperature in the spinning process.

3.4.3 Oscillatory Shear Rheology

3.4.3.1 Results of the Angular Frequency Tests: Determination of the

Relaxation Time

Oscillatory experiments were performed to the solution used to perform the mem-

brane spinning. As the LVER was tested before for this composition by perform-

ing amplitude sweep tests, and the LVER was clearly identified, this test was not

performed here.

As discussed before, frequency sweep test allow to understand the behaviour of a
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material at different time scales. Also, they allow to determine the polymer chains

relaxation time that is a very important parameter when conducting membrane

spinning experiments.

As the membrane spinning was performed at high temperatures, frequency tests

were performed to the spinning solution in order to study its properties at dif-

ferent temperatures. Figure 3.35 shows the results obtained at 40oC, 50oC and

60oC. The errors obtained can be seen in the Appendix section (Table A.11).

Figure 3.35: Storage modulus (G’ ) and loss modulus (G’ ) of the spinning
solution as a function of temperature for a frequency of 10 rad/s.

Observing these results, it is possible to see that, with the increasing of the

temperature, the curves are moving towards the glassy region (Figure 3.4). The

crossover observed at 50o corresponds to the transition from the leathery to the

glassy region. As the results obtained before, it is not possible to visualise the

cross over frequency that represents the inverse of the relaxation time. However,

once again, it is possible to say that the relaxation time for each one of the

temperatures is always bigger than 10 seconds (cross over frequencies always

lower that 0.01 rad/s).

The dope extrusion rates that were used to perform the membrane spinning

correspond to residence times in the forced convection chamber of less than 2

seconds. As the relaxation times obtained in the angular frequency tests are

always bigger than 10 seconds, it can be suggested that the orientation achieved

in the spinneret is ”locked” when the fibre passes in the forced convection chamber

and solidifies.
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3.4.3.2 Results of the Temperature Sweep tests

In order to compare the results obtained before for composition number 2, tem-

perature sweep tests were also performed to the spinning solution in order to

understand if the behaviour of G’ as a function of temperature is the same and

which value Thalf has. In Figure 3.36 the behaviour of the storage modulus (G’ )

can be observed as function of temperature.

Figure 3.36: Storage modulus (G’ ) as a function of temperature for the spin-
ning temperature at 10 rad/s and 5% strain.

As before, Equation 3.3 allowed to determine Thalf, which represents the temper-

ature at which the curve changes its behaviour. For this sample, the temperature

obtained was 43oC. For the composition studied in the previous section (compo-

sition 2) the temperature obtained was 51oC (Figure 3.15). What distinguished

this two solutions is the preparation method and the elapsed time to perform

the experiments. The solution that was left to age (composition 2) presents a

higher ”transition” temperature compared with the one studied one day after

preparation (spinning solution). A suggestion for this result is related with the

fact that the solution that was studied two months after preparation had more

time to ”create” entanglements making the transition to appear later because

more energy is needed to ”destroy” these entanglements.
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3.4.4 Creep and Recovery tests

As it was concluded before, the creep and recovering results appear to be inde-

pendent of the stress applied (Figure 3.18). Having this in mind, the spinning

solution was studied keeping the stress constant and varying the temperature to

check its influence. The results obtained can be found in Figure 3.37. The errors

obtained can be seen in the Appendix section (Table A.12).

Figure 3.37: Creep and recovering test performed with the spinning solution
at different temperatures and fixed stress of 20 Pa.

Looking to Figure 3.37 it can be easily observed a change in the behaviour of

the sample between 40oC and 45oC. From 30oC to 40oC the sample behaves as

a viscoelastic material, recovering part of the deformation suffered. In between

40oC and 45oC is seems to exist a temperature above which the material starts

behaving as a viscous liquid. The curious aspect of these results is that they are

related with the results obtained previously in the oscillatory measurements for

this solution where Thalf was calculated and corresponds to 43oC. These results

seem to be aligned. In the results obtained in the temperature sweep test a de-

creasing in the storage modulus of the material can be observed with with half

point equal to 43oC, suggesting a reduction in the complex viscosity value. On

the other hand, the creep and recovering shows a transition between a viscoelas-

tic regime to a purely viscous one located somewhere between 40oC and 45oC.
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Accordingly with the literature [159] and experimental evidence, a liquid-liquid

transition (viscoelastic to viscous behaviour) can be the possible explanation for

this phenomenon.

Jones et al. [8] performed spinning runs at 20oC and at 50oC obtaining better

membrane performances for the ones spinning at high temperature. Looking into

the rheological results obtained in this work there is the possibility that these are

related with the performances obtained by the author.

The high selectivities obtained by the author at 50oC might be related with this

transition. Accordingly with these results, at 50oC the solution has no elasticity,

being purely viscous. This will mean that, after the spinneret, the solution is

not able to recover the deformation suffered, keeping the characteristics acquired

during the extrusion. One of these characteristics might be the alignment of the

polymer chains in the active layer - that is actually the part of the solution that

suffers more shear stress. This alignment can help the active layer to be more

uniform in the sense that the concentration of polymer will be more evenly dis-

tributed instead of having regions with more polymer that the others, producing

defects on the surface when the solvent evaporates.

3.5 Conclusions of Rheological Studies

A rheological analysis of PVC quaternary solutions was carried out in order to

study the influence of solution composition and temperature in the rheological

properties of the solutions. The results showed that the solution composition and

temperature have high influence in the rheological results obtained, as expected.

In the frequency tests, different behaviours were obtained for the different con-

centrations. In the frequency range studied it was not possible to obtain the

exact value for the relaxation times. However, it is possible to suggest that these

times are always bigger than 10 seconds. These experiments also allowed the
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determination of the gel point in terms of concentration.

There is a range of temperatures in which there is an accentuated decrease in

the storage modulus for all the compositions. DSC experiments were performed

and no thermal transitions were present suggesting that the cause of for the drop

in the storage modulus is a liquid-liquid transition (change from viscoelastic to

viscous behaviour). The mid-point temperatures corresponding to the change in

the behaviour of the storage modulus were calculated for all the compositions

and ranged from 41oC to 51oC.

Creep and recovery experiments results showed that the intensity of the applied

stresses does not affect the viscoelastic properties of the solutions while the tem-

perature showed to have a strong influence in the these properties. Some samples

that behaved as viscoelastic materials at 20oC behaved as purely viscous materi-

als at 50oC.

Mechanical and statistical models were fitted to the experimental creep and recov-

ery results in order to obtain quantitative data. The creep model used (Burgers

model with four parameters) correlated well the experimental data and some

conclusions were taken by looking into the parameters obtained. Creep and re-

covery results were fitted to a statistical model - Weibull model - since it was not

possible to obtain a good correlation with the Burgers model used to fit creep

data, compromising the use of this model for this system. This model allowed to

predict the final non-recoverable strain achieved at infinite time after the load is

removed (εf ). This parameter cannot be determined by the Burgers model and it

can be important for some applications. It was observed that for some solutions

it is possible to recover all the deformation imposed at some point in time.

After the rheological experiments, spinning runs were conducted using a fresh

solution with the same composition as solution number 2. The choice of this

composition is related with the phase inversion studies performed before and

with the fact that this composition was used in previous successful work in our

research group. The sample used in the spinning was also analysed rheologically

because the preparation method was different from the one used to prepared the

eleven solutions studied earlier.

Flow results at 20oC and 50oC allowed to simulate velocity, shear rate and shear

stress profiles in the spinneret by fitting the experimental data to a power law
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model. These results showed one more time the importance of high temperature

in the extrusion process.

Temperature sweep tests showed again a decreasing in the storage modulus with

half-point equal to 43oC. The value obtained for the same composition but with a

different preparation method was 51oC, suggesting that the preparation method

and the time until the tests was performed might have an impact in these results.

Creep and recovery tests were made using the spinning solution by using different

temperatures ranging from 30oC to 60oC. A change from viscoelastic to purely

viscous was detected between 40oC and 45oC.

Results published before by Jones et. al [8], for the same system, showed higher

selectivities for the fibres prepared at 50oC when compared with fibres prepared

at 20oC. Relating these results with the ones obtaining in this work, a possible

explanation is the fact that, at 50oC the solution has no elasticity, so the possi-

ble orientation achieved in the spinneret is ”locked” when the coagulation of the

membrane surface occurs.

Is important to note, once again, the complexity of the system being studied.

One of the components is a solvent with a boiling point of around 66oC (THF)

that make evaporation an issue when high temperature is used. Although this

effect was minimises by the use of a solvent trap, its not guaranteed that this

phenomenon have no effect in the results.

In the next chapter, the rheological results obtained will be used to set the spin-

ning parameters and to compared with the performance of the prepared hollow

fibre membranes to try to understand how they can relate.
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Chapter 4

Hollow Fibre Membrane

Spinning and Gas Permeation

Results

4.1 Objectives

Considering the rheological results of the different compositions of the quaternary

PVC solutions, dry/wet spinning experiments are designed. The objective is to

study the influence of different operational parameters in the performance of the

prepared hollow fibre membranes and, for that, the adequate study parameters

must be chosen.

The influence of three different parameters on the performance of the prepared

hollow fibre membranes was studied - spinning temperature, dope extrusion rate

and external bath temperature. Adequate values for these parameters were dis-

cussed and the Taguchi approach was used to design the experiments. After,

the spinning experiments were carried out in the laboratory and the permeation

results were analysed in order to try to establish a correlation to determine the

optimal conditions. ANOVA variance analysis was explored to understand which

of the parameters has a bigger impact in the selectivity results obtained.
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4.1.1 Materials and Methods for Membrane Preparation and

Permeation Measurements

4.1.1.1 Materials

All the components used to prepare the polymer solutions are the same men-

tioned in Chapter 3. Methanol (MeOH) (purity ≥ 99.9% w/w, CHROMA SOLV

for HPLC) and hexane (purity ≥ 99.9% w/w, CHROMA SOLV for HPLC) and

potassium acetate (puriss., meets analytical specification of Ph. Eur, E261, 99-

101%) were also purchased from Sigma-Aldrich. Polydimethylsiloxane (PDMS)

(Sylgard R© 184) was acquired from Dow Corning and polyurethane resine (PU3410)

from Alchemie.

Oxygen (purity ≥ 99.999%) and nitrogen (purity ≥ 99.9992%) were purchased

from BOC.

4.1.1.2 PVC Solution Preparation Method For Membrane Prepara-

tion

A volume of 250mL of a solution composed by PVC (28% w/w), DMAc (50%

w/w), THF (6% w/w) and EtOH (16% w/w) was prepared in a fume cupboard.

The experimental set-up can be seen in Figure 4.1.

In the day prior to the spinning run, the DMAc was added to a vial placed in

a water bath. The mechanical stirrer was turned on, the temperature set to

50oC and the polymer was slowly added to the vial to avoid agglomeration.The

mixture was left stirring overnight with a condenser operating with tap water

attached to the solution container in order to avoid any loss of solvent. On the

day after (spinning day), THF was added to the mixture and finally the EtOH.

The solution was left stirring for another hour and was after transferred to the
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Figure 4.1: Experimental set-up for the quaternary polymer solution prepa-
ration.

dope reservoir that was kept warm at the desirable spinning temperature using a

water bath.

4.1.1.3 Designing the Spinning Experiments using the Taguchi Method

In the previous chapter, eleven solutions with different compositions were stud-

ied in order to understand the impact of composition regarding its rheological

properties. Along with these, other parameters were studied such as temperature

and shear rate. Despite the big impact that the different concentrations have in

the rheology features, it was decided that this parameter would remain constant.

The reason for this choice is related with the phase inversion studies performed

before and with the work done by Jones [1] that spun PVC hollow fibre mem-

branes with decent selectivities using this composition. Because of this, it was

decided to keep this parameter constant in order to study the influence of other

parameters.

In total, three parameters will be studied - dope spinning temperature, dope ex-

trusion rate and coagulation bath temperature. As discussed before, the spinning

temperature is considered as an important factor due to the rheological behaviour

dependence on this parameter. The dope extrusion rate was also chosen due to

literature indications that this factor has influence on the performance of the
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prepared membranes [71, 114, 117]. Lastly, previous tests conducted by the re-

search group suggested that the coagulation bath temperature has influence in

the microscopic structure of the membranes [160].

As the rheological examination showed interesting behaviours at 50oC, 40oC and

60oC were chosen as well to understand what happens before and after this point.

10oC difference between the studied temperatures seemed reasonable in order to

identify possible differences in the prepared membrane features.

Concerning the extrusion rate, this parameter will affect the shear rate suffered

by the solution in the spinneret and also the residence time in the forced con-

vection chamber (since the chamber height used was always the same). In this

work, the extrusion rates studied were 1, 3 and 5 cm3/min since they are within

the normal values used in the literature and the idea is to study the influence of

different velocities of spinning.

Lastly, also the external bath temperature was investigated. In previous work

done in the laboratory, there was evidence of tearing happening at the surface of

the membranes at low temperatures (room temperature), disappearing at higher

temperatures [160]. Due to the impossibility to have the water bath at temper-

atures above 40oC this was the highest temperature studied. To check the effect

of this parameter also 20oC and 30oC were chosen.

In Table 4.1 it is possible to find the values chosen for each parameter studied.

Table 4.1: Values chosen for the parameters to be studied (dope/spinning
temperature, extrusion rate and external bath temperature).

Dope/Spinning

Temperature (oC)

Extrusion Rate

(cm3/min)

External Bath

Temperature (oC)

40, 50, 60 1, 3, 5 20, 30, 40

All the other spinning conditions were maintained constant in all of the spinning

runs, as follows:
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• Spinneret Dimensions: The spinneret used in the spinning runs was the

one already available in the research group with external diameter of 635

µm, internal diameter of 229 µm and aspect ratio (length to gap) of 1.4.

• Internal coagulant composition and temperature: The internal coagulant

fluid (or bore fluid) used was a 20% solution of potassium acetate in water.

The use of different bore fluid compositions will result in different membrane

characteristics [75, 161–163]. Since this composition was already used by

Jones et. al [8] to produce membranes with decent selectivities, it was

decided to keep this parameter constant. The reason to use potassium

acetate in water instead of using pure water is to reduce water activity and

consequently the energy of the fluid so it will have a lower probability of

interacting with the active layer, avoiding damage. The temperature used

for the bore fluid was room temperature.

• Internal Coagulant Injection Rate: This factor affects the velocity that the

bore fluid (that acts as a non-solvent) will approach the active layer. This

rate needs to be big enough to form the hollow in the membranes but not

too big that will damage the active layer before it is fully formed. Usually

this rate is related with the dope extrusion rate and it is practice in this

group to maintain it at a third of the dope extrusion rate.

• Forced Convection Flow Rate: This factor was already investigated in Jones’

[1] work. Due to this, it was decided to maintain this variable constant. In

Jones’ work it was suggested that a flow rate of 8 L/min would be the best

condition to produce membranes with decent selectivities. However, due to

the difficulty to spin membranes at 60oC with this gas flow rate, a flow rate

of 4 l/min was chosen due to stability in the process and because it is not

intended to study the impact of this factor in the present experiments.

• Forced convection height : For all the spin runs, the chamber used was always

the same (as it was the only one available in the laboratory) - a 9 cm cylinder

with the impingement zone located at 2.5 cm from the top. This means that

the residence time will vary with the extrusion rate and this effect will be

studied as well together with the dope extrusion rate effect.
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• Jet-Stretch Ratio: The jet-stretch used in these experiments was 1 in order

to minimize the stretch in the membranes so the other effects can be analyse

without other interferences.

The general spinning conditions can be found in Table 4.2.

Table 4.2: General Spinning conditions.

Polymer solution temperature 40oC, 50oC or 60oC

Spinneret dimensions OD 635 µm, ID 229 µm as-
pect ratio (length to gap) 1.4

Internal coagulant composition 20% (w/w) potassium acetate
in water (water activity 0.9)

Internal coagulant temperature Room temperature

Dope extrusion rate 1, 3 or 5 cm3/s

Dope extrusion rate:internal coagulant in-
jection rate

3:1

Forced convection gas Nitrogen

Forced convection flow rate 4 L/min

Forced convection chamber height 9 cm

Forced convection temperature Room temperature

External and wash bath composition Water

External bath temperature 20oC, 30oC or 40oC

Wash bath temperature Room temperature

Wind-up bath Room temperature

Jet stretch ratio (wind-up speed : extru-
sion speed)

1:1

As stated before, the Taguchi method was used to design the spinning experi-

ments. The first step in the Taguchi approach is to build a matrix of orthogonal

arrays in order to define the experiments to be performed. The number of factors

to be consider in this work is three (spinning temperature, dope extrusion rate

and coagulation bath temperature) and each of the factors as three levels. In this

situation the array is described by the symbol L9, that contains three three-level

columns, Table 4.3.
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Table 4.3: Orthogonal arrays (L9 Table).

Experiment Number Factor 1 Factor 2 Factor 3

1 Level 1 Level 1 Level 1

2 Level 1 Level 2 Level 2

3 Level 1 Level 3 Level 3

4 Level 2 Level 1 Level 2

5 Level 2 Level 2 Level 3

6 Level 2 Level 3 Level 1

7 Level 3 Level 1 Level 3

8 Level 3 Level 2 Level 1

9 Level 3 Level 3 Level 2

For this study, nine experiments should be performed, accordingly with the L9

table. Table 4.4 shows the nine runs indicating which value for each parameters

should be used in each run. These arrays considers that there is no interaction

between any two factors.

Table 4.4: L9 orthogonal matrix used to spinning experiment design.

Experiment

Number

Dope/Spinning

Temperature (oC)

Extrusion Rate

(cm3/min)

External Bath

Temperature (oC)

1 40 1 20

2 40 3 30

3 40 5 40

4 50 1 30

5 50 3 40

6 50 5 20

7 60 1 40

8 60 3 20

9 60 5 30
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4.1.1.4 PVC Hollow Fibre Membrane Spinning Method

In order to produce asymmetric hollow fibre membranes, a dry/wet spinning pro-

cess with forced convection in the dry gap was followed. A representation of the

spinning equipment can be seen in Figure 4.2.

Figure 4.2: Membrane spinning apparatus (1-Nitrogen cylinder, 2-Polymer
solution vessel, 3-Forced convection chamber, 4-Spinneret, 5-Gear pump, 6-
Syringe pump, 7-External bath , 8-Wash bath, 9-Wind-up bath, 10-Wind-up

drum, 11-Nitrogen entrance).

The fibers were extruded vertically through the spinneret at a chosen dope ex-

trusion rate (DER). Using a syringe pump, the bore fluid - a 20% w/w aqueous

solution of potassium acetate - was fed into the spinneret at a constant flow rate

(1/3 of DER). The forced convection chamber was located underneath the spin-

neret and consists of a cylinder with 5 cm diameter and 9 cm height and is flushed

with nitrogen. After extruded, the fibers passed through this chamber and the

nitrogen was introduced into chamber through three tubes 120o apart from each

other located at 2.5 cm from the top of the chamber. The coagulation baths were
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composed by water being the first one (external bath) at the desired tempera-

ture and the second one (wash bath) at room temperature. The jet stretch ratio

(wind up speed/extrusion speed) was kept constant at 1. Finally, the fibers were

collected in a wind-up drum that is submerged in water at room temperature.

The produced fibers went through a solvent exchange process. First they were

immersed in water for 2 days and after in methanol during 3 days. Finally, the

hollow fiber membranes were left to dry at room temperature.

4.1.1.5 Gas Permeation Measurements Method

To perform the gas permeation tests it is necessary to prepare single membrane

modules (1 membrane/module). The membranes were selected by looking into

its surface and hole with a magnifying glass to exclude membranes with visible

defects. Then they were potted into single fibre modules using a polyurethane

resin (PU3410) and were tested before and after coating.

A 3% w/w silicone (PDMS) solution in hexane was prepared in order to coat

the produced membranes. This solution was left to age for 20 minutes after

preparation and then the fibres were submerged in the solution for 10 minutes.

Finally, the membranes were left to dry at room temperature for two days. The

single modules were tested for oxygen and nitrogen at a pressure difference of 5

bar. 10 membranes of each set of conditions were tested.

4.2 Gas Permeation Results

After the spinning, potting and coating, the membranes are characterized in

terms of oxygen and nitrogen permeabilities. The permeation fluxes are measured

using a manual bubble flow meter where the time taken to achieve a specific

volume is recorded. Then the Pressure Normalised Fluxes (PNF) (also known as

permeance) are calculated using Equation 4.1.
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PNF =
V

A× t×∆P
(4.1)

V refers to the volume of gas measured in the manual bubble flow meter and t

to the correspondent time. A is the membrane surface area and ∆P the pressure

difference used to do the measurement.

Usually the PNF are measured in GPU (1 GPU=1x10-6cm3cm-2s-1cmHg-1).

The gas pair selectivity (Ω) is calculated by simply dividing the obtained perme-

ation fluxes of oxygen and nitrogen, Equation 4.2.

ΩO2/N2
=
PNFO2

PNFN2
(4.2)

In this work, the selectivity of each individual membrane was calculated and then

the average of the selectivities (10 membranes of each category were tested) was

used along with the respective standard deviation. The standard deviation (σ) is

calculated using Equation 4.3.

σ =

√∑n
i=1 (x− x̄)2

n− 1
(4.3)

In Table 4.5 the permeation results obtained for the uncoated membranes can be

found.
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Table 4.5: Permeation results obtained for the 9 categories of uncoated mem-
branes.

Experiment

Number
Selectivity (O2/N2) N2 Flux (GPU) O2 Flux (GPU)

1 0.89 ± 0.03 19.05 ± 4.27 16.92 ± 3.95

2 0.92 ± 0.04 36.29 ± 13.28 33.62 ± 12.66

3 0.92 ± 0.03 95.11 ± 6.55 87.81 ± 5.53

4 0.92 ± 0.03 28.34 ± 2.57 26.06 ± 2.64

5 0.93 ± 0.03 55.7 ± 6.7 52.10 ± 7.50

6 0.93 ± 0.03 124.90 ± 15.74 116.71 ± 14.92

7 0.94 ± 0.03 34.77 ± 5.17 32.57 ± 4.69

8 0.93 ± 0.06 57.51 ± 13.17 53.21 ± 12.28

9 0.92 ± 0.03 74.50 ± 6.19 72.81 ± 3.64

As can be seen in Table 4.5, the membrane categories present O2/N2 gas selectivi-

ties between 0.89 and 0.94 with standard deviations showing good agreement and

consistency within the set of fibres tested. These results for uncoated membranes

are a result of the different permeabilities of oxygen and nitrogen, being oxygen

slightly less permeable than nitrogen. Assuming Knudsen diffusion, a theoretical

number for the gas selectivity can be calculated using the molecular weight of

both gases being testes, Equation 4.4.

ΩOxygen/Nitrogen =

√
Mw(N2)√
Mw(O2)

(4.4)

Using the equation above, it is possible to calculate a Knudsen diffusion selectiv-

ity of 0.94 that are in agreement with the obtained experimental results.

Regarding the fluxes, big differences can be found between the different cate-

gories. A pattern can also be observed if the fluxes are grouped in batches of

three (1 to 3, 4 to 6, 7 to 9), Figure 4.3.
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Figure 4.3: Nitrogen (left) and oxygen (right) fluxes obtained to the 9 sets of
prepared uncoated membranes.

In each one of these three batches the spinning temperature is different and the

dope extrusion rate increases with the number of the batch (e.g. for category

1, 2 and 3 the spinning temperature is 40oC and the dope extrusion rate for is

1 cm3/min, 3 cm3/min and 5 cm3/min, respectively). Also the external bath

temperature varies, but this effect is not noticeable in the plot of the permeation

results. For each batch, with the increasing of dope extrusion rate, the fluxes

increase. This result can be linked with the residence time and therefore with

the thickness of the active layer of the formed membranes. Higher residence

times (that correspond to lower dope extrusion rates) will lead to higher solvent

evaporation that will result in thicker skins and therefore low fluxes.

After the measurement of the permeations in the uncoated membranes, these are

coated with silicone in order to repair possible defects in the active layer. The

results obtained for once coated and twice coated can be found in Table 4.6 and

4.7, respectively.
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Table 4.6: Permeation results obtained for the 9 categories of once coated
membranes.

Experiment

Number
Selectivity (O2/N2) N2 Flux (GPU) O2 Flux (GPU)

1 1.13 ± 0.20 2.98 ± 1.24 3.18 ± 0.94

2 1.00 ± 0.14 7.65 ± 4.37 7.30 ± 3.60

3 0.99 ± 0.23 31.39 ± 14.13 28.74 ± 12.33

4 2.14 ± 1.74 2.35 ± 1.58 3.25 ± 1.21

5 0.97 ± 0.04 6.99 ± 1.51 6.78 ± 1.36

6 0.93 ± 0.02 33.57 ± 7.31 31.11 ± 6.74

7 1.06 ± 0.10 5.15 ± 1.86 5.37 ± 1.59

8 0.97 ± 0.08 13.52 ± 2.68 13.05 ± 2.17

9 0.92 ± 0.06 19.10 ± 2.82 17.54 ± 2.37

Observing the results obtained for once coated membranes it can be seen that

the fluxes for both gases reduced drastically. It is also possible to observe that no

big improvements were achieved in terms of gas selectivity. Apart from category

4, where a average selectivity of around 2 was obtained, all the other categories

show poor selectivities around 1. If the error bars are considered, it is possible

to see that the majority of the categories will fall into the Knudsen selectivity.

Although category number 4 has the biggest improvement, it is also important

to notice the big standard deviation observed for this category of membranes

- 1.74 - shows that there is no consistency in the selectivities obtained for this

set of membranes. For the other categories, it is also visible the bigger standard

deviations obtained when compared with the uncoated membranes for both fluxes

and selectivities. A possible reason for this is the fact that, as the fluxes being

measured are lower, it is possible that the external factors such as temperature

or pressure could have impacted the measurements.

Looking to the results in terms of fluxes the same pattern between the categories

discussed before can be identified showing again the effect of the dope extrusion

rate (and the residence time).
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Table 4.7: Permeation results obtained for the 9 categories of twice coated
membranes.

Experiment

Number
Selectivity (O2/N2) N2 Flux (GPU) O2 Flux (GPU)

1 1.68 ± 0.52 0.88 ± 0.38 1.37 ± 0.46

2 1.64 ± 0.39 1.78 ± 1.22 2.61 ± 1.33

3 1.12 ± 0.36 12.59 ± 4.85 12.64 ± 3.96

4 2.82 ± 1.23 0.83 ± 0.46 1.86 ± 0.47

5 1.49 ± 0.17 1.65 ± 0.38 2.41 ± 0.42

6 1.71 ± 0.63 5.10 ± 4.01 6.82 ± 4.71

7 1.38 ± 0.61 2.58 ± 1.48 2.82 ± 1.30

8 1.39 ± 0.31 2.99 ± 1.17 3.85 ± 0.78

9 1.59 ± 0.35 3.10 ± 1.54 4.51 ± 1.53

Looking into the results obtained for twice coated membranes, a slightly improve-

ment in the selectivity can be seen with the second coating, but not enough to

overcome a selectivity of 2. Only category number 4 shows selectivities bigger

than 2 but with the consistency of the batch again compromised.

Again, a reduction in the fluxes are observed after the second coating suggesting

that the coating material is blocking the possible defects existing in the mem-

brane surface. However, the poor selectivities might be an indicator of high

surface porosity. Even if the coating material has sealed the pores, if the mem-

brane presents a high surface porosity, the gases will prefer to pass through these

sealed pores since less resistance to flow is offered in this situation.

Later in this work, membrane surface analysis will be carried out in order to

try to have a better insight about the membranes structure and stablish a link

between it and the permeation results.

Figure 4.4 shows the graph of selectivities obtained for the 9 categories of mem-

branes (uncoated, once coated and twice coated) for a better visualisation of the

experiments results and respective standard deviations.
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4.2.1 Results Analysis Using the Taguchi Approach

In this work the selectivities (derived from the fluxes) are the parameter that will

be evaluated in order to characterize the membranes performance. Accordingly

with Taguchi, the variations in the response obtained should be studied using the

signal-to-noise ratio (S/N). Signal refers to the response obtained (selectivity in

this case) and noise to the noise factors that might affect the final results. The

objective is to minimise these uncontrollable noise factors that contribute for vari-

ations in the response obtained. S/N ratio can be considered as a measurement

of the sensitivity that a parameters has to external influencing factors. In its

basic form, S/N is defined as the ration between the average and the standard

deviation of a set of results, Equation 4.5.

S/N =
x

σ
(4.5)

The S/N ration allows to:

• Determine the optimal conditions for a parameter based on the standard

deviation obtained

• Compare two or more sets of experimental results

To calculate the S/N ratio, Equation 4.6 is used.

S/N = − log 10(MSD) (4.6)

MSD is the mean square deviation and different expressions can be used depend-

ing on the objective of the analysis. In this work, the objective is to minimize

the squared difference between a target selectivity value and the experimental

results, Equation 4.7.

156



Chapter 4. Hollow Fibre Membrane Spinning and Gas Permeation Results

MSD = (Y 1 − Y 0)
2 + (Y 2 − Y 0)

2 + ...+ (Y N − Y 0)
2 (4.7)

Y0 corresponds to the target value for the parameter that is being measured

(selectivity in this case). A value of 5.1 was selected in this study as selectivity

target. This value corresponds to the mean for the oxygen/nitrogen selectivities

for PVC flat membranes available in the literature (see Chapter 1, Table 1.3).

The data obtained for S/N can be seen in Table 4.8.

Table 4.8: S/N data obtained for each set of prepared membranes.

Experiment Number S/N

1 -11.6

2 -11.8

3 -12.6

4 -9.3

5 -12.1

6 -12.0

7 -12.4

8 -12.3

9 -11.9

In this study, the objective is to minimize the the S/N ratio (that will mean

a minimization of the difference between the obtained selectivity value and the

target). The mean for each factor and level in terms of S/N ratio is shown

in Table 4.9. This mean is obtaining by selecting in Table 4.8 the S/N values

corresponding to each level and calculating the average.
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Table 4.9: S/N mean for each factor and level.

Level Spinning Temperature
Dope Extrusion

Rate

External Bath

Temperature

1 -11.99 -11.13 -11.99

2 -11.15 -12.05 -10.99

3 -12.19 -12.15 -12.35

Figure 4.5 shows the S/N mean graph for selectivity where the absolute minimum

S/N mean obtained can be graphically identified.

Figure 4.5: S/N ration effect for the different factors and levers. Note: S/N
smaller the better.

Accordingly with the S/N ratio results, the best conditions for the parameters

studied are:

• Spinning Temperature at Level 2 - 50oC;

• Dope Extrusion Rate at Level 1 - 1 cm3/min;

• External Bath Temperature at Level 2 - 30oC.

After this evaluation, the next step in the Taguchi analysis is to perform a confir-

mation experiment with the parameters found as the best. However, the condi-

tions above correspond to the experiment number 4 that is, in fact, the membrane

category with a smaller S/N ratio and therefore with a less deviation from the

158



Chapter 4. Hollow Fibre Membrane Spinning and Gas Permeation Results

target value for the selectivity. Due to this, a confirmation experiment is not

needed.

4.2.2 Discussion of the Gas Permeation Results using ANOVA

Variance Analysis.

Another investigation that can be made is related with the analysis of the vari-

ance of the results obtained. With this analysis it is possible to understand which

of the factors studied has the bigger impact in the results obtained. This analysis

is made using ANOVA, a tool that is used to make decisions based on statistics

[150, 164].

For the ANOVA analysis, the S/N ratios obtained earlier are used in order to cal-

culate the percentage of contribution of each of the factors studied (dope/spinning

temperature, dope extrusion rate and external bath temperature). To obtain the

percentage of contribution, different parameters need to be calculated first.

The degrees of freedom (DOF ) for a factor F are calculated using the number of

levels investigated as follows, Equation 4.8.

DOFF = number of levels - 1 (4.8)

The DOF for the error parcel are the total DOF minus the DOF assigned for

each factor, Equation 4.9:

DOFError = Total DOF−
n∑
i=1

DOFF (4.9)

The effect of factor A at level 1 is calculated using Equation 4.10.
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A1 =
1

3

3∑
i=1

S/Ni −
1

9

9∑
i=1

S/Ni (4.10)

The effects for the remaining factors and levels are calculated in a similar way.

The sum of squared deviations for factor A is calculated using Equation 4.11.

SSA = number of levels×
( 3∑
i=1

A2
i

)
(4.11)

For the remaining factors (B and C), the same approach is used. The sum of

squared deviations for the error is calculated using Equation 4.12.

SSE =
9∑
i=1

(S/Ni)
2 − 1

9

( 9∑
i=1

S/Ni

)2

− (SSA+ SSB + SSC) (4.12)

The variance is obtained dividing the sum of squared deviations by the respective

DOF for each factor F, Equation 4.13.

V arianceF =
SSF

DOFF
(4.13)

The F-ratio represents the ratio between the variance due to a factor and the

variance due to error, Equation 4.14:

F − ratio =
V arianceF

V arianceError
(4.14)

Finally, the percentage of contribution for the variance due to each factor is

calculated using the total variance, Equation 4.15:
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% Contribution =
V arianceF

Total Variance
(4.15)

The results obtained for the variance analysis can be seen in Table 4.10.

Table 4.10: ANOVA results obtained for the 3 parameters used to spin differ-
ent PVC hollow fibre membranes.

Source of

Variation
DOF SSF Variance F-Ratio

% of

Contribution

Spinning

Temperature (A)
2 2.24 1.120 2.10 23%

Dope Extrusion

Rate (B)
2 1.53 0.765 1.44 16%

External Bath

Temperature (C)
2 4.93 2.464 4.63 50%

Error 2 1.07 0.535 11%

Total 8 9.76 4.880

The results obtained show that the external bath temperature is the parameter

that has the most significant effect in the selectivity of the prepared membranes

with a percentage of contribution of 50%. The spinning temperature has a con-

tribution of 23% and the dope extrusion rate contributes with 16% for the final

variation. The F-ratio gives an indication about the significance of the effects

and, as it is higher than 1 for the three parameters, this means these effects are

significant. The percentage that is attributed to error is 11%, that is considered

low [150]. Although it is an acceptable value, there are some reasons that can be

discussed about its existence. This error corresponds to the factors that might

have influence in the process and that are not being controlled. One of this fac-

tors is the solution used to spin the membranes. As the spinning process involves

the used of different spinning and external bath temperatures and the volume

of polymer solution to be processed by spinning run is limited, each one of the

membrane categories were spun using different solutions. In such delicate pro-

cess as membrane spinning this might be enough to produce discrepancies in the

results. Also, five different gas chambers were used to measure the permeation
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fluxes. All these factors could not be better controlled and are reflected in the

error variance.

4.3 Conclusions of Hollow Fibre Membrane Prepara-

tion and Permeation Results Analysis

Membranes were spun using the dry/wet method accordingly with the conditions

defined by the Taguchi approach. After potting and coating the fluxes of nitrogen

and oxygen through the membranes were quantified and the selectivities calcu-

lated. Uncoated membranes showed poor selectivities, as expected, and the gas

transport was governed by Knudsen diffusion with selectivities around 0.94 that

corresponds to the Knudsen selectivity for the species being studied (oxygen and

nitrogen). This shows that the objective of achieving a defect free active layer in

the first place was not possible.

A pattern was identified, with the fluxes increasing with the increasing of the

dope extrusion rate. This pattern was identified in the uncoated, once and twice

coated membranes and might be related with the residence time of the mem-

branes in the chamber (residence time is varies inversely in relation to the dope

extrusion rate).

In general, after coating cycles, the membranes did not exhibit an improvement in

the selectivity, being category 4 the only one with a selectivity above 2. However,

big standard deviations were obtained for coated membranes in terms of selec-

tivity and flux. This big differences show that the batches are not consistent,

existing a big variability in the membranes produced for a fixed set of conditions.

The S/N ratios, calculated in relation to a target selectivity, showed that the

smaller S/N ratios were obtained for a spinning temperature of 50oC, a dope

extrusion rate of 1 cm3/min and an external bath of 30oC. This conditions cor-

respond to the membrane category number 4, that is actually the category with

the best results. Because of this, a confirmation experiment was not needed.

An analysis of variance of the results was also made using the S/N ratio results
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with the intend of understand which of the parameters has a higher influence in

the selectivity results. The external bath temperature was revealed as the param-

eter having the bigger impact with a percentage of contribution of 50% comparing

with 23% for the spinning temperature and 16% for the dope extrusion rate. The

percentage of variance attributed to the errors was 11%.
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Chapter 5

Structural Characterization of

the Prepared PVC Hollow

Fibre Membranes

5.1 Objectives

In this section, the prepared PVC hollow fibre membranes were characterized in

terms of structural properties using Scanning Electron Microscopy (SEM) tech-

nique. The cross section and the surface of the prepared membranes were observed

with the final aim of relate these structures with the spinning conditions used and

the selectivity results obtained.

5.2 Structure Analysis Methods

Different gas transport mechanisms can be present in membranes depending on

its structure. As it was discussed before, the pore size in a membrane surface

plays an important role in the separation because it is this parameter that will
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dictate which mechanism will be present/dominant. If the pore size is bellow 5

Å the membrane is characterized as non-porous and solution diffusion will be the

present gas transport mechanism. This is the mechanism that allows to achieve

separation since a gas molecule has around 5 Å and if the pore size is bigger

there will be no discrimination between the gases and no separation is achieved.

Above a pore size of 5 Å other mechanisms can be present - Knudsen diffusion

and viscous flow.

Is then really important to understand what is the pore size present in the surface

of the membrane so the flow mechanism can be identified. The use of surface

image to look into the properties of membranes is a commonly used technique.

It is true that the pore size is important but it is also relevant to understand

the number of pores that exist in a membrane surface. However, in surface area

imaging, only a small portion of the membrane is analysed so it becomes difficult

to evaluate this parameter.

There are several techniques that can be used in order to determine porosity, pore

size and pore size distribution, Table 5.1.

Table 5.1: Techniques used for surface characterization (various sources).

Technique Parameter analysed Reference

Bubble Pressure Maximum Pore size [165, 166]

Molecular Weight Cut Off (MWCO) Pore size [167]

Scanning Electron Microscopy (SEM)

Surface porosity,

pore size distribution,

qualitative analysis

[168–171]

Atomic Force Microscopy (AFM) Surface porosity [172, 173]

Gas adsorption/desorption Pore size distribution [174, 175]

Mercury intrusion method Pore size distribution [176]

The most commonly used technique in the membrane field is the SEM. In this

technique, a focused beam of electrons is produced and hits the material surface.

The sample is introduced in a chamber that operates under vacuum conditions

and the electron beam scans the surface allowing to collect information about the

examined area through the electron-sample interaction that produces a signal
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that is then detected by appropriate components in the equipment. For materials

that do not present conducting features a thin coat of an electrically-conducting

metal, such as gold or silver, should be applied to the surface to be analysed,

through a process called sputter coating.

In this work, the SEM technique was used in order to investigate the prepared

hollow fibre membranes structure hoping that a relationship between the spinning

conditions and the observed structure could be stated. An attempt of using gas

absorption/desorption to get information about pore size distribution was also

made, however, there was not enough surface area available in the sample in

order to get decent results.

5.3 SEM Analysis of Prepared Membranes

Surface and cross section membrane imaging was performed using the equipment

HITACHI SU-6600 (10 kV), a high resolution analytical variable pressure, field

emission scanning electron microscope.

5.3.1 SEM Sample Preparation

Cross-Section Analysis: The hollow fibre membranes were fractured using liquid

nitrogen to achieve a brittle fracture. The membranes were immersed in liquid

nitrogen for about 10 seconds and after, keeping them immersed, were fractured

using a pair of tweezers. These samples were than positioned in the sampler with

black carbon tape with the fractured cross section faced up.

After coating the membranes for cross section analysis with gold, it was observed

that they collapsed, probably due to the use of vacuum in the coating process.

Because of this, new samples were prepared and no coating was applied. This

means that the resolution obtained was not as good as it could be if a coating

material was applied on the membrane surface. Because of this, a variable pres-

sure (VP) mode had to be used, where air is introduced in the system to help to
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conduct the beam to reach the material surface. An Environmental Secondary

Electron Detector (ESED) was used in order to provide surface observation in

VP mode. Magnifications used varied from 120x to 700x.

Surface Analysis: To analyse the surface of the prepared membranes, samples

of each batch of membranes were displaced in the sampler, side by side, and

were then coated with gold. In this analysis a Secondary Electron (SE) detector

was used providing high-resolution imaging suitable for detailed topographical

characterisation of samples allowing magnifications from 600x to 8000x.

5.3.2 SEM Cross Section Analysis

Figures 5.2, 5.3 and 5.4 show the images obtained for the different membrane

categories.
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Category View 1 View 2

1

2

3

Table 5.2: SEM cross section views of membranes from category 1, 2 and 3
(different magnifications).
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Category View 1 View 2

4

5

6

Table 5.3: SEM cross section views of membranes from category 4, 5 and 6
(different magnifications).
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Category View 1 View 2

7

8

9

Table 5.4: SEM cross section views of membranes from category 7, 8 and 9
(different magnifications).

In the cross section analysis of the membranes it was difficult to use a magnifica-

tion that allowed to investigate the active layer thickness of the membranes. This

is due to the fact that the membranes were not coated with gold and a different

detector was used that does not give clear images when bigger magnifications

than the ones presented were used. However, it is possible to observe the hole of

the fibre and the aspect of the membrane cross section.

For all the membranes, there is a region near the inner wall of the membrane
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where there are big pores present that are related with the passage of the bore

fluid. The contact of this fluid with the polymer solution produces open pores

because of the quick phase inversion due to the high affinity of the DMAc with the

non-solvent in the coagulation bath (water) [169]. The use of a bore fluid with

lower water activity decreases the velocity of the solvent from the inner wall,

avoiding damaging the active layer located in the outer wall of the membrane.

In the middle region of the membrane it can be observed a layer with smaller

porous that is formed due to a slower phase inversion. This process is slower

due to a reduction in the velocity of the non-solvent front as it progresses into

the membrane. This type of structure was also found in the PVC membranes

prepared by Jones [1].

In terms of shape, apart from category number 2, all the samples taken present a

almost perfect circular shape that is important for the mechanical characteristics

of the membranes. It was hoped that a relation could be established between the

cross section outer wall shape of the membrane and the spinning conditions but

that was not verified. It was expected that the solutions spun at higher tempera-

tures (and hence, lower viscosities) would present a less circular form due to the

effect of the convective gas bombarding the structure outer layer. However, the

solution showed to be able to counteract those forces.

Using SEM micrographs, is it also possible to estimate the external and the in-

ternal diameter of the hollow fibre membranes and compare them with the spec-

ifications of the spinneret and the experimental conditions. The results obtained

can be seen in Figure 5.1.
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Figure 5.1: External and internal membrane diameter estimated for each one
of the categories of membranes prepared (obtained from SEM micrographs).

Looking to the results obtained for the membranes’ external diameter, it is possi-

ble to see that all categories present diameters lower than the spinneret diameter.

Concerning the internal diameter, apart from categories number 4 and 9, all the

membranes presented an internal diameter bigger than the spinneret one. This

is due to contraction of the polymer and was already found in textile production

[177]. This effect can also be observed in the surface images presented in the next

section.

Once again, it was not possible to relate the trends observed with the spinning

conditions.

5.3.3 SEM Surface Analysis

Scanning the surface of the membranes, it was possible to identify, for all of the

categories, the presence of defects that are suggested to be polymer agglomerates

in the membrane outer surface. As these defects were found in all categories,

no relation could be established between them and the spinning conditions. An

example of these defects present in a membrane from category number 4 is shown

in Figure 5.2.
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Figure 5.2: SEM surface view of a membrane from category number 4 showing
defects (magnification of 150x).

This agglomerates suggests that the quaternary polymer solution was probably

not completely homogeneous leading to this type of structure once the phase in-

version occurs. Although the solution, visually, looked like homogeneous, it is

possible that in the microscopic scale there were some regions where this was not

true, leading to the formation of these type of agglomerates once solidified.

It was also possible to observe axial tearing effects also in all the categories in-

vestigated. Figure 5.3 shows the surface analysis of a membrane from category

number 4.
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Figure 5.3: SEM surface view for a membrane from category number 4 show-
ing tearing (magnification of 150x).

These structural defects were also identified by Jones [1] on his PVC hollow fibre

membrane investigation prepared using the same method (dry/wet phase inver-

sion). Investigations done earlier in this research group, where PVC membranes

structure were prepared using an coagulation cold bath and then compared with

ones produced using a warm coagulation bath, suggested that the use of temper-

ature in the coagulation bath could minimize this effect [160]. However, in this

work, some categories were produced with warm coagulation baths and this effect

was still visible. There are some reasons that can be behind this. One of them

is the decreasing in the membrane volume that happens when it coagulates and

the inability of the structure to accompany these changes without damaging the

surface. Mechanical damage can also be another explanation for this, since the

membranes travel through the coagulation and external bath until their collection

in the wind-up drum by the help of rollers. Figure 5.4 shows a magnification of

one of the fractures.
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Figure 5.4: SEM surface view of a membrane from category number 4 showing
tearing (magnification of 8000x).

In this picture, it is possible to observed an exposed sub layer containing macro

pores. The fact that this rips are only superficial, since the sub layer does not look

damaged, it is suggested that these defects appear before the sub layer is totally

formed. Since the sub structure is fully formed by the end of its passage through

the baths, it is suggested that these defects appear before that - in the forced

convection chamber or in the first instants in the coagulation bath. Since these

defects are present across the membrane and it is though that they are formed

somewhere between the forced convection chamber and the first instant of the co-

agulation bath, it is suggested that two different forces acting on the membrane

can be behind the problem. In the forced convection chamber and in the first

instants in the bath, the membrane is subjected to stretching due to the weight

of the extruded thread. If the membrane structure is not able to counter these

force, this will result in a fracture in the membrane structure. Is true that this

effect can be negligible if the jet-stretch ratio used during the membrane spinning,

that relates the velocity of extrusion with the velocity of fibre collection, is kept

constant at 1. However, if, for some instants, the velocity at which the membrane

is being collected is faster than the velocity at which it is being extruded, this will

cause the membrane to stretch and to fracture since the structure is very fragile

at this point. From the SEM micrographs, the fraction of surface area occupied

by the mechanical defects (furrows) was estimated to be of the order of 10-4.

More detailed images of these structures were not possible to obtain due to the
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difficulty in obtaining clear pictures when larger magnifications were used. This

means that it was not possible to observe the surface in detail in order to get

important information such as the pore size.

Finally, is important to note that the samples analysed are just a small part of

the big amount of membranes prepared and that they are not, because of that,

representative. Also, it was verified in the permeation tests, the pressure nor-

malized fluxes obtained for the different categories had a big standard deviation

showing the big variability that exists between the membranes from the same

category, supporting this statement.

5.4 Conclusions of the Membranes Structure Charac-

terization

Scanning Electron Microscopy was used in order to get some insight about the

structural properties of the PVC prepared membranes by the dry/wet phase in-

version technique. Cross section images show membranes with circular shape,

suggesting that no major flow instabilities occurred during spinning. These im-

ages also show contraction of the membranes, a phenomena also found in the

production of textiles, reflected in the internal and external diameters measured

using the SEM micrographs when compared with the spinneret dimensions [177].

Surface imaging showed the presence of defects such as polymer aggregates and

fractures across the membranes for all the categories of membranes tested. The

existence of non-homogeneity domains, not visible at naked eye, in the starting

polymer solution is thought to be the reason for the presence of polymer aggre-

gates in the membranes surface. The tears are suggested to be a result of the

stretching due to the weight of the extruded thread and/or due to mechanical

damage during the contact of the membranes with the rollers that help the mem-

brane to travel through the spinning equipment. From the SEM micrographs,
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the fraction of surface area occupied by the mechanical defects (furrows) was es-

timated to be of the order of 10-4.

The drastic decrease in the fluxes through the membrane with the coating cy-

cles and the presence of Knudsen diffusion in the non coated membranes suggest

that these fractures are not the main reason for the poor membrane performance.

Unfortunately, it was not possible to identify patterns between the batches and

relate them with the different experimental conditions.
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Mass Transfer Modelling

6.1 Objectives

In this chapter, a theoretical model developed by Shilton [178] was used in order

to predict the active layer thickness of hollow fibre membranes prepared by the

dry/wet forced convection spinning method using different experimental condi-

tions.

6.2 Principles of the Mass Transfer Model

In hollow fibre membrane fabrication there are some parameters that are very

important to control in order to obtain structures suitable for gas separation.

One of these parameters are the conditions in the forced convection chamber. In

2004, Gordeyev and Shilton [179] studied the influence of different conditions in

the forced convection chamber such as residence time and gas flow rate in the

properties of polysulfone hollow fibre membranes. The authors concluded that

these parameters are important in order to obtain a membrane with attractive

selectivities. Different models, related with hollow fibre membrane production,
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can be found in the literature [180–183].

In 2013, Shilton proposed a mass transfer model to predict hollow fibre membrane

properties such as active layer thickness and orientation depth [178]. These two

parameters are very important in the final performance of the prepared mem-

branes. A thin defect free active layer should be obtained in order to achieve

good separation results. The molecular orientation obtained during the extrusion

of the solution should be locked during the active layer formation to achieve en-

hanced selectivities.

This model is proposed for membranes produced by the dry/wet forced convec-

tion process where the dry region plays an important role in the active layer

formation. Based on the most volatile solvent evaporation rate in the forced con-

vection chamber, it allows to predict the active layer thickness of a hollow fibre

membrane. The method was design using simple equations that allow it to be

applicable to any membrane forming system.

As was discussed before, in the dry/wet forced convection process, a polymer so-

lution is extruded through a spinneret, then passed through a forced convection

chamber and finally enters a coagulation bath before being collected in a wind

drum. In the forced convection chamber is where the most volatile solvent is

removed in order to start the growth of the membrane active layer. This evap-

oration occurs due to the contact of the solution with nitrogen that is entering

the chamber. Two distinct flow regions can be identified - a laminar flow region

and an impingement zone. The latter corresponds to the point where the gas is

entering the chamber and the flow regime is more aggressive. The laminar flow is

present in the upper parts of the chamber (above the impingement zone). Figure

6.1 outlines these two regions.
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Figure 6.1: Schematics representing the forced convection chamber and the
two different flow regimes presents in it. Adapted from [178].

Different chamber configurations (heigh, width and gas entrance heigh) can be

used, depending on the characteristic to be achieved. Table 6.1 shows the char-

acteristics of the forced convection chamber and the general spinning conditions

used in this work and that will be used in the model.

Table 6.1: General Spinning conditions.

Polymer solution composition 6% THF, 50% DMAc,
16% EtOH, 28% PVC

Polymer solution temperature 40oC, 50oC or 60oC

Spinneret dimensions OD 635 µm, ID 229 µm

Spinneret cross section area 3.17 x 10-7 m2

Dope extrusion rate 1, 3 or 5 cm3/s

Forced convection gas Nitrogen

Forced convection flow rate 4 L/min

Forced convection chamber height 9 cm

Forced convection chamber height at gas entrance 2.5 cm

Forced convection chamber cross section area 0.00196 m2

Jet stretch ratio (wind-up speed : extrusion speed) 1:1

In order to develop the mass transfer model, some preliminary assumptions were

made by the author [178]:
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• The more volatile solvent is the one that has the biggest influence in the

active layer formation in the dry gap;

• The active layer is considered to be fully formed in the upper part of the

chamber where laminar forced convection flow is present;

• The flow entering the chamber is assumed to split equally between the upper

and the bottom part of the chamber;

• Raoult’s law is used to describe the solvent concentration in the convective

gas at the equilibrium;

• The percentage of the fibre that corresponds to the active layer is equal to

the percentage of the most volatile solvent evaporated.

Accordingly with the mass transfer model, the membrane active layer thickness

is calculated using Equation 6.1 [178].

L =
D0 −

√
(D2

0(1−X) +XD2
i )

2
(6.1)

X corresponds to the fraction of solvent (THF in this case) that is evaporated

in the forced convection chamber. D0 is the external diameter of the fibber

and Di the internal one. In the case where the jet-stretch is equal to 1, these

diameters approach the spinneret dimensions (inner and outer diameter). As in

this work the jet-stretch was kept at 1, the spinneret dimensions will be used in

this equation. The fraction of solvent evaporated is determined using Equation

6.2 [178].

X =
R

DER× THF (%)
(6.2)

DER corresponds to the dope extrusion rate and THF (%) to the concentration

of THF in the initial polymer solution. R is the rate of THF evaporation from

the membrane surface in the chamber and is determined using Equation 6.3 [178].
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R = FA∆y (6.3)

F refers to the rate at which the solvent is lost from the fibre per unit of surface

area (A), per mole fraction and per unit of solvent and per mole fraction driving

force (∆y). (∆y) is calculated using Equation 6.5 [178].

∆y =
yi1
2

(6.4)

yi1 corresponds to the mole fraction of THF in the convective gas at the equilib-

rium and it is estimated using the Raoult’s law, Equation 6.5 [178].

yi1 =
xP ∗(T )

P
(6.5)

The parameter F is calculated using Equation 6.6 [178].

F = ρm × k (6.6)

ρm refers to the molar density of the convective gas and k to the mass transfer

coefficient that is determined using Equation 6.7 [178].

k =
D

x
× 0.664

√
Rex × Sc0.33 (6.7)

The Reynolds number is calculated using Equation 6.8.

Rex =
ρxv

µ
(6.8)
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ρ is the density of the convective gas and x is the length of the fibre. Finally, v

is the velocity of the convective gas entering the chamber and can the calculated

using Equation 6.9 [178].

v(N2) =

QN2

2
XSAchamber

+
DER

XSASpin

(1 + JS

2

)
(6.9)

In Table 6.2 the physical properties of the convective gas (nitrogen) can be found.

Table 6.2: Physical properties of nitrogen [178].

Parameter Value

Nitrogen viscosity, µ 1.8 x 10-5 Pa.s

Nitrogen density, ρ 1.2 kg/m3

Diffusivity of THF in Nitrogen, D 1.07 x 10-5 m2/s

Nitrogen molar density, ρm 0.041 kmol/m3

In this work, the active layer thickness will be calculated for different process

conditions such as spinning temperature and dope extrusion rate. The various

vapour pressures of THF at different temperatures investigated can be found in

Table 6.3.

Table 6.3: Vapour pressures for pure THF at different temperatures [184].

Temperature (oC) Vapour Pressure (mmHg)

25 161.08

30 201.02

40 301.52

50 439.53

60 623.30
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6.3 Results of the Mass Transfer Model - Prediction

of the Active Layer Thickness

The results obtained for the rate of THF loss (R), for different conditions, can be

seen in Table 6.4.

Table 6.4: THF solvent evaporation for different temperatures and dope ex-
trusion rates.

Rate of THF Loss (kmol/s) x 1011

Dope Extrusion Rate (cm3/s)

Temperature 1 3 5

25 0.61 0.97 1.22

30 0.77 1.21 1.53

40 1.15 1.81 2.29

50 1.68 2.64 3.33

60 2.37 3.74 4.86

The active layer thickness predicted for the spinning conditions investigated can

be seen in Table 6.5. The residence times above the impingement zone (IZ) are

also presented.
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Table 6.5: Active layer thickness predicted for different spinning temperatures
and dope extrusion rates.

Active Layer Thickness (Å)

Dope Extrusion Rate (cm3/min)

Temperature 1 3 5

25 6218 3327 2532

30 7762 4152 3160

40 11649 6230 4741

50 16996 9086 6914

60 24129 12893 9809

Residence time above IZ (s) 0.475 0.158 0.095

Total residence time (s) 1.596 0.532 0.319

The results are plotted in Figure 6.2 for a clear visualisation of the influence of

the two parameters being studied.

Figure 6.2: Predicted membrane active layers using the mass transfer model
considering the laminar flow region.

In this figure, the influence of the spinning temperature and the dope extrusion

rate (DER) can be analysed. It is important to notice that, in this work, the
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dope extrusion rate and the residence time are coupled together so it is not

possible to discern the effect of each one of these factors in the predicted active

layer thickness separately. The temperatures used to perform the spinning of

the membranes were 40oC, 50oC and 60oC. However, more temperatures were

incorporated into the model results for a better understanding of the evolution

of the predicted active layer thickness with this parameter.

The active layer thickness obtained with the model ranged from 2.500-25.000 Å.

As can be seen, there is an increase in this parameter with the temperature for all

the extrusion velocities. These results were expected since the model is based on

the fraction of THF evaporated in the chamber and the solvent vapour pressure

increases with the temperature, increasing the driving force for mass transfer to

occur (Table 6.3). These results were also observed experimentally by Shilton

[178] when studying the influence of the spinning temperature in the active layer

growth.

The same effect can be seen with the decreasing of the dope extrusion rate. Two

effects occur with the variation of the DER - the shear stress suffered by the

solution in the spinneret wall and the residence time in the chamber (since the

same chamber was used for all the DER). In the predictions made by Shilton

[178], at fixed residence time, decreasing thickness were observed with increasing

dope extrusion rate. These results were in accordance with what the author found

experimentally by using the pressure-normalized fluxes to obtain the active layer

thickness of the membranes, and are related with the molecular orientation of

the molecules created during the spinning [114]. In the same study, the effect

of the residence time was tested, keeping the dope extrusion rate constant. The

model predicted an increasing in the active layer thickness with the increasing

in the residence time. However, the experimental results showed an existence

of a critical DER from which the active layer thickness starts to decrease. The

authors suggest that the behaviour of the bore fluid, and its relation with the

phase inversion, is not being taken into account and can be behind these results.

In the present work, both effects described before seem to be present. With the

increasing DER, the residence time decreases and both effects contribute for a

decreasing in the active layer thickness.

The active layer thickness predicted by the mass transfer model is based on the
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argument that the active layer is fully formed in the upper part of the forced

convection chamber. However, it was suggested in other studies that the use

of high temperature in the spinning processes enhances the importance of the

impingement zone in the growth of the active layer [179]. In the impingement

zone, since the mass transfer is more aggressive (due to the higher gas velocity

in this region), the solvent evaporation rate will be much bigger and the model

will predict a much bigger active layer thickness. As high spinning temperatures

were used in this work, prediction of the active layer thickness were also made

using the mass transfer model applied to the impingement zone region.

The impingement zone relates with the region in the chamber where the gas

enters. The area of the membrane exposed to this section can be calculated using

the diameters of the pipe from where the gas is entering the chamber. The mass

transfer coefficient is calculated based on a turbulent regime, so the adequate

expression for the Sherwood dimensionless number should be used, Equation 6.10.

k =
D

x
× 0.43 + 0.532Rex

0.5 × Sc0.31 (6.10)

From this point, the calculations are made in the same way as for the laminar

region. The results obtained for the predicted active layer thickness considering

that it is fully formed in the the impingement zone can be seen in Figure 6.3. The

results obtained earlier for the laminar region are plotted as well for comparison.
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Figure 6.3: Comparison of the predicted membrane active layers using the
mass transfer model applied to the impingement zone region and to the laminar

flow region.

If the impingement zone is considered, the predicted active layers range from

10.000-190.000 Å. These results show a big increase in the active layer thickness

if the impingement zone is considered in the model instead of the laminar region.

As discussed before, since the conditions of this region are more aggressive in

terms of flow regime, bigger solvent evaporation rates are in place, translating in

bigger active layer thickness. This results also suggest that the DER has a bigger

effect in the results for this region when compared with the laminar one. This

might be related with the residence time and with the mass transfer coefficients.

The mass transfer coefficients calculated for the impingement zone escalate faster

with the DER than the ones calculated for the laminar region. For the smallest

residence time this will translate in a faster grown in the predicted active layers

thickness.

Unfortunately, the general selectivities of the prepared membranes were low so it

189



Chapter 6. Mass Transfer Modelling

was not possible to determine experimentally the active layer thickness of these

membranes using the pressure normalized fluxes results and the permeability co-

efficients. This makes it impossible to compare the obtained results with experi-

mental evidence. However, the comparison of these results with the ones obtained

experimentally by Shilton [178], even considering a different system, gives some

confidence in using this model to have an idea of the expected magnitude of active

layer thickness of the prepared membranes as well as the effect of the different

parameters.

6.4 Results of the Mass Transfer Model - Prediction

of the Orientation Depth

The mass transfer model also allows to predict the orientation depth in the mem-

brane active layer using Equation 6.11.

Rrelax = FrelaxArelax∆y (6.11)

Rrelax refers to the rate of THF evaporation during the relaxation of the polymer

chains considering the length of fibre extruded within the relaxation time. The

parameter Frelax is similar to the F calculated earlier but in this case consider-

ing only the relaxation period. Arelax corresponds to the area of the membrane

extruded in the relaxation time and, finally, ∆y represents the mole fraction dif-

ference driving force.

To do these calculations, it is necessary to know the relaxation time of the poly-

mer. There are different methods available to determine this parameter. One

of these consist in conducting rheological angular frequency experiments. As it

was discussed before, in the rheological studies performed it was not possible to

quantify the relaxation time of the samples studied. However, it was possible to

suggest that the relaxation time is always greater than 10 seconds, for all the
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spinning temperatures. Table 6.6 contains the residence times for each one of the

dope extrusion rates used as well as the suggested relaxation times.

Table 6.6: Comparison between the residence times in the forced convection
chamber and the polymer relaxation time.

Dope Extrusion Rate (cm3/min)

1 2 3

Residence Time (s) 1.596 0.158 0.095

Relaxation Time (s) >10 >10 >10

As can be seen, the residence time is always smaller that the relaxation time.

This suggests that the orientation achieved in the spinneret is ”locked” when

the active layer is formed in the dry gap. This means that all the active layer

thickness will be orientated and the orientation depth corresponds to the active

layer thickness.

6.5 Conclusions of the Mass Transfer Modelling

The mass transfer model developed by Shilton allowed to predict the active layer

thickness of hollow fibre membranes prepared by the dry/wet phase inversion

technique for different experimental conditions. This model is based on the sol-

vent evaporation rate (of the most volatile component) that happens in the dry

gap (forced convection chamber).

Using this model, the effect of the spinning temperature and the dope extru-

sion rate was evaluated and the increasing of the active layer with the increasing

of the spinning temperature and decreasing of the dope extrusion rate was pre-

dicted. The active layer thickness predicted considering the laminar flow region

as responsible for the fully growth of the active layer ranged from 2.500-25.000

Å. If the impingement zone is considered as the region responsible for the active

layer formation, thicker layers are predicted (10.000-190.000 Å). Experimental

evidence obtained by the author of the model suggests that, when membranes

are spinning at high temperatures, the impingement zone should be considered
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as responsible for the growth of the membranes skin. This suggest that very thick

active layers should be obtained for the conditions studied in this work.

As the relaxation time is greater than the residence time, it is suggested that all

extent of the active layer of the membranes is oriented.

In the next chapter a different model, based on experimental data, will also be

used to predict the active layer thickness and hopefully a comparison can be made

with the predictions made using the mass transfer model.
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Resistance Modelling

7.1 Objectives

Previously, permeation data for oxygen and nitrogen was obtained experimentally

for the membranes prepared using different spinning conditions. Using this data

the resistance model, developed by Shilton [71] was used in order to determine

the membrane active layer thickness and surface porosity.

7.2 Principles of the Resistance Model

The first papers to relate the gas flow through membranes with electrical resis-

tances were published in the 80’s by Henis and Tripodi [185, 186]. In their work

they introduced the concept of membrane coating to repair membranes with de-

fects in order to achieve suitable selectivities for gas separation. Later, in the 90’s,

since the model was not fitting experimental data accurately, it was improved by

other authors by incorporating the Wheatstone bridge model [187]. Shilton [71],

in 1996, developed a modified version of the Wheatstone bridge model where an

expression for Knudsen diffusion was incorporated in order to determine the pore
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size and other structural parameters using gas permeation measurements.

A schematics of a structure of an uncoated asymmetric membrane, Figure 7.1.

Figure 7.1: Schematics of the gas transport through an asymmetric uncoated
membrane.

The arrows indicate the different flows that can be present:

1. Solution-diffusion through the polymer;

2. Knudsen diffusion through the active layer pores;

3. Viscous flow through the substructure containing big pores.

The gas transport through a membrane can be achieved by three different mech-

anisms that are related with the structural features of the material - Knudsen

diffusion, viscous flow and solution-diffusion. These three flows are described by

Equation 7.1, 7.2 and 7.3, respectively [71].

Knudsen Diffusion : Q =
8

3

√
1

2πR0TM

r

L
Ap×A×∆p (7.1)

Viscous Flow : Q =
r2

8R0T

1

Lη

(pf + pp
2

)
Ap×A×∆p (7.2)

Solution-Diffusion : Q =
Pgas/polymer

L
Ap×A×∆p (7.3)
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Solution-diffusion mechanisms occurs in non-porous membranes. Viscous and

Knudsen flows occur depending on the the Knudsen number (Kn), Equation 7.4.

Kn =
d

p
(7.4)

dp corresponds to the pore diameter and λ corresponds to the gas mean free path

that can be calculated using Equation 7.5.

λ =
R0T

20.5pNπdm
2 (7.5)

If Kn is greater than 10, Knudsen diffusion occurs. If it is less than 0.01, viscous

flow is present. In between these two Kn, a transition region is present. Relating

the general expression for the flow (Equation 7.6) with the different flow equations

above, it is possible to obtain the permeation expressions for each one of the

different flows.

Q = P ×A×∆p (7.6)

As it was not possible to use SEM to determine the pore size, it is assumed

that the surface membrane pore radius is smaller than 100 Å [71]. Calculating

the Knudsen number, it is concluded that Knudsen diffusion is the mechanism

present in this section of the membrane, that is concordant with the uncoated

pressure normalized fluxes that show Knudsen selectivity. In the sub layer the

pores are big, so the Knudsen number is lower than 0.01 and viscous flow is

present.

If these flows are represented as resistances, Figure 7.2 is obtained where each

one of the resistances represents the mechanisms listed before.
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Figure 7.2: Representation of the gas resistances encountered in an uncoated
asymmetric membranes.

A simplification can be made to these diagram by removing resistance number 3

since this resistance represents the flow of the gas through the sub layer of the

membrane that is composed by big pores that offer low resistance when compared

with the other two resistances. The total resistance is given by the sum of R1

and R2, Equation 7.7.

1

Runc
=

1

R1
+

1

R2
(7.7)

In these resistances are substituted by the respective pressure normalizer fluxes,

Punc, Equation 7.8 is generated (note that the resistance to permeation is the

inverse of the product between the permeation and area).

Punc =
Pgas/polymer

L1
+

8

3

√
1

2πR0TM

r

L1
Ap (7.8)

In order to repair the membrane from eventual defects in the surface, a coating

material is used. After the coating process, an additional resistance needs to be

considered. Figure 7.3 illustrates a membrane structure after coating.
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Figure 7.3: Schematics of the gas transport through an asymmetric coated
membrane. L1 - Active layer thickness; L2 - Height of the pore not filled by the
coating material; L3 - Coating heigh above active layer; L4 - Coating penetration

in the pore.

As can be see, with the introduction of the coating material a new resistance

needs to be considered. Arrow number 4 corresponds to the solution-diffusion

mechanisms of the gas through coating material above the active layer and num-

ber 5 to the same mechanisms but in the porous region, Figure 7.4.

Figure 7.4: Representation of the gas resistances encountered in a coated
asymmetric membranes.

In this case, the total resistance is given by Equation 7.9.
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1

Rcoat
=

1

R1 +R4
+

1

R2 +R5
(7.9)

However, the resistance R4 is much smaller than R1 because the coating material

has much high permeability to the gases when compared with the polymer and

is, because of that, negligible. Also, as the penetration of the coating material

is not good, it is considered that L2 is approximately equal to L1 and L4 is ap-

proximately equal to L3. The expression in terms of fluxes can then be obtained,

Equation 7.10.

Pcoat =
Pgas/polymer

L1
+

1

8

3

√
1

2πR0TM

r

L1
Ap+

Pgas/coating

L3

(7.10)

With the equations available it is possible to calculate the active layer thickness

(L1), surface porosity (Ap) and coating height (L3).

To calculate the unknown parameters, the permeabilities of the gases through the

polymer and the coating material need to be known. The coating material used

in this work is polydimethylsiloxane (PDMS) (also known as Sylgard R© 184) and

the polymer is PVC. Table 7.1 shows the permeability coefficients for oxygen and

nitrogen through these two materials.

Table 7.1: Permeability coefficients of oxygen and nitrogen through PDMS
and PVC.

Gas Material Permeability Coefficient (barrer)

Oxygen
PDMS 620 [188, 189]

PVC 0.091 [8]

Nitrogen
PDMS 280 [189]

PVC 0.01802 [8]
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7.3 Results of the Resistance Model - Calculation of

the Active Layer Thickness and Surface Porosity

Due to the experimentally obtained selectivity results for the uncoated mem-

branes show that the flow mechanism present is Knudsen diffusion, Equation 7.8

can be simplified by removing the parcel correspondent to the flux through the

polymer. Two other equations can be obtained by using Equation 7.10 for each

one of the gases tested (nitrogen and oxygen).

The system of non-linear equations was solved using the software Mathcad (see

Appendix). In the first attempt it was not possible to obtain a valid solution

since the system was not converging. This results was not surprising since the

coated selectivities obtained in this work are low (less than two in the majority of

the membranes tested for the different conditions). This result suggests that the

mechanisms that were assumed to be involved in the gas flow through the mem-

brane do not correspond to the reality, more concretely the solution-diffusion of

the gases through the polymer. To try to solve this problem a new approach was

considered. In this new approach, for the coated membranes with selectivities

bellow 2, it was considered that the only flow mechanism is through Knudsen

diffusion, eliminating the solution-diffusion term in Equation 7.10. With this

assumption, Equation 7.11 is generated.

Pcoat =
1

8

3

√
1

2πR0TM

r

L1
Ap+

Pgas/coating

L3

(7.11)

Taking this approach, by solving the system of equations, it was possible to de-

termine the active layer thickness and surface porosity for the tested membranes

with selectivities below 2, based on the permeation data obtained. The Mathcad

algorithm used can be found in the Appendix. The obtained results can be found

in Figure 7.5 and 7.6.
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Figure 7.5: Results obtained for the membranes surface porosity using the
resistance modelling.

Figure 7.6: Results obtained for the membranes active layer thickness using
the resistance modelling.

The first comment that can be made to these results are the big standard devi-

ations presented. However, these results were expected since they were obtained
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using the permeation data acquired experimentally that already presented big

standard deviations, reflecting the big variability that exists in each one of the

batches.

As these experiments were designed using the Taguchi approach, the evaluation

of the influence of the three studied parameters is not linear. However, some

general comments can be made about the results obtained.

Concerning the surface porosity (area of pores per area of the membrane), the

results show that it is in the region of 10-5 with category number 4 being the one

presenting lower surface porosity (10-4). However, no pattern between the values

obtained and the spinning conditions can be outlined. The fact that the other

categories are predicted to have higher surface porosities can be a possible expla-

nation for the low selectivities presented (near the coating material selectivity).

This can be linked with the fact that, due to the high surface area that is covered

with pores, even if these are sealed with the coating material, the gases would

have a preference to pass through the pores sealed with silicone, compromising

the separation. The PVC hollow fibre membranes prepared by Jones [1] that

showed a decent selectivity presented porosities around 10-7, which shows that

the separation properties of the membranes prepared in this work might have

been compromised by the presence of a big number of pores in the surface.

From the SEM micrographs of the membranes’ surface, the fraction of surface

area occupied by the mechanical defects (furrows) was determined to be of the

order of 10-4. This is at least one order of magnitude greater than the surface

porosity calculated by the resistance modelling. This results is encouraging as

it indicates that the mechanical striations cannot be cracks all the way though

the active layer (if they were, the resistance modelling surface porosities would be

much larger). Thus the striations can simply be dismissed as aesthetic displeasing

features.

A possible reason for the big porous area is the incomplete coalescence of the

polymer nodules during the nodule coalescence and growth phase, compromising

the achievement of a defect free active layer.

In terms of the active layer thickness, the results obtained suggest the existence

of thick active layers in the prepared membranes. In this work the results show

thickness ranging from 65.000-270.000 Å. It is also important to notice once again,
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the big standard deviations obtained in these calculations that results from the

variability in the fluxes measured.

It was expected that the membranes extruded with lower rates would present

thicker active layers since the residence time in the chamber is bigger, allowing

a more extended growth of the skin due to the contact with the convective gas.

However, no relation can be established between these results and the different

spinning conditions, since no patterns are identified. With the increase of the ac-

tive layer thickness it is expected to observe a decrease in the pressure normalized

fluxes. If these results are compared with the experimental ones, it is possible

to verify that category number 3 has one of the lowest experimental fluxes and

accordingly with the resistance modelling one of the highest active layer thick-

ness. Even if the transport mechanism considerer for the membranes is Knudsen

diffusion, it is possible to see in Equation 7.1 that the active layer thickness is a

parameter to have in account to calculate the flux and, as a denominator, will

generate lower fluxes with its increase.

If these results are compared with the active layers predicted by the mass transfer

model studied earlier, it can be seen that they are in the same order of magnitude

of those predicted by considering the impingement zone, Figure 7.7. This suggests

that, in this system, this part of the chamber is playing an important role in the

formation of the active layer of the membranes. It was already outlined before

the importance of the impingement zone when spinning at high temperatures is

performed, conducting to thick active layers [178].
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Figure 7.7: Comparison of the results obtained for the membranes active
layer thickness using the resistance modelling with the results obtained using

the mass transfer model.

7.4 Conclusions of the Resistance Modelling

In this work, two different models were explored in order to predict the active

layer thickness of PVC hollow fibre membranes prepared by the dry/wet phase

inversion process. The first one, the mass transfer model, predicts the active layer

thickness based on the solvent evaporation rate happening in the dry gap (forced

convection chamber) while the second, the resistance model, predicts the same

parameter using the experimental pressure normalized fluxes and an approach

that considers the flow through membranes as resistances. The latter also allows

to determine the membranes surface porosity.

In the mass transfer model, the temperature and the dope extrusion rate were

evaluated and the model predicted the increasing of the active layer with the

increasing of the temperature and decreasing of the dope extrusion rate. If the

impingement zone is considered as the region responsible for the active layer
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formation, thicker layers are predicted.

The resistance model, based on experimental data, estimates the existence of

thick active layers in the prepared membranes. If the quantitative results are

compared with the mass transfer model it can be seen that they are of the same

magnitude, suggesting that the impingement zone had a big influence in the

growth of the active layers of the prepared membranes. The resistance model

allowed to estimate the surface porosity of the membranes, showing that this

parameter was higher when compared with results already obtained for PVC

membranes in previous published work [1].

The SEM micrographs suggested that the fraction of surface area occupied by the

mechanical defects is of the order of 10-4 that is at least one order of magnitude

greater than the surface porosity calculated by the resistance modelling. For this

reason, the striations can simply be dismissed as aesthetic displeasing features.

The high surface porosity obtained is suggested to be due to the incomplete

coalescence of the nodules during the formation of the active layer. High porosity

and the existence of thick active layers, are suggested to be the reasons for the

low fluxes and low selectivities obtained for the membranes prepared.
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The preparation of a polymer solution is the first step in the production of hollow

fibre membranes using the dry/wet phase inversion spinning process. Following

the work previously carried out by Jones [1], the polymer solutions used to pro-

duce the hollow fibres were composed of PVC, DMAc, THF and EtOH.

In order to study the phase inversion properties of the PVC solutions, solutions

with different compositions were prepared. Preliminary degradation tests were

performed to evaluate the maximum temperature to be used in order to achieve

homogeneity and avoid the degradation of the PVC in solution. A visual appear-

ance of the solution was made to evaluate its homogeneity. This results of the

solubility tests helped to understand the possible location of the binodal curve for

this polymer system and, based on that, choose the appropriate polymer solution

composition in order to conduct the membrane spinning (composition number 2

- 28% PVC, 50% DMAc, 6% THF and 16% EtOH (w/w)).

As the spinning process subjects the polymer solutions to high shear rates and

different degrees of deformation. A rheological analysis of the PVC quaternary

solutions with different compositions was made in order to study the influence

of parameters such as composition and temperature. The results showed that

composition and temperature have a strong influence in the viscoelasticity of the

solutions. Rheological tests also allowed to obtain information about the polymer

relaxation time, a very important parameter in membrane spinning. It was not

possible to obtain the exact value for the relaxation times for the compositions

studied but the results suggested that these are always greater than 10 seconds.

Since the residence times in the forced convection chamber are lower than two

seconds for the dope extrusion rates used in the spinning runs, it is suggested
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that the alignment of the polymer chains achieved in the spinneret is ”locked”

when the coagulation of the membrane surface occurs.

The rheological results allowed also the determination of the gel point in terms

of concentration, giving more information about the phase diagram of the sys-

tem. The temperature sweeps detected a range of temperatures (between 45oC

and 51oC) in which there is an accentuated decrease in the storage modulus for

all compositions investigated. Creep and recovery experiments results showed

that the temperature has a strong influence in the viscoelastic properties of the

solutions in the temperature range studied (20oC to 50oC). Some solutions that

presented viscoelastic properties at 20oC behaved as purely viscous materials at

50oC. This suggests that the drop in the storage modulus observed in the temper-

ature sweep tests is due to the transition between the viscoelastic regime to the

viscous regime (liquid-liquid transition). No thermal transitions (such as melting)

where detected in the DSC experiments between 20oC and 50oC, strengthening

the hypothesis of a liquid-liquid transition.

Previous published results for the same polymer system showed higher selectiv-

ities for membranes prepared at 50oC when compared with fibres prepared at

20oC. The fact that there is a change in the viscoelastic properties from 20oC

to 50oC might be the reason for the difference in the selectivities observed by

Jones [8] when spinning fibres at both temperatures. These results suggest that,

for this system, it is desirable to have solutions with purely viscous features, i.e.

without any viscoelasticity.

Two different models were used to fit the creep and recovery data - Burgers (only

creep data) and Weibull model (creep and recovery data). Both models fitted

well the experimental data and allowed to obtain quantitative parameters about

the system, such as retardation times. The results obtained in the rheological

tests were useful to understand the features of the ternary phase diagram for this

system.

Using the phase inversion and the rheological investigation results, the spinning

runs were designed in order to produce hollow fibres using different experimen-

tal conditions. A fresh solution with the same composition as solution number

2, was prepared. This solution was also subjected to rheological tests, since its

preparation method and ”ageing” time was different from the one tested before

206



Final Conclusions

with the same composition. Temperature sweep tests showed a decreasing in the

storage modulus at around 43oC. Creep and recovery tests showed a change from

a viscoelastic to a purely viscous material was detected between 40oC and 45oC.

These results reinforce the presence of a liquid-liquid transition in this tempera-

ture range, with the preparation method and ”ageing” time having a moderate

effect on the temperature at which this transition occurs.

Results from rheological flow tests carried out at 20oC and 50oC allowed to sim-

ulate velocity, shear rate and shear stress profiles in the spinneret by fitting the

experimental data to a power law model. These results showed once more the

effect of temperature in the extrusion process.

The detailed rheological study of the quaternary PVC solutions showed how dif-

ficult it can be to characterise a system where one of the components is a solvent

with a low boiling point (Tb(THF)≈66oC) thus making evaporation an issue

when high temperature is used. Although this effect was minimised by the use

of a solvent trap, it is not guaranteed that this phenomenon has no effect on the

observed results.

The experimental design of the spinning runs followed the Taguchi method. Three

experimental parameters were evaluated (spinning temperature, dope extrusion

rate and external bath temperature) and nine categories/batches of membranes

were prepared with different experimental conditions in order to study the effect

of these parameters in the performance of the membranes.

After preparation and potting, the nitrogen and oxygen fluxes through the mem-

branes were measured and the selectivities calculated. The membranes were then

coated twice and the gas fluxes recorded after each coating cycles. Uncoated

membranes showed poor selectivity, with the gas transport being governed by

Knudsen diffusion. A pattern was identified, with the fluxes increasing with the

increasing of the dope extrusion rate (and decreasing of the residence time in the

forced convection chamber)

In general, the coating cycles did not yield improvements in the selectivities. Only

one category of membranes presented selectivities above 2 (ΩO2/N2=2.82±1.23).

For all the categories, the measured fluxes and selectivities showed large standard
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deviations, thus showing the inconsistent gas permeation performance of individ-

ual membranes from the same batch.

The Taguchi method allowed to determine the best experimental conditions

(within the range of conditions investigated) in order to achieve a target selectiv-

ity. The target selectivity chosen in this case was the average of the selectivities

found in the literature for the pair oxygen/nitrogen for PVC flat sheet mem-

branes (ΩO2/N2=5.1). A spinning temperature of 50oC, a dope extrusion rate of

1 cm3/min and an external bath of 30oC were obtained as the best conditions.

These conditions correspond to the membrane category number 4 and, because

of this, a confirmation experiment was not needed.

An analysis of variance (ANOVA) was also performed to understand which of

the parameters studied contributes the most for the variability of the selectivity

results. The external bath temperature was the parameter that had the larger

contribution to the results (50% comparing with 23% for the spinning tempera-

ture and 16% for the dope extrusion rate). These results highlight the importance

of temperature as a crucial operating condition in different stages of spinning.

To get some insight about the structural characteristics of the prepared mem-

branes, Scanning Electron Microscopy (SEM) technique was used. Cross section

showed membranes with a circular shape, suggesting that no major flow insta-

bilities occurred during the spinning. By determining the internal and external

diameter of the prepared membranes it is possible to verify that there is a con-

traction in the dimensions of the fibres when compared with the dimensions of

the spinneret, being this phenomena also found in the textile industry [177].

Surface imaging showed the presence of defects such as polymer aggregates and

fractures in the prepared membranes, for all the categories. The existence of non-

homogeneity domains, not visible at naked eye, in the starting polymer solution is

suggested to be the reason for the polymer aggregates visible in the surface. The

presence of fractures is attributed to stretching due to the weight of the extruded

thread and/or to the mechanical damage due to the contact between the spinning

equipment rollers and the membranes surface. Unfortunately, it was not possible

to correlate structural properties with spinning conditions.

In order to predict the active layer thickness of the prepared membranes, two

models were used - the mass transfer model and the resistance model. The mass
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transfer model, based on the conditions in the forced convection chamber and

on the most volatile solvent evaporation rate. If the region where laminar flow

is present is considered as the region where the active layer is fully formed, the

model predicts an increase in the active layer thickness with the increase in tem-

perature and decrease in the dope extrusion rate. If the impingement zone is

considered, thicker active layer thicknesses are predicted.

The resistance model, based on the experimental permeation data, allowed the

calculation of the active layer thickness and also the surface porosity. Using this

model, thick active layers were obtained with values of thickness of the same or-

der of magnitude as the ones obtained in the mass transfer model considering the

impingement zone. This suggests that the impingement zone has a big influence

in the growth of the membrane active layer. Surface porosities predicted by the

model were high. This result, coupled with the prediction of thick active layers,

is suggested as the reason for the poor performance of the prepared membranes.

From the SEM micrographs, the fraction of surface area occupied by the mechan-

ical defects (furrows) was determined to be of the order of 10-4. This is at least

one order of magnitude greater than the surface porosity calculated by the resis-

tance modelling. This results is encouraging as it indicates that the mechanical

striations cannot be cracks all the way through the active layer (if they were, the

resistance modelling surface porosities would be much larger). Thus the striations

can simply be dismissed as aesthetic displeasing features. The high surface poros-

ity is suggested to be due to the incomplete coalescence of the polymer nodules

during the formation of the active layer in the forced convection chamber.

Although it was not possible to obtain membranes with good performance in

terms of gas separation properties, this work allowed to have a deep insight on

different aspects of the production of hollow fibre membranes such as phase inver-

sion and rheological signature of solutions used to perform membrane spinning.

The work developed in this thesis, together with the recommendations presented

in the next section, can be used as a reference for further research in the produc-

tion of hollow fibre membranes for other polymeric systems.
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After the completion of this work, there are a number of recommendations that

can be made in order to aid future research in hollow fibre membrane fabrication

for gas separation applications.

The fabrication of hollow fibre membranes using the dry/wet forced convection

spinning is a complex process that involves controlling a lot of parameters. The

first recommendation is related with the control of the temperatures in the various

points of the system (spinneret, forced convection chamber and external baths).

As could be observed in this work, the rheological properties of the quaternary

polymer solutions are highly dependent of the temperature. Also, the ternary

phase diagrams are dependent of the temperature and consequently the phase

inversion process. Because of this, a precise control of this parameter should be

made in order to ensure that this variable is kept at the desired value at all the

steps of the process. This can be achieved by using a experimental rig with ”per-

fect” control of all experimental conditions, especially the careful environmental

control of the temperatures of the different sections of the spinning installation.

Analysing the permeation results obtained for the prepared membranes, it is pos-

sible to observe that no consistency within each batch was achieved, with big

standard deviations obtained for membranes spinning in the same conditions.

This reveals that a more rigorous control of the operational parameters is needed

in order to achieve more reliable and consistent results.

The study of the phase inversion properties of the PVC quaternary solutions re-

vealed some features related with the ternary phase diagram and the possible

location of the binodal boundary. As mentioned before, the knowledge of the

ternary diagram is of high importance in order to design the spinning experiment
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in terms of starting dope composition and in terms of the pathway that should

be followed in order to achieve spinodal decomposition. If the spinodal compo-

sition is achieved, it is likely that an asymmetric structure comprising a dense

active layer supported by a porous structure is obtained by nodule coalescence

and growth [81]. A recommendation for the future is the detailed study of the

ternary (or pseudo-ternary) diagram for the polymer system being investigated.

Parameters such as temperature and shear should be taken into account due

to its influence in the phase diagrams and its relevancy to the spinning process

[190, 191]. The determination of the boundaries such as the binodal curve can

be done experimentally or using mathematical models such as the Flory-Huggins

model. The latter also involves the experimental determination of the interaction

parameters between the species in solution.

The determination of the relaxation time was made using angular frequency tests.

However, for the solutions studied it was not possible to observe these times, it

was only possible to suggest that these times were less than 10 seconds. This

was due to the fact that the smaller frequency investigated was 0.01 rad/s. The

use of smaller frequencies would lead to large experiment times that are not de-

sirable when working with solutions that contain volatile solvents. A way to

”predict” what happens at lower frequencies is by determining the master curves

for these solutions accordingly with the time-temperature superposition principle

[192]. These master curves are built doing angular frequency sweeps at different

temperatures that are then put together to give the correspondent curve in terms

of time (frequency).

Surface Electron Microscopy revealed the existence of tearing in the membrane

surface that is suggested to be due to mechanical damage during the spinning

process due to contact with the rollers that aid the membrane to move through

the baths. This is an aspect that can be improved by reviewing the spinning

equipment due to the big effect in the features of the prepared membranes that

these defects can have.

The mass transfer model used, developed by Shilton [178], was pioneer in terms

of describing what happens in the dry step, in the forced convection chamber.
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However, effects such as shear, bore fluid influence or even phase inversion mech-

anisms are not taken into account in the models, giving room for improvement.

PVC is found as a cheap alternative for membrane fabrication. Its ozone resis-

tance makes this material very interesting for applications such as oxygen/ozone

separation. Its low permeability towards gases is the major drawback of this

material, however, this problem can be surpassed if an asymmetric membrane

containing a very thin active layer is achieved (thicknesses of active layers in the

order of tens of nanometres, instead of hundreds or thousands of nanometres).

For the same application, there are other materials that can be explored. In the

70’s an ozone resistant polymer blend composed by ethylene/propylene and con-

ventional general purpose rubbers was patented [193]. Another good candidate

polymer that is largely used in membrane fabrication is polycarbonate, although

is not popular in hollow fibre fabrication [194, 195]. Polyethylene is also an ozone

resistant polymer [196]. Apart from the ozone resistance capabilities, it is also

necessary to investigate the solution properties of these materials in order to

decide if they are suitable for membrane spinning.
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Appendix A: Rheology

Measurements Errors

In this Appendix, the standard errors (standard deviations) obtained for the

rheological data presented in Chapter 3 are presented. The errors presented are

the average of the error of all the points in each curve. The errors are presented

in percentage of the absolute value.

A.1 Rheological Studies of PVC Solution Concentra-

tions with Different Compositions

A.1.1 Oscillatory Rheology

A.1.1.1 Amplitude Sweep Tests

In Table A.1 are presented the relative errors (%) obtained in the amplitude sweep

tests (Figure 3.2 and 3.3).
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Table A.1: Relative error (%) of the storage (G’ ) and loss modulus (G”) as
function of strain (%) for different compositions at 20oC and 60oC.

Composition
20oC 60oC

G’ G” G’ G”

1 3.8 1.2 8.2 3.7

2 2.8 1.3 12.0 3.4

3 5.7 8.2 9.7 8.6

4 5.7 1.6 13.5 1.9

5 2.9 1.7 10.8 6.2

6 4.1 6.6 13.9 10.9

8 7.7 4.6 17.2 7.5

9 1.5 0.4 9.3 5.4

10 0.5 0.3 1.2 2.9

11 14.4 8.9 10.5 12.3

A.1.1.2 Frequency Sweep Tests

In Table A.2 are presented the relative errors (%) obtained in the frequency sweep

tests (Figure 3.5 and 3.6).

Table A.2: Relative error (%) of the storage (G’ ) and loss modulus (G”) as
function of frequency for different compositions at 20oC.

Composition G’ G”

1 2.3 2.5

2 1.8 3.5

3 5.6 5.2

4 7.5 8.4

5 2.2 2.9

6 1.9 1.2

8 6.3 6.8

9 2.2 2.1

10 1.1 3.0

11 6.3 5.2
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A.1.1.3 Temperature Sweep Tests

In Table A.3 are presented the relative errors (%) obtained in the temperature

sweep tests at 10 rad/s (Figure 3.9 and 3.10).

Table A.3: Relative error (%) of the storage (G’ ) and loss modulus (G”) as
function of temperature for different compositions at 10 rad/s.

Composition G’ G”

1 1.6 1.8

2 2.3 3.2

3 6.3 5.9

4 1.9 3.2

5 3.4 5.9

6 4.9 5.2

8 5.3 6.3

9 6.3 1.2

10 2.3 6.4

11 9.5 8.9

In Table A.4 are presented the relative errors (%) obtained in the temperature

sweep tests at different frequencies (Figure 3.12).
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Table A.4: Relative error (%) of tan δ as function of temperature for different
compositions at different frequencies.

Composition Frequency (rad/s) tan δ

1

1 2.3

10 1.6

100 3.2

2

1 3.4

10 2.3

100 3.4

5

1 2.5

10 3.4

100 5.1

9

1 1.9

10 6.3

100 4.2

10

1 5.5

10 2.3

100 1.8

11

1 2.9

10 9.5

100 2.6

A.1.1.4 Creep and Recovery Tests

In Table A.5 are presented the relative errors (%) obtained in the creep and

recovery tests (strain) for different stresses at 20oC and 50oC (Figure 3.18).
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Table A.5: Relative error (%) of strain (%) for different compositions at 20oC
and 50oC.

Composition
20oC 50oC

Strain (%)

1 2.1 3.1

2 4.2 5.2

3 4.4 3.0

4 3.2 3.6

5 3.7 1.3

6 4.3 1.5

8 5.2 6.2

9 1.9 2.4

10 6.2 5.2

11 2.2 3.0

In Table A.6 are presented the relative errors (%) obtained in the creep tests

(strain) fitted using the Weibull distribution at 20oC (Figure 3.27).

Table A.6: Relative error (%) of the creep parameters fitted using the Weibull
distribution, at 20oC.

Composition εi εc βc ηc

1 5.2 2.5 2.7 1.8

2 2.3 3.2 5.8 9.5

3 1.2 2.6 2.9 5.5

4 6.2 3.3 3.6 6.3

5 3.2 2.2 5.9 4.5

6 2.2 1.9 3.5 5.3

8 1.9 6.3 9.2 1.8

9 6.3 3.2 2.9 8.2

10 2.3 1.2 2.5 5.2

11 9.6 2.9 2.7 4.2

In Table A.7 are presented the relative errors (%) obtained in the creep tests

(strain) fitted using the Weibull distribution at 50oC (Figure 3.28).
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Table A.7: Relative error (%) of the creep parameters fitted using the Weibull
distribution, at 50oC.

Composition εi εc βc ηc

2 3.2 6.5 9.1 8.2

3 4.6 3.5 2.3 3.2

5 3.9 4.2 6.3 6.3

6 4.8 3.2 5.5 8.2

10 5.6 1.7 3.2 6.4

In Table A.8 are presented the relative errors (%) obtained in the recovery tests

(strain) fitted using the Weibull distribution at 20oC (Figure 3.30).

Table A.8: Relative error (%) of the recovery parameters fitted using the
Weibull distribution, at 20oC.

Composition εr ηr βr εf

1 2.1 2.1 2.1 3.2

2 4.2 2.0 5.2 5.2

3 4.1 2.8 2.3 3.2

4 3.2 3.5 2.0 3.2

5 2.2 4.8 5.2 3.2

6 3.2 6.3 6.3 4.5

8 1.6 3.2 1.2 6.2

9 4.2 3.0 2.2 6.3

10 3.6 2.1 2.8 2.2

11 3.8 2.0 3.0 3.8

In Table A.9 are presented the relative errors (%) obtained in the recovery tests

(strain) fitted using the Weibull distribution at 50oC (Figure 3.31).
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Table A.9: Relative error (%) of the recovery parameters fitted using the
Weibull distribution, at 50oC.

Composition εr ηr βr εf

2 4.2 4.2 1.8 1.9

3 4.1 2.2 1.6 6.3

5 3.0 1.2 2.2 2.2

6 2.3 2.4 3.5 1.9

10 3.1 1.0 3.6 3.0

A.1.2 Rheological Studies of a PVC Solution used for Membrane

Spinning

A.1.2.1 Flow Rheology

In Table A.10 are presented the relative errors (%) obtained in the flow tests

(Figure 3.32).

Table A.10: Relative error (%) of viscosity as function of strain rate for dif-
ferent compositions at 20oC and 60oC.

Temperature
Up Curve Down Curve

Shear rate (s-1)

20oC 7.8 8.6

50oC 9.6 10.2

A.1.2.2 Frequency Tests

In Table A.11 are presented the relative errors (%) obtained in the frequency

sweep tests at different temperatures (Figure 3.35).
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Table A.11: Relative error (%) of the storage (G’ ) and loss modulus (G”) as
function of frequency at 40oC, 50oC and 60oC.

Composition G’ G”

40oC 3.8 1.2

50oC 2.8 1.3

60oC 5.7 8.2

A.1.2.3 Creep and Recovery Tests

In Table A.12 are presented the relative errors (%) obtained in the creep and

recovery tests (strain) for different temperatures (Figure 3.37).

Table A.12: Relative error (%) of strain (%) for different temperatures.

Temperature Strain (%)

30oC 2.2

40oC 1.6

45oC 6.3

50oC 3.2

60oC 3.8
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Appendix B: Resistance

Modelling Algorithm

This section shows the Mathcad algorithm used to solve the system of four equa-

tions with four unknowns obtained using the resistance modelling principles.
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