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VOORWOORD 

Aan  het  begin  van dit proefschrift  wil ik proberen  om  kort  weer  te  geven  hoe dit boekje  tot 
stand is gekomen. Allereerst was het Kees  Smolders die bij Economische  Zaken  een 
hoeveelheid  geld wist los te  peuteren.  Daardoor  kon ik begin 1984 aan dit holle  vezel  project 
gaan  werken.  Met  behulp  van de resultaten van  Nico  Gevers,  een  hoop praktische en 
theoretische kennis  van  Frank  Altena  en de hulpvaardigheid  van alle mensen  van het 
apparatencentrum en  de technische dienst van de afdelingen Chemische Technologie. en 
Technische  Natuurkunde,  kon  het  bouwen  van  een  spinopstelling  en  een  permeatie-opstelling 
beginnen.  Nadat de opstellingen  waren  gebouwd  moesten  experimenten  worden  uitgevoerd. 
Zandrie  Borneman, Erik Rolevink  en  Steven  Groot  Wassink  waren  bereid  om  hierbij  een  flinke 
hand te helpen.  Ook  zorgden  Henk  van  Veen,  Coen  Jansen,  Gaby  Meekes  en  Raymond  Jong 
(als stagiairs en afstudeerders), R e d o  Boom (als doctoraalstudent) en  een groot aantal 
practicanten  voor de broodnodige  meetresultaten  en  discussiestof. Bij het  automatiseren  van  de 
permeàtie-opstelling (een  lange-termijn project, zo  bleek  achteraf')  was de hulp  van  Rolf 

. ' Brunsting,  Tony Jurg en  Robert  Schoolkate  onmisbaar!  Toen  kwam de grote  klus  om  alles  op 
papier  te  zetten.  Gelukkig  kon ik daarbij  de  deskundige  hulp  van  Kees  Smolders,  Ingo  Blume, 
Thony  van  den  Boomgaard, Erik Roesink  en Bart Reuvers  inroepen. 

Natuurlijk is  er  in de jaren van dit promotieonderzoek  niet  alleen  gewerkt!  De  goede  sfeer 
binnen de 'membranen'  zorgde  ervoor dat tijdens .de koffiepauzes, de 'laat-in-de-middag' 
borrels  en de diverse  'bruiloften  en  partijen'  het  hele  onderzoek,  en  ook vele andere zaken,  af 
en  toe  goed  konden  worden  gerelativeerd. 

Alle  mensen die ik hier genoemd  heb  (en  iedereen die ik vergeten  ben,  maar die zich  wel 
aangesproken voelt) wil ik hartelijk  bedanken  en ik hoop dat zij met  even veel plezier  op  de 
afgelopen  jaren  terug  kijken als ik dat doe. 
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Chapter 1 

CHAPTER 1 INTRODUCTION 

1.1 HISTORY 

For  most  people  the  word  membrane is directly  related  to  biology,  to living material.  This 
is because  membranes are present in all living  cells,  where  they  play  an  important role in the 
transport of various species  (e.g.,  water  and  nutrients).  Such cell membranes are believed  to 
consist of  a lipid bilayer,  composed  of  phospholipids  and  glycolipids, in which  proteins are 
incorporated ( f ipe  1). They  are  usually  called  natural  membranes or biological  membranes. 

Figure 1: Fluid-mosaic model of a  biological  membrane, 
according to Singer  and Nicolson [ l] .  

The  membranes described in this  thesis are made  of other materials  and  have  a  totally 
different structure.  Their function, however, is comparable  to that of the cell membranes: 
selective  transport of certain  components. 

In the  very  early  days  of  'membrane  technology'  natural  membranes,  taken  from animds, 
were used for filtration experiments outside the living body [2]. The  main  purpose of this 
application was'the study of transport  phenomena like osmosis  and  diffusion [2]. Since these 
natural  membranes  were  only  suitable for a  limited  number  of  separations,  research  was  started 
to  prepare  artificial  membranes with a  controlled  structure. 

The fitst aaificial membranes  were  based  on  derivatives of cellulose,  a  natural  polymer. 
Some  of the oldest  examples are the  nitrocellulose  membranes  (Fick, 1855 [3]) and cellophane 
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membranes  (Bechold,  1907 [4]). Up to  the 1960's cellulose acetate was mainly used  as a 
membrane  material [S ] ,  but  the  development of new synthetic  polymers (e.g., 
polyvinylchloride, polystyrene, polyamides, polyimides and polysulfones) reduced the 

importance of  cellulose  acetate as a membrane  material. 
Polymers are almost exclusively used in membrane  technology  nowadays.  Inorganic 

membraes, made of ceramics,  glass or metals, are applied on a very limited scale [a. Despite 
the fact that the  chemical and thermal  stability  of  inorganic  membranes is superior  to that of 
polymer  membranes,  they are rather  difficult to prepare.  Furthermore,  ceramics  often are very 
brittle,  resulting in a poor  mechanical  strength.  The  inyestigations  described in this thesis  deal 
with  the  preparation  of  membranes from one specific  synthetic  polymer,  polyethersulfone. 

Especially in the  past 25 years  membrane  technology  has  gained  importance  in the field of 
separation  technology.  The  development  of  asymmetric  membranes  by  Loeb  and  Sourirajan in 
the early  sixties  [7]  meant a major  step  forward. In the first place  the flux through  membranes 
could be increased significantly, resulting in a much  better  productivity of a membrane unit. 

Secondly, less permeable  polymers like polysulfones  and  polyamides  became  very  attractive, 
since  membranes  with  very thin toplayers  could be prepared. 

In gas  separation  the  important  breakthrough  was the Monsanto  hollow fibre composite 
membrane [S]. Since its commercial  introduction in 1.979, gas  separation  via  membranes  has 
increased  enormously,  especially  in  the field of hydrogen  recovery  from  purge  gases. 

The principle of  separation by membranes is schematically  shown in figure 2. A feed 
stream (a liquid or a gas) is split into two streams of different composition, due to selective 
transport of one or  more  components  through a semi-permeable  membrane.  The  separation is 
based on differences in physical and/or chemical  interactions  between the components to be 
separated and tBe membrane  material. A difference in thermodynamic potential across the 
membrane  (caused  by a pressure,  concentration or electrical  potential mference)  is the  driving 
force for transport. 

10 



Chapter 1 

feed 

retentate 
(reject) J ‘semi-permeable 

membrane 

d 

Figure 2: Membrane separation process (schematically). 

In table 1 the  most  important  membrane  separation  processes  are  listed. It is obvious  from 
this table  that  membranes  may be used in a  large  variety of processes.  However,  many of these 
processes are still in the  development  stage.  The  most  important  commercialized  membrane 
processes are given in table 2. As can  be  seen  dialysis  and  microfiltration are very  important 
applications,  while  gas  separations  have  only  a  limited  market  size  up  to  now. 

Table I : Membrane  separation  processes. 

membrane  physical  state  driving  force  separation  application 
Process fed/permate mechanism 

microfiltration 

ultrafiitration 

reverse  osmosis 

dialysis 

electro  dialysis 

pervapration 

membrane 
distillation 

gas  separation 

vapour  perm. 

pressure 
(10-100 P a )  
pressure 
(0.1-1  MPa) 

pressure 
(1-10  MPa) 
concentration 

electric  potential 

concentration 

temperature 

pressure 
(0.1-10  MPa) 
concentration 

difference 
in size 
,difference 
in  size 

solution/ 
diffusion 
diffusion 

selective 
ion  transport 
solution/ 
diffusion 
difference  in 
partial  vapour 
pressure 
solution/ 
diffusion 
solution/ 
diffusion 

bacteria  filter 

separation of macromolecules 
from aqueous  solutions 

desalination  of  aqueous 
solutions 
removal of low  molecular 
spccies 
desalination of water  or 
process streams 
water/alcohol  separations 

production  of  ultra-pure 
water 

oxygen/nitrogen or 
C02/CH4 separation 
separation of vapours 
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Table 2: Mmket size of comrcìalized membrane processes in 1983 @om [2]). 

industry market she 
($  rnilliordyear) 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

Micromtration 
Dialysis, including  hernodialysis 
Electrodialysis 
Reverse osmosis 
TJltrafiltration 
Gas separations,  including  membrane  lungs 
Electtodes 
Controlled  release 
All others * 

>l50 
200 
35 
100 
50 
10-15 
10 

> 100 
> 30 

* Includes  battery  separators,  chloro-alkali  cells, and fuel  cells,  but  excludes  packaging film, for example. 

6.3 PREPARATPON OF SYNTHETIC MEMBRANES 

1.3.1 Membrane structures. 

Synthetic  membrane  preparation may result in various structures, which are either in the 
solid or in the  (immobilized)  liquid form 

I .  Solid  membranes 
h this group  a  further  subdivision  can  be  made as follows: 
symmetric  membranes 
This type of  membranes is either  homogeneous (non-porous) or porous  with  a uniform 
pore  size. 
asymmetric  &&ranes 
Here  the  membranes  consist of a thin, densified  toplayer  supported by a porous  sublayer, 
both  made of the  same  material in a  one-step  procedure. 
composite  membranes 
In this p u p  a thin and  dense  membrane A is supported  by a porous membrane B (which 
can be either symmetric or asymmetric). A and B are  made in two different  steps, usually 
from different materials.  Many  of  the  commercial  membranes are composites of  an 
asymmetric  support  and  a  dense  coating. 

2. Liquid  membranes 
These  membranes  consist of a liquid that  can  selectively  absorb one or more  components 
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of a feed mixture.  Such  a liquid can  be either incorporated in a  porous  membrane 
(supported liquid membrane) or suspended  in  another  liquid  (emulsion  type  membranes). 
For detailed information  about liquid membranes  'specific  literature  should  be  consulted 

1.3.2 Polymer  membranes 

As mentioned before polymers are the most  important  membrane materials used.  The 
following  techniques  are  available  for  the  preparation  of  polymer  membranes: 

Sintering 
In this process  a  polymer  powder is pressed  and sintered, giving a microporous 
membrane with pore  sizes  larger  than 1 pm. 

Stretching 
'A partly  crystalline film or foil is stretched,  which  results  in  the  formation of small  cracks, 

, giving  well  defined  pores,  usually  between 0.1-3 pm. 
Track etching 

Here  a  polymer film or  foil  is subjected  to  a  high-energy particle radiation  (metal  ions) 
perpendicular  to  the  material.  Afterwards  the film is etched by  immersion in an  acid  bath, 
resulting in cylindrical pores with  a  narrow  pore size distribution. The  well-known 
Nuclepore@  membranes are prepared  according  to  this  method.  The  uniform  pore  radius 
of  these  membranes is 0.02 to 10 pm. 

Extrusion of a polymer melt 
Homogeneous  (pore-free)  membranes  can  be  prepared  by cooling an extruded polymer 
melt.  This  can  be  done  either as sheets  or  as  hollow  fibres. 

Coating I 

In this  technique  a  thin  homogeneous  layer of polymer is applied  on  a  porous  support by 
dip  coating,  interfacial  polymerization.or  plasma  polymerization. 

Phase inversion 
Here a homogeneous  polymer  solution is cast as a  thin film or spun as a hollow  fibre  and 
immersed. in a  nonsolvent.  The  membrane is formed  by  demixing  of the solution  and 
precipitation  of  the  polymer.  This  method will be discussed  in  detail  in  the  next  section. 

1.3.3 Phase  inversion 

The  term  phase  inversion  was  introduced by  Kesting  [5].  The  technique  itself  dates  back  to 
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the beginning .of this century, when  microporous  membranes were prepared in this way. 
Nowadays most commercid membranes are made  by phase inversion, either the  complete 
membrane or the support,  which is then coated with a second  polymer to obtain the desired 
separation  properties. Phase inversion can be described as a demixing process,  induced by 
bringing a polymer  solution in a supersaturated  state  (by  adding  nonsolvent or changing  the 
temperature). The polymer is redistributed  and fixed by gelation or by passing  across  the  glass 
point.  Depending on the  circumstances  under  which this demixind redistribution  takes  place, a 
membrane with specific  properties is obtained,  ranging from microfiltration  to  gas  separation. 
Phase  inversion membranes  can be prepared in various  ways [q: 

1. Precipitationfkom  the  vapour  phase 
A thin film of a solution, consisting of polymer and solvent, is contacted with a 

nonsolvent  vapour  phase  saturated  with  the  solvent.  Due  to  the  negligible  solvent Outflow 
and a high  nonsolvent inflow, an isotropic,  microborous  membrane is obtained [51,[121. 

2. Precipitation by controlled  maporation 
A solution film, consisting of  polymer,  nonsolvent and a volatile  solvent is contacted with 
air. Evaporation of solvent results in precipitation of the polymer. E the  boiling point of 
the solvent lies at least 30 below the boiling point of the nonsolvent,  asymmetric 
membranes  can be obtained,  consisting of a dense and thin skin  layer at the sdace  facing 
the air and a relatively  thick porous sublayer [13]. 

3. Tkmlprecipitation 
By  lowering  the  temperature of a solution  consisting of polymer,  solvent  and  nonsolvent 
the polymer  precipitates. This technique  can  yield  isotropic,  @croporous  membranes, as 
well as skinned (asymmetric)  membranes, depending upon the type of solvent and 
nonsolvent  used [14]). 

4. Immersion pecipitation 
By contacting a polymer  solution  with a nonsolvent  bath, an exchange of solvent  and 
nonsolvent takes place.  Usually  asyminetric  membranes ar& obbGned in this  process. 
Since immersion  precipitation is widely  used, a detailed description  of this membrane 
preparation  method is given  hereafter. 

14 



Chapter 1 

1.4 ASYMMETRIC  MEMBRANE  FORMATION BY IMMERSION 
PRECIPITATION 

1.4.1 Formation  mechanism 

Loeb  and  Sourírajan  prepared  the first asymmetric  membranes  according  to  the  immersion 
precipitation technique [7]. By  using  this  method  they  achieved  high-flux cellulose acetate 
membranes  with  a  dense skin, having desalination properties. For most  asymmetric 
membranes  prepared  nowadays  the  same  procedure as developed  by  Loeb  and  Sourirajan is 
still followed,  although  some  preparation  steps  have  been  modified.  Figure 3 gives  a  schematic 
representation  of  membrane  formation  by  immersion  precipitation. 

P + S (+ NS) 

\ J  solution film P+S(+NS) 

H--- 
support (e.g. glass plate) 

Figure 3: Membrane  formation by immersion  precipitation. 
(P: polymer; S: solvent; NS: nonsolvent) 

The  basics  of this membrane  formation  process  are as follows: 
1. three components are used polymer, solvent and nonsolvent, whereby solvent and 

nonsolvent  are  miscible in all proportions; 
2 a  homogeneous  polymer  solution is prepared from at least polymer  and  solvent  (some 

nonsolvent  may be present  as  well); 
3 .  this homogeneous,  solution is cast as a flat film or spun as a  hollow fibre, exposed  to air 

for a certain time  and  immersed in a coagulation bath, consisting of  nonsolvent  and 
eventually  some  solvent. 

When the homogeneous  polymer solution becomes unstable (e.g.,  by penetration of 
nonsolvent), it can  lower its free enthalpy  of  mixing  by  separating into two liquid phases.'In 
figure 4 the  system polymer/solvent/nonsolvent is shown  with  respect  to its free enthalpy,  and 
as  can be seen all compositions  between B and,D  will  split up in  two  phases  with  compositions 
B' and'D' [15]. This process is called liquid-liquid (L-L)  demixing or L-L  phase  separation 
[16]. It may  proceed in two different ways,  depending  on the kinetics of the system: by 
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Chapter 1 

nucleation  and  growth  of  the  second  phase or by spinodal decomposition. 

Figure 4:  AG, suPface  and miscibility  gag for the system polymer (P)l 
solvent (S)tnomolvent (NS) @-om [IS?). 

Entering the miscibility  gap  near B' (this is a concentrated  polymer  solution  with a low 
amount of nonsolvent) a nucleus  of  composition D' (a droplet with a large amount Qf 
nonsolvent  and  almost no polymer)  can  be  formed. All nuclei  formed in this way will grow and 
this  continues until coalescence or gelation  of  the surrounding polymer-rich  solution  takes , 

place. 
The  second  type of L-L demixing  occurs  when  the  demixing  gap at point B' is entered so 

quickly that the spinodal is passed. In such a situation  spontaneousdemixing  takes  place and 
an interconnected  network  of  phases  with  final  compositions B' and D' will be  formed. 

Nucleation  and  growth is a relatively fast process,  and  therefore  spinodal  demixing is not 
yet  observed in membrane  forming  systems. 

At certain  pdlymer  concentrations  another  type  of  demixing is possible:  instead  of E-L 
demixing  polymer  aggregates are formed [15],[ 171. It is believed  that  these  agglomerates of 
polymer  molecules are formed at compositions  with a high  polymer  concentration.  When this 
latter  concentration is sufficiently  high  (and  thus  the  number  of  aggregates  large), a structure of 
interconnected aggregates  and  pores can be formed  upon  demixing.  Although  aggregate 
formation is a much slower process than L-L phase separation,. it might still occur in 
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chapter 1 

competition  with L-L demixing at higher  polymer  concentrations,  due  to  the  higher  polymer 
supersaturation. It is suggested by  Broens et al. [l51 that  the formation of  a toplayer and 
gelation  of  pore walls in the sublayer  (after L-L demixing)  proceed  according  to  the  mechanism 
of  aggregate  formation. 

The description given  above  only refers to the demixing process itself. It is also very 
important  to  know  how it is initiated.  Reuvers  [l71 stated that  diffusive  mass  transfer,  leading 
to an  asymmetric distribution of  the  polymer, is responsible for the resulting demixing 
processes and the fiial asymmetric  membrane  structure.  Upon contact with the nonsolvent 
bath,  solvent depletion from the solution  and  nonsolvent  penetration  takes  place. Since this 
latter penetration is only  small,  a  concentrated  polymer  layer is formed at the  interface,  which 
may lead to thermodynamically  metastable  or  unstable  compositions. h chapters 4 and 5 of this 
thesis  the  kinetics  during  membrane  forrnation  will  be  discussed in more  detail. 

1.4.2 Characteristics of asymmetric  membranes 

. As mentioned  before  asymmetric  membranes  consist of a  thin  skin  layer,  supported  by an 
open  sublayer.  Characteristics  of  such  a  structure  are: 

l .  Porosity of the toplayer 
This property  largely  determines  the  type  of  process in which  the  membrane  can  be  used. 
A pore-free topiayer gives pervaporation or gas  separation  properties,  while  an  open 
toplayer  gives an ultrafiltration  or  a  microfiltration  membrane. 

2 .  Thickness of the toplayer 
The  thickness  of  the  toplayer  (skin)  determines  the  permeation rate, and for most  of  the 
separation  processes this permeation  rate is reduced  with  an  increasing  skin  thickness. 

3. Porosity of the sublayer 
The  desired  sublayer  only  serves  as  a  mechanical  support for the  toplayer  and  does  not 
give  any  additional  transport  resistance.  This  means  that it should  have  a  regular structure 
and a high  porosity  with  sufficient  interconnection of  the  pores. 

4. Presence of macrovoids 
During membrane  formation by immersion  precipitation  often large conical voids are 
formed, called macrovoids  [18]-[21].  They are initiated just below  the toplayer and 
depending on the circumstances under  which the membrane is made  they  can  have 
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dimensions  ranging from about 1 pm to l00 p or more.  When the membranes  have to 
be used at high  pressures,  macrovóids may  give rise to ruptures in the thin toplayer- 

Other  important  properties  that are not  determined  by  the  formation  process,  but  solely by 
the membrane' material, are the chemical and thermal stability. The maximum flux 'and 
separatbn factor that  can be obtained  are  determined  both by  the formation  process  and  by  the 
intrinsic  separation  properties  of  the  polymer. 

The asymmetric structure can be incorporated in all geometries shown in figure 5. The 
most  simple form is the flat sheet,  which is usually present in a so-called  'plate-and-fkame' 
housing. A main disadvantage is the limited membrane area available in such  modules. 
Spiral-wound  membranes are an  improved  version of flat sheets.  Here, a layered structure of 
membranes and spacers is woÜnd  to a module with a central tube  where the permeate is 
collected.  Preparation of this  type of modules is rather  complicated. Furthemore, the pressure 
drop in the modules  can  be  considerable. In tubular  membranes a cylindrical support (e.g., a 
polyester non-woven) is coated  with a thin (asymmetric)  membrane,  Especially in applications 
where contamination of the membrane surface is a major  problem (e.g., microfiltration OF 
ultrafiltration of solutions  with  macromolecules),  this  structure is preferred,  since  cleaning is 
rather  easy. 

L 

Fìgure 5: Typical mmbram  geomtries: a. flat, b. spiral wound, c. tubular, d. hollowmres. 
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Hollow fibres, finally, have  become  one  of the most important membrane  geometries, 
mainly  because  of their superior membrane area per unit of  module  volume  and their self 
supporting structure.  Depending  on the ratio  between  wall  thickness  and outer diameter,  they 
can  withstand  pressures  up  to 100 bar  [22]. In gas  separation  hollow fibres are mainly  used. 

The  two important routes to prepare hollow fibres are melt spinning and  wet  spinning. 
This latter process is also  called  dry-wet  spinning or dry-jet  wet  spinning  [22],  [23]. 

In melt  spinning a polymer is heated for a  short  time  to  temperatures  well  above its glass . 

transition  (200-400 OC) in  an  inert  atmosphere  and  then  extruded  as  a  capillary or hollow  fibre. 
Immediate  cooling in air results in a  homogeneous  fibre  wall. By stretching  very  thin  fibres  can 
be  obtained,  with a diameter  of less than 5.0 pm and  a Gall thickness  of 5-10 pm.  Originally 
these  fibres  were  developed for use in heat  exchangers,  but  nowadays  a  possible  application  in 
gas  separation is investigated  as  well [24]. 

In wet  spinning a polymer is dissolved in a  suitable  solvent  and  extruded into a  nonsolvent 
bath.  The  polymer  precipitates  according  to  the  phase  inversion  process  as  described  above. In 
the bore  of the fibre often a second  nonsolvent is applied,  resulting in fixation  from  the  inside 
as well.  Usually  asymmetric  hollow fibres are obtained,  with  a separating layer either at the 
inside or at the outside. A certain airgap  between  spinneret  and  nonsolvent bath may  induce 
solvent evaporation, which is favourable for the formation  of  a  skin on the  outside.  On  the 
other  hand,  when  a  non-volatile  solvent is used  a  (long)  airgap  may  prevent  splventlnonsolvent 
exchange on the outside, so that inside skinnecl  membranes  can  be  prepared. A detailed 
description  of this wet  spinning  process  will  be  given  in  chapter  2 . 

P . d  GAS SEPARATION 

Gas  separation is a rather new  application for membranes,  even  though the'principle of 
separating  gases  by  means  of  a  semiLpermeable  membrane is known for more thin a century 
[2],[25].  Mainly  because of the lack of  membrane  materials  having  both  good  selectivity  and 
high  permeability,  gas  separation  by  membranes  initially  had  only  limited  importance  (e.g.,  the 
enrichment of 235U by  porous  membranes  [26]).  The  development of new  membrane  materials 
(e.g., polysulfones  and  polyamides)  and  the  improvement of methods to produce  membranes 
(e.g., hollow fibre spinning),  which stafted some  25  years  ago, has resulted in an  enormous 
(commercial)  interest in the  separation  of  gases  by  membranes  [27],  [28]. 

Of course membranes  have  to  compete  with  the classical gas  separation  techniques like 
cryogenic  distillation,  absorption  and  adsorption  [29].  But  the  high  flexibility  of  a  membrane 
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unit (easy  start-up,  compactness)  and the rather simple  way  of operation  (one-step  process,  no 
moving pms) offer many  advantages.  ï%rthermore,  most  separations can be  done at ambient 
temperature,  which  generally  means a low energy  input. 

Gas separation  membranes are almost exclusively  made of  polymers. For separation of- 
gases at higher temperatures (e.g., exhaust gases  containing NO, and SS, compounds) the 
more stable inorganic  materials  should be more  favourable,  but  until  now this application is 
only optional [s]. A third group of  membranes in the field of gas  separation is formed  by the 
liquid  membranes.  Although  their  selectivity for certain  gases often is superior to that of solid 
membranes [29], their  poor  stability is still a limiting factor for large  scale  use. 

Gases c m  be transported  through  membranes  according to Merent mechanisms,  which 
are  determined  by  the  membrane  structure [2Q: 

I .  Poìseuille or viscolksflow 
In porous  membranes,  with  pores  considerably  larger  than the molecules  to  be  separated, 
the gas transport is mainly  determined  by  viscous flow. The  tortuosity of  the  pores  and 
the  total  porosity of  the  membrane  are  the rate controuing factors. 

2. Knudsen flow or free molecular dì$%sion 
When the pores are small, or when the  driving  force  is very low (small pressure 
differences),  the  mean  free  path  of  the  molecules will be  comparable to or even  larger than 
the pore  size. In such  cases  the  collisions  between  molecules  and the pore  walls  overn.de 
those  between  gas  molecules.  Transport  rates  are  here  determined  by  the  molecular  weight 
of  the  gas  molecules  (in  fact,  by IdW -U2 ). 

3. Suqaceflow 
In some  porous  membranes a certain  separation  can  take  place, even though  the  gases 
have  the  same  molecular  weights. It is believed  that in such  situations  surface  flow dong 
the pore wàlls is responsible  for  separation [3 l]. 

4. S o l ~ k i o ~ - d ì ~ s i o ~  
For transport through  nonporous  (homogeneous)  membranes  the solution-diffusion 
model, first proposed by Graham in 1846 [251, is generally  used. Bh this model, the 
transport is believed to proceed  according  to  the  following  steps: 

1. sorgtion Q€ the  penetrating  gas in the  membrane  material, 
2. diffusion of the  dissolved  gas  molecules  through  the  membrane; 
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3. desorption  at  the  permeate  side. 
Accordingly,  the  permeation rate is given  by  the  product of solubility  and  diffusivity  of 
the gas in the membrane  material.  For  nonporous  polymer  membranes the permeation 
strongly  depends  on the ‘physical state’ of the  polymer.  Rubbery  polymers  have a high 
chain  flexibility,  giving  high  permeabilities,  which  are in the  same  order of  magnitude for 
most gases. Glassy  polymers  have  a rigid structure and here transport is largely 
determined  by  the  void  fraction  between  the  polymer  chains  (i.e.,  the free volume).  Some 
characteristic  permeation data of both  types of polymers are given in table 3. Usually  the 
best separation between (gas)molecules is obtained when  the  membrane structure is 
pore-free  and  transport  thus  proceeds  according  to  the  solution-diffusion  mechanism. 
Various  models  have  been proposed. to describe transport through  dense  polymer 
structures,  both in rubbery  polymers  and in glassy  polymers [26]. Especially for glassy 
polymers  rather  complicated  equations  are  obtained,  since  the  interaction  between  polymer 
and dissolved gas  can  have  a decisive effect on the permeation properties (e.g., 
plasticization of the membrane structure by  a dissolved component). A detaiied 
description of  these  models is beyond  the  scope  of  this  introduction. 

Table 3: Permeability* of various  polymers  to  oxygen,  carbon  dioxide and water 
at 30 “c (jìom [32]). 

Polyacrylonitril 
Polymethacrylonitrile 
Lopac@  (Monsanto  Co.) a 
Polyvin  lidene  chloride 
Barex d (Sohio Co.) a 
Polyethylene  therephtalate 
Nylon  6 
Polyvinyl  chloride  (unplasticized) 
Polyethylene  (dens.  0.964) 
Cellulose  acetate  (unplasticized) 
Butyl  rubber 
Polycarbonate 
Polypropylene  (dens.  0.907) 
Polystyrene 
Polyethylene  (dens.  0.922) 
Neoprene 
Teflon@ 
Poly(2,6-dimethyl  phenylene  oxide) 
Natural  rubber 
Poly  4-methyl  pentene-l 
Polydimethyl  siloxane 

0.0003 
0.0012 
0.0035 
0.0053 
0.0054 
0.035 
0.038 ’ 

0.045 
0.40 
0.80 
1.30 
1.40 
2.20 
2.63 
6.90 
4.0 
4.9 
15.8 ” 

23.3 
32.3 
605 

0.0018 
0.0032 
0.0108 
0.029 
0.018 
0.17 
0.16 
0.16 
1.80 
2.40 
.5.18 . 

8.0 
9.2 
10.5 
28.0 
25.8 
12.7 
75.7 
i53 
92.6 
3240 

6.0 
2.7 
3.1 
5.5 
3.3 
4.9 
4.2 
3.6 
4.5 
3 .O 
4.0 
5.7 
4.2 
3.8 
4.0 
6.5 
2.6 
4.8 
6.6 
2.9 
5.3 

300 
410 
340 

660 
175 
275 
275 

12 
6800 
120 
1400 

65 
1200 
90 

910 
33 

4060 
2600 

40000 

1.0 

*units: 10-l’  cm3(STP).cm/cm2.s.cmHg; a high  acrylonitrile  copolymers 
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Table 4 gives a list of the  membrane gas separation  systems  that  are  commercially  available 
at this moment.  From the companies  active in this field, Monsanto  still  has a leading  position, 
especially in the  recovery  of  hydrogen. 

Table 4: ' Commercial mmbram gas sepmatwn processes [33],  [34]. 

company  operating  pressure  geomeuy  membrane  applications 
high  low  vacuum  material CQ2 PE2 Q2 N2 

A/G Technology (AVIR) 
Asahi Glass (EISEI?) 

CP= @OW) 
Dow (Generon) 
Dupont  (Permasep) 
W.KGrace 
Monsanto  (PRISM & 

PRISM-Alpha) 
QECO (General  Electric) 
Separex (Air Pmducts) 
ube 
Union Carbide 
UQP 

* HF 
* PF 

HF 
HF 
]HF 

SW 

Hp; * PF 
SW 
HF 
HF 

9 SW 

silicone- 
fluor0 polymer 
CA 
PMP 
PA 
C* 
silicone- 
coated PSF 
silicone  rubber 
CA 

silicone  rubber 
composites 

* 

* 

* 
* 

* *  

* 
b 

* *  

HF : hollow  fibre; PF : plate & frame; SW : spiral wound 
CA : cellulose  acetatq P W  : polymethylpentene; PSF : polysulfone; PA : polyamide 

In table 5 the diameter of  some  gas  molecules is given. As can be  seen the differences in 
size are only  very  small. In order to obtain a good  separation it is therefore  necessary  to  have a 
dense,  pore-free  structure, at least in a part of the  membrane  cross  section.  Furthermore, this 
dense  structure sbould have  a minimal thickness, in order to minimize  the  transport  resistance 
for the  selectively  permeating  component(s). Mow to  make  gas  separation  membranes  that fulfil 
these  conditions is still the main subject of many  research  programs in this ma 

Table 5: Lennmd-Jona collision dimeter.of so" gas mlecules [35]. 

gas  molecule Lennard-Jones gas  molecule  Lennard-Jones 
. collision  diameter (A) collision  diameter (Pi) 

Helium . 2.58  Nitrogen  3.68 
Hydmgen 2.92  Methane  3.82 
Oxygen 3.43 carbon dioxide  4.00 
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1.7 STRUCTURE OF THIS  THESIS 

As  mentioned before, dense  membrane structures are inevitable when  molecules of 
comparable  sizes  have  to  be  separated.  Tiny  pores  (in  the  order of  0.1-1  nm)  already  lead  to  a 
large  reduction in the  separation  properties,  due  to  a  non-selective  transport  of  feed  gas  through 
these  pores.  Such  dense  structures are possible  with  polymers,  but  these  materials  usually  have 
very  low penneabilities for gases (see table 3). In order to obtain an acceptable flux, 
asymmetric  structures  have  to  be  used.  When  applying  asymmetric  hollow fibres, membrane 
units  with a high  'separating  capacity' can,be produced. 

Although  much  knowledge  is  already  obtained  on  asymmetric  membrane  preparation ([ 171, 
[36],  [37]) and  hollow fibre spinning ([22].,  [23],  [38]-[40]), it  is still very difficult to  make . 

high-flux fibres with  a  dense  skin,  suitable for gas  separation.  In  most  membranes  available 
nowadays  an additioqal coating is necessary  to  plug  pores or defects in the toplayer [8]. 
Therefore, in 1984  a reseaxh project  on  the  topic of  hollow  fibre  spinning  was  started,  funded 
by  the  Dutch  Ministry  of  Economic  Affairs.  The  aim  of  the  project  was  the  development  of 
seleqtive,  asymmetric  gas  separation  membranes, as well as an  extension of knowledge  on 
membrane  formation  during  wet  spinning.  The  results  obtained  are  described in this  thesis. 

a 

In  chapters 2, 3  and  4  the  influence of various  spinning  parameters  on  the  hollow fibre 
membrane  structure  and  on  the  gas  separation  properties is studied.  Chapter 2 deals with  the 
effect  of  composition'of  the  spinning  solution  and  that of  the  nonsolvent  used in the  bore of the 
fibre, while  chapter  3  describes  the  effect  of  temperature.  Since it was  found that water  as  the 
sole coagulation medium did not result in  membranes  with  both  a  high selectivity and  a , . 

sufficient flux, other nonsolvents had  to  be  used in combination  with  water (dual-bath 
spinning).  This is desccbed in chapter  4. 

In chapter 5 the phenomenon  of  macrovoid  formation  during  immersion  precipitation in 
relation to hollow fibre spinning is studied.  The  presence  of  two  interfaces for the  penetration 
of  nonsolvent  to take place, as well as the curved surfaces of  the  membrane,  makes  the 
description  of  macrovoid  formation  much  more  complicated,  as  compared  to  flat  membranes. 

Chapter 6 gives & additional  method for the  characterization  of  the  asymmetric  membrane 
structure.  By  spectroscopic  techniques  (like  electron  rnicroscopy)  not  much  information  can  be 
obtained about  the density of the  toplayer  and  the  porosity of the  sublayer.  Therefore  a  cold 
oxygen  plasma is used  to  remove  the  membrane  toplayer. By measuring  the  gas transport 
properties  before  and  after  etching,  the  contribution of the  toplayer  and  that  of  the  sublayer  to 
the  total gas transport  resistance  can be determined. 
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Chapter 2 

CHAPTER 2 

WET  SPINNING  OF  POLYETHERSULFONE 
GAS  SEPARATION  MEMBRANES 

I. Effect  of  composition  on  structure and properties 

J.A.  van 't Hof, H.M.  van  Veen, Z. Borneman, C.A. Smolders 

2.1 SUMMARY 

In this chapter some  important  parameters are studied for the  wet  spinning of asymmetric 
polyethersulfone (PES)  hollow fibres with  water as the nonsolvent (coagulant). These 

' parameters  are  the  extrusion rates of polymer  solution  and  bore  liquid,  the  dimensions of the 
spinnpet and  the  composition of spinning  solution  and  bore  liquid. 

I 

It  is found  that  the  macroscopic  structure of the  fibres  (roundness  and  wall  thickness)  not 
only  depends  on  the  extrusion  rate  and the type  of  spinneret  used,  but also on  the  composition 
of the polymer  solution  and  the  bore  liquid.  The  irregular  shape is believed  to  be  the  result  of  a 
certain  flexibility of  the  inner  fibre  wall  during  the  precipitation  process. , 

To obtain a good selectivity for a  C02/CH4-mixture in most  cases  a  silicone  rubber  coating 
was  necessary (to plug  pores  present in the  outer  fibre  surface).  Only  with a very  concentrated 
polymer  solution (44 % (w/w)  PES in N-methylpyrrolidone  (NMP))  fibres  could  be  spun  with 
a  selectivity a(C02/CH4) of about 25.  Unfortunately,  this also resulted in the  lowest  gas flux 

0.2*10-6cm3/cm2.s.cmHg). From electron micrographs it was  concluded  that  in 
such  structures  the  interconnection of pores in the membrane  sublayer is very  low,  giving  an 
extra resistance  to  gas  transport. 

Addition  of  glycerol  to  both  spinning  solution  (with 30 % (w/w)  polymer) and'bre liquid 
resulted in a good  permeability ((P/QCo2= 22*10~6cm3/cm2.s.cmHg),  but  no  selectivity  was 
obtained.  Upon coating with  silicone  rubber  these  values  were 12*10-6 cm3/cm2.s.cmHg and 
30, respectively. 

I 
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A lot of research  has  already been done on the membrane  formation  process,  and many of 
the parameters influencing the final structure have  been studied ([1]-[4],  [S]: chapter 4). 
Unfortunately,  most of these  studies are focussed  on flat films. Such  membranes are usually 
made  by  immersion  precipitation: a thin film of a polymer  solution is cast on a suitable s ~ p p ~ r t  
(e.g., a glass plate) and immersed into a nonsolvent  bath.  By  an exchange of solvent and 
nonsolvent at one side of the polymer film, the polymer precipitates and the membrane 
structure is formed. 

For  hollow  fibre  spinning  the  situation is much  more  complicated. In the first place  there is 
no support  tò  give the extruded  polymer  solution a certain initial strength  (before  gelation or 
precipitation of the polymer).  This  means that there are considerable limitations during the 
spinning  process.  Another  important  difference is the  presence of two nonsolvent  baths  during 
Spinning: an internal  nonsolvent in the  bore of the  fibre  and an external  nonsolvent in which  the 
fibre is immersed  after  extrusion  from the spinneret. h many  cases  each  nonsolvent  bath  leads 
to the formation of a toplayer: one on each  side of the  fibre  wall.  Preferably  only one toplayer 
is formed,  and it depends on the final application  whether it should be on the inside or on the 
outside. For the  separation  processes  studied  here  (removal  of CO, from natural  gas),  an  outer 
selective layer  is preferred, since the  feed gas is  htroduced on the outside Q€ the  fibres. 
Penetration of nonsolvent from two sides  implies that nonsolvent -from one side  can  influence 
the  membrane  formation  (demixing)  process on the  other  side.  Whether this occurs  depends 
on the spinning conditions (type of solution,  composition  nonsolvent  baths, spinning rate, 
etc.).  Some  literature is available  on  membrane  formation  during  hollow  fibre  spinning  [6]-[7], 
but it is limited to porous  (e.g.,  ultrafiltration)  membranes. 

In this chapter the effect of composition of the polymer  solution and the bore liquid on 
fibre  structure c d  properties is studied. This is done by spinning hollow fibres from 
polyethersulfone (PES) under  various  conditions,  followed  by  determination  of the separation 
properties for a mixture  of CO, and CH4. PES is an  aromatic  polymer  with  good  spinning 
properties, a rather good  selectivity for C02/CH4 (40-60) and a moderate  CO,-permeabZty 
(3-5 Baner*) [S], [ S ] .  Fibres  with a low  selectivity  were coated with a thin layer o€ silicone 
rubber  to  block the pores  present  in the outer  fibre  surface. By comparing transport properties 
before and  after  coating more insight can be obtained about the membrane structure. 
Furthermore,  the fibre cross  sections  were  studied  with a scanning  electron  microscope. 

* 1 Bmer = 1O-I' cm3.cm/(cm2.s.cmHg) 
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An additional point of interest was the shape  of  the  hollow fibres (roundness  and wall 
thickness).  Since  many  of  the  gas  separations  are  performed  at  rather  high  pressures  (up  to  100 
bars),  the fibres must  have  a regular structure  with  a  uniform  wall  thickness  and  a  good ratio 
between  wall  thickness  and  fibre  diameter  [6-a].  From  other  sources [ 101 and  from  preliminary 
studies it was  found that changes in composition  not  only  influence the membrane  struct;ure, 
but  also  the  macroscopic form of  the  fibres. 

Although it was tried to change  only  one  (spinning)  parameter at a  time, in many cases it 
was  found  that  more  alterations  had  to be made  simultaneously  to  obtain  an  appropriate  hollow 
fibre. For example, raising the  polymer  concentration in the  spinning  solution  meant  a  change 
in viscosity. To be able to pump  the solution through  the spinneret at a constant rate, the 
temperature had  to  be  increased,  which  of course had  an effect on the diffusion processes 
during membrane  formation.  Such  practical  limitations  made it rather  difficult  to  make  a  good 
comparison  between  the  various  fibres  that  were  spun. 

'kt 

2.3 MEMBRANE FORMATZON BY IMMERSION PRECZPZTATION 

2.3.6 Basic  principles 

The  formation of asymmetric  membranes (flat films or hollow fibres) by immersion 
precipitation  usually  consists of 4 different  steps  [3], [SJ: 

l. Casting or extrusion of a  homogeneous  polymer  solution 
The solution used for making  membranes consists at least of the membrane  forming 
material  (the  polymer)  and  one  solvent.  The  amount of polymer in the  solution  strongly 
affects the  membrane  properties.  When  a  high  polymer concentration is used, often a 
structure results where  the  sublayer consists of isolated pores  (a  'closed celf' structure 
[3-a]). Such  membranes  usually  have  a  low  permeability.  On the other hand,  a  low 
polymer  concentiation  might  give  instabilities  of  the cast or extruded  solution,  due  to  an 
insufficient  viscosity. 
With polyethersulfone as the  polymer  nonvolatile solvents, like N-methylpyrrolidone 
(NMP),  N,N-dimethylacetamide  (DMAc),  dimethylformamide  (DMF)  or 
dimethylsulfoxide  (DMSO), or volatile  solvents  (like chlorinated hydrocarbons)  can  be 
used.  Often  a third component is added to the  polymer  solution  to  obtain  a  more  open 
structure. Examples  of  such additives are water, formamide, glycerol [l l] and 
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polyvinylpyrrolidone [6-a]. 
2. Evaporation of solvent 

m e n  volatile components are present in the polymer  solution  evaporation is possible 
before immersion in the nonsolvent bath.  This will result  in  an increased polymer 
concentration  at the interface,  which  upon  coagulation  should  give a dense  toplayer [12]. 
Although evaporation of solvent is often used in membrane preparation, pore free 
toplayers can also be obtained  with  non-volatile  solvents,  as will be shown in chapter 4. 
Besides partial solvent  evaporation also penetration  of  nonsolvent from the  vapour  phase 
can take place. E s  means that the  composition of the  polymer  solution will change,  or 
that even dimixing might occur before  immersion. h this way  porous  toplayers can be 
obtained [ 131. 

3. Immersion in a nonsolvent  bath 
When the polymer film is immersed in the  nonsolvent  bath, the most  important  pararneter 
€or the final membrane  structure is the interaction  between  solvent  and  nonsolvent [3]. A 
good interaction between 'both components usually gives membranes 'with an open 
structure, when the polymer concentration used is not  too high. A poor interaction 
between solvent and nonsolvent results in densified structures, which can have gas 
separation properties. Often low fluxes are. obtained, however, due  to a poor 
interconnection of  pores in  the  sublayer  [3-c]. 
Addition of solvent to the  coagulation  bath  promotes the formation of a more  dense 
structure [3], although it was found  that  at  large  concentrations  microporous  structures  are 
obtained [14], [lS]. 

4. Washing and drying of the  membrane 
The final step in the  membrane  preparation is washing  with  nonsolvent  to  remove  residual 
solvent. Especially when nonvolatile solvents are used and water as the  nonsolvent, 
removal of solvent is of great importance.  When  such  membranes are dried afterwards, 
water will be removed first and the remaining solvent may dainage the membrane 
structure. 

2.3.2 Flat membranes vs. hoIIow fibres 

h flat .membrane  preparation there is only one interface between  polymer  solution  and 
nonsolvent  bath  (see figure l), and  penetration of nonsolvent  starts from the 'free'  side of the 
membrane (i.e., the  side  not  connected  to  the  support). The composition at the 'support' side 
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remains  constant  until  the  nonsolvent  has  reached  the  bottom  of  the  film.  Since  the  volume of 
the  nonsolvent  bath is large  compared to that  of  the  polymer  film,  the  composition  of  the 
former  can be assumed  constant. 

P = polymer S = solvent NS = nonsolvent 

Figure l : Preparation offrat membranes by immersion  precipitation (schematically). 

It should  be  mentioned  that  there are situations  where  penetration  of  nonsolvent  may  occur 
from  both  sides  in  a  flat  film.  An  example is the  production of large  sheets  of  membranes  in  a 
casthg machine,  where  a  porous  support (e.g., a  non-woven  polyester)  is  covered  with  a  thin 
film  of  the  polymer  solution  and  immersed  in  a  nonsolvent  bath. 

In holIow  fibre  spinning  membrane  formation  by  immersion  precipitation  is  much  more 
complicated  (see  figure 2): 

I .  Higher polymer concentrations 
Polymer  concentrations  used  must  be  considerably  higher,  in order to obtain  an 
appropriate  viscosity. This means  that  demixing  processes  take  place in a  different  part  of 
the  ternary  phase  diagram  (see  chapter 1). Aggregate  formation  may  play  an  important 
role ([l], [3]), while  liquid-liquid  demixing  might  not  lead  to  an  interconnected  network 
of  pores [3]. 

2. Two ìnterJ4aces for solventf nonsolvent  exchänge 
In most  spinning  processes  liquids are used  on  both  sides  of  the  fibre  wall. On the  bore 
side  there is an  immediate  contact  between  solution  and  nonsolvent  after  extrusion  from 
the  spinneret.  On  the  outside  the  moment  of  contact  depends  on  the  presence of an  airgap 
between  spinneret  and  nonsolvent  bath  (see  figure 2). When  the  fibres  are  spun  in  an  inert 
airgap  of  considerable  length,  the  demixing  front  (initiated on the  bore  side)  may  have 
reached  the  outer  surface  before  immersion  in  the  external  nonsolvent  bath  takes  place. 
Such a situation is comparable  to  flat  membrane  preparation  and  a  structure  with  only  a 
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densi€ied structure on the bore  side will be  obtained.  When t h ~  airgap is short,  however, 
penetration of nonsolvent  from  the  external  bath  may  lead to the  formation of a skin on the 
outside as well.  Formation of an outer toplayer will also happen  when the (initial) fibre 
wall is relatively  thick. In that  case  nonsolvent  ikom  the  bore side will not  reach the outer 
surface before immersion, even with a considerable airgap. An estimation of the 
penetration  depth m of nonsolvent in the  polymer  solution  can  be  made  using  the  equation 
m = d(nDt), where D is the  diffusion coefficient and t is time [la. 
In the considerations given above it is assumed that the volatility of the solvent is 
negligible.  Evaporation of solvent  (prior to immersion in a nonsolvent  bath) is generally 
used to form a dense  toplayer  on  the  outside,  as  mentioned  before. 

3. Limited bore volme 
' An important  factor in demixing  from  the  inside is the  limited  volume of the  bore.  For  the 

spinnerets used here, the initial bore volume is considerably smaller than that of the 
extruded  fibre (see experimental  section,  table 1). Therefore,  considerable  changes in the 
composition of the internal  nonsolvent  bath will take  place in the  course of the  spinning 
process. 

polymer solution bore liquid 
P+S (+NS) NS 

spinneret 

external 
coagulation 
bah (nonsol .vent) 

Figure 2: Wet spinning of a hollow fibre  by immersion precipitation afier an airgap (schematically). 
(P: polymer; S: solvent; NS: nonsolvent) 

4. Absence of a support 
Hollow fibres are made by extruding a highly  viscous  polymer  solution (ViSCOSitieS Qf 
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100-1000 Poise)  through a tiny  hole  (diameter 0.1 - 0.5 mm). Since  there is no  support  to 
keep  the  fibre in its initial form,  die-swell [l71 andor gravitational  forces may affect  the 
fibre thickness. 

The  system  studied  here  consists of polyethersulfone, which is dissolved in a mixture of a 
nonvolatile  organic  solvent  (N-methylpyrrolidone  or  N,N-dimethylacetamide)  and  glycerol  (a 
nonsolvent)  and  precipitated  in an aqueous  solution.  This  means  that  the  interaction  between 
solvent and nonsolvent is a fixed parameter, and that the evaporation of solvent can be 
neglected. 

The desired fibre should  have a dense,  pore-free  toplayer on the outside and  an  open 
structure of  both fibre wall  and bore side  interface.  To  obtain a dense  toplayer on the outside 
the  polymer  concentration  should be sufficiently  high.  Furthermore, a certain  (low)  amount  of 
solvent in the  coagulation  bath is also  favourable.  Presence of nonsolvent  in  the  polymer 
solutïon, as well  as  nonsolvent  penetration  from  the  vapour  phase  should be  avoided.  On  the 
other hand, for an  open  substructure  and  an  open  toplayer  on  the  inside,  exactly  the  opposite is 
true. Therefore  experimental  data  are  necessary to find out  which  compositions result in  the 
desired  density  of  the outer  toplayer  and  sufficient  porosity of the  rest of  the  fibre. 

2.4 EXPERIMENTAL 

The  polymer  used for all the  experiments  was  polyethersulfone  (PES) VICTREX@ 4800P, 
from ICI. Before  use  the  polymer  was dried at 130 OC for at least 3 hours.  Solvents  were 
. I  N-methylpyrrolidone (NMP) and  N,N-dimethylacetamide  (DMAc)  (synthesis  grade,  purity 

,'better than 99 %, amount of water less than 0.3 %). Glycerol  was  water-free.  All  three 
components  were  purchased  from  Merck  and  used  without  further  treatment. 

The  spinning  solution  was  prepared by adding  the  polymer  to  the  stirred  solvènt/glycerol 
mixture  and heating it  for one  night at 70-90 OC. The  solution  was filtered over a 25 pm 
stainless  steel filter at a pressure  of 5-6 bar  nitrogen  and  degassed  for  one  night. 

. 9 . 

The  spinning  equipment  used is shown in figure 3. A gear-wheel  pump  (Feinpriif)  was 
used  to  transport  the  spinning  solution  through  the  spinneret.  The bore liquid was pressurized 
to 3.5 bar  and  fed  to  the  spinneret  through a Brooks  flow  controller  (type  8940). 

For  the  extrusion of 'the  polymer  solution  several  tube-in-orifice  spinnerets  (see  figure 3) 
were  used.  Development  of  suitable  spinnerets  was also part of  the  work carried out in this 
hollow fibre gas  separation  project.  The  dimensions of  the orifice  and  the  capillary  (tube)  are 
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given in table l ,  together  with  the  calculated (initial) thickness o€ the  fibre wall. 

l L 

3 

5 

I 7 
1. N2-cylinder hollow fibre 
2. hie  liqpid (nonsolvent) 
3. flow controller 
4. filter 
5. polymer  solution 
6. gear-wheel pump 
7. spinneret 
8. coagulation bath (nonsolvent) 

Fìgure 3: Laboratory spinning line. 

Table I :  Dimuarions of spinnerets. 

spinneret orifice (mm) outer diameter initial thickness 
capillary (mm) fibre wall (mm) 

1 0.8 0.5 0.15 
2 0.7 0.4 0.15 
3 0.6 0.2 0.20 
4 0.4 0.25 0.075 

Demineralized water  was  used as the external'nonsolvent. h most cases there was  an 
airgap  between the spinneret  and  the external coagulation  bath,  varying €?om 50 to 100 mm. 
The  fibres  were spun at a rate o€ 5-15 &min and  after  spinning cut into  pieces  with a length of 
30 cm and rinsed €or 5-20 hours with tap  water. The  fibres  were  dried at ambient  temperatures 
and a relative humidity of about 50 % €or 1-2 days. For each  spinning  experiment  the  specific 
data are given in the  results  section. 

For testing purposes small test  samples of 10-15 fibres were  made  with a surface area of 
20-30  cm2 (see figure 4). From  each  type of fibre at least two  test  samples  were  prepared- 
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100 - 150 mm 

/ stainless  steel  tubing  hollow  fibres  sealed  fibres 

open  fibre-ends 
A gas outlet 
r*  

I F l  
I I gas  inlet 

î 4  

stainless steel 

Figure 4: Hollow fibre test  sample  and  module. . 

The  membrane  samples  were  mounted in a  stainless  steel  module  and  tested  with  a  feed  gas 
' of 20-25 vol-%  of CO, in CH4 at a  pressure of 4 atm.  The feed flow  rate  was  large  compared 

to that of  the pemeate. The  bore  side  of  the  "fibres  was  evacuated  to  a  pressure  less  than 10L3 
atm. h e  conditioning  time  before  each  measurement  was  at  least 90 minutes. 

The  permeability  set-up is given  in figure 5. A total of 5 permeation cells was  available, 
four of  which  were suitable for hollow fibre testing and  one for flat films. Three  vacuum 
pumps  (Edwards,  type E2M2) were  used  to  evacuate the permeate  side. To minimize  leakage  at 
the permeate side Nupro@  bellow valves were  used  and all tube connections  were 
silver-welded  under  vacuum. 

permeation  cell 
vacuum 

gas  chromatogmph 
calibrated 
volume V I GC . 

M pressure  regulator . 

' C4 pneumatic  valve 't vacuum t ' 

Figure 5: Gas permeability  set-up  (one  cell shown). 
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The  gas flux through the membranes  was  determined  by  measuring tke pressure  increase 
(15 or 25 &g) in a calibrated  volume for a certain  period of time, using an n/IKS Baratron 
capacitance  pressure  transducer  (type 3 15BH). Composition of the  gases  was  determined  with 
a Varian  3300  gas ckomatograph, supplied  with a thermal  conductivity  detector flCD>. h t.he 

course of this hollow  fibre  project  the  permeation  system  was  automatized  and  controlled  by  an 
Apple HE micro  computer. 

After  measuring  the  gas  permeabilities of  the  uncoated  fibres,  most  of the membranes  were 
coated with a thin layer of a silicone  rubber  (polydimetbylsiloxane, PDMS) and the  permeation 
through  these  membranes  measured  as  well. For this coating procedure the method  described 
by Henis and Tripods C111 was used the bore side of the fibres was  evacuated  and  after 1 
minute  the test samples were immersed in a solution of 2 % (w/w) PDMS (Sylgard 184, Dow 
Coming) h n-hexane for another minute.  The  samples  were  dried for 15-20 hours  at 40-60 "C. 

'Fhe, CQ2-flux (P/l)c02  was calculated  using  equation 1 (a derivation of this equation is 
given in the appendix). By analyzing the composition of both feed and  permeate  gas, the 
selectivity a(C02/CHJ could be calculated  (equation 2). For various  test  samples  prepared from 
the same  type  of  fibres,  the  values of and a(C02/CH4)  were obtained within a range of 
5-10 %. 

witlx @/ï)co2 . gas fluxforC02 
V calibratedvolume 

 CO^^^ CO2 content  in  the  permeate 
.Al? pressure  increase in the 

permeate  volume  during At  
A membrane area 
xco2,f . C02 content in the feed 
Pf feedpressure 
At time needed for prmure 

increase Ap 
76 pressure  correction  factor 

For structure investigations, the fibres were  prepared by cryogenic brealdng (in liquid 
nitrogen)  and  sputtered  with a thin layer of gold. Cross sections of the fibres were  examined 
e t h  a EOL 35 CF scanhing  electron  microscope. 
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2.5 RESULTS AND DISCUSSION 

Using  polyethersulfone (PES) as the  membrane  forming  material  and  water  as  the  external 
nonsolvent  (coagulant),  the  following  parameters  were  studied: 

1. Macroscopic  fibre  structure  (shape of  the  fibres) 
2. Microscopic  fibre  structure  (gas  permeation  properties  and 

structure  of  the  fibre  cross  section) 

2.5.1 Macroscopic  fibre  structure 

It was  found that the  macroscopic  fibre  structure  (roundness  and  wall  thickness)  changed 
with  the  spinning  parameters  used.  Initially, it was believed  that  the  irregularity of  the fibres 
was  caused by imperfections of  the  spinnerets  (these  were  still  in a development  state), but it 
turned out  that with the same spinneret various forms were obtained. Especially the 
composition of the  bore  liquid  had a decisive  influence  on:the final macroscopic  structure. 
Typical examples of  the effect of addition of glycerol or  solvent (NMP) to  the  bore  liquid 
(water) are given in figures 6 and 7, respectively.  The  spinning data are listed in table 2. 
Permeation  data for fibresPES-NMP are given in  table 7, hereafter. 

Table 2: Spinning data for fibres PES-GL and PES-NMP 

fibres  PES-GL . ' PES-NMP 

polymer  solution 

solvent 
temprature Pc) 
spinneret  dimensions  (mm) 
extrusion rate  polymer  (ml/min) 
extrusion  .rate  bore  liquid  (mvmin) 
spinning  rate  (m/min) 

internal  bath 
external  bath 
obtained fibre  diameter  (mm) 

airgap (mm) 

30 % (w/w)  PES 35 % (w/w)  PES 
+ 5 % glycerol  no  glycerol 
NMP NMP 
31  21 
0.7-0.4  0.8-0.5 
3.3 (+ 12.6 m/min) 3.1 (+ 10 m/min) 
n.a. 2.8 (+ 14 m/min) 
8.0 13-15 
100 (ak, 50% rel.hum.) 50 (air, 50% rel.hum.) 
%O/glycerol'(various  ratios) H2O/NMp (various  ratios) 
water (20 'C) water (14 'C) 
0.77-0.79  0.66-0.68 

n.a. : data not  available 

As can be seen  from  the  cross  sections in figure 6 the  irregular  shape  on  the  bore  side  gets 
more  pronounced  when  the  amount  of  glycerol in the  bore  liquid is increased. It was  found  that 
this was not caused by  imperfections  or  contamination  of  the  spinneret, since the original  fibre 
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form was  obtained  when  pure  water  was  used  again.  The  same  phenomena  were also observed 
for other types of fibres,  not  shown herp 

Figure 6: Cross section of hollow fibres PES-GL, spun wiíh various  amounts of glycerol in the  bore 
liquid (water): (a) O, (b) 1.5, (c) 20 and (d) 2.5 9% (w/w) glycerol (spiming datu: see  table 2). 

The outer diketer of the fibre  hardly  changes  when  more  glycerol is added,  and for all 
fibres a value of’770-790 pm is found. Since these fibres were  spun  with a spinneret  having a 
orifice of 0.7 mm and a capillary - diameter of 0.4 m (see table 2), they expand after 
extrusion. This expansion is caused by the so called die-swell, a phenomenon  observed in 
highly  viscous  solutions [ 171. The  polymer  molecules  regain  the  more  random  conformation 
and the larger  dimensions  they  had  before  extrusion.  From  the  spinning data it  is clear that  the 
polymer  extrusion rate was  considerably  higher than  the  take-up rate (12.6 and 8.0 m/min, 
respectively). It is reasonable  to  believe  that this expansion  takes  place  both on the  outside and 

36 



Chapter 2 

on the inside.  On  the  inside  there is a  competitive  effect:  the  narrowing  of  the  bore  caused  by 
the  die-swell,  and  the  resistance  to  the  die-swell  through  the  presence  of  the  bore  liquid.  On  the 
outside in all cases  a  regular  shape is found.  Due  to  the  rather  long  +gap (10 cm)  the  die-swell 
is not opposed  by  the  external  nonsolvent  bath. 

Addition of glycerol  to  the  bore liquid gives  an  increase in viscosity.  Since  the effect of 
viscosity on the flux through the flow controller used is not known, it is possible that thé 
amount  of  bore liquid has decreased  with  higher glycerol concentrations in the  bore. It is 
unlikely that this resulted in insufficient liquid to fill the  bore  volume,  since in that case the 
outer fibre  diameter  should  decrease.  Furthermore,  the  spinneret  used  had  a  capillary  diameter 
of 0.4 mm, which  means that an  internal cross section of 0.13 mm2 had  to  be  filled.  From  the 
electron  micrographs in figure 6 it can  be  calculated  that  this  cross  section  ranges  from 0.24 
(figure  6a)  to 0.20 mm2 (figure a), which is considerably  larger. 

The fibres shown in figure 7 were  spun  from  a  more  concentrated  polymer  solution  (see 
table, 2) with  various  mixtures  of  NMP/water in the  bore.  Having  pure  water  a  somewhat  wavy 
inner, surface is obtained. With 25 % NMP in the bore  more  of these waves  can  be 
distinguished,  and  with 50 % their  number is so high  that  a  kind of circular shape is formed 
again. 

Figure 7: Cross section of hollow fibres PES-NMP,  spun  with  various  amounts of solvent  in  the  bore 
liquid (water): (a) O, (b) 25 and (c) 50 % (wlw) NMP  (spinning data: see tables 2 and 3). 

In table 3 some  characteristic  dimensions  of  the PES-NMP fibres  are  given. As can  be  seen 
the fibres have  a rather constant outer  diameter of about  670  pm,  which is smaller  than  the 
expected  value  of 0.8 mm (orifice  diameter  of  the  spinneret).  This  means  that  the  fibres  were 
elongated  during  spinning.  The inner diameter  slightly  increases  with  more  NMP  in  the  bore. 
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When  the  ratio  wall thichess/outer diameter of the  fibres is compared  to  that of the  spinneret, it . 

can be  seen that a relatively thin wall is obtained. This means that the irregular shape in this 
situatión  can  not be caused by insufficient  bore  liquid. 

fibre PJRlf? in spinning  rate outer  diameter  (mm) inner fibrearea ratio wall 
boreliquid  (m/min) SEM Gght diameter SEM l.hicknes/ 
(% WW)) microscope SEM (mm)  (mm2>  outer diamem 

1 O 15 0.66 0.66 0.51* O. 14 0.1 1 
2 25 14 0.68 0.66 0.55" 0.13 0.10 
3 50 13 0.67 0.66 Q.54* O. 14. 0.10 

spinneret 0.80 0.50** 0.3 1 0.19 

* calculated from the measured  inner  circumference; ** determined  by  light  microscopy 

A possible  explanation for the  irregular  shape on the  inside  might be the competitive effect 
between  die-swell  (which  tries to reduce  the  bore  volume)  and  bore  liquid  (which  tries to fill or 
even  expand  the  bore  volume).  When a strong coagulant is used  (i.e., pure  water)  the  polymer 
concentration at the  interface  sharply  increases  when  the  spinning  solution is contacted  with  the 
nonsolvent bath..  Due to this high  concentration  deformation of this layer is very  dLfficult (a 
very  high  yield  stress)  and a regular  shape is obtained.  Reducing  the  nonsolvent  concentration 
in the  bore (by the  addition of glycerol or NMP) prevents this immediate kation. Expansion of 
the  polymer  solution  interface is possible,  resulting in a wavy  pattern of the inner fibre wall. 

In our laboratory  comparable  phenomena are observed  by  Roesink during the spinning of 
microporous  hollow  fibres.  He finds that with  considerably  higher solvent concentrations in 
the bore (up to 90%) a regular  shape is obtained  again.  Furthermore,  an optimm i s  found in 
the relation  between  fibre  diameter  and  solvent  concentration in the bore. The results  of  this 
work will be  published in the  near  future. 

2.5.2. Microscopic fibre structure 

The microscopic fibre structure  was  studied  by  determining  the  gas flux for CO2 and  the 
selectivity a(C02/CH4) for several  fibres and by examining  the fibre cross  sections  by  electron 
microscopy.  Parameters  studied  were the polymer  concentration in the spinning  solution, the 
addition of glycerol to the spinning solution  and  the  presence of solvent and glycerol in the 
bore liquid 
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Polymer concentration in the spinning solution 

Hollow fibres were  spun  from  solutions  of 30.0 to 43.6 % (w/w) PES, and  some results 
are given in table 4. Spinning  with  polymer  concentrations  under 30 % gave  instabiqties  in  the 
extruded  fibre.  The  insufficient  viscosity of such  spinning  solutions is believed  to  be  the  cause 
of the instabilities. For polymer concentrations over 4 4  % the  temperature  of  the spinning 
solution  had  to  be  increased  to  be  able  to  pump  the  polymer  solution  through  the  spinneret in a 
regular  way  (without  pulsations). 

Table 4: Effect of polymer  concentration  and  type of solvent  in  the  spinning  solution 
on gas flux and  selectivity. 

fibre  polymer  solvent  temp.  spinning gas flux ** selectivity 
@ (w/w))  solution  ("C) * .a(C02/CH4) 

1 30.0 NMP 21 20 2 

3 40.0 NMP 36 1.0 15 
4 40.0 DMAc 34  1.3  14 

' 5 .  43.6 NMP . 37 0.2 25 

2 .  35.0 NMP 21  3.0  10 

* 10-6 cm3/cm2.s.cmHg 
** without  PDMS  coating 
dimensions  spinneret: 0.8 - 0.5 mm 
spinning  rate: 8-9 m/min 
airgap  length: 50 mm , 

bore liquid water (20 "C) 
external  bath:  water (17-20 "C) 

As can be seen from the  results in table 4, increasing  the  polymer  concentration  fiom 30 to 
43.6 % gives a considerable increase in selectivity.  However, the gas flux is a factor of 100 
lower at the  highest  concentration.  The  influence of the  different  temperatures  of  the  spinning 
solutions is believed  to  be  marginal: for fibre 5 a  considerably  lower  and higher 
a(C02/CH,) are  obtained  compared  to  the  values for fibre 3, even  though  both  fibres  were  spun 
with the.same temperature of the  spinning  solution.  Fibre  cross  sections  show  (figure 8) that a 
higher polymer concentration results in the formation of larger pores  with  a poor 
interconnection  (closed cell structure).  These  results are in agreement  with  the  predictions  by 
Reuvers [3 ] .  Whether  the  thickness  and  density of the  toplayer are influenced could not be 
deduced  from  electron  micrographs. 
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a b C 

Figure 8: Effect of polymer concenh-atìon on the pore structure of the fibre wall: 
(a) 30, (b) 35 and (c) 43.6 % (wfw) PES in NMP. 

,Altena [l81 showed  that  the  extra  resistance,  caused  by  the  closed  cells in the substructure, 
strongly reduces the permeation rate of the fast permeating  component, in this case CO,. 
Therefore,  not only the CQ2-flux is very  low at higher  polymer  concentrations,  but  also  the 
selectivity is not  at its maximum  value. 

From the results in table 4, fibres 3 and 4, the  influence of the  type of solvent can not  be 
deduced.  Electron  micrographs  of  both  fibres  showed  comparable  structures. A difference  in 
these  polymer  solutions is the viscosity,  which is somewhat  higher for the NMP solution  (see 
also chapter 3). 

Glycerol in the spìnnìng solution 

In table 5 some  permeation data are given for the  situation  where  glycerol  was  added  to a 
spinning  solution of 40 % (w/w) PES in NMP. The  spinneret  used  had an orifice  diameter of 
only 0.4 mm, and an outer  capillary  diameter of 0.25 mm. Figure 9 shows electron 
micrographs of fibres spun  without  glycerol  (figure  9a)  and  with 4 % (w/w) glycerol  (figure 
9b) in the spinning  solution. 

The  differences in permeation  properties are only  small  (table 5). For  the  'glycerol'  fibres a 
somewhat better  flux  is found (for both the uncoated  'and  the coated fibres). This may  be 
caused  by  the  somewhat  thinner  fibre  wall  (see €igure  9). From  etching  experiments  (where  the 
outer membrane  surface is gradually  removed,  see  chapter 6), it was found that fibres spun 
f?om solutions  with  these high polymer  concentrations  do  not  have a distinct  toplayer;  the total 
wall  thickness  contributes  to  the  gas  transport  resistance. 
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Table 5: Effect of the presence of glycerol  in a 40 % (wlw) PES spinning 
solution  on gasflux and selectivi@. 

fibre  polymer  solution gas flux * selectivity ~ 

% PES % glycerol Pk02 a(co2/cH4) 

1 40 O 1.3 ( 1.1) 23  (26) 
2 40 4 1.6 ( 1.4) 24 (34) 

* 10-6 cm3/cm2.s.cmHg; 
(...) values  after  coating  with  silicone  rubber 
temperature  spinning  solution: 1: 45; 2: 36 'C 
solvent: NMP 
dimensions  spinneret: 0.4 - 0.25 mm 
spinning  rate:  13  m/min 
airgap  length:  1: 40 mm; 2:  55 mm 
bore liquid water (20 'C) 
external  bath:  water  (20  'C) 

~ ~__________ 

The smaller wall  thickness for the glycerol fibre might  be  caused by slightly different 
spinning  conditions  (e.g.,  a  lower  bore  liquid  rate for the  'glycerol'  fibre) or by  the  presence of 
glycerol in the spinning solution. This latter component  may give the fibre a  more  open 
structure,  which  facilitates  the  outflow of  solvent  during  membrane  formation. 

! 

Figure 9: Cross-sections offibres spun fr0m.a solution  consisting of 40 % (wlw) PES 
and (ah0 or (b) 4 % (wlw) glycerol in NMP. 

For the thin-walled fibre shown in figure 9b there could  be  an effect of nonsolvent, 
penetrating from the, bore,  on the outer membrane  structure.  Although  water is used as the 
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nonsolvent cn both  sides,  macrovoids are only formed on the inside. The residence  time in the 
airgap is about 0.2 seconds (see data  in  table 5). When the fibre wall is treated as a 
semi-infinite  medium and a diffusion coefficient of 1O-l* m2/s is assumed, the penetration 
depth m  is (9.008 mm, which is already 10 % of the initial wall  thickness (see table 1). Whether 
or not this is enough to have an effect on  the outer structure  has  to be investigated by  more 
exgeriníents (e& by spinning the same polymer solution with spinnerets of various 
hensions). 

Table 6: E’ect of glycerol ìn a 30 % PES spinning solution on gasfllux and selectiwio. 

fibre  polymer  solution  gas flux * selectivity gas flm * 
% PES % glycerol cC(CS2/CHd) (F/~)cH~** 

1 30 O 11 (8) 1.5 ( 5 )  7.3 (1.6) 
2 30 5 17 (11) 1.6 (23) 10.6 (0.5) 

* cm3/cm2.s.cmg 
** ca”/),,, = (Pmc02 1 ~ C C C y C ~ d )  
(..J : values after coating with silicone rubber 
temperature spinning solution: 1: 21; 2 31 ‘C 
solvent: NMP 
dimensions  spinneret: 0.7- 0.4 mm 
spinningratc 1: 10; 2 8 m/& 
airgap  length:  1: 50; 2 95 mm 
bore l iq~d:  water  (20OC) 
external  bath: water (14-15 ‘C) 

h table Q results are given for the addition of glycerol to a spinning solution with 
considerably less polymer (30 % (w/w) PES). It shows  that  addition  of 5 % glycerol  gives a 
much  better flux, &th no  change in selectivity.  When  the  membranes are coated  with  silicone 
rubber, only a slight improvement in selectivity is found for-the fibres without  glycerol. A 
much  better  selectivity is obtained for the  glycerol  fibre,  although it is still below  the maximum 

value for PES. 
The changesin permeation  properties  when  glycerol is added to the spinning solution 

might be caused  by two different  factors. In the first place,  the structure of  the fibre wall may 
become more open when glycerol is added, giying a better flux for both CO2 and CH4.. 

Secondly, a thinner  toplayer  might  be  formed,  since  liquid-liquid  demixing  occurs  more  easily, 
due to the relatively high  nonsolvent  (glycerol)  concentration  already present in  the spinning 
solution. As mentioned  before,  reduction  of  the  sublayer resistance may  not only lead to a 
better flux, but also to a better  selectivity  upon  coating. As can be seen  from table 6, the high 
selectivity is largely  determined by  the strong  reduction in CH4-flm. 
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Scanning  electron  micrographs of the fibres in table 6 did not  give  significant  additional 
information  about  the  effect  of  glycerol  on  the  membrane  structure. 

When the results in table 6 are compared to those  in  table 5, it can  be  seen that the 
C02-flux  is about ten times as high for the fibres spun  from  the  solution  with  the lower 
polymer  concentration.  Furthermore,  coating.  has a much  more  pronounced  effect for the '30 % 
fibres',  although  the  maximum  selectivities  obtained  are  still  below  those  of  the  uncoated '40 % ' 

fibres'. It may  be concluded  that with  the 30 % fibres a better  'asymmetry' is obtained,  with a 
reduced  influence  of  the  sublayer on the  transport  properties. It should  be  mentioned,  however, 
that the results in table 5 and 6 are not fully comparable, since the spinning conditions 
significantly  differ for both  situations. 

The effect of  glycerol in the spinning  solution will be discussed in more detail in the 
following  chapters. 

NMP in the bore liquid 

To examine  whether  the  formation of a dense  toplayer  on  the  inside  wall  could  be  avoided, 
the  composition of  the  bore liquid  was  changed. In table 7 results are given for the  addition  of 
solvent (NMP) to  the  bore  liquid. In the  following  section  the  addition of glycerol is studied 
(table 8). 

Table 7: Effect of solvent (NMP) in the  bore  liquid  on  gas flux and selectivity, 
for a spinning  solution of 35 % (wlw) in NMP. 

1  15 O 3.0 9.9 0.3 
2 14 25 3.9 . 2.9 1.4 
3  13 50 3 3  2.6 1.4 

* 1 0 - ~  cfn3/cm2.s.cm~g 

spinning  solution: 35 % (w/w) polymer  in NMP (T=21 "C) 
temperature  bore liquid 20 "C 
dimensions  spinneret: 0.8 - 0.5 mm 
spinning  rate: 13-15 m/min 
airgap  length: 50 mm 
external  bath:  water  (14-17  "C) 

** (?b)CH4  (p/I)CO2 / a(co2/cH4) 
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The data in table 7 show that addition of solvent  to  the bote gives only a slight  increase in 
C02-flux2 while that of CH4 is strongly  increased. This results h a selectivity that is only 30 96 
of its orighd vdue. When the  structure  on the inside of the fibre wall is compared for the 3 
fibres (see figure 10) it can  be  seen that addition of NMP tot the  bore liquid results in a rather 
open structure (disappearance of a denszed layer at the interface).  Even with 50 % W, 
however, a closed cell structure is obtained in the fibre wall. 

As mentioned  before,  the  fibres  obtained  under  the  spinning  conditions  given in table 7 had 
a very irregular shape on the bore side (see figure 7). As figure 18c  gives the impression  that 
the outer surface is shown, it must be realized  that  the  electron  micrograph was made at a part 
of the inner wall where  the  curvature was convex instead of concave. 

a b C 

Figure 10: E'ect of solvent in the bore  liquid  on the structure of the inner fibre wall: 
(a) O, (b) 25 and (c) 50 % (wlw) NMP ia water. 

The change in separation  properties  might be explained  by  the  disappearance of a densi€ied 
structure at the  inner fibre wall upon addition of solvent to  the  bore  liquid.  Obviously, this has 
a more  pronounced  influence  on the CH4-flux, resulting in a considerably  lower  selectivity of 
the total membrane. 

Whether  the  addition of NMP to  the  bore  liquid  has  an  influence  on  the  outer fibre strucme 
has  not  been  examined, eg ,  by coating the  outer fibre surface with PDMS. Since the  effect Qf 

coating  on  selectivity is only very  small for fibres spun from solutions  without  glycerol  (see 
tables 5 and G), it is not  very likely that valuable  information will be obtained by determining 
the  permeation  pj6;zrties  of  the  coated  fibres  in  table 7. From  electron  micrographs of the  outer 
fibre'wall no diffe=rences could be  detected. 

Glycerol in the bore liquid 

In a last series of experiments  various  amounts of glycerol  were  added  to the bore  liquid. 
Strathmann ([SJ: p. 118) showed that in flat membrane  preparation  the  addition of glycerol  to 
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the coagulation bath  gave  a finely porous structure without too many  macrovoids.  When 
applied to hollow fibre spinning this addition could  be  very favourable in increasing the 
mechanical  stability  of the fibres.  To  see  whether  comparable  effects  could  be  obtained  during 
spinning,  fibres  were  made  with  various  ratios  of  water  and  glycerol in the  bore  liquid. 

Table 8: Effect of glycerol  in the bore  liquid on gas flux and selectivity, for a 
spinning  solution  consisting of 30 % (wtw) PES and 5 % glycerol in NMP. 

fibre  spinning  glycerol in bore  gas flux * selectivity 
rate  (m/min) liquid (% (w/w)) (F'/l)cO2 a(C02/CH4) 

1 6.9 O 15 (8) 1.0 (16) 
2 6.9 10 22 (9)  0.9 (20) 

3 8.0 O 18. (10) 1.3 (20) 
4 8.2 25  22  (12) 1.3 (30) 

* 10-6 cm3/cm2.s.crnHg . 
(...) values  after  coating  with  silicone  rubber 
spinning  solution: 30 % (w/w) PES and 5 % glycerol in NMP (T=31 "C)' 
dimensions  spinneret: 0.7 - 0.4 mm 
airgap  length: 100 mm 
bore liquid 20 'C ' 

external  bath:  water (20 "C) . 

The  permeation  data in table 8 show  that  glycerol in the  internal  bath  gives  a  better  gas flux 
and  no  change in selectivity for the  uncoated  fibres.  Coating  results in a  much  better  selectivity 
for all fibres,  although  the  improvement is more  pronounced for the fibres spun  with'  glycerol 
in the  bore liquid (fibres 2 and 4, table 8). The  presence of glycerol  in  the  bore  liquid  during 
spinning seems  to  have  no negative effect on the CO,-flux of  the  coated fibres: even  a 
somewhat better flux is found for fibres 2 and 4 compared to the flux of fibres 1 and 3, 
respectively.  However,  the  selectivity of coated fibres is considerably  better  with  glycerol in 
the  bore  liquid. 

From figure 11 it can be  seen  that for a  polymer solution of 30 % (w/w) PÈS and 5 % 
glycerol in NMP the  addition  of glycerol to  the  bore liquid has  no significant effect on  the 
macrovoid  formation:  only  a  very  slight  reduction of  the  number  and size of  the  macrovoids 
can  be  seen  when 10 % glycerol is added. 

It is believed that the  presence of  glycerol in the  bore  liquid  leads  to  a  more  open  structure 
on the inside of the fibre wall. This means that the outside of the fibre wall has a  more 
significant  effect  on  the  permeation  properties.  When  the  pores  on  the  outside  wall  are  plugged 
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by silicone rubber, a rather good selectivity  and flux are obtain&. 

a b 
Figure l l : Scanning electron m'crographs offibres spun from a solution of30 % (wlw) a d  5 % 

glycerol in NMP, coagulated with (a) 0 and (b) 10 % (wíw) glycerol in the bore  liquid (water). 

The  compositions of the  spinning  solutions  used in the  experiments  often  result in a fibre 
smcture where  the gas transport is determined  by  the  total  fibre  wall. A combination o€ a dense 
layer both on the  outside  and  on  the  inside, as well  as a closed cell structure in the rest of the 
fibre wall, significantly  influences  the  transport  properties (flu and  selectivity).  Generally this 
leads to both a low gas flux and  only a moderate  selectivity. 

If spinning  solutions  containing  30 % (w/w) PES in pure NMP are precipitated  with  water 
as the coagulant (both on  the inside and on the outside), a @02-flux of  11-20*10-' 
cm3/cm2.s.cmHg is obtained,  with  hardly  any  selectivity.  Coating of the  outer fibre surface 
with silicone fibber gives  only a slight  increase in selectivity (a(CO,/CH,) = 5). Addition of 
glycerol (a nonsohrent for PES) both  to  the  spinning  solution  and the bore  liquid  gives  fibres 
with a better  C02-flux. Upon coating also a much better selectivity is obtained. The 
combination of both a thinner  (outer)  toplayer  and  an  improved  interconnection of the  pores  in 
the  substructure are responsible €or b e  better flux. Especially  the  reduction o€ the  transport 
resistance for the  faster  permeating  component  results in a better  selectivity of the  coated  fibres 
as  well. 

When 35 % PES is present in the  spinning  solution,  some  selectivity is found (a(CO2/cH4) 

= IO), but also a  very large reduction in gas flux ((P/l)c02 3*10-6  cm3/cm2.s.cmHg) as 
compared to fibres spun from a  solution  with  only 30 % polymer. The presence of solvent 
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(NMP) in the  bore liquid leads to a reduction of  the  Selectivity,  while  the  CO2-flux is slightly 
improved. This is believed  to  be  caused  by the reduction  of  the  transport resistance  of  the  inner 
fibre wall. 

Using 40 % PES, the  'addition of glycerol to the spinning solution does not  give a 
significant change  in  the  CO2-flux of the resulting fibres. In all cases a low  CO2-flux of 

1.3-1.6*10-6 cm3/cm2.s.cmHg is found.  Coating  leads  to a slightly  better  selectivity  for fibres 
spun  with 4 % glycerol in the  spinning  solution.  Due  to  the  high initial polymer  concentration a 
fibre structure is obtained where  the total cross  section  determines  the  gas  transport,  and  not 
just a thin toplayer. 

An additional  point is the  cross  sectional  shape of  the  hollow  fibres. It  is found  that  often 
very  irregular  shapes of the  bore  cross  sections  are  obtained,  independent of  the ratio polymer 
solution / bore liquid extruded.  Especially  when solvent is added to the  bore liquid poor 
structures  are  formed. A possible  explanation for this  phenomenon is the  competitive  effect 

' between  expanding  polymer  solution  after  extrusion  (caused'by  the  die-swell)  and  coagulation 
processes (caused by the  nonsolvent).  When  enough  nonsolvent is present to give a fast 
precipitation of the  polymer,  the 'fibre structure is fixed  very  rapidly.  When  the  nonsolvent 
concentration is reduced,  however, by  the addition of a second  component  (e.g.,  glycerol or 
NMP) a certain  deformation is possible,  resulting in a wavy pattern on  the  inside of the  fibre 
Wall. 
1. 
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=PAAprn/ l  

with: Q : gas flux [m3/s1 
A : membme area [m2] 
Apm pressure diffmnce over  the  membrane Pa] 
I : membrane thichess [ml 

P = Q l / A  Apm (homogeneous  membranes) 

3 P/l = Q /  A Apm (asymmetric  membranes) 

Assumption: ideal behaviour of permeate  gas : 

p V = n R %  

with :- p : pressure 
V :volume 

. n : number  of  moles [mol] 
R : gasconstant 8,3 1 L€’a.m3/(mol.sC)l 
T : temperature m 

pq cm I 

When Q and T are assumed to be constant, the ‘molar flow’ Q* is: 
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with Vmol  the  volume  of  one  mole  of  gas  at  standard  temperature  and  pressure  (Le., 273 K and 
1 atm): 

with : no = 1 [mol], To = 273' K] and po =.l [atml = 1,013 105 Pa] 

j Vmol = 22,4 10-3 [m31mol] 

Combination of  equations (A2), (A4), (A5) and (A6) gives: 

v To P/Z = Ap l At 
po" T A Apm 

When it is assumed  that  the  experiments  are  performed  at  standard  temperature,  equation (A7) 
can be simplified  to: 

Gas 'mixtures 

For a mixture of  gases  equation (A8) has  the  following  form: 

For the  circumstances  under  which  the  experiments  are  performed,  the  following  simplification 
can be  made: 
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Substitution of hpi = o Ap in equation (Alo) yields: 

VKberm is expressed in [cm3/(cm2.s.cmHg)] instead of the SI-units given above, the value 
Q€ po is 76 c a g .  
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CHAPTER 3 

WET SPINNING  OF  POLYETHERSULFONE 
GAS SEPARATION  MEMBRANES 

11. Effect of temperature on structure and properties 

LA. van  't  Hof, H.M.  van  Veen,  J.  J.  J.  Jansen, C.A. Smolders 

3.1 SUMMARY 

In most research on membrane  formation the effect of temperature is not taken into 
consideration.  Only  some data are available,  mainly  on the preparation of flat membranes.  For 
asymmetric  gas  separation  membranes  no  literature  data  can  be  found  at  all  on  this  subject.  The 
reason  might  be  that  temperature  has  a  widespread  influence  on  most of the  processes  related  to 
membrane foGation.  It is therefore difficult to relate the differences found  in  membrane 
properties to temperature  effects. 

In this  chapter  the  temperature  effects  during  wet  spinning of  hollow fibre membranes  are 
discussed.  Permeation data are given for a  mixture  of  CO2  and  CH4  through  asymmetric 
polyethersulfone (PIES) hollow  fibres.  Furthermore,  the fibre cross  sections  are  studied. 

It is found that the  temperature of the  polymer  solution  only  has  a  minor influence on  the 
permeation  properties for the fibres studied.  Only  considerable  differences in viscosity  of  the 
spinning  solution are observed. 

The  temperature of the  internal  bath  (bore  liquid)  did  have  a  pronounced effect on  the  gas 
permeation properties when the external bath  was  not  cooled. It is believed that in such 
situations the inner part of the fibre wall  significantly contributes to the total gas  transport 
resistance  of  the  fibre  wall. 

The best fibres were  obtained  from  a  polymer  solution  consisting  of 35 % (w/w) PES and 
10 % glycerol in NAmethylpyrrolidone  (NMP), coagulated in an external water  bath of 
approximately O "C and a bore  liquid  (water) at ambient  temperature.  Coating  of  the  outside of 
these fibres with silicone rubber resulted in a  high selectivity (a(C02/CH4) = 50) and an 
acceptable  CO2-flux = 5*104 cm3/cm2.s.cmHg). 
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Most  knowledge on membrane  formation is obtained kom studies on flat membranes,  as 
already  mentioned in chapters 1 and 2. The parameters  generally  investigated are the type and 
concentrations of  polymer,  solvent  and  nonsolvent  used.  Temperature  usually is not taken  into 
consideration and membranes are mainly  prepared at room  temperature.  By  Bokhorst et al. [l] 
the  influence of the  temperature of the  coagulation  bath  has  been  studied  during the preparation 
of cellulose acetate films. They found some  remarkable  changes in membrane  structure  and 
reverse  osmosis  properties  when  the  coagulation  bath  temperature  was  altered. 

Although the relation between  temperature and membrane formation is not extensively 
studied,  there is some  general  irformation  available in literature  about  the  properties  of  polymer 
solutions as a  function of temperature  (see for example Flory [2], Tanford [37 or Hiemenz [4]). 
h relation  to  hollow  fibre  spinning  the  following  aspects are important: 

I .  Viscosity 
The viscosity of the polymer  (spinning) solution increases when the temperature is 
reduced.  Very  viscous  solutions  may lead to extrusion  problems,  while  low  viscosities 
may  give rise to  an  insufficient  initial  stability of the extruded  solution  (constriction  and/or 
droplet  formation). 

2 L Them&namìc interaction  parameters 
Temperature  influences  the  miscibility  of  polymer,  solvent  and  nonsolvent, and therefore 
the demixing processes. In fïgure 1 an example is given for  the system polysulfone 
(PW)/ dimethylformamide  (DMF)/water,  where it can be  seen that the binodal curve is 
shifted to the polymer/nonsolvent axis at higher  temperatures. For the four component 
system  studied in this chapter (polyethersulfone (PES) /glycerol/  N-methylpyrrolidone 
(NW)/water) such data are  not  available,  but it seems  reasonable to assume a comparable 
relationship  'with  temperature. 
Temperatxke  also  has an effect  on  nucleation  and  growth  of a new  phase  during  demixing. 
Low  temperatures favour nucleation,  while  higher  temperatures favour growth of the 
nuclei.  Broens et al. [ S ]  found that cooling of  the  coagulation  bath  results in a  denser 
structure of the  membrane  toplayer.  Bokhorst et al. [ 13 studied membme formation in the 
system cellulose acetate/dioxane/methanol/maleic acid/water,  They found that a higher 
temperature of the  coagulation  bath  gave  the  opposite  effect:  better  desalination  properties 
(higher salt rejections)  were obtained. 
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Figure I :  Effect of temperature on the miscibility  in the  system  polysulfonelDMFlwater [J]. 

3. D &hsion rates 
Diffusion  coefficients are known  to  be  temperature  dependent,  generally  following  an 
Arrhenius  relation [6]. This  means  that  at  higher  temperatures  diffusion  rates in. the 
polymer  solution  and  the  nonsolvent  baths will increase. 

4 .  ‘Vapour  pressure 
At  higher  temperatures  of  the  coagulation  bath  the  amount  of  nonsolvent  (water)  vapour in 
the  adjacent air will  considerably  increase  (see  figure 2). When  a  certain  airgap  is  present 
between  spinneret  and  nonsolvent  bath,  penetration  of  water  vapour in the  extruded 
solution  while  passing  the  airgap is possible:  From  the  work  of  Zsigmondy  and 
Bachmann [7] it is known  that this can  lead  to  open  membrane  structures. 

Figure 2: Water  vapour  concentration  in  water  saturated air 
as a function of temperature [S]. 
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1% is clear that a change in temperatur?  during j:he spinning process’  influences all the  aspects 
mentioned  above. In this chapter  some  results of the  temperature effect on  solution  viscosity 
and  on  the final membrane  structure  and  properties  are  given. 

The polymer  Polyethersulfone (PES), the solvents  N-methylpyrrolidone (NMP) and 
PJbN-dimethylacetatmide ( D m c )  and the  nonsolvent  glycerol  were of the same quality and 
treated in the  same  way as reported in the  previous  chapter. 

The viscositg. of the  spinning  solutions was determined  either with a Hoppler  viscosimeter 
(type B E )  or with a Brabender  rotation  viscosimeter  (type  Viscotron;  speed:  32  rpm).  The 
polyner concentrations  used  varied fiom 15 to 45 % (w/w) and  the  temperature  range  studied 
was 15-70 O C .  

For the  spinning  method  and the testing  procedure  (permeation  measurements,  silicone 
coating, etc.) the reader is referred  to  chapter  2. In al l  experiments water was used as the 
coagulation fi.qid. Fibres  were  prepared fiom 3 different  spinning  solutions: a) 40 % (w/w) 
PES, b)  35 %I PES and 10 % glycerol  and c)  30 % PE? and 5 % glycerol. W was used as 
the  solvent. 

Fibre cross sections were  studied  using a JEBL 35CF  scanning  electron  microscope. 
heparation of the samples was done  according  to  the  same  method as given in chapter 2. 

In this section  the  effect of temperature  of  the  polymer  solution, of the  bore  liquid  and of 
the external bath  .on  gas flux, selectivity  and  membrane  structure is given for eke vasious 
compositions of the  spinning  solution. 

3.4.1 Temperature of the spinning solution 

In figure 3 the  viscosity of various PESDMAc solutions at different  temperatures is plotted 
as a function of the  polymer  concentration. As can  be  seen  considerable  differences in V~SCOS~~JJ 

are  observed at the  various  temperatures  (the  viscosity is plotted  on a logarithmic scale).  For 
most  spinning  experiments  described in this  thesis a polymer  concentration of 35 % was  used. 
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Figure 3: Viscosity of the  spinning  solution as a  function of polymer  concentration. 
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Figure 4: Viscosity of the  spinning  solution as a function of temperature. 

In figure 4. the effect of additive ,and type of solvent is shown for 35 % (w/w) PES 
solutions. Substituting 10 % of the solvent DMAc  by  glycerol  (a  very poor solvent for the 
polymer) gives almost a fivefold increase  in  viscosity.  Replacing  DMAc  with NMP gives  a 
further increase.  By  Kesting [ S ]  it  is stated that for concentrated  polymer  solutions  a better 
solvent  usually  gives  a  lower  viscosity. This is caused  by  the  tendency  of  polymer  chains to 
form  a 'coiled structure'  when  a  good  solvent is used, in order to  reduce the intermolecular 
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contacts with  neighbouring  polymer  chains.  Such a coiled  structure  generally is more  compact9 
resulting in a lower resistance  to  defonÚation.  Hence, a lower  solution viscosity is found for 
the better  solvent.  According  to this theory it can  be  concluded  that there is a better  interacti6n 
between  DMAc and PES. Whether this is favourable in membrane preparation should be 
investigated. 
For all compositions shown in figures 3 and 4 no demixing  phenomena  were  observed  upon 
cooling fiom the  preparation  temperature (80-90 OC) to  ambient  temperature. 

Although it is very  much  depending  on the spinning  conditions  used, it is believed that a 
maximum value for the viscosity is about 908 Poise.  At  higher viscosities it is difficult to 
obtain a constant extrusion rate of the polymer  solution, especially when  spinnerets  with a 
small oPifice are used.  Preliminary  studies in our laboratory  showed that a minimum viscosity 
of about 100 Poise was required for spinning this type of hollow fibres [lol. At  viscosities 
between 500 and 800 Poise  hardly  any  problems  were  encountered during spinning,  provided 
that the  extrusion  rates of polymer  solution and bore  liquid,  and  take-up rate (spinning  rate) 
were  chosen  properly.  Moreover,  the  composition of the  bore liquid should  contain  enough 
nonsolvent to fix the  inner fibre wall fast enough  (see  chapter 2). Whether also selective  fibres 
we  obtained  under  these  circumstances  depends on the  composition of spinning  solution and 
lonsolvent baths  (bore liquid  and  immersion bath). 

Table 1: Penmalion data offlrees spun at various temperatures 
(spinning solution: 40 % (wtw) PES in NMP). 

nembme temp. of spinning  gas  flux * selectivity 
solution pc) ( P k 0 2  a(CQzKH4) 

1 44 1.4 (1.2) 21 (24) 
2 23 2.0 (1.6) 15 (26) 

* I O - ~  cm3/cm2.s.c~g 
c...) values after coating with silicone  rubber (PDMS) 
spinning  solution: 40 % (w/w) PES in NRlp 
dimensions  spinneret: 0.4 mm (orifice) - 0.25 mm (capillary) . 

spinning rate: 13-14 m/& 
airgaplength: 40 mm 
bore liquid water (20 'C) 
external b a k  water (20 'C )  

An  example of the effect of viscosity on permeation  properties is given in table 1, and as 
can be seen the differences  between  the two fibres made from this spinning solution (40 9% 
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(w/w) PES in NMP) are only  marginal.  For fibres spun at the lowest temperature  somewhat 
better  properties are found,  but  whether  this is caused  by  the  temperature  difference  or  by  other 
spinning  conditions  (e.g.,  other  extrusion  rates)  can  not be concluded  from  these  results. 

3.4.2 Temperature of the bore liquid 

The effect of  the  bore liquid temperature  on the fibre properties is shown for two  types of 
spinning solutions.  The first series (table 2) gives  permeation data  for fibres spun  from  a 
solution of 30 % (w/w)  PES  and 5 % glycerol in NMP.  This  polymer  concentration  was  often 
used  to obtain fibres with a better gas  flux.  The  disadvantage of only 30 % polymer in the 
spinning solution is the presence of many  macrovoids in the fibre wall. Therefore, 5 % 

glycerol  was  added  to  suppress  macrovoid  formation  (see also results in chapters 2 and 4). The 
second spinning solution  used  consisted  of 35 % (w/w)  PES  and 10 % glycerol in NMP (see 
table 3). Here,  a  higher  polymer  concentration  was  used  to  obtain  a  more  densified  structure in 
the toplayer, while glycerol was  added  to  reduce  macrovoid  formation  and enhance' the 
permbability  of  the  porous  part of the  fibre  wall. 

Table 2: Gas flux and selectivity ofjìbres spun from a  solution of 30 % (wlw) PES 
and 5 % glycerol  in NMP and  coagulated with various  temperatures of  the 
internal bath (bore liquid). 

membrane  temp.  internal  gas flux * selectivity  gas  flux * 
bath  ("C) ( p k 0 2  a(cozlcH4) (?/I)CH4** 

1 21 23  (12) 1.3  (14) 18 (0.9) 
2 28 32  (15) 1.0  (16) 32 (0.9) 
3 38 62  (20) 1.0 (19) 62  (1.0) 
4 47 59 (20) 1.0 (20) 59 (1.0) 

* 10-6 cm3/cm2.s.cmHg 

(...) values after  coating with 'silicone  rubber (PDMS) 
spinning  solution:  30 % (w/w) PES and 5 % glycerol  in NMP (T=31 "C) 
dimensions  spinneret: 0.7 mm  (orifice)-0.4 mm (capillary) 
spinning  rate: 7-9 m/min 
airgap  length: 30 mm ' 

bore liquid water , 

external  bath:  water (20 "C) 
fibre  diameter  obtained  for all fibres:  0.82  mm 

** Pfi)cJ34 = (?fi)co2 / WC0@4) 

In table 2 permeation  results  are  given for the fibres prepared  from  the  spinning  solution 
with 30 % (w/w)  FES  and 5 % glycerol in NMP. A graphical representationlof the  results is 
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shown in figure 5. For fibres spun with a higher  temperature Q€ the  bore liquid a better flux is 
obtained, eqecidy for  the uncoated Gbres, For these mcoated fibres the selectivity has a 
rather constant value of about  one.  Upon coating the cH4-flux is significantly  reduced to a 
constant v a l e  of about I.Q*10-6 cm3/cm2.s.cmHge The C 2-flux is mmb less reduced9 
resulting in a considerable  improvement in selectivity (a(C(12/Etd = 14-20>. 

Figure 5: 
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Gasfllw'apaH selectìvity offibres spunfiorn a solution of 30 % (wlw) FES a d  5 % glycerol 
in NMF and  coagulated with various  temperatures of the interml bath (bore liquid). 
Open symbols: uncoatedjibres; closed  symbols:  CoatedBbres. 

z 1 0 - ~ ~ ~ ~ / ~ ~ 2 . ~ . ~ ~ ~ ~ .  

A remarkable feature is that €or coated fibres both selectivity and C increase 
increasing  temperature-  Generally,  the  trends  found in flux and  selectivity xe counteractive: m 
improvement of one leads  to a poorer  value of the othere This latter effect is usually explained 
by a change in density of the  membrane  toplayer. From the results in table 2 ,it must be 
concluded,  howeyer,  that in our situation  not  the  density of the  toplayer, but the  resistance in 
the  porous  substructure of the fibre wall is altered,  due  to  the  change in temperature of the bore 
liquid during spinning.  By  Altena [l l ]  an  extension  was.'made of  the  well-known 'Henis &d 
Tripodi resistance  model'  [l21  (see also chapter 6). He showed that a considerable trans po^ 

resistance in the sublayer of an  asymmetric composite (silicone-coated) membrane  may 
significantly  hinder the faster permeation  component. The results in table 2 are in agreement 
with this model: at lower temperaNes of the bore liquid during spinning, a relatively low 
selectivity is obtained for the coated  fibres,  due  to a large  resistance €or CO, in the  sublayer. A 
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higher  temperature  of  the  bore liquid results in a  more  open  structure of this  part  of the fibre 
wall,  giving  an overall flux improvement.  When  the  outer  surface of the latter type  of fibres is 
coated  with  silicone  rubber,  this part of the  membrane  largely  determines  the  overall  transport 
resistance.  The  maximum  selectivity for PES (a(C02/CH4) = 50) is not found  here, since the 
transport  through  the  silicone  filled  pores  on  the  outside  of  the fibres will  still  be  considerably. 
Moreover,  there  might still be a certain  transport  resistance  present in the  sublayer of  the fibre 
wall. 

The  increasing C02-flux with  temperature for the  coated  fibres  might  also  be  explained  by 
a  somewhat  thinner fibre wall. It was  found  that  the  spinning  rate  had  to be increased  from 7 
rn/min (21 OC) to 8.9 m/min (47 OC) in  order  to  keep  the  fibre  at  a  minimum  tension.  Since  the 
outer  ciameter is the  same for all fibres,  the  thickness  of  the  fibre  wall  must be decreased.  This 
is confirmed  by  the  electron  micrographs in figure 6. 

From figure 6 it can  be  seen  that  the  number  and  size of  the  macrovoids  formed  on  the 
bore  side is slightly  reduced  with  increasing  temperature  of  the  bore  liquid.  The  phenomenon 
of  macrovoid  formation  will  be  discussed in chapter 5 . 

Figure 6: Cross  sections ofjìbres spun from a solution of 30 % (wlw) PES and 5 % glycerol 
in NMP, with a bore  liquid  temperature of21 'C (a) and 47 'C (b). 

The  second series of experiments  (with 35 instead  of 30 % (w/w) PES in the spinning 
solution)  was  performed  with two different  temperatures  of  the  external  coagulation  bath (2 O C  
and 24 OC, respectively).  Spinning  data are given in table 3 and  the  permeation  results  plotted 
in figure 7. 

From  figure 7 two  important  differences  between  both  types of fibres  can  be  seen: 
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- only for fibres PES-H, coagulated at 24 O C ,  a clear  flux  increase is found  when the bore 
liquid is heated  from 25 to 70 'C; 

- for fibres PES-E, coagulated at 2 O C ,  much  better  selectivities are obtained for both 
coated  and  uncoated  fibres. 

Table 3: Spinning data forjìbres sgunfiorn a solutìopr of 35 % (w/w) PES and 10 % 
glycerol in NMP, coagulated in a warm exteml bath (PES-H) and a cold 
external  bath (PES-L), with variable  temperature of the  internal bath. 

polymer  solution 35 % PES 35 % PES 

solvent m NMP 
temperaturedope PC) 42 42 
spinneret  dimensions  (mm) 0.6-0.3 0.6-0.2 
extrusion rate polymer  (rnvmin) 1.16 (-> 5.5 m/min)  1.17 (-> 4.7 m/min) 
extrusion  rate  bore liquid (Wmin) 0.80 (-B 11 m/min) 0.44 (-> 14 rn/min) 
spinning rate  (m/min) 4.4 4.3 
airgap  length (-1 7 5 
mediumairgap nitrogen,  extra dry (N2-5.0) nitrogen,  extra dry (N2-5.0) 
internal  bath  water (variable T) water  (variable T) 
e x t e d  bath  water (24 'C) water (2 'C) 
fibre  diameter  obtained (mm) 0.65 0.60 

+ 10 % glycerol + 10 % glycerol 

Table 3 shows that the  main Werences in spinning  conditions  are  the  type of spinneret 
used  and  the  temperature  of  the  external  bath. 

Both spinnerets  used  had  the  same  orifice  diameter (0.6 mm), however, with a different 
outer  diameter of the  capillary. For fibres PES-H this latter  value  was 0.3 mm, and for PES-E 
only 0.2 mm. This means  that for PES-H the initial bore  volume is more  than  twice as high. 
Thus,  the  bore  liqyid  can  have a more  pronounced  effect  on the membrane fomation'prmess in 
this case. 

When a wann external  bath is used, a more  ogen  structure  on  the  outside is obtained  (see 
results in the next  section). In such  situations  alterations of the fibre structure on the  inside 
(caused  by a different temperaNe  o€the bore  liquid)  carí'considerably a f k t  the  gas  transport 
properties. This is confinned by the  permeation-data  obtained for PES-M (see figure 7). For 
fibres PES-L the  cold  external  bath  results in a relatively  dense  layer  on  the  outside of the  fibre 
wall  (considerable selectivity for the uncoated fibres), and the effect of the bore  liquid 
temperaNe on  the  permeation  properties is negfigible. 
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Figure 7: Gas flux and selectivity offibres spun from a solution of 35 % (wlw) PES and I0 % glycerol 
in NMP  and coagulated with various  temperatures of the  internal bath (bore liquid). Two 
external  bath  temperatures  were  used:  PES-H: 24 "c; PES-L: 2 "c. 
Open symbols: uncoatedfibres; closed  symbols: coatedfibres. 
(PIl)c02 : 10-6cm3/cm2.s.crnHg. 

From electron micrographs no differences  can  be  observed in the structures obtained  at 
various  temperatures of the  bore  liquid. A finely  porous,  macrovoid-free  structure is obtained 
for all fibres  (figure 8). 
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Figure 8: Cross section of a fibre spar fiom a solution of 35 % (wiw) PES 
and 10 %I glycerol in NMP. 

Table 4: Spinning data forfibres spun from a solufion of 30 % (wlw) PES and 5 % 
glycerol  (PE§-30) apad 35 % (wlw) PES and 10 % glycerol (?ES-3.5) ìar NMP , 
with variable temperature of the external bath. 

fibres PES -30 PES-35 

polymer  solution 

solvent 
temperaturedope 
spinneret  dimensions 
exmsion rate polymer 
extrusion rate be squid 

airgaplength 

internal  bath 
external  bath 
fibre diameter obeaipled 
w& thickness obtained 

spinning rate 

mediumirgap 

30% PES 
+ 5 % glycerol 
NIm? 
31 
0.7-0.4 
2.9 (-> 11 III/min) 
n.a 

95 
air (50 % rei humidity) 
water (21 "C) 
water  (variable T) 

0.09 

8.0 , 

0.85 

35 % PES 
+ 10 % glycerol 
l%bxP 
43 
0.6-02 
P .O3 (-> 4. P dmin) 
0.34 (-> 10.8.m/min) 

7 '  
nitrogen, extra dry (N2-5.0) 
water (23 "C) 
water  (variable T) 
0.57 
o. 12 

4.5; 

n.a. : data not  available 
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In figure 9 the  CO2-flux ((P/l)c02) and  the selectivity (a(C02/CH4)) are  given for fibres 
spun  at  different  temperatures of the  external  coagulation bath. For  the fluxes of both  fibres 
comparable  results  are obtained at higher  external  bath  temperatures  the  lines for the  uncoated 
and coated  membranes  deviate  considerably,  while  at  lower  temperatures  they  tend  to  coincide. 
This means  that  using a cold  external bath fibres  are  obtained  where  already a large  portion of 
the  gas  transport  takes  place  through  the polymer.  Upon coating  the  nonselective flux through 
the pores of the fibres is strongly limited, which  has  the largest impact on the methane ' 

permeability,  the  slower  permeating  component.  Thus,  with  only a slight  decrease  in  CO2-flux 
the  selectivity is largely  increased. 

CICO,/CH, 

Figure 9: Selectivity and gas flux as a function of the  temperature of the  external bath (water), 
for spinning  solutions of 30 % (wlw) PES and 5 % glycerol (C?. PES-30) and 35 % 
PES and 10 % glycerol (OOPES-35). Open symbols: uncoatedfibres;  closed 
symbols: coatedjìbres. (PIl)co2 : 10-6cm3/cm2.s.cmHg. 

63 



For the  uncoated  fibres  very  low  selectivities  are obtained. Only for PES-35.m 
improvement is found for an externalilbath temperature  below 20 O C .  For coated fibres the 
selectivity at higher  temperatures is 3-6, which is only  somewhat  higher than t.he intrinsic  value 
of the  coating  material,  polydimethylsiloxane (a(C02/C&) = 3 [ 131, [14]). 'This means that al 
these high temperatures a very open outer toplayer is obtained, with a porosity too high  to 
obtain goud  selectivities  a€ter  coating. 

When  the  external  bath  temperature is lowered  to  values  below 20 OC, coating of the  fibres 
gives  very  high  selectivities. For PES-35 a value  comparable to the  intrinsic  selectivity  for PES 
is  found at these temperatures. For PES-30 the temperature range has not been  extended 
sufficiently  to  see  whether this intrinsic  value  could also be achieved. 

In order to obtain a highly  selective  membrane after coating a certain selectivity of the 
uncoatd fibre seems to be necessary. This means that the  toplayer should already be rather 
tight, and  only a  minor  surface fraction might consist of pores, This is consistent with the 
resistance  model for gas  permeation [ 121. When  these  pores are plugged  with  silicone  rubber  a 
very  high  selectivity is possible. 

An effect not yet mentioned is that o€ the variable water vapour pressure above the 
coagulation  bath. As shown  already in figure 2, the amount of water vapour is considerably 
increased at higher  temperatures.  From the spinning data in table 4 it can  be  calculated that the 
residence  time in'the airgap is 1.5 seconds  €or  fibres PES-30. Even at lower  temperatures  some 
water  vapour  may  penetrate the spinning solution, resulting in a more open structure on the 
outside.  For the PES-35 fibres penetration of water  vapour is minimized  by  using a very  short 
airgap  (residence  time less than 0.1 seconds, see table 4), which is also  flushed with extra dry 
nitrogen (N2-5.0). Pt is believed that in this situation  the  penetration of water  vapour  does not 
occur.  Thus, a denser  outer  surface is formed and  higher  selectivities  after  coating are obtained 
more  easily. 

Figure 10 shows the cross sections of  two PES-38 fibres spun with an external bath 
temperature of 41 O C  (figure 1Oa) and 14 O C  (figure  10b). It can  be  seen  that  the  number of 
macrovoids initiated on the inner surface is about  the  same for both types of fibres.  However, 
the  length of the voids is somewhat  smaller at the  lower  coagulation  temperature. At these  low 
temperatures  also s d  voids  appear  on  the  outside.  Electron  micrographs  of the BES35 fïbrei 
gave  no  additional infomation. 
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Figure I O: Cross sections offibres spun from a solution of 30 % (wlw) PES and 5 % glycerol 
in NMP, coagulated in a external water bath of 41 (a) and I4  'C (b) . 

3.5 CONCLUSIONS 

Id this  chapter  three  temperature  parameters  were  studied:  the  temperature of the  spinning 
solution,  the  bore  liquid  and  the  external  coagulation  bath. 

For 30 % (w/w)  PES  and 5 % glycerol in NMP  a  solution  temperature  of  approximately 
'30 O C  was  most  convenient,  while  this  temperature  was  about 40 OC for a  solution of 35 % 
(w/w)  PES  and 10 % glycerol in NMP. These  temperatures  corresponded to a viscosity of 
500-800 Poise. 

The effect of solution  temperature on the  permeation  properties  was  studied for a-solution 
of 40 % (w/w)  PES in NMP. The  differences  found  in  flux  and  selectivity  were  only  marginal. 
Additional  experiments  have  to be done,  preferably,  with  lower  polymer  concentrations,  to  see 
whether  there is a correlation. 

I The  bore  liquid  temperature  only  had  a  clear  influence on the final fibre  properties  when  the 
temperature of the  external  bath  was  relatively  high  (more  than 20 OC).  Under these'conditions, 
fibres spun  from  solutions of 30 % (w/w)  PES  and 5 % glycerol,  and 35 % (w/w)  PES  and 10 
% glycerol in NMP had  no  selectivity,  while  the flux significantly  increased  with  increasing 
bore liquid temperature. Coating  of the fibres resulted in  fluxes of  about 20*10-6 
cm3/cm2.s.cmHg  and selectivities of 20. It is believed that the relatively high external bath 
temperature  results  in  an  open  outer  fibre  surface.  In  such  situations  the  resistance  of  the  inside 
wall  significantly  contributes  to  the  total  gas  transport. 

The  best  values for flux and  selectivity  were  obtained for an external  bath of almost O OC. 
Uncoated fibres already  had a selectivity a(CO,/CH,) of about 16, while  coating  resulted in 
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values almost equal to the intrinsic value for PES (a(CQ2ICH4) = 50). At these IOW 
temperatures  coating hardly influenced  the CO,-flux, so the  selectivity  increase must k caused 
by tple strongly  increased  resistance for CH4 transport after  plugging the pores in the outer 
surface  with  silicone  rubber. 
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CHAPTER 4 

PREPARATION OF ASYMMETRIC GAS SEPARATION 
MEMBRANES  WITH  A  HIGH  SELECTIVITY BY A 

DUAL-BATH  COAGULATION  METHOD 

J.A. van 't Hof,  A.J.  Reuvers,  R.M.  Boom, C.A. Smolders 

4.1 SUMMARY 

The  main  problem in the  preparation  of  asymmetric  gas  separation  membranes is to  obtain 
a  good  asymmetric  structure,  which  means  a  thin,  pore-free  toplayer  and  an  open  sublayer  with 
a  sufficient  mechanical  stability. In literature  various  methods  are  given  to  obtain  membranes 
with,a dense  toplayer,  but  these  methods  have the disadvantage  that either a  second step is 
necessary in the  membrane  preparation  process, or the  solvents  needed in the  polymer  solution 
should  have  a  high  volatility. 

The  work  presented  here  gives  a  new  method for the  preparation  of  selective  gas  separation 
membranes in a  one-step  procedure,  where  common,  non-volatile  solvents  can  be  used in the 
polymer  solution. It concerns  contacting of a  polymer  solution  with  two  successive  nonsolvent 
baths,  whereby the first bath initiates the  formation  of  a  dense  toplayer  and the second  bath 
gives the actual polymer precipitation. Although this method  has  been  developed  more 
specifically  for  hollow fibre spinning  also  very  selective  flat  films  could be prepared. 

The  new  technique  was  used for the  preparation  of  polyethersulfone (PES) hollow fibres 
from  solutions  consisting  of 35 % (w/w)  polymer  and 10 % glycerol in N-methylpyrrolidone 
(N"). High  selectivities  were  obtained,  using  glycerol  in  the first nonsolvent  bath  and  water 
in the  second  one.  For  a  feed  gas of 25 vol-% Öf CO, in methane  the intrinsic selectivity  of 
PES (a(C02/CH4) = 50-55) was  easily  obtained,  without  the  necessity of an  additional coating 
step. By a  well-controlled  removal of residual  solvent in the  fibres,  an  acceptable flux could  be 
obtained. This was  accompanied,  however, by a somewhat  lower  selectivity  compared  to  that 
of directly air-dried fibres. 
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Asymmetric  membranes are  usually  chosen to obtain a thin separating  layer h combination 
with a good mechanical  stability. In such  structures  only a fraction of the  total membrane 
thickness  (the  toplayer)  determines the transport  properties,  while the rest (the  sublayer)  gives 
the desired stability. These  membranes are made  by immersing a homogeneous  polymer 
solution in a nonsolvent for the  polymer. The first application of asymmetric  membranes  was 
in water  desalination,  with  cellulose  acetate as  the  membrane  material ( h e b  and  Sourirajan 
[l]). When  asymmetric  membranes are used in gas  separation  processes,  they  should  have  the 
following characteristics: 

1. a toplayer  which is very thin (to  assure a high flux), and  which  has no pores 
(to  assure a good selectivity) 

2: a sublayer  which  gives  the  membranes a good  mechanical  stability,  but  which  does  not 
contribute  to  the  total gas transport resistance. 

The  combination of a thin, pore-free  toplayer  and a sublayer  without  transport  resistance is 
extremely  di€ficult to obtain.  When a polymer  solution is immersed in a nonsolvent  bath  to 
form an  asymmetric  membrane,  the  toplayer  often  contains  some  pores,  which  are  detrimental 
to  the  separation  properties.  One  way  to  avoid  these  pores is to  increase  the  concentration in the 
polymer  solution. This usually  results in a thicker  toplayer  and a significant transport resistance 
in the  membrane  sublayer,  opposing  the flux [2]. 

In literature  various  methods are described to prepare  selective  gas  separation  membranes. 
-These methods can ,be divided into two categories. In  the f i s t  category an asymmetric 
membrane is made  with a certain porosity in the toplayer  (usually  such  membranes  have 
ultrafiltration properties).  This  substrate  membrane is coated with a thin layer of a second 
polymer. Membranes of the second category have a dense, selective toplayer, which is 
obtained  by partial solvent  evaporation prior to  immersion in the  coagulation  bath  (nonsolvent 
bathj.  Some  examples. of both  categories are given  below. 

I .  Coating of a porous (asymmetric) substrate 
Henis  and  Tripodi [3] used  an elastomerk polymer (e.g. silicone rubber),  which  has a 
high  permeability,  but a low  selectivity. It  is believed that the coating material  partially 
penetrates the toplayer and  thus  blocks the pores.  When starting with an appropriate 
structure of the asymmetric membrane (i.e., a toplayer with a rather  low sur€ace 
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porosity),  very  high  selectivities can be  reached,  which are almost equal to the intrinsic 
value of  the starting membrane  material.  In  chapters 2 and 3 of  this thesis this type of 
coating has been  applied.  At  the  moment it is the  most important method in making 
asymmetric  gas  separation  membranes;  These  are  commercialized  by  Monsanto  under  the 
trade name 'PRISMm separator' [4]. 
Peinemann  and  Pinnau [5] employed  the  same  idea,  but  here  the  coating is done  on-line. 
This means  that the coating material (e.g., ethylcellulose,  cellulose  acetate-propionate or 
cellulose acetate-butyrate) is added  to the nonsolvent bath, which in their case is 
methanol. 
A  coating  can  also be applied  as  a  thin  layer  of  a  second  polymer,  which  itself  has  a  very 
good  selectivity.  An  example of this  method is given by Ward I11 et al. [6]. They  made 
very  thin films of silicone/polycarbonate  copolymers  by  spreading a dilute solution  on  a 
water  surface and evaporating  the  solvent. In this  way films as  thin as 150 w could  be 
made.  In  a  second  step  the  films  were  connected  to  a  porous  support. 
Van der Scheer [7] used  a  combination of the methods  given above, by covering  a 
silicone coated  support  with  a  thin  layer of a  plasma  polymer. 

2. Solvent  evaporation before coagulation 
Kesting [8] was  the first to  describe  a  method for the  preparation of membranes  with  a 
dense  skin  (toplayer),  formed by. solvent  evaporation  before  immersion in the  coagulation 
bath. In this  method  a  polymer is dissolved in a  mixture of a  volatile  solvent  and  a less 
volatile solvent, that have  a difference in boiling point of about 30-40 O C .  Partial 
evaporation of the  volatile  solvent  leads  to  a  concentrated  polymer  layer at the  interface. 
,When this polymer  solution  is  immersed in the nonsolvent  bath  an  asymmetric  membrane 
is formed  with a dense  toplayer.  Peinemann  used  the  same  principle for polyethersulfone 
[5] and  polyetherimide [g], although  often  a silicone coating  was  necessary to get  very 
high  selectivities. 
The limitation of these 'evaporation'  methods is of course the necessity  of  a volatile 
component  in the polymer  solution.  Chlorinated  hydrocarbons  are  often  used  to  serve  this 
purpose. This may necessitate the use of a  non-aqueous coagulation bath to assure 
miscibility' of solvent  and  nonsolvent  upon  immersion. 

In our  laboratory  a  new  method  to  prepare  asymmetric  gas  separation  membranes  has  been 
developed, in which  no coating  or solvent evaporation is needed  to obtain the desired 
separation  properties.  The  membranes are forrned  by  contacting  the  polymer  solution  with  two . 

nonsolvent  baths  in  series.  The first bath is used  to  obtain  a  concentrated layer of polymer at 
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the intedace (comparable to an  evaporation  step,  as  mentioned  before),  while  the  second  bath is 
responsible €or the  actual  coagulation  (precipitation).  The  choice of both  nonsolvents  strongly 
depends  upon  the  type  of  solvent  present in the polymer  solution. 

In @s chapter  the  basic  concepts are given of the  diffusion  processes  which QCCW in each 
nonsolvent bath, based on the work  by  Reuvers et al. [lol. Furthermore, results are given of 
light  transmission  measurements,  which  are  used  to  determine  the  type  of  nonsolvent  needed in 
each of the immersion  baths.  With  these  data flat membranes  and  hollow fibres are produced 
according  to the dual-bath  procedure. Our research  effort has  been focussed on the spinning of 
hollow fibres, 

Asymmetric membranes can be prepared in various ways [l l], but  nowadays the 
immersion-precipitation  technique is  ~~IllIIlonly used. In this  process a homogeneous  solution, 
containing  the  membrane  forming  material  (the  polymer)  and a solvent for the  polymer is cast 
as a thin film on a support or spun as a hollow  fibre,  and  contacted  with a nonsolvent for the 
polymer.  By an exchange of solvent  and  nonsolvent  the  membrane is formed by demixing of 
the  polymer  solution  and  precipitation of  the  polymer.  Both  composition  and  temperature  of  the 
solution  and of the coagulation  bath  determine  the  structure  of  the  membrane.  By  varying  these 
circumstances  membranes  can be  formed  with  different  structures,  suitable for microfiltration, 
ultra€iltration,  reverse  osmosis,  pervaporation or gas  separation. 

According to recent work of Reuvers et al. [lol, the  (liquid-liquid)  demixing  process in 
polymer  solutions  during  membrane  formation may  proceed in two Merent ways,  denoted  as 
delayed  demixing  (type I) and  instantaneous  demixing  (type II). 

I .  Delayed demixing (type I )  
-In case of delayed demixing there is a certain time interval between the moment  of 
immersion of the polymer solution in the-nonsolvent bath and the onset of demixing 
(phase separation).  During  this so called  delay  time there is a large outflow of solvent 
from  the solution,  while  the  inflow of nonsolvent is relatively small. These different 
diffusion  rates  are  caused by  an  interplay  between  thermodynamic  interaction  parameters. 
and fiction coefficients.  The  types of solvent  and  nonsolvent  used  play a very  important 
role in this  process. 
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Because  of  a  net loss of  liquid  (i.e.,  solvent)  from  the film, the  polymer  concentration  at 
the interface is raised to a value  which is constant  as  long as no  demixing  takes  place  and 
as  long  as the film can be treated as semi infinite [lol. Under these conditions the 
thickness of  the  concentrated  layer  increases  with dt, where t is the  contact  time  between 
polymer  solution  and  nonsolvent  bath.  Only  when  the  nonsolvent  has  reached  the other 
side of the film, the local nonsolvent  concentration  in  the film can  exceed  the  minimum 
value necessary for liquid-liquid demixing.  From  experiments in our laboratory it  is 
known that the  degree  of  supersaturation,  necessary to form nuclei of  a  diluted  polymer 
phase,  increases  with  increasing  polymer  concentration  [12].  Because  of  the  high  polymer 
concentration at the interface  nucleation  of  a  diluted  phase  can  hardly or not  at  all  take 
place. After solidification a  dense toplayer is formed. In the sublayer the polymer 
concentration is increased as well,  but  to  a  lower  extent.  Although  liquid-liquid  demixing 
can  take  place  here, the increased  polymer  concentration  hinders  the  growth  of  nuclei  of 
the polymer  lean  phase.  Furthermore,  the  amount  of  nonsolvent  (and  solvent)  available  in 
the nuclei will also be  a  limiting factor for growth  (determined by the 'lever  rule').  This 

.'may result, in a  structure  of  isolated  pores  (a  closed cell structure),  with  a  large  resistance 
to  (gas)  transport. 
Type I demixing is possible  when  the  interaction  between  solvent  and  nonsolvent is poor. 
Examples of  such  combinations are acetone or tetrahydrofurane (TEW) as  a  solvent  and 
water as the  nonsolvent,  and  N-methylpyrrolidone  (NMP),  dimethylformamide  (DMF), 
dimethylsulfoxide  (DMSO) or N,N-dimethylacetamide  (DMAc)  as  a  solvent  and  higher 
alcohols  (like  butanol,  pentanol  and  octanol)  as  the  nonsolvent. 

2 ..Instantaneous  demixing (type 11) 
During  instantaneous  demixing  there is a  liquid-liquid  demixing  almost  as  soon as the 
polymer  solution is contacted  with  the  nonsolvent  bath.  The ratio between  the  outflow  of 
solvent  and  inflow of nonsolvent is less  extreme.  Only a very  thin  interfacial'  layer  with  a 
high  polymer  concentration is formed.  Although  this  results in a  densified  toplayer,  the 
porosity of it is too  high  to  give  gas  separation  properties.  The  polymer  concentration in 
the sublayer has hardly changed  when  the  demixing process starts, and therefore a 
relatively'open substructure is formed.  Only  when  high  polymer  concentrations are used 
(e.g., in hollow fibre spinning)  gas  separation  membranes  can  be obtained in  this  way. 
The flux through  such  membranes,  however, is very  low  (see  results  chapter  2). 
Instantaneous  dernixing  occurs  when  the  interaction  between  solvent  and  nonsolvent is 
good.  Examples are NMP,  DMF,  DMSO or DMAc as a solvent and  water as the 
nonsolvent. 
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In figure 1 some  computed,  time  dependent  coagulation  paths  are  given for a ternary  phase 
diagram of cellulose acetate/acetone/water  and  cellulose acetate/dioxane/wateter, taken from 
Reuvers et al. [lol. As can be  seen, with acetone  as  the  solvent  (figure la) the  binodal cbwe is 
passed only a€ter  an  immersion  time of more  than 25 seconds. h this  situation  demixing is 
delayed with about half a minute.  For  both  compositions of the polymer  solution  given in 
figure l b  the  binodal is immediately  crossed  upon  immersion. This means  that in this ternary 
system  instantaneous demixing takes  place. 

Figure I : Ternary  phase  alìagrams and computed  coagulation  paths ìn case of (a) delayed 
derptixng  (type I )  and (b) instantaneous demim’ng (type 11) @om [IO]). 

The type of demixing  taking  place in a certain  polymer-solvent-nonsolvent  system  can  be 
examined  by a simple  light  transmission  technique,  shown  in  figure 2. A membrane is cast as a 
thin film on a glass  plate  and  put  as  quickly as possible into a nonsolvent  bath.  Over the 
coagulation bath a simple desk lamp  acts as a light source. After immersion, the light 
transmittance is measured  as a function of  time,  Appearance of optical  inhomogeneities  in  the 
film, resulting  from  demixing,  causes  the  light  transmittance  to  decrease. 
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51 

1. light  so&ce 
2. polymer  solution 
3. glass  plate . 
4. nonsolvent  bath 
5. detector 
6. amplifier 
7. recorder 

Figure 2: Experimental  set-up for light  transmission  measurements vrom [l O]) .  

When  the  transmittance  decreases as soon as the film is immersed in the  coagulation  bath, 
the type  of  demixing is defined as instantaneous (type 11). When  a  'delay time' between 
immersion  and decrease of transmittance is observed, the  demixing process is defined as 
delayed  (type I). Both  types of  demixing  are  shown  schematically in figure 3. 

light 
transmittance  instantaneous 

I I I I I I 

O -+ immersion  time 

Figure 3: Light  transmission as a function of immersion  time. 

From  the  membrane  properties  obtained  by  the  two  types of demixing  processes, it can  be 
concluded  that it  is very  favourable  to  have  a  combination of both  mechanisms;  an  increase  of 
the  polymer  concentration  proceeding  the  delayed  demixing  process  to  get  a  dense  toplayer, 
rapidly followed  by instantaneous demixing to achieve both  a  thin toplayer and  an  open 
sublayer.  This  can  be  done  by  contacting  the  polymer  solution  during  a  relatively short time 
with a nonsolvent,  which has.a poor  interaction  with  the  solvent. This contact time  should 
preferably be shorter than  the  delay  time, so that  only  a  thin, concentrated polymer layer is 
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formed at the  interface,  while  the rest of the solution  remains unchanged.  When this filna, with 
m anisotropic  polymer  distribution, is ’immersed in a second  nonsolvent  where  instantaneous 
demixing can  take place, the concentration at the interface is already too high to give 
liquid-liquid demixing and a dense structure is formed.  The  polymer concentration in the 
sublayer has not changed significantly yet and  therefore  an  open,  porous structure can be 
formed, 

As mentioned  before, the thickness  of the concentrated polymer layer at the interface 
increases  with dt,  as  long as no demixing takes place. This means that the  toplayer  thickness 
the final membrane will also increase  with dt. h order to produce  an  asymmetric  membrane 
with a high flux, the immersion  time in  the  first bath  should  be  optimized. h other words, a 
residence  time  should be chosen  which is short  enough to obtain a thin toplayer  and  which is 
long  enough to achieve a defect-free  toplayer. 

‘ I n  practical use there are some  limitations for this  method of two successive  nonsolvent 
baths  (‘dual-bath  method’).  Reuvers [2] stated that  contact  times in the .first nonsolvent bath 
should  be about 1 second or maybe  even  less. 734s means  that  rather  high  casting  speeds (in 
flat membrane  production)  or  high  spinning  speeds  (in  hollow  fibre  preparation)  are  necessary. 
Furthermore, the solution leaving the  first nonsolvent  bath does not have any  mechanical 
stability, since no precipitation  has occUzTed  yet. For flat membranes the supporting  material 
enables  transport to the  second  bath. During spinning  the  situation is more  complicated,  due to 
the absence of a support. A possible solution is a two-layer  system, by which the f is t  
nonsolvent is on top of the second one.  When  such a set-up is chosen, the following  aspects 
are  of  importance: 

1. the  density of the first nonsolvent  should be lower  than  that of the  second  nonsolvent; 
2. penetration of nonsolvent from the  second  bath  into  the first one should still allow delayed 

3. considerable amounts of the fiist nonsolvent in the second bath should still give 
demixing in the first bath, 

instantane6us  demixing in this second  bath. 

When two nonsolvents with a considerable  mjscibility  are  preferred (as may  result fiom t& 
desired demixing properties indicated by light transmission measurements),  two  separate 
nonsolvent  baths  have  to  be used. In the  experimental  section  the  practical  aspects of hollow 
fibre  spinning  according  to  the  dual-bath  method  are  discussed in more  detail. 
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4.4 EXPERIMENTAL 

For  the  preparation of flat films  and  hollow  fibres  a  polymer  solution  was  used,  consisting 
of 35 % (w/w) polyethersulfone (PES,  VICTREX*  from  ICI,  Ltd.)  and 10 % (w/w)  of 
glycerol in N-methylpyrrolidone  (NMP).  NMP  (synthesis  grade)  and glycerol (water-free) 
were  purchased  from  Merck  and  used  without  further  treatment. PES was dried for at least 3 
hours at 150 OC prior to  use. 

Delay  times for demixing  were  determined for various  combinations  of  NMP  and  alcohols 
(see  table 1 for the  alcohols  used).  These  alcohols  were of synthesis  grade.  To  investigate  the 
possible effect of  convective  flow in polymer solution and  nonsolvent  bath on delay  times 
several experiments  were  performed  with  the  polymer films upside-down in the nonsolvent 
bath. No differences  were  found,  however.  The  thickness  of  the  cast films was 0.20 mm. The 
transmission  equipment  used is shown  before in figure  2. 

Flat  membranes  were  cast  by  hand on a  glass  plate  and  had  also an initial  thickness  of 0.20 
mm. Immediately  after  casting, the films  were  immersed  in  the first nonsolvent  bath,  and  after 
a  certain  residence  time  transferred  to  the  second  nonsolvent  bath.  The  time in the  second  bath 
was at least 30 minutes.  After  one  night in ethanol  (to  remove  remainders of NMP and  alcohol) 
membranes  were dried at 80 OC. 

As  mentioned  before,  the  dual-bath  spinning  method  may  be carried out in two different 
ways,  depending  on the type of liquids  used in both  nonsolvent  baths. Figure 4 shows the 
set-up  used for two miscible nonsolvents (e.g.,* glycerol and water). Here, the first bath 
consisted  of a glass vessel with  a  hole in the  bottom,  which  was  slightly larger than  the fibre 
diameter.  Three  different  vessels  were  used,  with  a  height of 13,27 and 65 mm,  respectively. 

The  other  possibility  used  was  a  two-layer  system  (for  non-miscible  liquids,  e.g.,  pentanol 
and  water). For such  situations  the  vessel just below  the  spinneret  (see  figure 4) was  removed, 
and a layer  of  the first nonsolvent  was  brought on top  of  the  second  nonsolvent.  The  maximum 
height  used for the fiist liquid was 300 mm, while  the  total  length of the  coagulation  bath  was 
approximately  1700  mm.  Both  the  nonsolvent bath and  the rinsing bath  were temperature 
controlled.  The fibres were  spun at a rate of 4-6 m/min. After spinning  they  were cut into 
pieces with  a length of about 30 cm,  rinsed  with  tap  water for 5-20  hours  and  dried  in air at 
ambient  temperature  and  a  relative  humidity of about  50%.  In  several  cases  water  and  residual 
NMP in the fibres were  replaced  by  ethanol  and  subsequently by n-hexane  before  air-drying. 
This was  done by putting the fibres in ethanol for several  hours  (3-20  hr),  immediately after 
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rinsing, followed  by  immersion in n-hexane €or another  3-20  hours. 

Gas transport  properties  were  measured by the  system  described in chapter  2,  using  a €e& 
gas with 20-25  vol-% CO, in CH4 at a pressure of 4-8 bars  and a temperature of 22-24 OC. 
Values  were  determined  at  least 90 minutes after pressurizing. 

For structure determinations  a E O L  35 CF scanning  electron  microscope  was  used. 
Preparation of samples  was  done  according  to  the  procedure  given in chapter 2. 

1. spinneret 4. outlet  second  nonsolvent 7. inlet  second  nonsolvent 
2, fust nonsolvent  bath 5. second  nonsolvent  bath 8. rinsing bath  (water) 
3. inlet first nonsolvent 6. guiding rolls 9. collecting  bath  (water) 

Figure 4: Spinmhg of hollow fibres according to the dual-bath  procedure. 
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4.5 RESULTS AND DISCUSSION 

Previous  results  (see  chapters 2 and 3) have  shown  that a polymer  solution  containing 35 
% (w/w) PES and l0 % of glycerol in NMP gives  the desired finely porous  membrane 
structures  with  no  macrovoids  when  coagulated in water.  Therefore,  this  solution  was  used  in 
the  dual-bath  procedure as well.  For  these  solutions  the  delay  times  were  determined in several 
nonsolvents.  Next, flat asymmetric  films  were  made by contacting a thin film of  the  solution 
with  two  nonsolvent  baths in succession.  By  varying the immersion  time in the first bath  the 
effect  on flux was  investigated.  Furthermore,  spinning  experiments  of  the PES solutions  were 
performed in two different  ways, as described in the  experimental  section.  The  results of  the 
experiments  will  be  discussed in this  section. 

4.5.1 Delay times of PES solutions  for various nonsolvents 

In table 1 results  are  presented  for  the  delay  time  measurements.  Furthermore,  viscosities 
of  the  various  nonsolvents are  given,  together  with  the  calculated  binary  diffusion  coefficients 
at infinite diluion of NMP in different nonsolvents,  as  well  as  those of the nonsolvents  in 
NMP. The  method  used for estimation of  the diffusion  coefficients  (from  Reid et al. [13]) is 
given in an appendix  to this chapter. 

Table 1: Delay íìmes for a solution of 35 % (wlw) PES and 10 % glycerol  in NMP, immersed  in 
various  nonsolvents, as well as viscosities and estimated dtrusion  coeficients  (at 25 OC). 

water H20 
methanol CH3-OH 
ethanol CH3C%-OH 
2-propanol CH3-CHOH-CH3 
l-butan01  CH3-(C%)3-OH 
l-pentanol  CH3-(C%)4-0H 

id., saturated  with water 

id., saturated  with  water 
l-octanol CH3-(C%)7-OH 

cyclohexanol CgH11-OH 
glycerol CH20H-CHOH-CH2OH 
1,4-b~tanediol CH2OH-(CH2)2-C%OH 
glycol c CH2OH-C%OH 

1.00 
0.60 
1.22 
2.40 
2.95 
3.3 l 

8.93 

49.8 
945 

70 
17.4. 

O 
O 
O 

200 
220 
440 

O 
600 

600 
1200 

O 
O 

o 

8.7 
16.2 
8.5 
4.7 
4.2 
3.9 

1.7 

0.3 
0.02 
= 0.2 . 

0.7 

18.0 
12.6 
10.5 
9.6 
8.7 
8.0 

6.6 

7.9 
9.0 

= 8.4 
10.6 

* Dow s and DoNsmP are  the  calculated  diffusion  coefficients  for NMP in almost  pure  nonsolvent 
(infinite  &ution of NMP in NS) and  nonsolvent in almost  pure N M P ,  respectively (see appendix). 
Viscosity data are  obtained  kom [ 141 and [ 151. 
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As can be seen from table 1 nonsolvents  with 3 or more  carbon  atoms  give a considerable 
delay  time for demixing  and  might be  s"Uitab1e as a first nonsolvent.  Except for lY4-butanediol 
and @+col,  the delay  time  increases  with the viscosity  of the  alcohol used. The estimated binary 
&€fusion coefficients show that the differences for penetration of alcohol in Nhap are ody 
small (difhsion coefficients DoNsm of 6.6-12.6*10-6cm2Ps are obtained for all alcohols). 
Moreover, it  is believed  that the significance of D o N s m  is rather  limited,  since  diffüsion of 
the nonsolvent does not take place in pure N M P ,  but in a polymer solution with a high 
viscosity (see chapter 3). The other diffusion  coefficient Dowms is much  more  important, 
because the minimum rate of solventlnonsolvent exchange is mainly determined by the 
minimum value of the diffusion coefficient Dwms [lol. When the rate of exchange of 
solvent  and nonsolvent is lower (because of a lower  diffusion coefficient) it' takes a 
considerably  longer  period of time  before  enough  solvent is depleted íÎom the  polymer  solution 
to give  demixing.  1,4-butanediol  and  glycol  have  viscosities  and Dowms values  comparable 
to those of cyclohexanol.  They did not  show any delay time-for demixing,  however. This 
unexpected  behaviour may  be caused by a better  thermodynamic  interaction  of  lY4-butanediol 
and  glycol with W. 

Suitable nonsolvents for the second  bath are water,  methanol, ethanol and  alcohols with 
more hydroxylic\ groups, except for glycerol. Furtht%more, water saturated alcohols (e.g.> 
l-pentanol and l-octanol) might also be  used in the second  nonsolvent  bath.  Instantaneous 
demixing  with  the  water  saturated  alcohols  might be explained  by the fact that the  activity of 
water in the  alcohol is the  same  as  when  pure  water  were  used. 

4.5.2 Fllat membranes 

Flat membranes  have  been prepared for two different reasons.  In the first  place  it was 
investigated whether selective flat films could be made,  and in the second glace possible 
nonsolvent  combinations for a dual-bath  spinning  procedure  were  tested. 

It should  be stated that it is difficult  to  make flat membranes in a reproducible way,  Within 
one  series of experiments the results'often  were  very  scattered, This might be caused by the 
following  factors: 

- inhomogeneities in the cast films; 
- variations in the residence  time  in  the first bath; 
- the  non-riproducible  way of bringing a film fiom the first to  the  second  nonsolvent  bath; 
- contamination of both  nonsolvent  baths  (approximately 10 membranes  were  prepared 

before  refreshing  each of the  baths). 
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Although the immersion  time in the first nonsolvent  bath  was  varied  over  a  considerable 
period of  time  (between O and 30 seconds), it was  impossible to prove  the  relation  between 
immersion  time  and flux quantitatively. Some characteristic permeation results for an 
immersion  time  of 5 seconds in the  first  bath  are  shown  in  table 2. 

Table 2: Gas permeation  properties of various flat membranes, 
prepared  according to the dual-bath procedure. 

membrane nonsolvent-l  nonsolvent-2  gas flux * selectivity 
(density **) (density **) (J?/l)co2 a(C02/CH4) 

1  water 
(1.00) 

2 l-pentanol 

3  glycerol 

4 l-pentanol 

(0.82) 

(1.26) 

(0.82) 

water 8.2 4 
(1 -00) 
water 5.0 55 
(1 .OO) 
water  3.7 56 
(1.00) 
ethanol  1.9  56 
(0.79) 

* 10-6 cm3/cm2.s.cmHg; ** g/cm3 
polymer  solution:  35 % (w/w) PES and 10 % glycerol  in NMP, T = 40 "C 
immersion  times:  1st  bath:  5  seconds;  2nd  bath: 30 minutes 

From table 2 it  can be  concluded that flat membranes  with  high selectivities for gas 
separation can  be  prepared according to  the dual-bath procedure.  Compared to the values 
obtained  with  only  water as the  nonsolvent all combinatio.ris  investigated result in selectivities 
which are almost 15 times as high.  The  reduction in flux strongly  depends  upon  the  type of 
first nonsolvent  used.  Using l-pentanol in combination S "  with  water in the  second  bath  a  rather 
high flux is obtained,  probably  caused  by  the fact that residual pentanol is rapidly  removed 
from  the film surface,  due to convection  (the  density  of  pentanol is about 20% lower  than  that 
of  water).  The relatively short contact time  with  the first nonsolvent thus results in a  thin 
toplayer  and therefore in a good  flux.  With  glycerol  as the first nonsolvent it  is much  more 
difficult for water to reach  the  surface  of  the  polymer  film,  since  the  highly  viscous  glycerol 
forms  a  rather  impermeable fiim around  the  polymer  solution.  This  causes  the  type I demixing 
process  to  proceed  significantly  longer,  resulting in a  thicker  toplayer  and a lower  flux.  When 
ethanol is used  instead  of  water as the  second  nonsolvent,  a  much  lower flux is obtained. This 
can not be explained by differences in density between  both nonsolvents. (see table 2). 
Possibly, the transition  from  delayed  demixing  to  instantaneous  demixing is not fast enough 
(ethanol is only  a  weak  coagulant for PES).  This  may give either a  thick toplayer or a  poor 
interconnectivity of pores in the  sublayer.  Both  result  in  a  lower  membrane  permeability.  Study 
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of  the phase diagrams of the membrane forming systems  used is necessary t0 obtain ~nQre 
information on this  point. 

The  cross sections of flat membranes coagulated  in water/water, pentand/water, 
glyceroVwater and  pentanol/ethanol are given in figure 5. The  immersion time in the first bath 
for all membranes  was  approximately 1 second in this  case.  With  pentanol or glycerol in the 
Fist bath, and water in the second  one,  considerable  macrovoids  are formed h chapter 5 it is 
discussed under  which circumstances these  macrovoids are formed. Permeation data of 
membranes  made  with  these  very  short  residence  times in the first nonsolvent  bath  (compared 
to a value of 5 seconds in table 2) were  very  scattered  and  did  not  give  additional  information. 

Figure 5: Cross sections offlat a s y m t r i q  gas  separation,membrapzes,  prepared by a dual-bath  coagulation 
method. The two consecutive  baths were,(a) waterlwateri (b) pentanollwater, (c) glycerollwater and 
(d) pentamltethanol (magnification: 500~). 
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4.5.3 Hollow fibres 

Influence of the coagulation  system 

For the preparation  of  asymmetric  hollow fibres two  different  methods  were  used:  a)  two 
layers of contacting nonsolvents  and b) two separate  nonsolvent  baths.  Table 3 gives some 
results for both  systems. 

As can  be  seen a two  layer  system  with  l-pentanol in contact  with  water  may  result in good 
selectivities.  The  high  selectivity  almost  completely  disappears,  however,  after  longer  spinning 
runs (about 2 hours).  This is believed to be  caused by penetration of water  in  the  upper 
(pentanol) layer. As shown  already in table 1 saturation of  the alcohol with  water gives 
instantaneous demixing.  Even  though the solubility of  water  and l-pentanol is only 9.2 
weight-% at 20 O C  [14], this value  corresponds  to  about 33 mol-%. The  activity  of  the  water 
present in the  alcohol layer after a certain time  might  be  sufficiently  high  to  prevent  delayed 
d e h g  in the  upper  layer.  Thus,  no  dense  toplayer is formed  anymore. 

. .  

Table 3: Gasflux and selectivity of PES hollow fibre membranes,  prepared 
by two coagulation  systems,  with 1 -pentan01 as the first nonsolvent 
and water CIS the  second  nonsolvent. 

fibre  nonsolvent  system gas flux * selectivity 
1 (p/I)co;! , W O p q )  

1 wam 9.2 3 

2b 3.7 46 
2c 11  1 

2a l-pentanol 2 layers ** 2.0 47 
11 11 

I1 11 

3 .  l-pentanol 2 baths *** 8.0 3 

* 10-6 cm3/cm2.s.cmHg 
** Height of the  l-pentanol  layer: 270-350 mm 
*** Height of the  1st  bath: 27 mm 
2a,  2b  and 2c were collected after f 30 ,60 and 120 minutes of spinning  time,  resp. 
spinning  solution:  35 % (w/w) PES and  10 % glycerol  in NMP (T= 42 'C) 
dimensions  spinneret: 0.6 - 0.2 mm 
spinning  "te: 4 m/min . 
airgap  length: 50 mm (air, temperature: 20 O C ;  relative  humidity 50%) 
bore  liquid:  water  (20 "C) 
temperature  1st  and  2nd  nonsolvent: 20 'C 

~ ~ ~~ ~~ ~~~ 

v i t h  l-pentanol in a  system  with  two  separate  baths, as shown in table 3, there is no 
improvement in selectivity (compared to the values obtained  with  only  water as the 
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nonsolvent),  while the flux is somewhat  lower. BS low  selectivity is most  likely  caused by an 
insufficient  residence  time ip the first bath.  With a spinning  rate of 4 and a height of the 
glass vessel of 27 mm, it can be calculated that the residence  time  was only 0.4 seconds. For 
the two layer  system (membranes 2 in table 3) this time  was  about 4.5 seconds. 

Fill further spinning  experiments  described in thìs chapter  were pedormed with two separate 
nonsolvent  baths. 

glycerol m the Brst nonsolvent 

Because the preparation of flat membranes using glycerol in the first nonsolvent  bath 
showed  very promising results, spinning  experiments  were  done  with this nonsolvent in the 
first bath  and  water in the  second one (see  table 4). 

Table 4: Gaspermeation  properdes of hollow fibre membranes, 
prepmed according to the dual-bathprocedure,  wìth  glycerol 
as the first nonsolvent and water as the  second  nonsolvent. 

1 W&T 10 2 
2 glycerol O. 17 2.5 53 

* 10-6 cm3/cm2.s.c~g 
length of the first bath: 13 mm 
spinning rate: 4.7 m/min 
second bath: &mineralized water (30 "C); immersion  time >l5 s. 
bore liquid:  demineralized water (20 "C) 

Using glycerol as the  fïrst nonsolvent  very good selectivities are obtained,  although  the 
flux through the membranes is rather low. During spinning it was observed that glycerol 
formed a rather-thick €ilm around  the fibre, which  was  only disturbed by the water  near  the 
lowest point in the  second  coagulatión  bath.  Due  to  the  lzkge  viscosity and density of glycerol 
compared to that of  water (see tables 1 and 2, respectively),  the  penetration  of  water is very 
slow. The calculated residence time of 0.17 seconds in  the  first bath therefore is not very 
accurate  and  maybe this value  should be multiplied by a factor of at least 5 or 6 (estimated h m  
the phenomena  observed during spinning). The result is a thick  toplayer  (low  gas flux) w i t h ,  

hardly any defects, giving high  selectivities. 
From permeation measurements in our laboratory on homogeneous PES films 8 
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permeability for CO, of  4-5  Barrer  (4-5*10-1°  cm3.cm/cm2.s.cmHg)  was  obtained [16]. When 
it  is assumed  that  the  toplayer  fully  determines the transport,  a  toplayer  thickness  of 1.6-2.0 
pm can  be calculated for the 'glycerol fibres' in table 4. In chapter 6 a  method will be descrit 
to  remove the toplayer of the  hollow fibres in an  oxygen  plasma.  From  these  experiments it  is 
concluded  that  the  thickness  of  the  toplayer is about 2 pm and  that it  is responsible for more 
than 98 % of the total membrane  resistance.  These  results are in good agreement  with  the data 
shown in table 4. 

The reproducibility of this dual-bath spinning method,  using glycerol as the first 
nonsolvent  and  water as the second  one  was  very  good.  The variations in both flux and 
selectivity  were  less  than  10%. 

Y 

The  structure  of a glycerol/water  coagulated  fibre is shown  in  figure 6. As can be seen  very 
large  macrovoids are present,  which  start on the  inside  and  which  extend  over  almost  the  total 
wall  thickness.  This  means  that a considerable  penetration of the  demixing  front  from  the  inside 
has taken  place,  before  demixing  from  the outside starts. As stated  before in the  section on 
membrane  formation,  delayed  demixing is possible as long as the polymer solution can  be 
treatéd as semi  infinite.  However,  when  coagulation  from  the  inside  disturbs  diffusion in the 
original polymer  solution, the conditions for delayed  demixing  from  the outside will  not  be 
fulfilled  any  longer  and  demixing  can  take  place.  Thus,  the  bore  liquid  might  have  a  significant 
influence  on  the  thickness of  the  outer  toplayer. 

Despite the large macrovoids  the  mechanical  stability of the fibres was  acceptably  high: 
pressures  up  to 50 bars  could be held  without  implosion. It is believed  that  the  regular  structure 
of  the  macrovoids  and the relatively  thick  toplayer on the  outside  are  responsible for this  good 
mechanical  stability. 

Figure 6: Cross  section of a hollow fibre, coagulated  in  glycerollwater. 
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From  literature it is known that  direct drying of  membranes  can lead to  changes in structure 
and  properties,  caused  by large capillary forces present  during this drying process.  Especiislly 
in pores  with relatively small radii these forces may  be so high  that  the  membrane  structure is 
altered3uch pores are found just beneath  the  toplayer  of an asymme~c membrane,  and drying 

can lead to a considerable  densification of the structure in this  part. As a result an increased 
permeation  resistance, or even a distortion  of  the  whole  membrane is possible. For cellulose 
acetate these  phenomena are often observed  (as an example,  see  Vasarhelyi et al. [17]). An 
indication that the same  complications  may  happen  with  aromatic  polymers like PES, is given 
by Boom [18]. He  found  that totally curled membranes  were obtained when BES films, 
prepared  by the dual-bath  coagulation  method  (with the combination  glycerol/water),  were 
air-dried immediately  &ter  washing  with  water. 

As shown  before the dual-bath  process  with  glycerol/water as the coagulation system 
results in fibres with a rather thick toplayer. TO investigate whether  phenomena  mentioned 
.above influenced this  thickness PES fibres were dried in two different ways.  Besides the 

n o d  procedure  (drying in ambient air of a moderate  humidity) a liquid  exchange  method  was 
employed [19]. Herey water in  the membrane is not  removed by evaporation in a i r y  but  by 
gradual  replacement  by  less  polar  components  with a lower  surface  tension,  which are at least 
partially  miscible  with the previous component.  Often  the  sequence  &anol-&ane-air is used. 

y this treatment  the  small  pores  present  under  the  toplayer of the  membrane will not collapse 
so easily and the effective separating layer may  become  thinner, resulting in a higher flux. 
Table 5 gives  results of the  effect of this drying  procedure  on flm and  selectivity. 

Table 5: Gas permeation  properties of hollow fibre 
mmbranes, dried in two d$erent ways. 

1 air 2.5 53 
2 EtOH/hexane/ajr 7.1 41 
3 air 2.3 46 
4 EtOH/hexane/air 6.3  32 

* 10-6 cm3/,m2.s.cmHg 
P/2 and 314 were prepared under  slightly  different spinning conditions 

The result of the controlled  removal of water is a higher  gas fl=, while the selectivity 
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slightly decreases.  One  explanation for this lower  selectivity  might  be that the toplayer still 
contains  some  defects  (tiny  pores)  after  spinning,  which  collapse  upon  drying in air (due  to  the 
capillary forces mentioned  before). A second  explanation  could  be the presence of residual 
solvent (NMP) in the fibres after spinning.  When  these fibres are dried in air, water will be 
removed first, due to its higher  surface  tension  (see  table 6)  and  higher  volatility.  Remaining 
solvent in pores  in  and just below  the  outer  toplayer  may  lead  to  plasticization of the  polymer. 
Thus, a densification of the  toplayer is possible.  When  ethanol andor n-hexane are used in the 
drying  procedure,  water  as  well  as NMP will  be  replaced  and  no  plasticization  can  occur. 

Table 6: Surface  tensions of some  liquids 
at 25 'C Cfrom [14]). 

l i q ~ d  surface  tension CT (dyne/cm) 

watex 
NMP 
ethanol 
n-hexane 

72.5 
40.7 
22.7 
17.9 

~~ 

From  the  electron  micrographs in figure 7 it can  be  clearly  seen  that  a  considerably  thicker 
toplayer is obtained when  the fibres are only  air-dried.  Using ethanol and  n-hexane  in the 
drying procedure  results in a  thin  toplayer  (thickness  about l pm)  and small pores just under 
the'toplayer (pore radii in the  order of 0.1 pm). 

Figure 7: Cross  section ofthe outer  toplayer of hollowjibre  membranes,  dried  by 
evaporation  in  air (a) and  dried  by  liquid  exchange,  followed  by  evaporation (b). . 

From  the  permeation  data  in  tables 2 and 3 it can be seen  that  flat films have  a  significantly 
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higher CO,-flm than the  fibres,  when  P-pentanol is used in the first nonsolvent  bath  (compare 
membrane 2 in table 2 with  membranes 2a and 2b in table 3). These  differences  may  be  caused 
by the drying method,  since the hollow  fibres  were  immediately air-dried after washing with 
water,  while  the  rinsed films were  treated  with  ethanol  before  air-drying. 

Results presented here only concern  polyethersulfone  as  the  membrane  material,  Using 
polyetherimide  and various aolyimides also asymmetric  membranes  with high selectivities  can 
be  made,  using  the  method of two successive  nonsolvents.  These  results will be published in 
the  near  future. 

. It kas  been  shown that selective  asymmetric  gas  separation  membranes can be prepared, 
using two successive  nonsolvent  baths  during  precipitation.  Both flat films and  hollow  fibres 
were obtained with selectivities a(C0,/CH4) of 50-55,  which is comparable to the intrinsic 
value of polyethersulfone (PES), the  polymer  used in all experiments. 

For several alcohols the delay  time for demixing  was  determined €or a polymer  solution 
consisting of 35 % (w/w) PES and 10 % glycerol in W. It was found that mono-alcohols 
with 3 or more carbons atoms and glycerol showed delayed demixing.  However,  these 
dcohols should be water-free,  since  the  presence of  water  caused  again  instantaneous  demixing 
of the  polymer  solution.  The  diffusion  coefficients for NMP in the  alcohols  largely deteminal 
the  length of the delay  time. 

Flat membranes  with  both  good  selectivity and flux were  prepared  by  immersing a thin 
film of the polymer  solution for approximately 5 seconds in l-pentanol, immediately  followed 
by  precipitation in water.  When this combination  of l-pentanol and  water  was  used as a IWQ 

layer system in-hollow  fibre spinning, initially highly  selective fibres were  obtained  with a 
lower flu% than  that of the flat membranes.  After a certain.time however,  the  selectivity  strongly 
decreased and the flux increased. This is believed to be caused  by  penetration of water in the 
pentanol  layer,  giving  instantaneous  demixing  already in the first nonsolvent  layer. 

To overcome the problem of mixing of both  nonsolvknts, a spinning system with  two 
separate baths. was  used.  Unfortunately,  with  l-pentanoVwater fibres were  obtained with no 
selectivity.  Because of practical limitations only a contact time less than 0.5 seconds was 
possible,  which  was  too short to  obtain a dense toplayer. With a combination  glyceroVwater 
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high selectivities were  obtained,  due  to the much  longer  contact  time  between the polymer 
solution  and  the  (highly  viscous)  glycerol. 

All hollow  fibres  prepared  by  the  dual-bath  coagulation  method  contained  large  macrovoids 
in their  cross  section. 

The  way  the fibres were  dried  after  spinning  was  found  to  be  important for the final gas 
separation  properties. Drying by  evaporation of water  in air resulted in high  selectivities  and 
low fluxes.  When  the  water and residual  solvent (NMP) were  gradually  removed  by  contacting 
the fibres with ethanol and  hexane,  respectively,  a  considerably  higher  flux  was found, with  a 
slight reduction in selectivity.  Ethanol  and  n-hexane  are  believed  to replace both  water  and 
NMP, thus  preventing  collapse  of  small  pores in and just below  the  toplayer  upon  drying in 
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. -  . 

By Weid et al. [l31 estimation methods are given for the calculation Q€ the diffusion 
~ : . coefficient of liquid A in pure  liquid B (infinite dilution of A in B) Do,, Two  methads  were 

used to calculate the values in table 1: 

Dom = 1.55 . (V,"27/vA0-42).( T1.2g/qB0-92 ).(c3B0.125/0A0*105) @ayd&-j!Ainhas) 

. I .  ' . wik Dom diffùsioncoefficient of solute A at very low 

. .  VA, VB molar  volume of solute A and  solvent B at 
. .  . . .  normal boiling temperaturee,  respectively [cm3/mol] 

concentrations in solvent B Ccm2/sl 

_._ .. . .  T temperature m 
r qB viscosity of solvent B [caoisel 

oA, oB surface  tension of A and B, respectively - [dyWcml 

. . . Example 

I . : For  water  and NMP thae calculated diffusion coefficients  at 25 O C  are given below. The 
physical  properties of both  liquids were obtained from [IS]. 

Domwater = 8.93 10-8 (18.00.267/96.50-433)  (298/1.0) (72.5/40.7)'~~~ = 

8.7 10-6 cm% pyn-Calus) 

Dom/watei- = 1.55 (18.0°.27/96.50*42)  (2981*29/1.00-29)  (72.5°*125/40.70.105) = 
(Hayduk-Nnhas) 

Dowaterm = 8.93  10-'  (96.5°-267/18.00-433) ( 298/1.65)  (40.7/72.5)0.15 = 

114.3 10-6 cm% (Tyn-Calus) 

315.8 10-6 cm2/s (Hayduk-Mnhas) 

- .  
D ' w a t e r w  - - , 1.55  10-8  (96.5°*27/18.00"2)  (2981.29/1.650-92)  (4Q.7°-125/72.50.105) = 
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CHAPTER 5 

MACROVOID  FORMATION IN ASYMMETRIC  MEMBRANES 

J.A. van  't  Hof, A.J. Reuvers, R.M.  Boom, C.A. Smolders 

5.1 SUMMARY 

During the formation  of  asymmetric  membranes by immersion precipitation often 
macrovoids are formed.  These are conical voids,  initiated just below  the  membrane  toplayer, . 

and  depending  on  the  membrane  forming  system  they  can  grow  to  various  dimensions. This 
phenomenon is observed  in flat membrane  preparation  as  well  as in hollow  fibre  spinning. 
Reuvers [l] has proposed a theory for the formation mechanism  of  macrovoids,  based  on 

expeeental data obtained from flat membranes. In this  chapter  Reuvers'  theory is applied  to 
;wet spinning  of  polyethersulfone (PES) hollow  fibres.  Due  to  solvent/nonsolvent  exchange  on 
two different sides of  the  hollow fibre wall  and  the  presence of a  curved  geometry  (which 
,might give rise to  volume  changes),  a  description  of  the  demixing  processes during hollow 
fibre spinning is much  more  complicated. 

It was  found that the ratio of  solvent to nonsolvent  in  the spinning solution during the 
demixing process was  a  determining factor for the formation of macrovoids. A high 
solvent/nonsolvent  ratio  resulted in the  formation  of  considerable  voids,  while  the  addition of 
nonsolvent  (i.e., glycerol) to the spinning solution gave fibres with finely porous, 
macrovoid-free structures. This was  only  true,  however,  when  demixing  of the spinning 
solution  occurred  immediately  after  immersion in the  coagulation  (i.e.,  water)  bath. 

When  a  glycerol or l-pentanol  bath  was  introduced  before  immersion  in  the  external  water 
bath  (in order to  obtain  a  dense,  selective  layer  on  the  outside of  the  fibres)  macrovoids  were 
formed again, mainly from the inside.  These voids were  very large and  sometimes  they 
covered 80-90 % of the total fibre cross section.  The  diffusional  barrier,  formed  by  the outer 
toplayer, is believed  to  hinder  the  outflow  of  solvent  and the inflow of  nonsolvent. Thus,  the 
ratio of solvent to nonsolvent will stay relatively high, which favours macrovoid growth, 
according  to  the  proposed  theory. 
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Polymer  membranes are used in a large variety of processes,  ranging í?om microfdtration 
and  ultrafiltration  (e.g.s  removal  of  proteins)  to  pervaporaticm  (alcohoVwater  separation)  and 
gas  Separation (natural gas  sweetening,  oxygen or nitrogen  enrichment). For each of these 
processes a speci€ic membrane  structure is needed,  which is determined  by  the  dimensions  and 
nature of the molecules  to be separated,  and the conditions  under  which the membranes  are  to 
be  used  (temperature,  pressure,  chemical  environment,  etc.). For example, in microfiltration 
and ultrafiltration the  pressure  differences  across the membranes are rather low (1-10 bars), 
while  gas  separation  usually is performed  under  considerably  higher  pressures (up to 80 bars 
or even  higher, see chapter l of this thesis). This means that a high mechanical  stability of  gas 
separations  membranes  usually is very  important. Hollow fibres are often used  here,  because 
of their  excellent  stability.  Furthermore,  they  have the advantage of a large specific  membrane 
mea: 

During  the  formation of asymetric membranes by immersion  precipitation  (see  chapter 1 
for a detailed  description of this method) often  considerable  voids are formed in the  membrane 
substructure.  Figures 1 and 2 show  some typical examples of flat membranes  and P l o l l ~ ~  
fibres  containing  these so called  'macrovoids'. The presence  of  macrovoids  may  considerably 
reduce the mechanical strength of the  membranes, leading to possible failures under  high 
pressures. 
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Figure 2: . Electron  micrographs of asymmetric hollow fibre membranes. 

The  occurrence  of  macrovoids is reported in various  'publications,  both in flat membrane 
preparation ([2]-[6]). and in hollow fibre spinning ([7-[13]). Unfortunately, the formation 
mechanism is not yet fully elucidated. By various authors it  is assumed that initiation of 
macrovoids is caused  by  interfacial  phenomena,  such as surface  tensions [3], but  this  does  not 
seem  to  be  very  likely.  From  the  membrane cross sections  shown in figures 1 and 2 it can  be 
seen  that  macrovoid  formation  may  start at considerable  distances  from  the  interface  with  the 
nonsolvent  bath. 

Reuvers [l] showed that growth  of  a  macrovoid is not the result of  convective flow, but 
that it  is determined by diffusion processes. He studied the phenomenon  of  macrovoid 
formation in relation to theories about  membrane  formation  according to two different 
mechanisms,  denoted as type I and  type II. 

In type I demixing of the polymer solution only  starts  to  take  place  after a certain  period of 
time (the delay  time).  During  this  delay  time  there is a  considerable loss of  solvent  from  &e 
polymer  solution,  while  #the  inflow  of  nonsolvent is relatively  small.  Due  to  this  effective loss 
of máterial, the polymer  solution  will shrink, and a concentrated  layer of polymer is typically 
formed at the  interface.  Upon  demixing  this  interfacial layer results in a dense  toplayer,  often 
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with gas  separation  properties.  Usually  no  macrovoids  are fomèd in this case, d e s s  the  delay 
time is very short. 

In the other process (type II) demixing  takes  place  as  soon  as the polymer  solution is 
contacted with the nonsolvent  bath.  Especially  during  this  process often large  macrovoids  are 
formed, w i ~  an exception for solutionsvvith a high initid polymer  concentration or containing 
considerable amounts of  nonsolvent. 

In chapter 4 o€ this thesis both types are  described in more  detail. A method is given  for the 
preparation of highly  selective  asymmetric  gas  separation  membranes,  using a combination of 
both  demixing  processes. 

By Reuvers some experimental results and empirical rules for the occurrence of 
macrovoids in  flat membranes  have  been  given. In this paper his theory is extended  to h ~ l l o ~  
€ibre spinning. From several  solutions of polyethersulfone (PES) in mixtmes of a polar, 
organic  solvent  (N-methylpyrrolidone (NMP)) and  glycerol  (a  nonsolvent  for the polymer) 
fibres were  prepared  under  various  spinning  conditions.  The  cross  sections of these fibres 
were  studied  by  scanning  electron  microscopy. 

According to Reuvers [n] macrovoids are mainly  formed in systems with instantaneous 
(type H) demixing.  The  formation of macrovoids in such  systems is thought  to  proceed 
according  to a mechanism  of  nucleation  and growth of droplets of a polymer  lean  phase: 

I .  Nucleation 
After  immersion of a thin film of the polymer  solution in a nonsolvent  bath,  solvent 
O U ~ I O W  and  nonsolvent  inflow  take  place,  leading  to  instantaneous  demixing (type D). 
This results in the  formation of a first series of nuclei  of a diluted  polymer  phase, just 
behind a tkin interfacial  layer with a high polymer  concentration. 

2. Growth 
As long as no  new nuclei are formed in the surrounding  polymer rich phase and no 
gelation takes place, these first formed nuclei will expand (i.e. they will form 
macrovoids). 
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pure nonsolvent  (t=O 1 
,film -bath 
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interface (t=2 1 

Figure 3: Schematic  representation of macrovoid formation in type II deniixing from [l]). 

The interfacial layer (toplayer) between  coagulation  bath and nuclei forms an  extra 
diffusional  barrier for transport of solvent  and  nonsolvent.  Thus,  the  solvent  concentration  in 
the  growing  nuclei  will  remain  relatively  high,  and  the  nonsolvent  concentration  remains  low. 

TO describe the diffusion processes  taking place in the  nucleus  and the surrounding 
polymer  phase, an analogy  can be made  with  the  ‘normal‘ situation of a homogeneous  polymer 
solution,  freshly  immersed in a coagulation bath  with a relatively  high  solvent Concentration. 
For  such a situation  calculations  were  made by Reuvers [l], as  shown in figure 4. It  can  be 
seen  that  addition  of  solvent  to  the  coagulation  bath  results  in a lower  polymer  concentration  at 
the  interface  (shift  from a to c in  figure 4). Since  the  freshly  formed  nucleus  can  be  seen  as a 
coagulation  bath  with a certain  amount of solvent, it means  that  the  polymer  concentration  at  the 
inter€ace  surrounding  the  nuclei will be low  as  well  (due  to  the  presence  of  solvent). 

CA ?’ 
volume fractiin solvent 

j ìgwe 4; Calculated  composition paths in the  ternary  system  (cellulose  acetateldioxanelwater) 
for 3 dijgerent ratios of diomnelwater in the  coagulation  bath. a, b and c  are  the 
corresponding  tie lines cfrom [l]). 
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From  the  considerations  given  above it becomes clear  that  the  ratio o€ solvent to nonsolvent 
present in the polymer  solution  surrounding the nuclei  and in the  nuclei  themselves  constitute 
the determining factors for macrovoid formation. When  the freshly formed concentrated 
interfacial layer (toplayer)  forms a reasonable  diffúsional  barrier  between  the  gowring  nucleus 
md the coagulation bath, exchange o€ solvent and nonsolvent will be hindered. In such 
situations enough solvent will be present (especially in the nuclei) to enable macrovoid 
formation  (see figure 4). 

5.3.2 Effect of polymer concentration 

haeasing the initial polymer  concentration in a system  where hstantaneous demixing 
takes  place  results in a higher  interfacial  concentration  upon  immersion in the coagulation  bath 
[l]. Thus, the transport barrier between coagulation bath  and  bulk of the solution will be 
considerably  higher.  According  to the proposed  theory this increased  resistance  should  favour 
macrovoid formation. However, often  the  opposite is  found an increased polymer 
concentration  usually  results in smaller  macrovoids. 

An explanation for this unexpected  behaviour is given  by  Reuvers [l]. He  states  that  more 
polymer in the solution  has a second  effect. A hígher initial polymer  concentration  means  that 
the minimal amount of solvent in the nuclei,  necessary  to  give  the  transition  to  conditions for 
delayed demixing will be  increased as well. This could mean that the  conditions of delayed 
demixing are  not reached at all, because of a too high nonsolvent concentration in the 
expanding  nucleus.  Moreover, the (initial)  volume of polymer  lean  phase will be reduced at 
higher  polymer  concentrations, as determined  by  the  lever  rule. 

Addition of nonsolvent to the polymer solution has  two effects, as can be seen from 
figures 4 and 5: . 

- the polymer  concentration at  the inter€ace  with  the  coagulation  bath  slightly  increases 
(shift from 1 to 3 in figure 5), resulting in a toplayer  with a somewhat  higher  transport 
resistance; 

- the amount o€ solvent in the  coagulation  bath necessary to  induce  delayed  demixing' 
increases (a combination of the results in figures 4 and 5). When the increase in diffusion 
resistanceis insufficient to keep  the amount of  nonsolvent in the  nucleus  under a certain 
concentration,  the  second  effect  dominates and macrovoids will not  be formed. 
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Figure 5: Calculated  composition paths for solutions with I0 % cellulose acetate, 
coagulated ìn water, for 3 different  ratios of waterlacetone ìn the polymer 
solution: I :  O, 2: I19 and 3: 1:7 vrom [ I ] ) .  

l 

Using PES as the  membrane forming material, only a few weight percent of water 
(approximately 4-5 %) can be added to the  polymer  solution  before  demixing  takes  place. 
Therefore,  usually  other,-  milder  nonsolvents  are  added  to  the  polymer  solutions  in  order  to 
suppress  macrovoid  formation.  Glycerol is an example for such  an  additive. For a polymer 
solution  containing 35 % (w/w) PES in N M P ,  up to 14 weight % of  this  component can be 

' added  before  demixing  occurs [ 141. 

5.3.4 Effect  of  solvent  in  the  coagulation bath 

As can be  seen  from figure 4, addition of solvent  to  the  coagulation  bath lowers the 
polymer  concentration  at  the  interface upon  demixing  (situations a to  c). It might  be  expected 
that  in  such  situations  the  resistance of  the toplayer is reduced  and  that  the  tendency to form 
macrovoids  will be reduced  as  well.  Figure 4 also  shows  that  above a certain  minimum  solvent 
concentration in the  coagulation  bath  delayed  demixing  in  the  polymer  solution  will  occur. As 
stated  before,  usually  no  macrovoids  are  formed in systems  with  delayed  (type I) demixing. 

5.4 FORMATIQN OF FLAT MEMBRANES  VERSUS HOLLOW FIBRES 

Membrane  formation  in  hollow  fibres  differs  fiom  that in flat membranes in  the  following 
aspects. 

l. Usually  the  polymer  concentrations  used  are  considerably  higher in the  case of spinning 
(see  chapter 2). 
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2. There are usually two intefiaces in hollow fibre spiming where solventjnonsolvent 
exchange c m  take place. On the &side a nonsolvent is injected to obtain the bore shape, 
while on  the outside the extruded polymer  solution is immersed in a nonsolvent  bath 
(usually  &ter a certain airgap). I 

3. The liquid used in the bore of the fibre has a limited  volume,  and  usually this volume is 
cdnsiderably smaller than that of the  fibre wall. Table 1 gives some characteristic 
dimensions of the spinnerets  used in the  spinning  experiments  described in this  chapter* 

n the outside the situation is comparable  to  that in flat membranes,  where  the  coagulation 
bath  may k seen as m infinitely  large  medium. 

4. Hollow fibres have cylindrical geometries.  Therefore, the cross sectional  area  changes 
considerably going from one side of the fibre wall to the  other. 

5. The initial dimensions of the  extruded  polymer solution may change as a result of a) 
die-swell  (see  chapter 2), b) a relatively large or  small  extrusion rate of the bore  liquid 
compared to that of the polymer  solution, c) volume  changes  caused  by the membrane 
formation process,  and d) elongation  (stretching). 

Table 1 : Spimwet dìmmions. 

spinneret  diameter  initial  cross-sectional area circumference ratio of waU 
o&ce capillary bore * fibre ratio outer inner ratio thickness to outer 
(cm) (cm) wall * (-) (cm)  (cm) (-1 diameter(-) 

1 0.08 0.05 20 31 0.64 0.25 0.16 1.6 0.19 
2 0.07 0.04 13 26 0.48 0.22 0.13 1.8 0.2 1 
3 0.06 0.02 3 25 0.13 0.19 0.06 3.0 0.33 
4 0.04 0.025 5 8 0.64 0.13 0.08 1.6 0.19 

h flat membranes  macrovoid  formation  occurs  from  only one side,  and it is not opposed 
by  nonsolvent  penetration fiom the  other  side. A toplayer is formed at the 'bath side'  (interface 
with .the coagulation  bath).  Under  this  toplayer  nuclei of a diluted  phase are formed, which  may 
expand  under  the  circumstances  desckibed  above. The diffusion  process will only be disturbed 
when  gelation of the surrounding  phase  occurs, or after the 'support side'  boundary is  reachd. 
h hollow fibre spinning the position of the 'support  side'  changes, since penetration of 

nonsolvent from the opposite side moves the point closer  where the polymer  solution is still 
undisturbed. Both diffusional  fronts  will  proceed  independently of each  other, until they 'meet! 
somewhere in &e fibre wall. The  location of tbis point is determined  by the membrane forming 
system  (type  and  concentration  of  polymer,  solvent  and  nonsolvent in the spinning  solution, 
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the  bore  liquid  and  the  external  coagulation bathj and by the  spinning  conditions  (temperature, 
extrusion  rates  of  polymer  solution and bore  liquid,  length of the  airgap  and  take-up  rate). 

An extra complication  during  membrane  formation in hollow  fibres is the curvature of the 
surfaces.  When  the  net flow 0 [m3/s]  of a  component  (solvent or nonsolvent)  through  the  fibre 
cross section is supposed  to be constant (no accumulation or volume changes), the flux J 
changes  because of a change in cross sectional  area. For penetration  of  nonsolvent in a flat 
system,  the  relation  m = d(.nDt)  (where D is the diffusion coefficient and t the time) is valid f 
a film  which  can  be  treated  as  semi-infinite  (see  chapter 2 of this  thesis  and [l]). By  Boom [l41 
it was  calculated that due  to  the  changes in area in cylindrical  geometries (e.g.,  hollow fibres) 
m is proportional to t", where  n is a  time  dependent  variable.  For  penetration from the  outside 
n  was found to be 1 or more, while for penetration  from  the  bore values considerably  smaller 
than 0.5 were  found. 

5.5 EXPERIMENTAL 

The polymer  used for all experiments  was  polyethersulfone  (PES)  VICTREX@  4800P, 
(from  IC1  Ltd).  Before use it was  dried for at least 3  hours at 150 OC. NMP  (synthesis  grade) 
'and  glycerol  (water-free)  were  both  purchased  from  Merck  and  used  without  further  treatment. 

The spinning procedure is described  in  chapters 2 and 4. For  structure  investigation  fibre 
samples were prepared by cryogenic  breaking in liquid nitrogen. Fibre cross sections  were 
studied  with a JEOL 35 CF  scanning  electron  microscope. 

5.6 RESULTS AND DISCUSSION 

In this section the formation of macrovoids is studied in relation to the following 
parameters: 

1. polymer  concentration; 
2. nonsolvent in the  polymer  solution; 
3. composition  of  the  bore  liquid; 
4. composition  of  the  external  bath. 

Furthermore,  the  shape of the  macrovoids  will  be  discussed. 
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Figure 6 S ~ Q W S  structures of fibres  spun fiom solutions of PW in NIJP, As can  be  seen 
macrovoids  are  formed  on  both  sides,  but  numbers  and  sizes  are  reduced  when  the polper  
concentration is increased. It  is clear  that  even  with 43.6 % (w/w) PES in the  spinning  solution 
the resktance of the toplayer is not big enough to  keep the nonsolvent  penetration rate 
sufficiently  low  (and  thus  preventing  macrovoid  formation). 

Due  to  practical  limitations no  fibres  could  not  be  spun fiom more  concentrated  polymer 
solutions.  Therefore, it  is unknown whether  macrovoids  will  even  disappear at higher  polymer 
concentrations. 

Figure 6: Cross sections of hollow fibre membranes,  spun fjom solutions of 30 (a) and 43.6 (b) % 
(wlw) PES in NMP. Water was used as a coagulant  in  the  bore of the fibre and in the  external 
coagulation bath. 

5.6.2 NonsoIvent in the polymer solution 

The  effect of nonsolvent  (glycerol) in the  spinning  solution is shown in figure 7. S01utions 
of 35 % (w/w) PES in NMP, coagulated in water,  always  contain  macrovoids  (figure 7a)* 
Gkan$ng  the  spinning  conditions w e  temperatune or airgap  lengtk) has only a minor effect  on 
the  length  of  the  macrovoids.  Addition of glycerol to the  spinning  solution,  however,  can 
reduce  the  number of macrovoids  (figure 7b) or even  prevent  their  formation  (figure  7c). Only 
when  the  airgap is increased  significantly,  small  macrovoids  appear  again  on  the  inside  (figure 
7d). 

These  observations can be explained  very  well by the  theory  proposed  earlier.  Addition  of 
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glycerol  reduces  the  initial  solvent  concentration  in  the  spinning  solution.  This  means  that  only 
some  nonsolvent  (penetrating  upon  contact with the  nonsolvent  bath,  either on the  inside or on 
the  outside) will reduce  the  solvent  concentration far ènough  to  avoid  macrovoid  formation. 

Figure 7: Cross sections of hollow fibre membranes, spun flom solutions of 35 % (wIw) PES in 
NMPIglyceroI, with  water as  the coagulant. Amount of glycerol in the  spinning solution: 
(a) O, (b) 5 and (c,d) 10 % glycerol. In (d) the airgap was twice as long as in (c). 

5.6.3 Solvent in the bore liquid 

The fibres shown in figure 8 were  spun from a  solution of 35 % (w/w) PES in NMP, 
using  spinneret 2 (see  table 1). Different  ratios of NMP and  water  were  used in the  bore  liquid. 
With pure water  1arge.macrovoids  are  formed on the  inside,  and  only  some  small  ones on the 
outside (figure. 8a). Increasing the amount of solvent to 90 vol-% prevents macrovoid 
formation on the inside, while the voids on the  outside  are  more  numerous  and  considerably 
longer  (figure 8b). 
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Figure 8: Cross sections of hollow fibre membranes, spun fiom sohdiom of 35 % (wlw) PES 
ìn NMP, with O (a) and 90 (b) vol-% NMP in the  bore liquid (water). 

When  the  amount  of  water  in  the  bore  liquid is reduced  to  only 10 % (case b in figure g), it 
is doubtful  whether still instantaneous  demixing  occurs.  Due  to  the  curvature  of  the  stuface  and 
the  ratio  of  bore  volume to fibre  wall  volume, the driving  force for water  penetration  will 
decrease  very  fast. 

On  the  outside  of  the  fibre  wall  the  conditions  are  very  favourable for  macrovoid  formation 
when the bore  liquid  contains  a  large  amount of solvent (90 %, figure 8b). Nuclei formed on 
the outside,  immediately  after  demixing in the external  water  bath, c m  grow considerably 
because of the low water  concentration  at  the  bore  side.  The  water  (nonsolvent)  concentration 
in the  coagulating  fibre is stiIl high  enough,  however,  to  stop  the  growth  of  macrovoids at a 
certain point in the cross  section. 

It should  be  stated that the  calculated  composition  paths  in figure 4 are based on the 
assumption  that the: coagulation  bath  can  be  treated  as an semi-infinite  medium. It is obvious 
that this statement is not  true  €or  the  bore  of  the  fibre. 

5.6.4- Type of nonsolvent in the externa1 bath 

Fibres  spun from solutions  of PES in W - o r  WglyceroP, and  coagulated in water 
usually  have a good  gas flux but no separation  properties. It is possible,  however,  to  prepare 
selective  fibres from these  polymer  solutions,  when  another  coagulant  instead of water is used. 
h this method  the  outside  of  the  extruded  polymer  solution  is  contacted  successively  with two 
different  nonsolvent  baths.  For  the first bath  a  nonsolvent  is  chosen  having a poor  interaction 
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with the solvent in the polymer  solution (resulting in delayed  demixing). The second bath 
usually consists of water or another  coagulant  which  gives  instantaneous  demixing. Since the 
contact time with the first nonsolvent is chosen to be very  short  (about 1 second,  depending 
upon the combination of solvent  and  nonsolvent  used,  see  chapter 4), no  demixing  takes  place 
in this bath. Instantaneous precipitation in the second bath thus may give an asymmetric 
membrane with a very dense outer surface and an open porous substructure. A detailed 
description of this  dual-bath  spinning  method is given  in  chapter 4. 

This method  was  used  with  a  polymer solution of 35 % (w/w) PES and 10 % glycerol in 
NMP, with glycerol or l-pentanol in the first external bath. For both  nonsolvents a drastic 
change in structure is found.  Fibres  spun  with  only .water as  the  external bath are  almost free of 
macrovoids; only sometimes  some small voids  appear on the inside (see figure 7). Using  a 
glycerol  bath  before  immersion  in  water,  very  long and narrow  macrovoids are formed  at  the 
inside, which extend óver almost the total cross section of the fibre wall (figure 9). With 
l-pentanol as  a first external bath  comparable  phenomena are observed  (figure 11). A short 
residence time in the pentanol  bath  gives  also  some  macrovoids  on  the  outside. By increasing 
this  time  the voids on the outside  disappear  and  a  structure  comparable  to  that  of fibres spun 
with  glycerol in the  first  bath is obtained. 

Figure 9: Cross sections of hollow fibre membranes,  spun from a solution of 35 % (wlw) PES and 
1 O % glycerol ìn NMP, immersed in (a) water and (b) glycerol, followed by water. 

An possible explanation for the  formation of macrovoids in the dual-bath  coagulation 
method is as follows.  When  the spinning solution is contacted with  the first nonsolvent,  a 
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concentrated  inter€acial  polymer  layer  is  formed  on  the  outside  wall,  due to depletion of solvent 
í?om  the  polymer  solution  (as a result -of delayed  demixing).  Upon  contact  with  the  second 
nonsolvent  bath, thïs surface  layer  forms a very  dense  structure  (with  excellent  gas  separation 
properties,  as shown in chapter 4). The  result is a considerable  barrier for solventlnonsolvent 
difffusion. This means  that  initially a loss  of  solvent  í?om  the  polymer  solution  to  the  external 
bath  occurs,  which is rather  abruptly  stopped  upon  coagulation in the  second  bath.  Because  of 
insufficient  nonsolvent  supply  from  the  outside,  nuclei  formed  on  the  inside  as  well as on  the 
outside will be able to  grow  and  form  macrovoids. 

When  glycerol is used  as  a first nonsolvent,  only  an  expansion  of  macrovoids  (nuclei), 
initiated on the  inside is found.  During  spinning it was  observed that glycerol  forms an 
adhering film around  the  fibre,  which  prolongs  its  stability till far in  the  second  (water)  bath. 
Due to  the  high  viscosity  and  density of glycerol, a fast  penetration  of  water fiom the  extemal 
bath  to the fibre  surface is prevented. It can  be  calculated  that it takes  about 300 seconds  for 
water  to  penetrate  a  glycerol  film  with  a  thickness of 0.83 cm (this is the  approximate  thickness 
of the  adjacent film), using the  equation  m=d(xDt)  (see  chapter 2)  with  a  diffusion  coefficien 
of water in glycerol  of 10-6 cm%. Thus, the  residence  time in the  first  external  bath in fact is 
relatively long and  no  limitations  are  present for the growth of macrovoids  from  the  inside, 
while  they  are not formed  on  the  outside  (delayed  demixing). To confirm  whether  the  absence 
of nonsolvent  penetration  from  the  outside  could  be  responsible for large  macrovoids  formed 
on the opposite  side, fibres were  spun in an external  bath  consisting of paraffine.  Since 
paraffine is completely  immiscible  with  both NMP and  glycerol,  no  changes  take  place on the 
outer  fibre  wall.  From  figure 10 it can  be  seen  that  a  structure  comparable  to  that  of  glycerol is 
obtained. 

Fìgure 10: Cross section of a hollow fibre membrane, ~ p ~ ~ f i ~ p r z  a solution of 35 % (wlw) PES 
and 10 % glycerol ìn NMP, ì m r s e d  ìn an external bath of paraflm. 
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Using l-pentanol in the first external  bath,  the  effective  contact  time is much  shorter , due 
to  the  low  density of l-pentanol and its poor  miscibility  with  water.  Figure 1 l a  shows that at 
short immersion  times  macrovoids also some  macrovoids  are forme3 at  the  outside.  When  the 
moment  of  water  penetration  from  the  outside is postponed  (by  increasing  the  contact  time  with 
l-pentanol), the  macrovoids on the  outside  disappear  and  those  on  the  inside  can  grow further 
(figure llc). 

The presence of macrovoids  on  the  outside  could  be  explained by a  too  short  delay  time for 
demixing in the  first  bath.  Reuvers [l] states  that  macrovoid  formation is possible in systems 
where  the  delay  time for demixing  is  very  short.  Furthermore,  gas  permeation data in chapter 4 
(table 3) show  that l-pentanol as a first nonsolvent  did  not  result in fibres with a  dense  toplayer 
on  the  outside. 

Figure 11: Cross seclions of hollow fibre membranes,  spun flom a solution of 35 % (wlw) PES 
and 1 O % glycerol in NMP, immersed  in l -pentanol for l (a), 2 (b) and 4 (c )  seconds, 
followed by a water bath. 

Macrovoid formation in fibres spun according to the dual-bath method might be 
suppressed  by  increasing  the  initial  nonsolvent  concentration  in  the  polymer  solution.  Whether 
this also affects  the  gas  separation  properties  of  the final membrane  (by  the  formation of pores 
in the outer toplayer),  has  to be investigated.  Addition of solvent  to  the  bore  liquid  could  'also 
be used to reduce  macrovoid  formation.  Unfortunately,  the  initial  mechanical  stability of fibres 
spun  with  large  amounts of solvent in the  bore is very  poor  and  spinning is rather  difficult. 

5.6.5 Structure and shape of the  macrovoids 

According to the proposed theory,  the composition of the solution around a growing 
nucleus  (macrovoid) is comparable  to  that in a  type I demixing  system,  where  usually  dense 
toplayers  are  formed.  Therefore,  it  could be expected  that  the  macrovoid  walls  have  a  densified 
structure as well.  However,  both  closed and opened  walls  are found, as illustrated by figure 
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12, It is believed &at pores in the void  interfaces  may  be  caused by coalescence  phenomena 
with surrounding,  growing  nuclei.  When the number o€ nuclei  formed is relatively  high (eg., 
with glycerol in the spinning solutiön, figure 12b)  more  coalescence  takes  place and 
macrovoids  with  porous walls are obtained.  Furthermore, it  is known that addition of 
considerable  amounts o€ solvent  to  the  coagulation  bath may lead  to  both  delayed  demixing  (see 
figure 4) and  microporous  membrane  structures  (Wijmans et al. [lq). Since the amount  of 
solvent in the growing  nuclei is rather  high, the same  phenomena  might  occur  here,  and 
'microporous  macrovoids'  are  obtained. 

Figure 12: Detailed  structure of macrovoids with  closed  ìnterfaces (a) and  relatively  opened  interfaces (b). 
Fibres were spunfiom solutions  containing 35 56 (wlw) PES in NMP, to  which O (a) and 
10 (b) % glycerol was &d.  ThejTbres were  coagulated in water (u) andg@cerol/water (b). 

h figure 13 a  somewhat  'tilted'  cross  section  of  a  hollow fibre is shown,  spun  with  a fist 
external  bath of glycerol  and  followed by  immersion in  water. As can  be  seen the macrovoids 
grow as independent  channels in a  very regular pattern,  while  the  structure  between  the 
'macrovoid  channels' is porous. 

The  genesis of such  a  structure  can  be  seen  as  a  combination  of two mechanisms. In radial 
direction the macrovoid can grow  because of delayed  demixing in the polymer  phase 
(according  to the mechanism  proposed  by  Reuvers [l] and  described in this chapter). In 
tangential  direction  expansion of the  macrovoid is possible by coalescence with surrounding 
nuclei. 'This latter  process  continues  until  the  polymer  concentration is too  high  and  gelation 
takes  place. As a  result,  only  expansion in radial direction is possible  then  and  macrovoids 
grow parallel to each  other  in  the  direction of  the  opposite  fibre  wall.  Whether this hypothesis 
explains the Shape and  structure of the  macrovoids  formed  here  should  be  investigated by 
kinetic  studies  during  hollow  fibre  spinning  under  various  conditions. 



Chapter 5 

Figure 13: Cross section of a hollow fibre, showing  'macrovoid  channels'  in  tangential direction. 
This fibre  wasprepared from a solution of 35 % (wlw) PES and 10 % glycerol in NMP, 
and  coagulated  in  glycerollwater  (dual-bath  method). 

5.7 'CONCLUSIONS 

Qualitatively  the  formation of macrovoids in hollow fibres can be explained  very  well by 
using the theory of Reuvers [l], as derived for flat membranes.  Even though membrane 
formation in hollow  fibres is much  more  complicated  (due  to  the  presence  of an extra  interface 
for solvent/nonsolvent  exchange  and  a  cylindrical  geometry) an explanation  can be given for 
the  observed  structures in the  fibre walls. 

When  hollow fibres are prepared from solutions of PES in NMP by coagulation in water, 
usually  macrovoids are formed on both the inside and  the outside of the fibre wall.  On  the 
inside macrovoid formation can be suppressed or even avoided by adding considerable 
amounts  of  solvent  to  the  bore  liquid.  The  absence  of  sufficient mounts of water  (nonsolvent) 
is believed  to  prohibit  the  formation of a barrier  (toplayer)  on  the  inside.  Under  such  conditions 
the  growth  of  macrovoids  from  the  inside  is  impossible  and  from  the  outside it  is facilitated. 

Preparation of macrovoid-free PES fibres is possible by adding  glycerol  to  the  spinning 
solution and coagulating  this  solution in water.  Only  when  the  airgap  between  spinneret and 
external  coagulation  bath is rather  long,  growth of small  voids  from  the  inside. is possible.  The 
disadvantage of such  a  structure is the  absence of good  gas  separation  properties.  According  to 
the proposed theory  the presence of nonsolvent  (glycerol) in the  spinning  solution  prevents 
macrovoid  formation.  This is only  true,  however,  when  instantaneous  demixing  takes  place  on 
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both  sides of the fibre wall. Using an  extra  external  nonsolvent  bath  (consisting  of  glycerol  or 
l-pentanol, for example)  before  immersion in water,  huge  macrovoids are formed,  especially 
from the  inside.  This is believed to be  caused  by the high  solvent  concentration in the  fibre 
wall,  which  can  not be reduced fast enough  because  of  the  barrier (i.e., a dense  toplayer) 
formed on the outside.  Upon  increasing  the  residence  time  in  the first external  bath,  the  length 
of the  macrovoids  initiated  on  the  inside  increases,  while  those on the  outside fully disappear. 
For  such  Iong  residence  times  nuclei  formed on the  outside can not  expand  because  the 
coagulation  front  fkom  the  inside  has  already  reached  the  outer fibre  surface. 

The macrovoids in fibres obtained from a coagulation in two successive external 
nonsolvent  baths  have  a  very  regular  structure.  They  are  formed as independent  channels, 
while  their  walls  have  a  high  porosity.  Coalescing  with  growing  nuclei  that  are  present  between 
the  channels is thought  to  be  responsible for this porosity.  Whether  macrovoid  formation  in 
suck’systems  can  be  avoided (e.g., by  increasing  the  nonsolvent  concentration  in  the  polymer 
solution or by  adding  solvent  to  the  bore  liquid) must be  investigated. 
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CHAPTER 6 

PLASMA  ETCHING  OF  POLYETMERSULFONE  HOLLOW 
FIBRE GAS SEPARATION  MEMBRANES 

J.A. van  't  Hof, S. Groot  Wassink, C.A. Smolders 

6.1 SUMMARY 

Characterization of asymmetric gas separation membranes is generally done by gas 
permeation  measurements, in combination  with  electron  microscopy.  Both  methods,  however, 
only give limited infoimation about the  membrane  structure. By gas  permeation  the overall 
properties  are  determined,  while  electron  microscopy  only  reveals  something of  the  porous  part 
of the membrane. 

To obtain detailed infomation about  the  membrane  structure,  plasma etching was  used. 
With this technique  the outer surface of the membrane is gradually  removed  by  a  chemical 
reaction  between  .the  polymer  and  active  components in the  plasma  (generally  oxygen  or air is 
used). By measuring the gas transport properties as a function of the etching time  more 
information can be obtained about the  density  and  thickness of the separating  layer  (toplayer) 
and about the porosity of the  sublayer. Plasma etching for membrane characterization was 
originally  described by Altena et al. in 1985 [l], who  used it on  nylon  membranes. To extend 
this technique to other types of polymers, etching experiments were performed with 
polyethersulfone  (PES) . 

It was found that etching with air gave only  minor changes in permeation. properties, 
although  electron  micrographs  showed  a  certain  porosity of the  fibre  surface. It is believed  that 
nitrogen in the plasma might react with oxygen, reducing the etching rate. Furthermore, 
chemical modifications of the membrane material at the interface might also change the 
permeation  properties.  With pure oxygen as the etching gas very clear changes  in flux and 
selectivity were found, which could. be well described by a theoretical model for gas 
permeation  through  asymmetric  membranes. 

. For an asymmetric  hollow fibre with  a  high  selectivity and a  moderate flux it was  found 
that the toplayer  thickness was about 2 pm, and that this  toplayer  determined  more  than 98 % 
of the  total  resistance  to  gas  transport. 
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The  major  problem  encountered  during  wet  spinning of gas  separation  membranes is the 
presence  of  pores in the toplayer.  Such  pores  can  largely  influence  the transport hough the 
membrane.  Henis and Tripodi  stated  that  pores of only  5-10 A may  already  be  detrimental  to 
the sepaation properties [2]. By  increasing  the  polymer  concentration  in  the  spinning  solution . 

dense  structures with a  good  selectivity  can  be  obtained, but usually this is accompanid by a 
large  decrease in flux. This flux decrease is believed  to be caused by either a very  thick  toplayer 
or a  significant  transport  resistance in the  sublayer  (see  also  previous  chapters). 

Characterization of the  properties  of  asymmetric  gas  separation  fibres is generally  done  by 
gas  permeation  measurements  and by electron  microscopy. Both methods,  however,  give  only 
limited  information,  By  gas  permeation the 'overall'  transport  Properties of the fibres are 
found,  while  the  individual  contributions  of  both  toplayer  and  sublayer  can  not  be  derived h m  
these  measurements.  With  electron  microscopy  informition is obtained  about  the  porous  part of 
the membrane  (the  sublayer)  and  usually  an  estimation  can  be  made  about  the  thickness  of  the 
toplayer.  Whether  (small)  pores are present in the toplayer can not  be  detected  with this 
technique. 

A method to get  additional  information  about  the  membrane  structure is removing  the 
(selective)  toplayer with an  oxygen-containing  plasma  and  determining  the  transport  properties 
with and without  toplayer.  Etching  of  polymeric  surfaces is a method  developed for the 
semi-conductor  industry in the  sixties [3]. By  Altena et al. [l] it was  used  to  remove  the 
selective  toplayer of an  asymmetric  nylon  membrane  (nylon 6/T, a polymer from Scientific 
Polymer  Products, Ontario, USA).  Since  plasma  etching is carried  out at ambient  temperatures, 
it is very  well  suitable  to  polymers,  where  thermal  stability  often  is  a  problem. 

In our work  mainly aromatic and heterocyclic  polymers  (e.g.+, polysulfones and 
polyimides) are used as  a  membrane  material,  and  the  problems  with  insufficient flux and/or 
selectivity are often  encountered. To see  whether  plasma  etching  could  be a useful  tool in the 
characterization'of  this  type of polymer  membranes,  several  polyethersulfone  hollow  fibres 
were-etched. 

An  important  difference  between  polysulfones or polyimides  and  nylon @T, is the  large 
amount of unsaturated  rings in the  former two polymers.  From  literature it  is known that  such 
structure  elements  often  show  a  reactivity  which is totally  different  from  that of aliplhatic 
compounds [4]. Therefore it might  be  expected  that  the  circumstances  under  which  the  etching 
should  be  done  significantly  differ for both  groups of polymers.  Another  point is that  the  type 
of reactor used for  the  etching  experiments  largely  influences  the  results. As there  is  hardly  any 
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information in literature on  the  way  the various parameters  (pressure,  temperature, etching 
time,  etc.) influence  the  etching  process,  a lot of 'trial-and-error'  has  to  be  gone through to find 
the  optimum  circumstances. 

6.3 THEORY 

6.3.1 Plasma etching 

Plasma  etching  is  a  process  where  a  chemical  reaction  takes  place  between  the  solid  surface 
to  be  etched,  and an active gaseous  species  produced in a  glow discharge [3]. Originally  this 
method  was  used in the semi-conductor  industry, known under the name  plasma  ashing or 
plasma  stripping.  The  main  application  was  the  removal of photoresist  materials  (polymers). 

Although  the  word plasma etching is often  used in connection  with other materials  than 
polymers (e.g., silicone  oxides), it will be  used  here  to  describe  the  removal of material  from 
the  toplayer of  an asymmetric  polymer  membrane. 

photoresist  (C, H etc.) 

I elecbrode 

Figure 1: The principle of plasma etching (ashing, strbping) @-om [3]). 

In figure 1 the  plasma  etching  process is shown  schematically.  A  glow  discharge is used  to 
convert  molecular  oxygen into active  oxygen  atoms,  which  readily  react  with  the  polymer,  even 
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at room  temperatures.  Volatile  oxidation  products  (like CO,, CO, NO, SO, and  water  vapour) 
are  removed  by  a  vacuum  system.  Apart  from  atoms  (radicals)  also  ions  and  electrons will be 
fomed. By shielding  the  polymer  surface  fiom  these  charged  species,  etching  rates  can k kept 
low and  implantation [3] may be  prevented. 'This is usually  done  by  placing  the  material to be 
etched in a Faraday cage, 

6.3.2 Etching of membrane  surfaces 

The  toplayer  thickness  of  an  asymmetric  membrane  generally is 0.5-5 pm. It is therefore 
necessary to have  a  low  etching  rate, in the order of 0.1 pm/& or  less. "hen it should  be 
possible  to  distinguish beween the various steps  during  the  etching  process, shown below  (see 
also figure 2). 

Fìgwe 2: Elchipbg of the toplayer of an asgrpnmetvfc membrane (schematically). 

1. 

2. 

' 3. 

At short  etching times (up to tl, see  figure 2) only  a  partial  removal of  the  toplayer  occurs. 
It should be expected  that  under  these  conditions  the flux through  the  membrane'increases 
(due to a  reduction of  the  effective  membrane  thickness),  while the selectivity is not 
influenced  (when  no  pinholes,  etc.  are  formed). 
At moderate  etching h e s  (between tl and 3) the  toplayer will be removed  completely  at 
certain  spots.  From  electron  micrographs it  is observed  that  considerable  variations in 
toplayer  thickness  often  are  present. Thus, á combination  of tra.~~sp~rt  through the  gores 
and  of  transport  through  the  polymer  structure will occur here.  The  result will be  a 
decrease in selectivity and an increase in flux. 

At long  etching  times (> 3) the  remaining  sublayer will be  etched  at a higher  rate,  because 
of the  reduced  'polymer  density'  in this area.  Since  the  thickness of the  sublayer is large 
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(compared to that of the toplayer) long etching times will be  necessary to obtain a 
significant decrease in membrane  thickness. Therefore, a constant or only slightly 
increasing flux is expected  to be  found. 

6.3.3 Gas transport through asymmetric membranes 

By  Henis and Tripodi [2] a  model  has  been  developed  which  describes  the  transport of 
gases  through  asymmetric  membranes  as  a  combination of resistances  (parallel and in series). 
This model  was  originally derived to elucidate the effect of plugging surface pores  using  a 
coating procedure with a highly permeable second polymer (e.g., an elastomer like 
polydimethylsiloxane, PDMS). It can  also  be  used,  however,  to  give a general  description  of 
the  transport  through  (asymmetric)  .membranes. The basic idea of this  'resistance  model' will 
be  given  hereafter. 

The  general  transpórt  equation for nonporous  or  asymmetric  membranes is given by 

Q = P A A p / l  (1) 

where  Q is the gas  flow  per  unit  of  time, P the  membrane  Permeability, Ap the driving force 
over the membrane and 1  the  membrane  thickness.  When  a mixture of gases is used,  this 
equation  changes to 

where Qais the  gas  flow  of  component  a,  Pa  the  permeability for a, and Apa the  partial  pressure 
difference of a over  the membrane.  Equation 2 can l& seen as  a  relation between a  driving  force 
(Apa) and  a  current  (Qa),  where  the  ratio of both is the  membrane  resistance s: 

In figure 3 the analogy  between  the  resistances in an asymmetric  membrane  structure  and 
those in an  electrical  circuit is given. The total  membrane  resistance for component  a  (Rtya) is a 
function of the  resistance in the  dense  toplayer (R2  a),  in  the  pores  of  the  toplayer  (R3ya)  and  in 
the  sublayer (R4 a),  given by equation 4. 

Y 
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is the resistance  to  continuum diffusion, and R3,a and are resistances to Knudsen 
flow or viscous flow. The  latter two a e  a function of the h e n s i o n s  and tortuosity of the 

pores,  the  viscosity of the  permeating  component(s)  and  the  pressure. 

'I 

Figure 3: Schematic  representation of an  asymmetric (porous) membrane. 
I.  view of the cross section, Ir. electric circuit analog. 

P 

Figwe 4: Schematic  representation of a coated  asymmetric  membrane. 
I. view of the cross section, II. electric circuit analog. 
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When a  defect-free coating layer 1 is put onto the membrane,  an extra resistance R,, is 
added, as can be seen from figure 4. Furthermore, it is assumed that the coating material 
penetrates the toplayer of the  asymmetric  membrane,  and  thus  the  resistance R3,a is increased to 
R'3,a. This value may change dramatically, since the transport resistance through a polymer 
filed pore is at least 105 - 106 times  as  high  as  that of an open pore with the same dimensions 
[2]. The total membrane  resistance is now  given  by  equation 5. 

In an appendix to this chapter a  model calculation is given for transport of a  binary gas 
mixture  with  components  a  and  b  through an arbitrary  membrane  with  specified  penneab'ilities 
of  both components. Both selectivity and flux are calculated as a function of the surface 
porosity,  under the assumption that the resistance in the sublayer (i.e., R4) is negligible. The 
results are presented  graphically in figure 5. 
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Figure 5: Selectivity andflux  as a function ofthe surface porosity, calculated with the 
resistance model [2]. See  appendix for the  parameter  values  used. 

From figure 5 it can be seen that  when the surface porosity has an intermediate value, the 
application  of  a  second  polymer  with  a  high  intrinsic  permeability &d a  low  selectivity  results 
in a composite membrane with  a selectivity almost equal to that of the starting polymer. 
Furthermore,  there is a  region in the  surface  porosity  where  the  selectivity is largely  decreased, 
while the flux is hardly  influenced. 
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For the preparation of asymmetric  fibres  a  laboratory  spinning line was  used  as shorn 
before in chapters  2  and 4. Various fibres were  spun from solutions  of  35-40 % (w/w) 
polyethersulfone @?ES, WCTREX@ 4800P from K I  Ltd.) in  N-methylpyrrolidone (NMP). h 
most  cases also 10 % (w/w)  water-fiee  glycerol  was  present in the  spinning  solution.  The 
spinning rate was  3-6 m/min. As a  coagulant  water or a  dual-bath  consisting  of an alcohbl  and 
water  was  used. Tbis latter  process of membrane  formation is described in chapter 4. 

For testing  purposes  hollow  fibre  modules  were  prepared in the same  way  as shown in 
chapter 2. 

The etching  experiments  were  done  with  two  types of plasma  reactors.  Preliminary 
experiments  were  pedormed  with  a  small PLASMAPREP barrel  reactor .from Nanotech  Ltd 
(reactor  volume  approximately  2  litres).  Due  to a poor  process  control a new  apparatus  was 
purchased .from ETiElectrotech. .This new  barrel  reactor,  type P L A S W A E P  505  (see figure 
6)  had  a  chamber with a  diameter of 24 cm  and a depth of 34 cm, and was supplied  with an 
62.5 H z  generator  with a variable  output  power  of  1-1000  Watt  at  the  electrodes.  The 
pressure in the  vacuum  chamber  usually  was  0.01  to 1 torr (1 torr = atm). The  apparatus 
was  equipped  with  two  gas  flowmeters  with  a  capacity of 5-180 cm3(STp>/min. h order  to 
keep  the amount of oxygen in the  vacuum  pump oil under  the  explosion  threshold,  initially air 
was  used as the  etching  gas.  By  installing  an  additional  nitrogen  purge for the  vacuum pump, 
pure  oxygen  could be used  as  well. 

c 
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Several  etched  fibres  were  coated  with  silicone  rubber by  immersing a  test  module  in  a 2 
% (w/w)  solution  of  polydimethylsiloxane (PDMS) and  crosslinking  agent  (Sylgard  184,  from 
Dow Corning, weight-ratio 9:l) in n-hexane.  Afterwards  the  modules  were  stored  at  elevated 
temperatures (40-60 OC) for  16-24  hr  to  complete  the  crosslinking  process. 

Permeability  measurements  were  performed  by  evacuating  the  bore  side  of  the  fibres  and 
applying  a  feed  pressure  of 4-8 bars. This feed  gas  consisted  of  20-25  vol-%  of CO2 in CH, at 
a  temperature  of  20-22 OC. The  feed  flow  rate  was  high  compared  to  that  of  the  permeate  gas  to 
assure  a  constant  composition  of  the  feed  gas.  The  gas  flux  through  the  fibres was  determined 
after  a  conditioning time of 30-120 minutes.  .A  complete  description  of  the  permeability  set-up 
is given in chapter 2. 

For  structure  investigations  the  fibres  were  prepared by cryogenic  breaking  and  sputtered 
with  a  thin  layer of  gold.  Both  surface  and  cross  section  of  the  fibres  were  examined  by  a 
JEOL 35 CF scanning  electron  microscope. 

6.5 RESULTS AND DISCUSSION 

Three  different  types of fibres  were  etched  under  various  circumstances.  The  experiments 
described in the first section were  done  with  the  Nanotech reactor, as  preliminary 
measurements.  Further  results  were  obtained  with  the  barrel  reactor  from  ETElectrotech. 

6.5.1 Fibres from a 40 % (w/w) spinning solution (no glycerol added).. 

Table 1 : Gasflux and selectivity as a function of the  etching  time, forfibres spun 
j?om a solution of 40 % (wlw) PES in NMP and coagulated ìn water. 

fibre etching  time relative flux * relative  selectivity * 
module (min) ( W  ( W  

1 O 
2 4 
3 7 
4 18 

100 
88 
83 
82 

100 
96 

105 
102 

* ratio  of  values  after  etching  and  before  etching. 
permeation data for  the  unetched fibres: = 1.6  10-6 cm3/cm2.s.cmHg 

plasmareactor  Nanotech 
RFpower 100 Watt 
press= 0.4 ton 
g= air 
flow  rate 6 ml/min 

a(C02/CH4) = 25 
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The data in table 1 show  some  surprising  results. It was  expected  that a longer'etching h e  

should  result in a higher flux, due  to  a  removal  of (part of) the toplayer. As can be seen  there is 
a decrease in flux. Also a slight  increase in selectivity  is  shown.  From  electron  micrographs 
taken  from  the  surface o€ membrane 4 in table 1 (etching time: 18 minutes) it can be seen  that  a 
partial removal of the  toplayer  has  taken  place  (see figure 7). 

Figure 7: Electron micrograph of an  etchedfzbre 
suPface @brefrom module 4, table 1). 

Figwe 8: Electron  m.crograph of afzbre cross 
section, showing a closed cell structure. 
(Detail of the inpaermre wall). 

"he marginal changes  in  permeation  properties  upon  etching  might be caused by two 
factors. In the first  place,  fibres in table 1 are spun from a  very  concentrated  polymer  solution 
(40 % PIES). Therefore,  the  fibres  probably  do  not  have a 'true'  asymmetric  structure  with a 
thin, dense  toplayer  and  an  open,  porous  support  layer.  From figure 8, where a detailed  picture 
of the fibre  cross  section is shown, it can  be  seen  that  the  pores  have a poor  interconnection. 
Gas  molecules  therefore  can  not flow freely  to  the  permeate  side of the  membrane,  but  have to 
pass  through the dense  polymer  structures  surrounding the pores.  Thus,  removal of the 
toplayer  does  not  significantly  change  the  total  membrane  permeability. A second  factor 
influencing  the  etching  process  might be  the  presence of nitrogen.  Since  the  experiments  were 
performed  with air, it is likely  that  a  considerable part of the  plasma  consisted of activated 
nitrogen. Thus, reactions  between  oxygen  and  nitrogen  atoms are possible, giving a reduction 
of the amount  of  active  oxygen  available  for  etching  of the polymer  surface. 

The  decrease in flux and  slight  increase in selectivity  upon  etching  might by explained  by a 
polymer  modification at the  surface,  leading  to a change in the  transport  properties of the 
polymer.  Whether  this  assumption is correct has  to  be  proven by analysis of the  polymer 
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surface after etching. The presence of nitrogen or an  excess of oxygen in the  surface layer 
should  point in this direction. 

6.5.2 Fibres  from a 35 % (w/w) spinning  solution ( l0  % glycerol  added). 

A second series of fibres which  was  characterized by etching was  spun from a  solution 
consisting of 35 % (w/w) PES and 10 % glycerol in NMP. The dual-bath coagulation 
procedure  was  used  (as  described  before in chapter 4), with  glycerol  in  the first external  bath 
and water in the second one.  From electron micrographs of the fibre cross sections it was 
found that these  membranes  had  a  densified  structure  on  the  outside,  while  the  rest of the  fibre 
wall  had  a  very  porous  structure  (see  chapters 4 and 5). Therefore,  removal of  the  outer fibre 
surface  should  considerably  change  the  gas  permeation  properties. 

Table 2 : Gas flux and selectivity as a function of the  etching  time, for fibres spun from 
a solution of 35 % (wlw) PES and 10 % glycerol  in NMP, and coagulated in 
glycerollwater  (according  to the dual-bath  procedure,  described  in  chapter 4).  

fibre  module  etching  time ( P k 0 2  * a(co2/cH4> 
(min)  unetched  etched  unetched  etched 

1 2x5 1.5 1.6 59.0 59.3 
2 2x l0 1.5  1.6 61.3  59.5 
3 2x 15 1.6 1.5 51.0  27.6 
4 2x20 1.6 1.5 60.6  57.9 
5 2x25 1.6  1.7 57.9  23.7 

6 10 1.7 1.3 57.6 56.3 
7 30 1.4 1.1 63.0 14.4 
8 40 1.6  1.4 58.3 30.1 
9 50 1.5 1.4 61.5 57.2 

* 10-6 cm3/cm2.s.cmHg 
for  the  spinning  procedure: see chapter 4 
plasma  reactor  ETfiIectrotech 
etching  cycle 2 min. evacuation 

5 min.  etching  with air (80 ml/min) 
2 min. coolinghenting with argon 

RFpower 400 Watt 
pressure ' 0.30-0.36 ton- 

The  fibres  shown in'table 2 have  a  gas  flux  comparable  to  the  values givenin table 1, but  a 
much  better initial selectivity. Again, etching does not  give the expected  result.  Only  some 
modules  show  a  decrease in selectivity,  but  no  significant  change in flux is found.  When  the 
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etching  conditions in tables 1 and 2 are compared, it can  be  seen  that in the lattèr  case  mbre 
'severe'  conditions  have  been  used  (higher RF power,  higher  gas flow rates and longer  etching 
times). It  is difficult  to  compare  the  results,  however,  since  they  are  obtained with two different 
plasma  reactors.  Because  of  the  larger  volume  and the improved  vacuum  system of the  second 
reactor  (ET/Electrotech)  the  concentràtions of reactive  components  may dBer considerably 
from  those  in  the  Nanotech  reactor. 

It is believed  that also in this second  series of etching  experiments  the  presence of nitrogen 
reduces the effective  concentration  of  active  oxygen.  The  lower  flux  after  etching,  found for 
fibres 6 to 9, again  might  be  explained  by  modification of the  polymer. 

To eliminate  the  possible  influence of reactive  nitrogen,  etching  experiments  were  done 
with gure oxygen. ][n figure 9 permeation  results  are  given for the  same  type of fibres  as in 
table 2. The  unetched  fibres  had  a  selectivity a(C02/CH4) of about 50 and a gas flux (P/l)cm = 

1.4*1W6 cm3/cm2.s.cmHg. The  experiments  were  performed  by  evacuating  the  reactor for 2 
minutes,  followed  by  etching for 6 minutes.  Afterwards  argon  was  introduced  to vent the 
chamber  and  to  cool  the  modules. This sequence  was  repeated  several  times,  depending  upon 
the  total  etching  time  desired. 

50 

10 

d etching time (min) 

1. Untreated  fibres, 2. Etched  fibres, 3. Etched  fibres,  subsequently coated with PI". 

Figure 9: Selectivity and gasflux as afinction of the  etching t i k .  Fìbres were spun from a solution, 
containing 35 % (wtw) PES and 10 % (wlw) glycerol n NMP, coagulated in glyceroltwater 

Etching cycle: 2 min. evacuation, 6 min. etching, 2 min. venting with argon. 
RF power: 400 Watt, pressure: 0.30-0.36 ton, etching gas: oxygen (60 mltm-n). 
(solid lines: selectivity; &shed lines: CQ2-flux). 

( d d - b a h  mtbtod). 
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From  figure 9 it is clear  that  etching  with  pure  oxygen 
and  the  selectivity.  During  the  first 10 minutes  of  etching 

gives  a  change in both  the  gas  flux 
only  marginal  changes  take  place, 

both in selectivity  and  CO2-flux.  After  10  minutes  a  sharp  drop in selectivity is found,  with 
hardly  'any  change in flux.  Only  after  etching  times  longer  than 30 minutes  the  CO2-flux 
changes  as  well: a  large  increase  can  be  seen. 

These  results  are in good  agreement with the  expected  changes in flux and  selectivity  for  an 
asymmetric  membrane  structure  (see  figure 5). In  the  beginning of  the etching  process no 
changes  are  found.  The  combination  of  removal  of  material  and  modification  of  the  polymer is 
believed  to  prohibit  significant  changes  in  gas  permeation  properties.  The  large  decrease  in 
selectivity  after  about  10  minutes  means  that  at  some  places  the  porous  substructure  is  reached. 
The  non-selective  flux  through  these  pores  hardly  changes  the  overall  flux,  while it strongly 
decreases  the  selectivity.  Only  after  etching  times  over 30 minutes  the  gas  flux  also  changes: a . 

considerable  increase is observed.  Coating  of  the  etched  fibres  gives  the  original  permeation 
values  again,  when  the  etching  time  was  between 10 and 30 minutes. This again proves  that  the 

. number  of  defects  (pores)  formed  between 10 and 30 minutes is rather  small.  After 30 minutes 
of etching  time  the  pores  dominate  the  gas  transport.  Thus,  coating  of  such  fibres  results  in  a 
large  flux  decrease,  while  only  a  low  selectivity  is  obtained. 

Even  at  an  etching  time of about 50-60 minutes  the  CO2-flux  still  increases  considerably, 
and  a  'plateau' is not  reached. It has  to  be  concluded  that  after  almost  one  hour  of  etching  there 
are  still parts of 'the  original  toplayer  left,  influencing  the  gas  transport.  Longer  etching  times 
are  necessary  for  complete  removal. 

The  CO2-flux  after 60 minutes  is  about 80*10-6 cm3/cm2.s.cmHg.  Comparing  this  value 
to  the  initial  value of an,  unetched  fibre = 1.4*10-6  cm3/cm2.s.cmHg), it can  be 
concluded  that  the  resistance in the  sublayer  must  be  very  low  compared  to  that  of  the  toplayer 
(less  than 2 % of the  total  membrane  resistance).  The  method  for  preparing  these  hollow  fibres 
thus  leads  to  membranes  with  the  desired  asymmetric  structure : a  dense  toplayer,  which  gives 
a  high  selectivity  and  a  porous  sublayer  that  does  not  cause  an  extra  resistance  to  gas  transport. 

To,estimate  the  thickness of  the  toplayer,  the  etching  rate  of a homogeneous  PES-film  was 
determined by  measuring  the  weight loss as a  function of  the  etching  time. A  value of  0.04 
0.01 pdmin was  found.  When it is assumed  that  after 60 minutes  of  etching  most of  the 
toplayer  has  been  removed,  the  thickness  of  the initial  toplayer  must be about 2.4 pm.  This 
value is in  reasonable  agreement  with  the  information  obtained  from  the  electron  micrographs 
of fibres  spun  under  comparable  conditions  (see,  for  example,  figure 7a of chapter 4). From 
figure  10a it can  be  seen,  however,  that  the  toplayer is  considerably  thinner.  Only  a  thickness 
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of  about 1 pm is shown. This might  be  explained  by  the fact that  figure 18 S ~ Q W S  a part ofthe 
fibre  where the toplayer is relatively thin. The  average  thickness ofthe toplayer  found via the 
etching  process  might  be  considerably  larger. This is confirmed  by  the  relatively  low C02-fly 
for the uncoated  fibre.  With  an  intrinsic  permeability  of 4-5 Barrer  for CO2 (see  chapter 4), 
and  the  assumption  that  the  tolayer is responsible for the  total  transport  resistance, a toplayer 
thickness  of 2.9 - 3.4 pm is calculated. 

Figure  1Qb  shows  that  a  porous  surface is obtained  after 54 minutes  of  etching. 

Figure 10: Electron  m’crographs of the  surface  and  cross  section of an unetckdjihre (a} and 
of an etchedfibre (b, etching  time 54 minutes). 

The  plasma  etching  method,  given  by  Altena et d. to  characterize  the  structure of  nylon 
membranes,  was  found  to  be also applicable for polyethersulfone  fibres. 

Etching with air did change the outer membrane  surface, as observed  by  electron 
microscopy.  Unfortunately,  only  marginal  changes in gas  permeation  properties  were  found. 
The  presence  of  activated  nitrogen is believed  to  reduce  the  amount  of  reactive  oxygen  in  the 
plasma.  Therefore,  the  etching  times  used  were  not  sufficiently  long  to  remove a significant 
p m  of the  toplayen. Furthemore, surface  modifications  might  lead  to  a  change of the  intrinsic 
separation  properties of the polymer.  Whether this is true has to  be  investigated by using 
surface-analysis  techniques (e.g., SPMS or IR spectroscopy). 

For hollow fibres spun  according  to  a  method of two  successive  nonsolvent  baths 
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(dual-bath  procedure) clear changes in flux and  selectivity  were  found, when pure  oxygen  was 
used  instead of air as the  etching gas. Using  this  gas,  three  stages in the  etching  process  could 
be  distinguished. Short etching times (for the fibres studied up to 10 minutes)  showed  no 
measurable changes in permeation  values. It  is believed that in this stage of the process 
rearrangements (modifications) in the toplayer resulted in a somewhat denser structure. 
Reduction  of  the  toplayer  thickness  (caused by removal  of  material  during  the  etching  process) 
is compensated  by  densification at this  stage  and  no  increase in flux was  found.  At  moderate 
etching  times  (between 10 and 30 rninutes)  the  selectivity  drastically  reduced,  with  no  change 
in CO2-flux. The  number and size of defects  (pores)  formed in this part of the  etching  process 
are  only  very smdl and  coating of the etched  fibres  gave  the  initial  permeation  values  again.  At 
longer etching times  an  increase  in flux was also found.  Coating  gave  a strong reduction of 
flux here,  compared  to  the  values for the  etched,  uncoated  fibres,  with  only  a  small  regain in . 

selectivity. Obviously, the (coated) pores in the toplayer dominate the transport for these 
extensively  etched  membranes. 

The observed  changes in flux and  selectivity  as  a function of  the etching time are in  good 
agreement  with  the  predictions of the  Henis  and  Tripodi  resistance  model [2]. 

The  thickness of the  toplayer  could  be  estimated  from  electron  micrographs  and  calculated 
from permeability  measurements  and from etching experiments for homogeneous  polymer 
films (weight-loss  measurements).  This  resulted  in  values  of  about 1 pm , 3  pm and 2.4 pm, 
respectively.  The  low  value  found  by  electron  microscopy  might  be  explained by the fact that 
only  a  very  limited  part of the  fibre  structure is shown  on  the  electron  micrographs. 
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APPENDIX : Selectivity  and f lux in  relation to surface  porosity 

When it is assumed that the  resistance  in  the  sublayer is negligible (R4 =' O), and that the 
coating  material  penetrates  the  toplayer  to  a  thickness l3 = 1, (see  figure 4), equation (5) can  be 
converted  into  equation A-l (symbols  are  explained  at  the  end  of  this  appendix). 
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The  relative  flux for component a is now  given  by 

For chosen  values off, g, xa and ya can be  determined.  When this value is close 
to 1 it means that a dense toplayer  of  polymer 2 (the  membrane fonning material)  with 
thickness l2 largely  detennines  the transport properties through the asymmetric  membrane. 

For a second  component  b  equation A-4 is valid with the appropriate  parameters. The 
membrane  selectivity is now  given  by  the ratio of  the  relative  fluxes  for a and b : 
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parameter  uncoated  fibres  coated  fibres 

f variable  variable 
g O 
'a 106 :d 
Ya 106 Id 

~~ 

al 1 3 
a2 50  50 
a3 1 3 

Explanation of the symbols 

P2,a , P3,a Intrinsic  permeabilities  of  the  coating  material (l), the  membrane  material (2) 
and  the  coated  pores (3), for component  a.  For  uncoated  fibres (1) and (3) is air. 

PI,$ , P2,b , P3,b Same, for component b. 
1, Y 1, Y 13 Thickness  of  the  coating (l), the  membrane  toplayer (2) and  the  thickness  of  the 

f Ratio  of  pore  surface A3 to total membrane  surface AT When A3 is 

g Ratio  of  coating  thickness I, to toplayer  thickness l2 

coating in the pores (3). For uncoated  fibres 1, and l3 are zero 

considerably  smaller  than AZ , f  is  equal  to  the  surface  porosity 

'a 'b Ratio of intrinsic  permeability of the  coating  material P, to the  intrinsic 
permeability  of  the  membrane  material P2, for  a  and  b,  respectively 

intrinsic  permeability of the membrane  material P2 , for a and  b,  respectively 

the  pores (3). For  uncoated  membranes al and  are  equal  to 1. 

Ya 3 Yb Ratio  of  intrinsic  permeability of the  coating  material in the  pores P3 to  the 

a,,%?,aj Intrinsic  selectivities of the coating  material (l), the  membrane  material (2) and 
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Summary 

SUMMARY 

This  thesis  describes  the  spinning  and  characterization  of  hollow  fibre  membranes  for  gas 
separation. The type of fibres studied  here are made  by  a  wet spinning process. A 
homogeneous  solution is prepared,  consisting of a  polymer  in  a  suitable  organic  solvent,  and 
extruded  as  a  hollow  fibre.  Both  the  inside  (the  bore)  and  the  outside  of  the  'solution  are 
contacted  with a  nonsolvent  for  the  polymer.  Due  to  an  exchange  of  solvent  and  nonsolvent  the 
polymer  precipitates  and  a  structure  with  a  certain  degree of porosity is formed.  Such  a 
structure  usually is asymmetric.  This  means  that  only a  very  thin  layer  on  the  outside andor the 
inside  has a densified  structure  (a  toplayer),  while  the  remainder of  the fibre wall  has a . 

considerably  higher  porosity  (the  sublayer).  To  obtain  good  gas  separation  properties it  is 
essential  that  the  toplayer  is  pore-free. 

The  subjects  described  in  this  thesis may  be divided  into  three  categories.  Firstly,  the 
influence of various  spinning  parameters on  the fibre  gas  separation  properties is studied,  as 
dete&nined by. the  microscopic  structure.  Secondly,  the  relation  between  the  spinning 
parameters  and  the  macroscopic  fibre  structure  (diameter,  roundness,  porosity  of  the  sublayer, 
macrovoid  formation,  etc.) is investigated.  Thirdly, it is investigated how additional 
inforrnation  can  be  obtained  about  the  properties of  the  (usually)  dense toplayer. This is done 
by  using  an  etching  technique. 

The  separation  process  studied  in  this  thesis is the  removal of, CO, form CH4. This 
separation is important  in  the  purification of natural  gas  &d  in  enhanced oil recovery.  The . 

fibres  investigated  are all prepared  from  polyethersulfone,  abbreviated  as  PES.  It is an 
aromatic,  glassy  polymer  (glass  transition  temperature  about 220 "C)  with a  thermal  stability  up 
to 450 "C.  Furthermore,  the  solubility  in  various  common  organic  solvents  makes PES  very 
attractive for use  in  a  wet  spinning  process.  The  selectivity  of PES for CO, versus  CH4 is 
good,  only  the  permeability  for  CO,  (the  faster  permeating  component)  is  rather low. 

1 %  

'polyethersulfone 
(. I .  

, ., 

Chapter 1 gives  a  general  introduction on membrane  separations. A review is given  of  the 
different  membrane  processes,  as  well  as  a  brief  description of the  various  possibilities  to  make 
synthetic  membranes  (including  hollow  fibre  spinning).  Furthermore,  the .present market 
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situation in gas  separation by  membranes is discussed. 
h chapters 2,3 and 4 the influence  of  various  spinning  parameters on the gas separation 

properties  of PIES hollow  fibre  membranes is described. 
Chapter 2 shows the influence of  the  composition of the  spinning  solution and of  the 

nonsolvent  baths.  B is foFd that  satisfactory  selectivities  can  be  obtained if the initial  polymer 
concentration in the spinning  solution is high (more than 35 weight-% of PE%) and if water is 
used  as  the  nonsolvent.  Unfortunately,  fibres  spun  from  such  solutions  have  very  low  fluxes. 
From electron micrographs it can be  seen  that in such  situations  the  sublayer  consists  of 
isolated  pores.  The  result is a  considerable  resistance  to gas transport in the  membrane  sublayer 
and  therefore a low overall gas flux. Addition  of  glycerol (a nonsolvent for PES) to  the 
spinning  solution  gives  a  significant  improvement in fluxes, but also a disappearance o€ the 
selectivity.  Fibres  with  a high selectivity are only obtained  when  the  outer  stuface is coated 
with  a  thin  layer of silicone  rubber.  Furthermore,  the  results in chapter 2 show  that  the  shape of 
the fibres (e.g..,  the. roundness  and  the  ratio  of  wall  thickness  to fibre diameter)  not only 

depends on the  spinning  conditions,  but  also  on  the  polymer  precipitation  rate. 
h chapter 3 the  influence of the temperature  on  the  fibre  permeability is discussed. Pt is 

€bud that the temperature of the water  bath in which  the fibre is extruded  can  have  a  large 
influence  on the final  separation  properties.  Although  the  temperature of the spinning solution 
does  have  a  significant  effect  on  the  viscosity, for the  fibres  studied no  correlation  with flux 
and  selectivity of the  final  membrane is found.  The  temperature  of  the  nonsolvent in the  bore of 
the  fibre  has an effect  only  when  the  temperature  of  the  outer  nonsolvent is relatively high. It is 
believed  that in suck situations  the  absence  of a dense  toplayer  on the outside  enhances  the 
importance Q€ the transport resistance in the  rest o€ the  fibre  wall. 

Because it is not  possible  to  prepare  asymmetric  fibres  with  both  sufficient  selectivity  and 
flux if water is used as the  nonsolvent,  another  precipitation  method is described in chapter 4. 
Here,  the  extruded  solution is immersed in the  water  bath  after a short  residence  time .in another 
nonsolvent for the  polymer. This second  nonsolvent (e.g., a  higher  alcohol)  has  an  interaction 
with  the  solvent  used in the  polymer  solution  that  is  considerably  lower than that  between  water 
and  solvent. This results in the  fixmation of a  thin  interfacial  layer  with a very  high  polymer 
concentration.  Upon  immersion in the  water  bath,  a  dense,  pore-free  toplayer  will  be  formed. 
The g o l p e r  concentration in the  rest  of  the fibre wall  has  not  changed  much  and  therefore 
precipitation in water  results in a  rather  open  substructure. By this  dual-bath  coagulation 
technique it  is possible  to  obtain  fibres  with high selectivities  as  well  as a high  fluxes,  without 
the  necessity  of an additional  silicone  rubber  coating. 

In chapter 5 the  substructure of the fibre wall is studied  in  more  detail.  From  electron 
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micrographs  of  the  fibres  obtained  in  chapters 2 to 4 it is  found  that  totally  different  structures 
of  the fibre  wall may  be  obtained,  depending  upon  the  compositions  of  the  spinning  solution 
and  of the  nonsolvent  baths.  Fibres  prepared  from  a  solution  of PES in  N-methylpyrrolidone 
(NMP) or N,N-dimethylacetamide  (DMAc)  and  precipitated  in  water  always  contain  holes in 
various  sizes.  Such  holes,  usually  called'macrovoids,  are  initiated just below  the  surface on 
both  the  inside  and  the  outside of the  fibre wall. If a  certain mount of a nonsolvent is added  to 
the  spinning  solution (e.g.,  glycerol),  these  macrovoids  may  fully  disappear  and  a  finely 
porous  substructure is formed  with  the  desired  interconnectivity  of  the  pores.  However,  if  the 
dual-bath  method  (as  described  in  chapter 4) is used,  macrovoids  appear  again,  which  usually 
are  considerably  larger  than  those  obtained  in  fibres  spun  from  solutions  without  glycerol  and 
precipitated  in  water.  The  formation  of  such  large  holes is believed  to  be  caused  by  a  diffusion 
barrier  between  polymer  solution  and  nonsolvent  bath.  Due  to  this  barrier  the  outflow  of 
solvent  and  the  inflow.  of  nonsolvent is hindered,  which  favours  the  growth of macrovoids 
from  the  inner  (bore)  interface. 

The  last  chapter  gives  a  method  to  determine  the  contribution  of  both  the  toplayer  and  the 
sublayer  to  the  total  gas  transport  resistance  of  the  fibre  wall.  This  is  achieved  by  removing  thin 
layers of  polymer  from  the  outer  fibre  surface  by  'cold'  oxygen  plasma  etching.  By  measuring 
flux  and  selectivity of  the  unetched  and  the  silicone-coated,  etched  fibres  as  a  function  of  the 
etching  time,  an  estimation  can  be  given  for  both  the  thickness  of  the  toplayer  and  the  porosity 
of  the  sublayer.  In  combination  with  scanning  electron  rnicroscopy it is now possible  to  obtain 
much  more  information  about  the  structure  of  asymmetric  hollow  fibre  membranes. 
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SAMENVATTING 

Dit  proefschrift  beschrijft  een  onderzoek  naar  het  spinnen  en  karakteriseren  van  holle  vezel 
membranen  met gasscheidingseigenschappen. Het  type  holle  vezels dat hier  bestudeerd  is, 
wordt  gemaakt  door  een  polymeer in een  geschikt  oplosmiddel  op  te  lossen  en  de  zo  ontstane 
homogene  oplossing als een  holle  vezel  te  extruderen  (nat  spinproces).  Zowel  het  inwendige 
als het uitwendige  oppervlak  van de vezel  worden  dan  in contact gebracht  met een 
niet-oplosmiddel  voor  het  polymeer.  Tengevolge  van  een  uitwisseling  van  oplosmiddel  en 
niet-oplosmiddel  precipiteert  het  polymeer  en  wordt  een  structuur  met  een  zekere  porositeit 
gevormd.  Zo'n  structuur  heeft  meestal  een  asymmetrisch  karakter.  Dat  wil  zeggen  dat  het 
grootste  deel  van de vezelwand  min of meer  poreus is (de  onderlaag)?  terwijl  zich  aan  het 
grensvlak  een  verdichte  structuur  gevormd  heeft  (de  toplaag).  Bij  voorkeur  vormt  zich  slechts 
aan  één  zijde  zo'n  verdichte  laag.  Voor  goede gasscheidingseigenschappen is het  noodzakelijk 

. dat de structuur  van de  toplaag  absoluut  porievrij  is. 
Er  in dit proefschrift drie verschillende  onderwerpen  aan de orde.  Ten  eerste  wordt 

weergegeven wat de invloed van een aantal belangrijke spinparameters op de 
gasscheidingseigenschappen is. Verder  wordt  ingegaan  op  de  relatie  tussen  de  verschillende 
spinomstandigheden en de uiteindelijke  macroscopische  structuur  van  de  vezel  (diameter, 
rondheid,  porositeit?  aanwezigheid  van  macrovoids,  etc.).  Tenslotte  wordt  beschreven  hoe  via 
etsexperimenten  extra  informatie  verkregen  kan  worden  over  de  soms  zeer  dichte  structuur  van 
gasscheidingsmembranen. 

Wat  gasscheiding  betreft ligt het  accent  voor  dit  onderzoek  op  de  verwijdering  van  CO,  uit ' 

aardgas  (CH4).  Als  membraanmateriaal  wordt  polyethersulfon  gebruikt,  afgekort als PES. Dit 
is een  aromatisch?  glasachtig  polymeer  (de  glasovergangstemperatuur  is  ongeveer 220 ?C) met 
een thermische stabiliteit tot 450 OC. Verder is het  oplosbaar in diverse  organische 
oplosmiddelen,  waardoor  het  zeer  geschikt is voor  het  verspinnen  via  een nat-spinprkes. De 
selectiviteit  van PES voor CO,  ten opzichte  van CH4 is goed,  alleen is de  permeabiliteit  voor 
CO,  (de  snelst  permeërende  component)  betrekkelijk  laag. 

polyethersulfon 

Hoofdstuk 1 geeft  een  algemene  inleiding  in  het  onderwerp?  waarbij  naast  een  overzicht 
van de diverse  membraanscheidingsprocessen  ook  een  aantal  methodes  wordt  gegeven om 
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membranen te maken,  waaronder  het  spinnen  van  holle  vezels: Ook wordt  de  huidige  situatie 
op het  gebied  van  gasscheiding  met  membranen  toegelicht. 

De  hoofdstukken 2 tot  en  met 4 beschrijven de invloed  van  een  aantal  spinparameters op de 
gasscheidingseigenschappen van de PES holle  vezels. 

In hoofdstuk 2 komt  de  invloed  van de samenstelling  van de spinoplossing ter sprake, 
alsmede de samenstelling van de niet-oplosmiddel  baden,  waarin  de  uiteindelijke  precipitatie 
van het  polymeer  plaatsvindt.  Het  blijkt  dat  met  water als het  niet-oplosmiddel  weliswaar  een 
membraan  met  goede  scheidingsfactor  voor C02/CH4 verkregen  kan  worden,  maar dat clit leidt 
tot  een  zeer lage flu door de vezels. De structuur die in dat soort gevallen in  de onderlaag 
verhegen wordt  bestaat  uit  een  verzameling  van  geïsoleerde  poriën,  waarvan de wwden een 
aanzienlijke  transportbarriere  vormen,  Toevoeging  van  glycerol  (een  niet-oplosmiddel  voor 
PES) aan de spinoplossing  geeft  aanzienlijk  betere  fluxen,  ten  gevolge van een  meer  open 
poriestructuur.  Uitgaande  van dit soort oplossingen  kunnen  echter  alleen  selectieve  vezels 
gemaakt  worden,  indien  het  buitenoppervlak  van de vezels  'gedicht'  wordt  met  een  dun  laagje 
rubber.  Verder  blijkt  uit de resultaten  van  hoofdstuk 2 dat de V Q ~  van  de  vezels  (bijvoorbeeld 
de rondheid en de verhouding  wanddikte/diameter)  niet  alleen  bepaald  wordt door de 
hoeveelheid polymeeoglossing die geëxtrudeerd  wordt,  de  hoeveelheid  vloeistof in het 
inwendige  van  de  vezel en de spinsnelheid,  maar  ook  door  de  omstandigheden  waaronder  het 
polymeer  precipiteert-  Hierbij  speelt de samenstelling  van  de  vloeistof in het  inwendige  van  de 
vezel  een  belangrijke  rol. 

Het  derde  hoofdstuk  beschrijft  het  effect  van  de  temperatuur  tijdens  het  spinnen op de 
permeabiliteit van de vezels.  Gevonden  wordt dat vooral de temperatuur  van  het  waterbad, 
waarin de spinoplossing  na  extrusie  gedompeld  wordt,  een  grote  invloed kan hebben op de 
uiteindelijke scheidingseigenschappen. Hoewel de temperatuur  van de spinoplossing  een 
duidelijk  eEect  heeft  op de viscositeit  ervan,  blijkt  uit  de  gevonden  meetresultaten  niet of er  een 
relatie  bestaat  met de flux en de selectiviteit  van de verkregen  holle  vezels.  De  temperatuur  van 
de vloeistof die in het inwendige  van de vezel geleid  wordt  heeft  slechts dm een  effect, 
wanneer  de  temperatuur  van  het  eerder  genoemde  waterbad  aan de buitenkant  relatief hoog is. 
De  afwezigheid  van  een  dichtere  laag  aan  de  buitenkant  maakt  dat  de  rest  van de vezelwand in 
dit soort situaties  een  grotere  invloed krijgt op de  totale  &sportweerstand. 

Aangezien  uit de resultaten  van  hoofdstuk 2 en 3 blijkt dat het  met  water of waterige 
oplossingen als niet-oplosmiddel  niet  mogelijk is om zowel  een  goede  selectivitieit als ook  een 
guede flux te  realiseren,  wordt in hoofdstuk 4 een  methode  beschreven o h  het  polymeer op een 
andere wijze te precipiteren. Dit wordt  gedaan  door de geëxtrudeerde oplossing v66r 
onderdompeling in het  externe  waterbad  gedurende  korte tijd in contact te brengen  met  een 
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ander  niet-oplosmiddel.  Dit  tweede  niet-oplosmiddel  (bijvoorbeeld  een  hogere  alcohol)  vertoont 
een  interactie  met  het  oplosmiddel  in de spinoplossing  die  veel  geringer is dan de  interactie 
tussen  water en oplosmiddel.  Dit  resulteert in  de  vorming  van  een  dunne  grenslaag  met  een  zeer 
hoge  polymeerconcentratie.  Na  onderdompeling  in  het  waterbad  zal  vervolgenS.een  zeer  dichte, 
porievrije  toplaag  ontstaan.  De  polyrneerconcentratie  in  de  rest  van  de  vezelwand  verandert  veel 
minder  en  door  precipitatie  in  water  vormt  zich  daardoor  een  open  structuur. Op deze  wijze is 
het  mogelijk om vezels  met  zowel  een  goede  selectiviteit  als  ook  een  acceptabele flux te 
verkrijgen,  zonder  dat  daarvoor  een  aanvullende  coating  met  rubber  nodig  is. 

In  hoofdstuk 5 wordt  nader  ingegaan  op  het  poreuze  gedeelte  van de  vezelwand.  Het  blijkt 
dat  afhankelijk  van  de  samenstelling  van  de  spinoplossing  en  van  de  niet-oplosmiddel  baden 
totaal  verschillende  structuren  verkregen  kunnen  worden.  Wanneer  vezels  gesponnen  worden 
uit  een  oplossing  van PES in  N-methylpyrrolidon (NMP) of N,N-dimethylacetamide  (DMAc), 
met  water  als  het  niet-oplosmiddel,  dan  ontstaan  zowel  aan de binnenzijde  als  aan  de 
buitenzijde  van  de  vezelwand  aanzienlijke  holtes,  'macrovoids'  genaamd.  Wanneer  aan  de 
spinoplossing  een  zekere  hoeveelheid  niet-oplosmiddel  (b.v.  glycerol)  toegevoegd  wordt,  dan 
kan  de  vonning  van  deze  'macrovoids'  volledig  voorkomen  worden  en  ontstaat er een  zeer 
regelmatig  netwerk  van  kleine  poriën,  die  goed  met  elkaar  verbonden  zijn.  Als  echter  de 
methode  van  twee  opeenvolgende  niet-oplosmiddel  baden  wordt  toegepast,  zoals  bescheven  in 
hoofdstuk 4, dan  ontstaan  opnieuw  'macrovoids'.  Deze  zijn  aanzienlijk  groter  dan  die  in  het 
eerstgenoemde  geval.  Het  ontstaan  van  deze  holtes  wordt  toegeschreven  aan  het  feit  dat  een 
dunne  laag  aan  het  buitenste  grensvlak,  met  een  verhoogde  polymeer  concentratie,  een  snelle 
uitstroom  van  oplosmiddel en instroom  van  niet-oplosmiddel  verhindert.  Hierdoor  zijn  de 
omstandigheden  voor  het  uitgroeien  van  een of meerdere  kiemen  vanaf  het  binnenoppervlak 
van  'de  vezelwand  tot  'macrovoids'  zeer  gunstig. 

Tenslotte  wordt  in  hoofdstuk 6 een  methode  beschreven  om  de  bijdrage  van  de  toplaag  en 
die  van de onderlaag  aan  de  totale  transportweerstand  van  een  asymmetrische  holle  vezel  te 
bepalen.  Dit  wordt  gedaan  door  met  behulp  van  een  'koud'  zuurstof  plasma  laagjes  polymeer 
van  het,  buitenoppervlak  van  de  vezels  te  etsen.  Door  meting  van de  gaspermeabiliteit  als  functie 
van de etstijd,  eventueel  ook  na  coaten  van  de  geëtste  vezels,  kan  een  duidelijk  onderscheid 
gemaakt  worden  in de doorlaatbaarheid  en  het  scheidend  vermogen  van  toplaag  en  onderlaag. 
In combinatie  met  electronenmicroscopie is het  nu  mogelijk  om  een  compleet  ,beeld  te  krijgen 
van  de structuur van de vezelwand. 
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