
TRANSPORT OF GASES THROUGH BLENDS OF

POLYETHERSULFONE

BY

HARPAL HUNDAL BSc HONS

A Thesis submitted 

for the award of the degree of

DOCTOR OF PHILISOPHY 

OF THE

UNIVERSITY OF LONDON 

and

THE DIPLOMA OF IMPERIAL COLLEGE

Department of Chemistry,
Imperial College of Science and Technology, and Medicine 
LONDON SW7 2AY.

1



a b s t r a c t

Transport -o f-gases through blends of Polve th ersu i fo n e

The p erm eab i l i ty ,  s o l u b i l i t y  and d i f f u s i v i t y  of  carbon 

diox ide  and methane have been determined in blends of  

Polye thersulfone (PES) - Polyhydroxyether of  bisphenol (A) 

(Phenoxy) and of carbon d iox ide  in blends of PES-Pu 

(Polyurethane) in the temperature range 30-50°C.

The PES-Phenoxy system was completely m isc ib le  over the 

e n t i r e  composition range based on the presence of s ing le  

composition dependent glass t r a n s i t io n  temperature ind ica ted  by 

d i f f e r e n t i a l  scanning ca lo r im e try .  A l l  of  the blends and pure 

components were in the glassy s ta te  in the temperature range of  

the t ranspor t  and so lut ion  s tudies.  The sorption of  CÔ  

exh ib i ted  the Langmuir type curvature expected fo r  glassy  

polymers, however fo r  methane Henry’ s law was obeyed due to the 

very low uptake and curvature was observed only at  high 

pressures.  The in t e r a c t io n  parameter deduced from the s o l u b i l i t y  

data was approaching zero based on the Flory Huggins theory.  The 

p erm eab i l i ty  was independent of  pressures at  low penetrant  

a c t i v i t y  and decreased as the pressure was increased.  The 

perm eab i l i ty  data also ind ica ted  the system to be completely  

miscib le  when compared with  a number of  homogeneous and 

heterogeneous models fo r  t ran sp o r t .  The d i f fu s io n  c o e f f i c i e n t s  

exh ib i ted  a minimum around 50Z PES w hi le  the perm eabi l i ty  and 

s o l u b i l i t y  increased wi th  increasing PES content.  Higher  

separation fa c tors  where achieved at lower temperatures at  the 

expense of lower f low r a t e .
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Sorption and transport of carbon dioxide in blends of PES -

Pu strongly  suggested mixing fo r  the system when compared with  

re la te d  models. This was fu r t h e r  supported by densi ty  

measurements; however the glass t r a n s i t io n  temperatures measured 

by d i f f e r e n t i a l  scanning ca lor im etry  gave c o n f l i c t in g  r e s u l t s .
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Arrhenius plots  fo r  D i f f u s i v i t y  of  C02

CHAPTER 5 - PES-PHENOXY BLENDS

DSC fo r  PES-Phenoxy Blends cast from DMF

solution

G lass -Trans i t ion  behaviour of  PES-Phenoxy blends 

S p ec i f ic  volume of PES-Phenoxy Blends 

FTIR spectra of  PES-Phenoxy blends recorded at  

room temperature

P lo t  of  the width at h a l f - h e ig h t  versus wt.Z PES

oSorption Isotherms of C02 at  30 C

Sorption Isotherms of CÔ  at  40°C
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5.37 Permeabil i ty  of CÔ  at  50°C in  Phase-Separated

blends of PES-Phenoxy 209

CHAPTER 6 PES-Pu BLENDS

6 . 1 V a r ia t io n  of  s p ec i f ic  volume with weight

f r a c t i o n  of PES 213

6.2
o

Sorption Isotherms of CÔ  at  30 C 216
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INTRODUCTION

With the cost of  research and development in to  new polymers 

becoming p r o h i b i t i v e l y  high,  a t te n t io n  has now turned to 

modifying e x is t in g  commercial polymers in order th a t  they may 

f u l f i l  set requirements.  Thus the concept of  p h y s ic a l ly  blending  

two or more e x is t in g  polymers to obtain  new products is  now 

a t t r a c t i n g  widespread i n t e r e s t  and commer cal  a p p l ic a t io n .

Polymer blends may be c la s s i f i e d  as m isc ib le ,  p a r t i a l l y  

m isc ib le  or immiscible .  Mechanical,  thermal and rh e o lo g ic a l  

proper t ies  are determined by the s ta te  of m i s c i b i l i t y  of  the 

system. In more recent  years there  has been considerable  

i n t e r e s t  in m isc ib le  blends.  The propert ies  of  blends of th is  

kind g enera l ly  vary smoothly with  composition between those of  

the pure components. Propert ies  are also dependent to some 

extent on the degree of  i n t e r a c t io n  of  the blend components. 

With the renewed i n t e r e s t  in  polymer f i lm s  as p o t e n t i a l  membranes 

fo r  the separation of  gaseous mixtures ,  there has also been a 

number of  studies of  gas transpor t  in  misc ib le  polymer blends.  

I t  i s  wi th th is  aspect of  m isc ib le  polymer blends th a t  the 

present study is  mainly concerned.

The gas b a r r i e r  proper t ies  of  polymerjare w e l l  establ ished  

and have widespread a p p l ic a t io n  in food packaging, b o t t l i n g  of  

carbonated beverages and other in d u s t r ie s .  The p o t e n t i a l  of  

polymers fo r  the separat ion of  gaseous mixtures was recognized at  

an e a r ly  stage but p r a c t i c a l  a p p l ic a t io n  had to await  the advent 

of asymmetric th in  f i l m  technology to supply the high f luxes

18



requ ired .  Modif ied asymmetric hol low f ib res  of  polyethersulphone

form the basis of  the Monsanto "PRISM" separator applied

successfu l ly  to the recovery of  hydrogen waste gas in  ammonia

synthesis.  The p o t e n t i a l  of  polymer membranes fo r  the separation

of other gas mixtures,  e s p e c ia l ly  CO./CH,, is  also recognized andc k

has resu l ted  in  renewed i n t e r e s t  in  th is  area.

The main o b jec t ive  of  th is  work is  to in v e s t ig a te  the 

t ransport  and so lut ion of  carbon d iox ide  and methane in  the 

engineering p l a s t i c  polyethersulphone and blends of th is  polymer 

with  phenoxy polymer and to a les s er  extent polyurethane.  As 

w e l l  as i d e n t i f y i n g  p o t e n t i a l l y  usefu l  separat ion membranes, such 

studies are usefu l  in  probing the physical  s ta te  of  a polymer,  

rubbery or glassy and i t s  morphology.

19



CHAPTER 1

POLYMER BLENDS

1.1 INTRODUCTION

Polymer blends may be defined as physical  mixtures of  two or 

more p o l y m e r s , ^  and may be subdivided in to  a number of 

d i f f e r e n t  categor ies .  However, the most important d i s t i c t i o n  is 

between the so-ca l led  incompatible  and compatible blends.  

Incompatible blends are those in  which the polymeric components 

e x is t  in  w e l l -d e f in e d  separate phases and domains. Commercially 

usefu l  examples of  such blends are the rubber-modif ied p l a s t i c  

m a te r ia ls ,  high impact polystyrene (HIPS) and the a c r y l o n i t r i l e  - 

styrene butadiene (ABS) m a te r ia ls .

While the incompatible blends represent the la rge  m a jo r i ty

of a l l  polymer blends, the compatible (also re fe r re d  to as

m isc ib le )  blends are in  the m in o r i ty .  However, an ever-

increasing number of  compatible polymer pa irs  have been

discovered and these m ater ia ls  are s t i l l  a t t r a c t i n g  considerable

a t t e n t io n .  An example of  an i n d u s t r i a l l y  s i g n i f i c a n t  compatible

blend is  the Noryl  polymeric m a te r ia l  which consists’ of

(2)polystyrene and poly (2,  6 -d imethyl  - 1, 4-phenylene ox ide) .

The heat d i s t o r t i o n  temperature of  the phenylene oxide is

(3)decreased by the addi t ion  of  po lystyrene . Polystyrene is  the 

cheaper of  the two components and blending is  economically 

advantageous provided the lower heat d i s t o r t i o n  temperature is  

acceptable.  C o m p at ib i l i ty  is  of ten used to describe whether a 

desired or b e n e f i c i a l  r e s u l t  occurs when two m ater ia ls  are 

combined together  and does not necessari  l y  mean' they represent

2 0



one phase. However, in th is  case c o m p a t ib i l i t y  or m i s c i b i l i t y  of  

a misc ib le  blend w i l l  be defined as the in t im a te  mixing of 

polymers on a molecular l e v e l  to produce macroscopic proper t ies  

c h a r a c t e r i s t i c  of  a s ing le  phase.

This section w i l l  discuss,  the basic thermodynamics of  

mixing and b r i e f l y  the various methods by which m i s c i b i l i t y  of  

two polymers may be es tab l ished .  In recent years the te c h n ica l  

l i t e r a t u r e  on th is  subject has g r e a t ly  expanded and there  are a 

number of  d e t a i l e d  accounts . *1, * 71
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1•2 The_Thermodvnamic_ of_Polvmer-Polvmer Miscibility

The thermodynamic c r i t e r i a  fo r  m i s c i b i l i t y  can be developed

in  terms of the Gibb's f re e  energy of  mixing,  AG . . Completemix

m i s c i b i l i t y  between mixtures w i l l  occur whenever the f ree  energy

2 2of mixing,  AG . is  negative  and 0 AG . / 0 f  is  p o s i t iv e  over the  mix mix

e n t i r e  composition range.

Figure (1 .1 )  shows a t y p i c a l  v a r i a t io n  of  f re e  energy with  

composition fo r  completely immiscible ,  completely misc ib le  and 

p a r t i a l l y  m isc ib le  binary mixtures represented by curve A, B and 

C re s p e c t iv e ly .

Since

AG . = AH . - TAS . (1 .0 )mix mix mix

there w i l l  be contr ibut ions  to AG . from both AH . , themix mix

enthalpy change on mixing and AS . , mix the entropy change on

m ix ing .

(5)Flory developed an expression fo r  the combinator ia l  

entropy fo r  the athermal mixing of  polymer segments with  solvent  

or other polymer segments using a l a t t i c e  model approach. The 

expression f o r  the mixing of  two polymer species expressed per 

u n i t  volume of  the mixture is

AS . = -kmix
>1 x  *2—  In *  ♦ —  In f  

1 2 ( 1 . 1 )

Where and are the molar volumes and volume f r a c t io n s  of

component i  re s p e c t iv e ly .  I t  is  c le a r  from equation ( 1 . 1 ) ,  th a t
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AS . is  dependent on the molecular weight since V mix i

p ro por t iona l  to molecular weight.

Thus the combinatoria l  entropy of mixing two polymers is  

small because of the high molecular weight of  commercial ly  

important polymers and w i l l  tend towards zero wi th increasing  

molecular weight .

An estimate  of  the enthalpy of mixing,  AH^^ depends

p r im a r i ly  on the energy change associated wi th the change in

(8)nearest neighbour contacts during mixing and is  independent of

molecular weight.  When two polymers only i n t e r a c t  v ia  d ispers ive

(9)or van der Waals type bonding the heat of mixing is  adequately

( 1 0 )estimated from the s o l u b i l i t y  parameters of  the components, 

using equation ( 1 . 2 ) .

AH . mix V ( 6 ,  - 62 > ♦ , * 2 0 . 2 )

Equation ( 1 . 2)  only pred ic ts  a p o s i t ive  or zero enthalpy of

mixing and m i s c i b i l i t y  in  such cases is  not favourable .  I t  can

be seen th e re fo re  tha t  AG^^ is  p r im a r i ly  in f luenced by the sign

and magnitude of  AH . fo r  high molecular weight mixtures .mix

However, i f  the s o l u b i l i t y  parameters of  two polymers are c lo se ly  

matched, choosing polymers of  s im i l a r  s t ruc ture  may then lead to 

an enthalpy of  mixing close to zero and a small  p o s i t iv e  entropy  

of mixing.  This may r e s u l t  in  a negative f re e  energy of  mixing.

S p ec i f ic  in te ra c t io n s  such as in te rm olecu lar  d ip o le - d ip o le  

in te r a c t io n s  or donor-acceptor bonding such as hydrogen bonding 

when present between chains make an exothermic con tr ib u t io n  to
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the heat of mixing.

I f  the strength of  these s p e c i f ic  in te ra c t io n s  outweighs the 

endothermic con tr ib u t io n  fo r  the d ispers ive  forces an o v e r a l l  

exothermic heat of  mixing may r e s u l t  which favours m i s c i b i l i t y .  

Therefore many m isc ib le  mixtures have been examined which have 

the p o t e n t i a l  to e x h ib i t  s p e c i f i c  i n t e r a c t i o n .

Equation ( 1 . 2 )  does not a l low fo r  s p e c i f ic  in te ra c t io n s  of

the kind discussed above nor does i t  a l low fo r  any reduction in

volume which of ten accompanies the formation of  m isc ib le

mixtures.  Bearing in mind tha t  the enthalpy of  mixing is

associated with  change in nearest neighbour contacts between l i k e

segments and un l ike  segments, H i l d e b r a n d ^ 0 * , Van L a a r ^  and 

(8)Scatchard der ived the fo l low ing  expression fo r  the enthalpy of  

mixing per u n i t  volume in  terms of the energy change Aw^ fo r  the 

formation of  an un l ike  p a i r  of  segments

AH .mix zAw
12 1 V Vs

( 1 . 3)

z is  the coordinat ion number which accounts fo r  the number of

near neighbour segments wi th  which a given segment may i n t e r a c t

and V is  the volume of the segment. Equation ( 1 . 3)  may also be s

w r i t t e n  as: -

AHmix
k T X ♦«

( 1 . 4)

Where k is  the Boltzmann constant and x is the Flory  - Huggins 

i n t e r a c t io n  parameter and is  given by
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X zAw^ ̂ /kT ( 1 . 5 )

An a l t e r n a t iv e  expression o ften  seen fo r  the enthalpy of mixing  

is

AH . = Bmix 1 2

where B is  given by

(1.6)

B = zAw /V = kTx/V = RTx/V ( 1 . 7 )12  s  s 1

Both x and B w i l l  take negative values when AH . is  exothermic,mix

and equation ( 1 . 3 )  and ( 1 . 6 )  may be applied to both exothermic  

and endothermic heats of mixing u n like  equation ( 1 . 2 )  which 

p red ic ts  only p o s it iv e  heats of m ixing.

When s p e c i f ic  in te ra c t io n s  are pronounced the entropy change 

of mixing cannot be equated to the com binatoria l entropy of 

mixing since the s p e c i f ic  in te ra c t io n s  w i l l  r e s u l t  in  an 

a d d i t io n a l  entropy c o n tr ib u t io n  a r is in g  from an increase in  the 

degree of lo c a l  ordering in  the system. The Aw^ may then be 

redefined  as a f re e  energy function  given by:

Aw,. = Aw. - TAw (1 . 8 )1 2 h s

Where Aw.h and Aw account fo r  the  s change in  heat content and

entropy re s p e c t iv e ly  on forming an u n like  segment p a i r . The

in te ra c t io n parameter in  equation ( 1 . 5 )  is  no longer simply

re la te d to the enthalpy of mixing by equation ( 1 . 3 )  since i t

contains an entropy c o n tr ib u t io n .
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The t o t a l  entropy change on mixing, AS . , then has twomix

co n tr ib u tio n s  one which is  com binatoria l in orgin and the other  

associated w ith  s p e c i f ic  in te ra c t io n s  and t h e i r  e f fe c t  on lo c a l  

orderin g . The f re e  energy of mixing remains unchanged by the new 

d e f in f t io n  of the in te ra c t io n  parameter x so th a t

*
AG . mix kT

’♦ l ^  x
—  In *  ♦ I n f  ♦ n -  ♦ 
V1 2 s

(1 . 9 )

The corresponding entropy and enthalpy of mixing is  given by

AS*. = -OAG . f d l ) ( 1 . 10)mix mix p

= -  k
♦ , 9(XT)

—  l n f 1 + —  l n f 2 + —  07"

AH . mix = - T

2 s

fdAG . /Tl  mix -k T 2 3x
dT V

P S 3T

.11)  and (1 .12 )  must

However, i f  iw 12 is

( 1 . 1 1 )

V * (1.12)

12

contains no entropy co n tr ib u t io n  and the in te ra c t io n  parameter is  

in v e rs e ly  p ro p o rt io n a l to temperature, then

AS*. = AS . (1 .13)mix mix

AH . = kT x (1 .14)mix 1 2 2

Although a t t r a c t i v e ly  simple, the F lory  -  Huggins l a t t i c e  model 

f a i l s  to take in to  account the e f fe c t  of pressure and volume 

changes on mixing, also i t  is  unable to p re d ic t  lower c r i t i c a l  

so lu tio n  temperatures. In l a t e r  work F lory  and co-workers^11 1^
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developed an equation of state theory which takes into account

these fa c to rs ,  but i t s  a p p l ic a t io n  is  more complex as i t  employs 

severa l somewhat a r b i t r a r y  parameters.

1.3 Phase Separation

Mixtures th a t  are m isc ib le  at one temperature may undergo a

phase separation at other temperatures. In a temperature

composition phase diagram, the boundary between the homogeneous

and heterogeneous region is  termed the cloud point curve since

phase separation is  accompanied by cloudiness. I f ,  keeping the

pressure constant, a homogeneous mixture separates on cooling ,

then the cloud point curve is  concave to the composition axis and

the maximum of curve is  denoted the upper c r i t i c a l  so lu tion

temperature (UCST). This behaviour is  c h a r a c te r is t ic  of an

endothermic heat of mixing and a p o s it iv e  entropy of mixing and

can be pred icted  fo r  polymer systems using the Flory-HOggins

theory . A homogeneous mixture may also phase separate on ra is in g

the temperature. The cloud point curve is  convex to the

composition axis and the mininum of the curve is  re fe rre d  to as

the lower c r i t i c a l  so lu tion  temperature (LCST). This behaviour

is  c h a r a c te r is t ic  of an exothermic heat of mixing and a negative

(16)excess entropy of m ixing. The Flory-Huggins theory does not

account fo r  an LCST and a more recent e q u a t io n -o f -s ta te  theory is  

re q u ire d . ^ 7 ' 18  ̂ LCST behaviour is  encountered w ith  phase 

separation ocurring at s u f f i c i e n t ly  high temperatures. LCST 

polymer systems have recieved much a t te n t io n  re c e n tly  because of 

the in te r e s t  in  m isc ib le  blends and t h e i r  l i k e l y  a p p l ic a t io n s  at 

temperatures a t or above room temperatures.
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The phase diagram of the system ( PES-Phenoxy) in  th is  study

is  shown in  f ig u re  ( 1 . 2 ) .  This is  a ty p ic a l  example of a system

e x h ib i t in g  a lower c r i t i c a l  so lu tion  temperature behaviour. The

re s u lts  are taken from reference ( 19 ) .  The s o lid  curve which

separates the s tab le  one phase region from th a t  where the two

phases coex is t in  e q u il ib r iu m  is  defined as the b inoda l. The

dashed curve separating the two phase region of the phase diagram

in to  a metastable and unstable region and is  defined as the

2 2spinodal. where d AG . /d+ = 0. W ithin the unstable regionmix

there  is  no thermodynamic b a r r ie r  to phase separation and

spontaneous spinodal decomposition occurs. On the other hand in

2 2the m etastable reg ion, where 3 AG . / d i >0, a small f lu c tu a t io nmix

in  composition increases the f re e  energy of the system, however 

fo r  phase separation to take place la rg e  composition f lu c tu a t io n s  

are necessary. This mechanism of phase separation in  the 

m etastable region is  termed as a 'n u c lea tio n  and growth’ since  

the change of composition generates n u c le i  which continue to grow 

once formed.

1.4 P red ic t io n  Of M is c i b i l i t y

There are various way^in which m is c ib i l i t y  may be detected ,  

however only a few w i l l  be discussed b r ie f l y  in  th is  section .  

Before proceeding fu r th e r ,  i t  was mentioned in  section (1 . 3 )  th a t  

on ra is in g  the temperature of a compatible blend of two polymers, 

a lower c r i t i c a l  so lu tio n  (LCST) is  reached where phase 

separation occurs. This in  i t s e l f  is  proof th a t  the o r ig in a l

c le a r  blend consisted of a s in g le ,  e q u i l ib r iu m , homogeneous 

phase. U n fo rtu n a te ly ,  fo r  the m a jo r i ty  of compatible polymer
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blends, the LCST is  not reached before s ig n i f ic a n t  degradation of

the pure component polymers occurs. However, exceptions are

found fo r  example in  blends of e thylene v in y l  ace ta te  (EVA)

copolymers w ith  e i th e r  poly (v in y l  c h lo r id e )  (PVC) or c h lo r in a ted

polyethylene (CPE) which are c o m p a t ib le * ^  and e x h ib i t  LCST’ s at

omoderate temperatures (<150 C).

1.41 Glass T ra n s it io n  Temperatures

One method often used to d e tec t m is c ib i l i t y  of polymer

blends is  the determ ination  of glass t r a n s it io n  tem perature, T .
9

I t  has been w e l l  documented th a t  m isc ib le  polymer blends show a 

s in g le  composition dependent glass t ra n s i t io n  temperature.  

Immiscible or p a r t i a l l y  im m is ic ib le  blends have two glass  

t r a n s i t io n  temperatures corresponding re s p e c t iv e ly  to those of 

the two component polymers or of two mixed phases. There are 

several methods which can be used to determine glass t r a n s i t io n  

temperatures. The two main techniques used in  th is  study were 

C a lo r im e tr ic  and Dynamic mechanical methods. The C a lo r im e tr ic  

methods in vo lve  the change in  heat capacity  of the polymer at the  

glass t r a n s i t io n  temperature and is  c a rr ie d  out using 

d i f f e r e n t i a l  scanning c a lo r im e try ,  (DSC). This methods uses a 

servo system to supply heat at a same ra te  to the sample and the  

re fe rence , so th a t  the temperature of the two stay equal or 

d i f f e r  by a constant amount. Also the system is  programmed to  

give a l in e a r  r is e  in  temperature w ith  time. When the sample 

undergoes a t r a n s i t io n ,  the d i f fe re n c e  in the amounts of heat 

th a t  must be applied to the sample and the re ference  changes and 

is  r e f le c te d  in  a change of base l i n e  as shown in  f i g .  ( 5 . 1 ) .
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Care must be taken to ensure samples are properly  outgassed and 

f re e  of solvent as desorption of these on heating may give r is e  

to spurious changes. DSC is  one of the most commonly used

methods fo r  T de term ination .9

The dynamic mechanical experiment y ie ld s  both the e la s t ic  

modulus of the m a te r ia l  and i t s  mechanical damping, or energy 

d is s ip a t io n ,  c h a r a c te r is t ic s . ( 2 1 J These p ro p ert ies  can e a s i ly  be 

determined as a function  of frequency (tim e) and temperature.  

The sample is  heated at a constant r a t e ;  a s in u so id a l s t ra in  is  

applied to the sample and the re s u l t in g  st ress,  which is  out of 

phase w ith  the s t ra in  by a phase angle 6, is  measured. The phase 

angle is  measured d i r e c t ly  as a function  of temperature and the  

maximum value of tan 6 is  id e n t i f i e d  with the glass t ra n s i t io n  

temperature.

Other techniques of d e tec t in g  the glass t ra n s i t io n  

temperature inc lude  d i e le c t r i c  methods and d i la to m e try .  The 

former involves  a s im i la r  p r in c ip le  to  the dynamic mechanical 

measurements in  which the complex d ie le c t r i c  constant (£* )  is  

determined as a function  of temperature and frequency. An 

a lte rn a t in g  e le c t r i c  f i e l d  produces an a l te rn a t in g  e le c t r i c a l  

p o la r is a t io n  which in the case of po lar m a te r ia ls  lags behind the  

applied f i e l d  by a phase angle 6. The glass t r a n s i t io n  is  

determined from the temperature at which tan 5 has a maximum 

value. This method allows a wide range of frequencies to be used 

but i t  is  only ap p lic a b le  to po lar polymers. The glass  

t r a n s i t io n  temperature measured by d ila to m etry  corresponds to
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the temperature at which a change in slope of the specific volume

occurs when p lo tte d  as a func tion  of temperature. At th is  point  

the c o e f f ic ie n t  of volume expansion of the polymer changes. 

Various attempts have been made to c o rre la te  the dependence of  

glass t r a n s i t io n  on blend composition using expressions  

developed, e a r l i e r  fo r  random copolymers and polymer solvent

systems. According to the Fox re la t io n s h ip  the composition

.  ̂  ̂ (22) dependence is  given by

1 wi W21 ■■ +
T T . T „

g gi g2

Where w. denotes the weightl f ra c t io n and T , 
gi

, T _ are the g2 glass

t r a n s i t io n temperatures of the pure components. Other

expressions often  used are those of „ , ,  . (23)  Kelly-Bueche and Gordon

t , (24)  Taylor namely

T
g

♦ « T « + K ♦_ T _1 gl________ 2 g2

*, * K *2
(1 .16)

T
g

w, T__ gi
w.

♦  K w2 
+ Kw2

g2 (1 .17)

The parameter, K is  the r a t io  of the d if fe re n c e  in  the thermal

expansion c o e f f ic ie n t  of the rubbery and glassy s ta te  fo r

polymers 2 and 1 i e .  K = ( a . ,  -  a.  ) / ( a 0. -  a ,  ) ,  and ♦ . ,  w. , T .11 i g 21 2g i i  g i

are the volume f r a c t io n ,  weight f r a c t io n ,  glass t r a n s i t io n  

temperatures of the resp ec tive  components and Tg is  the  

t r a n s i t io n  temperature of the blend. As in d ica ted  these
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expressions were originally developed to describe the behaviour

of random copolymer or po lym er-d iluen t systems.

In general the dependence of T on blend composition in
9

m isc ib le  polymer blends does not necessary fo l lo w  any of the  

( 25-27 )above models. However, in  th is  study the experim ental

data were w e l l  represented by the Fox expression. Jacques et  

(28 29)a l  ' reported the T of the blends to l i e  below the t i e  l in e
9

jo in in g  the T ' s of the pure components. S im ila r  behaviour has 
9

been reported  fo r  m isc ib le  blends of p o ly ( s ty re n e ) -  p o ly (v in y l

methyl e t h e r ) * 3 0 ,̂ p o ly ( s ty re n e ) -  poly (phenylene o x i d e ) a n d

(32)PVC w ith  butadiene a c r y l o n i t r i l e  copolymer. For some

m isc ib le  blends a l in e a r  v a r ia t io n  of the glass t r a n s i t io n

temperature w ith composition has been observed' , and a more

complex behaviour reported by Kwei(36> where an S shape

dependence of the glass t r a n s i t io n  temperature was observed.

This was described by a combination o f the Gordon-Taylor

expression w ith  an a d d i t io n a l  term (q ŵ  w^) which is

p ro p o rt io n a l  to the number of in te rm o lecu la r  in te ra c t io n s .  When

in te rm o le c u la r  in te ra c t io n s  are very strong they act as e f f e c t iv e

l in k s  and ra is e  the glass t r a n s i t io n  more than a n t ic ip a te d  on

weight or volume average basis . Behaviour o f th is  type has been

reported fo r  blends of poly (methyl m e th acry la te ) /p o ly
( 3 7 )

(v in y l id e n e  c h lo r id e )  and poly (v in y l  n i t r a t e ) /po ly  (v in y l

. . . ( 38 )acetate )

1.42 S ca tte r in g  And Microscopic Techniques

O p t ic a l ly  c le a r  f i lm s  are g en era lly  but not n ecessarily  an 

in d ic a t io n  of m i s c ib i l i t y .  A phase separated blend may appear
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s im i la r  i f  domain sizes are small r e la t iv e  to the wavelength

(39)of l i g h t .  For example, Jenckel and Herwing reported th a t  

the heterogeneous blends of poly (v in y l  ace ta te )  (PVA) and poly  

(methyl m ethacry la te ) (PMMA) were transparent because of the 

small s ize  of the PVA dispersed domains.

S ca tte r in g  and Microscopy techniques are two ways in  which 

the m is c i b i l i t y  of polymer blends may be in v es tig a te d  bearing in  

mind the above r e s t r ic t io n s .  Measurements of the in te n s i t y  of 

the sca ttered  l i g h t  as a function  of temperature is  commonly used 

to measure cloud po int c u r v e s . T h e  temperature a t which 

blends show the f i r s t  sign of t u r b id i t y ,  th a t is  r e la t i v e l y

in tense s c a t te r in g ,  corresponds to the onset of phase separa tion .

(31)Bank e t a l  demonstrated th is  fo r  blends of po lys tyrene -

(19)p o ly (v iny ! methyl e t h e r ) .  Also Singh and Walsh used th is

technique to measure the cloud point curve fo r  the PES-Phenoxy 

blend system. The same authors used o p t ic a l  microscopy and 

confirmed th a t  phase separation occurred on heating m isc ib le  

blends o f PES-Phenoxy. Once again i t  is  necessary fo r  the  

r e f r a c t iv e  ind ices  o f the two phases to be d i f f e r e n t  fo r  th is  

technique to be u s e fu l.  D i f fe r e n t  techniques may sometime lead  

to d i f f e r e n t  conclusions. For example, a system which appears to  

be one phase by Tg measurements has been found to be two phase by 

transmission e lec tro n  m i c r o s c o p y ^ . This may be because the

l a t t e r  techniques allows small domains of the order of 10 X to be 

d e te c te d .
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1.43 Spectroscopic Techniques

Favourable in te rm o lec u la r  in te ra c t io n s  between chem ically

d is s im i la r  polymers have been suggested to c o n tr ib u te  to the

c o m p a t ib i l iz a t io n  of polymer blends. Spectroscopic techniques

allow  one to e s ta b l is h  the nature of these in te ra c t io n s  and can

also be used to e s ta b l is h  m is c ib i l i t y  or phase separa tion . The

most commonly used techniques are in f ra re d  and nuclear magnetic

resonance. In a Fourie r  transform in fra re d  (FTIR) study a s h i f t

to a lower frequency of the carbonyl absorption was observed fo r

(44 45 )blends of p o lyester w ith  poly (v in y l  c h lo r id e )  ' , v in y lid en e

c h lo r id e  copolymers;  ̂ p o ly ( bisphenol A carbonate) ^, the

(49)poly(hydroxy ether of bisphenol A) . These s h i f ts  in d ic a te  

the presence of s p e c if ic  in te rm o le c la r  in te ra c t io n s  in v o lv in g  the 

carbonyl bond. FT - IR studies of PES - Phenoxy polymer in  th is  

research work g ive evidence fo r  a hydrogen bonding type  

in te r a c t io n  in v o lv in g  the hydroxyl groups of Phenoxy. The 

hydrogen - bonded hydroxyl v ib ra t io n  of Phenoxy was observed to  

s h i f t  to a higher frequency. S im ila r  behaviour has been reported  

fo r  blends of Phenoxy -  p o ly ( e -capro lactone) P C L ^ ^ .

The nuclear magnetic resonance (NMR) technique can provide  

in fo rm ation  on the re la x a t io n  times of protons, which depend on 

the environment of the protons. For a two phase system protons 

on d i f f e r e n t  chains are in  d i f f e r e n t  environments and w i l l  

e x h ib i t  d i f f e r e n t  re la x a t io n  times. In a m isc ib le  blend the  

in t im a te  mixing of the polymers re s u lts  in  a s in g le  re la x a t io n  

time since the protons are e s s e n t ia l ly  in the same environment. 

An e x c e lle n t  example of th is  approach has been demonstrated by
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Kwei, N ish i and Roberts fo r  the blend system p o ly ( s ty re n e ) -

poly (v in y l  methyl e t h e r ) .  The proton re la x a t io n  time was

measured as a function  of temperature, a s ing le  re la x a t io n  time

was observed at low temperatures whereas upon ra is in g  the

temperature two re la x a t io n  times appeared. M i s c i b i l i t y  in  blends

(52)
of poly (e thy lene  oxide) and poly (methyl m ethacry late) has

13also been demonstrated using C NMR.

(51 )

1 Thermodynamic Chara c te r iz a t io n  bv Vapour Sorpt io n  Technique

Some in fo rm ation  on polymer-polymer in te ra c t io n s  can be

obtained from measurement of the e q u i l ib r iu m  sorption o f a gas or

( 28 ,2 9 , 50 , 56 - 5 8 )vapour in  a homogeneous blend. Scott developed

the Flory-Huggins theory fo r  a te rn a ry  system consis ting  of  

polymer 1 and polymer 2 and solvent 3. The chemical p o te n t ia l  of 

the solvent in  the blend, p , r e la t i v e  to the pure so lven t, p3D 3 S
is  given by

M3b '  M3 s '  RT ln  a3b
(1.18)

RT m  -  V  ♦ l n * 3 * (1 -  V  ( * 3 , * ,  * X32V  -  X,2 ♦, V V V

( 1 . 19 )

Where -  a_. is  the a c t i v i t y  of component 3 in  the blend,3b

♦. is  the volume f ra c t io n  of component i  and X - • is  the
l  1 3

Flory-HOggins in te r a c t io n  parameter between components i  and j  of 

the m ixture .

The e q u i l ib r iu m  a c t i v i t y  of vapour in  contact w ith the homogeneous 

blend o f polymer 1 and 2 is  given by
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ln  a3b = 11 -  *3* * l n *3 * 11 -  V  (X31 *1 * X32 V  • x 12 * *2

(1.2G)

Where x , 2 - X , 2 V j / V ,  ■ x2 , V /V (1.21)

The volume f ra c t io n  ^  of polymer 1 is  given by

V1 * V2
1 V + V„ + V + V„ V. + V. + V,1 2  3 1 2  1 2  3

(1.22)

so th a t

+ = ♦  (♦  - ♦  ) = ♦  (1 - ♦  ) 
1 10 1 2 10 3

(1 . 23 )

where is  the volume f ra c t io n  of component 1 in  a blend of 1 

and 2 which is  f re e  o f component 3.

S im i la r ly ,  * 2 = ♦ 2Q (1 -

in  a3b = ln + 3 + (1 - +3 ) + (x31* 10 + X32*20 " X12 *10*20*  (1 “ *3

(1 .24)

I f  the blend of polymers 1 and 2 is  now trea ted  as a s in g le  

component, equation (1 .24 )  may be w r i t te n  in terms of an o v e ra l l  

in te r a c t io n  parameter fo r  the blend, x3b so th a t

3b V  * x3b (1 -  V 2 (1 . 25 )

+ X32 *20 " X12 *10 *20* (1 .26)

Equation (1 .24 )  may be w r i t te n  as fo llow s in a more general form 

to give the a c t i v i t y  of component 3 in  polymer 1, polymer 2 or
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the blend,

ln  a3 i  '  l n *3 * M - V  * X3 i "  '  * 3 ' (1 . 27)

In the l i m i t  of Henry law sorption ----- > 0 and equation 1.27

becomes

l n  , V a 3 . ,  x  , (1 .28)

X3 i  ----- > -  I '  * l n  ( V a3 i M (1.29)

Hence from equation (1 .26)

- n  + in  ( ♦ 3/ a 3b)]  = - ♦ [1 ♦ in  ( V a3 1 ] - ^  Cl ♦ In

( * 3 / a 32] " X12 4 10*20 (1 .30)

Hence

ln  (+3 / a 3b’ = *10 10 ( * 3 / a 3 1 1 * *20 ln , +3 / a 32 ’ * X12 *10*20

(1 .31)

Define the Henry’ s law constants as k ^  = ♦ . j / a ^  (1 .32)

ln  k„,_ = ♦ ln  k_. + ln  k ._ + x „„ ♦ .„  (1 .33)3b 1 0 31 20 32 12 10 20

Thus unless = 0 ,  a p lo t  of log k . w as a function  of blend12 3b

composition w i l l  d ev ia te  from the s t ra ig h t  l i n e  jo in in g  the pure 

component values of ln  k ^  and ln  k ^ .  For negatives values of 

X1 g * t he curve w i l l  l i e  below the l in e  jo in in g  the pure component 

values, the d e v ia t io n  being more pronounced the more negative is  

the value of x 12* This is  the expected behaviour fo r  m isc ib le
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blends. When x^2 > °* the s o lu b i l i t i e s  w i l l  l i e  above th is  l i n e .

However such blends w i l l  be unstable and w i l l  tend to phase

s ep ara te .

(28 58)Jacque e t a l  ’ measured the sorption of hexane at

d i f f e r e n t  a c t i v i t i e s  in  m isc ib le  blends of p o ly ( s ty re n e ) and poly

(2, 6 - d im ethyl - 1, 4 -  phenylene ox ide) .  At the higher

a c t i v i t i e s  of hexane the glass t r a n s i t io n  temperature of the

blends were below the temperature of measurement and a d is t in c t

minimum was observed in  a p lo t  of In  k_. against blend3D
composition fo r  a blend contain ing 75Z po lystyrene. At lower

a c t i v i t i e s  of hexane the blends were s t i l l  glassy and the

curvature  in  the In  k_. p lo t  was much less pronounced. These3b
studies in d ic a te  th a t  fo r  an e f fe c t iv e  eva lua tion  of x j 2 

probe molecule must not in te r a c t  s trong ly  w ith  the polymer as i t  

may a f f e c t  the nature o f the blend.

A negative value obtained fo r  x 12 'from measurements of the 

s o lu b i l i t y  of benzene in  blends of p o ly ( s ty ren e ) and poly (v in y l
(51)

methyl e th e r )  was reported by Kwei et a l  . A l l  th ree  

in te r a c t io n  parameters, x3 1 < x32 and X^2 were evaluated as a

function  of temperature and blend composition and i t  was 

suggested th a t  the system e x h ib i t  both an UCST and LCST.

(56)Using C02 as the molecular probe, Paul e t a l  f i t t e d

t h e i r  sorption  data to equation (1 .33 )  and obtained a negative  

X^2 fo r  glassy blends of p o ly ( s ty re n e ) - p o ly ( phenylene oxide) 

and blends of bisphenol - A -  polycarbonate and a copolyester  

formed from 1,4 -  cyclohexanedimethanol and a m ixture of
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te r e p h th a l ic  and iso p h ta h a l ic  acids. Webb et a l  also studied

the sorption  of CÔ  in  m isc ib le  blends of c h lo r in a ted  poly

(e th y len e ) and an ethylene v in y l  acetate copolymer. The Henry's

law constant was evaluated as a function  of blend composition and

f i t t e d  to equation ( 1 . 3 3 ) .  A small negative value fo r  was

obtained suggesting only weaker in te ra c t io n s .  The in te r a c t io n

oparameter decreased s l ig h t ly  in  the temperature range 30 - 45 C

but increased at h igher temperature. Although the re s u lts  did  

not cover a wide temperature range i t  was suggested th a t  above 

100°C the in te ra c t io n  parameter w i l l  take p o s it iv e  values since  

the system e xh ib ited  a lower c r i t i c a l  so lu tion  temperature.

A more d e ta i le d  reviewed of methods fo r  d e tec t in g  

m i s c i b i l i t y  in  polymer blends is  given e ls e w h e re ^ ' 60 *.

(59)
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CHAPTER 2

DIFFUSION IN POLYMERS

2.1 INTRODUCTION TO HATHEMATICS

r . (61) 4 u , , ( 6 2 . 6 3 )  . .. .Graham and M itc h e l l  in  th e i r  p ioneering work on

the tra n s p o rt  of gases and vapour through polymer membranes 

postulated th a t  the permeation process comprised three

consecutive steps;

1) d is s o lu t io n  of the gas in  the upstream surface of the  

membrane.

2) d i f fu s io n  of the gas through the membrane.

3) evaporation of the gas downstream membrane surface.

( 64 )In general step (2) is  ra te  c o n tro l l in g  and in  1 855 Fields

proposed an equation fo r  mass d i f fu s io n  by analogy w ith

(65)F o u r ie r 's  equation of heat conduction. For u n id i r e c t io n a l

flow  in  an is o tro p ic  medium, Ficks equation is

where J  is  the ra t e  of t ra n s fe r  of d i f fu s in g  m atter through a 

section of u n it  area, c is  the concentration of d i f fu s a n t  at  

point x measured in  a d i r e c t io n  normal to the section and D is  

the d i f fu s io n  c o e f f ic ie n t .  I t  was o r ig in a l ly  t re a te d  as a 

constant but more g e n era l ly  i t  may be a fu nc tion  of 

concentra tion , d istance or t im e. The negative sign a r ises  

because the f low  of d i f fu s in g  m atter is  in  the opposite d i re c t io n  

to th a t  of the concentration g ra d ie n t .

From a consideration  of the mass balance in  a th in  section
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of the medium Fick obtained his second equation fo r  d i f fu s io n  

t r e a t in g  0 as constant,

dc
a t (2.1)

As in d ic a te d ,  equation ( 2 . 1 )  is  only v a l id  i f  D is  constant,  

however, fo r  many polymers and d if fu s a n ts  D depends on the 

concentration and equation ( 2 . 1 )  then becomes

Provided the f lu x  and concentration  are measured in  the same

2 -1units  of q u a n t i ty ,  the un its  o f D are ( len g th ) (t im e) ; common

2 - 1  2 -1 units  are cm s or m s

For the d i f fu s io n  c o e f f ic ie n t  to be properly  defined i t  is

also necessary to specify  the section through which d i f fu s io n  

(66  6 7 )occurs. Crank ' has discussed in d e t a i l  severa l frames of

re fe rences , f ix e d  w ith respect to the volume or mass of the  

components which p a r t ic ip a te  in  the d i f fu s io n  process. D if fu s io n  

c o e f f ic ie n ts  defined in  terms of these volume or mass f ix e d  

sections can be re la te d  to each other and in  p a r t ic u la r  in  the  

l i m i t  of low volume f r a c t io n  of d i f fu s a n t  the various

c o e f f ic ie n ts  become id e n t ic a l  to each o ther. In the present  

study the s o lu b i l i t y  of the gases in  the membranes was 

s u f f i c ie n t ly  low fo r  the d i f fu s io n  c o e f f ic ie n t  to be independent 

of the frame of re ference .
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L ater  in  1879, Wroblewski combined the thermodynamic
( 6 6 )

process of d is s o lu t io n  and the k in e t ic  process of d i f fu s io n  to  

y ie ld  a r e la t io n s h ip ,

J = Dk Ap/1 (2 . 3 )

where k is  the s o lu b i l i t y  c o e f f ic ie n t  and Ap the pressure

d if fe re n c e  across the membranes of thickness 1.

Exact so lutions fo r  Ficks f i r s t  and second equations have

been obtained fo r  a v a r ie ty  of boundary and i n i t i a l  conditions

/ 69-71 )
and geometries and form the subject of a number of t e x t s .

In the present study the so lu tion  of in te r e s t  is  th a t  fo r

d i f fu s io n  through a plane sheet.

2.1 Permeation

In a conventional permeation experiment the polymer

membrane, i n i t i a l l y  f re e  of penetran t,  is  exposed at time t  = 0 

to a concentration  cq o f penetrant in  the ingoing face at x = 0. 

The concentration  a t the downstream face at x = 1 is  also held  

constant at c^ and the amount of m a te r ia l  d i f fu s in g  across the

downstream face is measured as function  of time. The boundary

and i n i t i a l conditions are th e re fo re

c = 0 0 < x < 1 t  = 0

c = c x = 0 t  > 00

c = cx x = 1 t  > 0

A fte r  some time has elapsed a steady s ta te of flow  is

e s ta b l is h e d .
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2.2 Steady State

The steady s ta te  condition  is  given  

constant d i f fu s io n  c o e f f ic ie n t

0 so th a t  fo r  a

a 2o c

9x 2 0 (2 .4  )

In te g ra t io n  subject to the above boundary conditions y ie ld s ,

c co ( 2 . 5 )

and the concentration changes l i n e a r l y  across the membrane from x 

= 0 to  x = 1.

In the present study the concentration  c^ in  the downstream 

face is  e f f e c t i v e ly  zero r e la t i v e  to cq and the steady s ta te  f lu x  

across the membrane is  given by

Dc

The p e rm ea b il ity  P is  the f lu x  normalized to u n it  thickness  

of membrane and u n it  pressure d if fe re n c e  across the membrane so 

th a t

P J1
P„

( 2 . 7 )

where pq is  the gas pressure at the upstream face.

I f  sorption  obeys Henry’ s law, i . e .  c = kp, where k is  the
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s o lu b i l i t y  c o e f f ic ie n t  then i t  fo llow s from equations ( 2 . 6 )  and 

( 2 . 7 )  th a t

P = Dk ( 2 . 8 )

2.3 T rans ien t S ta te  Permeation

The region preceeding the establishment of the steady s ta te

9 cis  re fe rre d  to as the t ra n s ie n t  region of flow  fo r  which ^  t  0.

The so lu tio n  of equation ( 2 . 1 )  subject to the boundary conditions

and w ith  c >> c, -  0 is  o 1

Dt 1 2 eo n „ (-) Dn2ir2t
l c 0

i1 ̂1 •H>1 6 2ir
l exp 
1 n i 2 J

where is  the amount of penetrant which has passed through the 

sheet in  time t .

For s u ff ic ien t ly  la rg e  t  ( t  ------> «•) the steady s t a t e  is

reached where the exp o n ten tia l  terms becomes n e g l ig ib ly  small and 

equation ( 2 . 9 )  reduces to

Hence a graph o f against t  y ie ld s  an asymptotic steady-  

s t a t e  s t r a ig h t  l in e  which on e x tra p o la t io n  to the t im e -a x is  gives  

an in te rc e p t

The in te rc e p t  0 is  termed the time lag fo r  d i f fu s io n  and i t s
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measurement leads d i r e c t ly  to a value fo r  the d i f fu s io n

(72)c o e f f ic ie n t .  The time lag approach was o r ig in a ted  by Daynes

(73)and developed ex ten s ive ly  by B arrer.

2.4 Sorption and Desorption K inetices

The boundary conditions fo r  sorption in to  a plane sheet 

i n i t i a l l y  f re e  of penetrant and exposed to the same constant 

pressure o f vapour on each face are;

c = 0  0 < x < 1 t  = 0

c = c x = 0 t  ) 0o
c = c x = 1 t  ) 0o

And the corresponding conditions fo r  desorption are

c = c 0 < x < 1 t  = 0o
c = 0 x = 0 t  ) 0

c = 0 x = 1 t  ) 0

For a constant d i f fu s io n  c o e f f ic ie n t  the so lu tion  to Ficks  

equation fo r  these conditions can be expressed in  two forms. The 

f i r s t  which is  more usefu l fo r  small times is

• 0 . 5 00 *

Dt

l i 2J
4 -  ♦  2  E  ( -  1 ) n  i e r f c
/ tt

L n  =  0

n l

. 2  ( D t ) °  ’ 5 .

and the so lu tio n  more appropria te  to la rg e  time is

M °*
- 1 * 1 - ® -  E 
M 2

1 exp
tt m = 0 ( 2m + 1)

D( 2m + 1) 2tt21 (2 .13 )

where M and M denote the e q u i l ib r iu m  uptake a t time t  and at  t  °°
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equilibrium respectively.

At s u f f i c i e n t ly  small times, the summation is  n e g l ig ib le  compared
4

to and equation (2 .12 )  reduces to

M, "
t  4 Dt

M / tt , 200 U
(2 . H )

The d i f fu s io n  c o e f f ic ie n t  can then be deduced from the

i n i t i a l  g rad ien t of a p lo t  of M./M vs / t  which is  g e n era llyt  00
l in e a r  fo r  values of M./M up to 0 .5 .

Z 00

At la rg e  times (2 .13 )  is  more ap p licab le  and the series  term 

converges ra p id ly  so th a t  equation (2 .13 )  reduces t o : -

M00
8—  exp
IT

Dir2t (2 .15)

Then D can be obtained from the slope of a p lo t  of l n (1  - M./M )t  °°

vs t .

2.5 Concentration dependent d i f fu s io n  c o e f f ic ie n t

The steady s ta te  equation ( 2 . 6 )  is  s t i l l  v a l id  and can be 

in te g ra te d  over the membrane to give

Co
J 1 = J D dC (2 .16)

0

. d ( J 1) _ . _ . _.
and d c Dc = C (2 .17 )o o
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d i f f e r e n t i a t i o n ,  g rap h ica l or otherw ise, of a p lo t  of the steady

st a t e  f lu x  as a function  of the concentration in the upstream

face C . o

Hence the concentration dependence of D may be obtained by

Also from the d e f in i t io n  of the p e rm e a b il i ty ,  one has

.... C . o
p s ^  = - a  . i -  ;

Po Po C0 0
Ddc = k.D ( 2 . 18 )

C
.  ! 0

where D = —  f  DdC is  some average d i f fu s io n  c o e f f ic ie n t  and 
o 0

Cok = —  is  the average s o l u b i l i t y .
P

When D is  a func tion  of concentra tion , exact so lu tions  to

F i ck ' s  second equation are no longer a v a i la b le .  Some average

may be obtained, however, from the i n i t i a l  l in e a r  f t  region of

the sorption  k in e t ic  curve. In general a d i f f e r e n t  average D, isd
obtained from the corresponding conjugate desorption curve.

C
-  -  1 0 Using the D (D. )  data as a f i r s t  approximation to —  J DdC, s d c _o 0

(66 67)Crank ' developed a numerical analys is  and successive

approximation procedure which enables the concentration  

dependence of the d i f f e r e n t i a l  c o e f f ic ie n t  to be determined. The 

D-C dependence may then be used to generate the ra t e  curves by 

numerical analys is  to compare w ith  the experimental curves.

Several authors have proposed a number of approximate

expressions which r e la t e  6 (D J  to the d i f f e r e n t i a l  d i f fu s io ns d

c o e f f ic ie n t  D. M anipulation of the Dg - C data again enables the
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concentration dependence of 0 to be determined. These and other

aspects of concentration dependent d i f fu s io n  c o e f f ic ie n ts  have

(67)been ex ten s ive ly  reviewed by Crank 

2.6 Units  o f  P . D and k

A number of d i f f e r e n t  un its  have been used e s p e c ia l ly  fo r  P 

and k and i t  is  p e r t in e n t  at th is  stage to d e fin e  the un its  of 

these q u a n t i t ie s  in  the present study.

2.61 P erm eab il i ty

The p erm eab il ity  c o e f f ic ie n t ,  P, is  the amount of gas 

d i f fu s in g  per second through u n it  area of membrane of u n it  

thickness w h ile  the system is  in  steady sta te  and is  given by

P = V I / [ A  t  (Pt -  P2 )]
3

where V = volume of penetrant [cm ( s t p ) ]

1 = membrane thickness (cm)

t  = time (s)

p̂  = ingoing pressure (cm Hg)

P2 = outgoing pressure (cm Hg)

. 2 A = cm

2.62 S o lu b i l i t y  C o e f f ic ie n t
3

The s o lu b i l i t y  is  the amount of gas (cm ( s t p ) )  d issolved in
3

a u n it  volume (cm ) of the membrane when in  e q u i l ib r iu m  w ith  

surrounding gas a t u n i t  pressure (cmHg) and is  given by

k = c/p
3

where c = concentration of penetrant [(cm ( s t p ) ]  

p = pressure of penetrant (cmHg)
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2.63 Diffusion Coefficient

The d i f fu s io n  c o e f f ic ie n t ,  D, is  the amount of gas (cm

( s t p ) )  d i f fu s in g  per second through u n it  c ro s s -s e c t io n a l  area 

2
(cm ) of membrane of u n it  thickness (cm) w ith u n it  concentration  

3 3d if fe re n c e  (cm (stp/cm ) across i t  and is  given by

3

D = V/& . t  

where

dc/d J
3

V = volume of penetrant [cm ( s t p ) ]

2
A = Area of membrane (cm ) 

t  = time (s)

c = concentration of penetrant in  the

3 -3membrane [cm (stp)  cm ]

x = d is tance (cm)

2.7 Factors E ffe c t in g  Di f f u s i v i t v .  S o lu b i l i t y  And P erm eab il ity

There have been numerous studies of gas/vapour d i f fu s io n  in  

polymers. Of the many fa c to rs  in v es t ig a te d  which a f f e c t  the  

d i f fu s io n  process some ty p ic a l  examples are,  tem perature,

chemical nature of the polymer and of the d i f fu s a n t ,  p h ys ica l  

s ta te  o f the polymer, degree of c r y s t a l l i n i t y ,  f i l l e r  and 

p la s t i c i z e r  content and degree of cross l in k in g ,  also both 

homogeneous and heterogeneous system$have been s tudied . Much of 

th is  work has a lready been reviewed and only a b r i e f  summary is  

given here of some re la v e n t fea tu res  .

2.71 Temperature

B a r r e r ^ * *  was the f i r s t  to show the e f fe c t  of temperature  

on the d i f fu s io n  c o e f f ic ie n t  in  a gas/polymer system. He
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id e n t i f i e d  d i f fu s io n  to be an a c t iv a te d  process represented by 

the fo l lo w in g  r e la t io n s h ip : -

D = Dq exp ( - Ep/RT) (2 .19)

Where Dq is  the p re -exp o n en tia l f a c t o r ,  Ep is  the a c t iv a t io n  

energy fo r  d i f fu s io n  and T the absolute temperature. Rewrit ing  

equation ( 2 . 19 )  in  the fo llow ing  form

In  D = In  D + E. /RT o d

(75 76)Barrer ' showed th a t  i f  the range in In  D was small compared

with  the range of values of E . then there  was a good c o r re la t io nd

between In  D and E. fo r  many gases in  various elastomers, o d

Later van Amerongen^^’ * observed th a t  Ep fo r  elastomers  

was found to decrease w ith  increasing temperature and showed th a t  

the temperature - dependence of the a c t iv a t io n  energy could be 

in te rp re te d  by the Eyring theory of r a t e  processes.

A s u p e r f ic ia l l y  s im i la r  expression e x is ts  fo r  the s o lu b i l i t y  

c o e f f ic ie n t  represented by the Van’ t  Hoff r e la t io n s h ip : -

k = k exp( -  AH /RT) (2 .20)o s

where k and AH are the p re -exp o n en tia l  fa c to r  and heat ofo s

so lu tion  re s p e c t iv e ly .  The heat of so lu tion  AHg may be regarded

as comprising two terms, namely, the la t e n t  heat of condensation

and the heat of d i lu t io n .  For permanent gases the heat of

condensation is  small so th a t  the heat of so lu tio n  is  e s s e n t ia l ly

(78)the heat of d i lu t io n  and is  o ften  small and p o s i t iv e .  

However, fo r  organic vapours or fo r  sorption in  glassy polymers,
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the heat of condensation dominates and AH values in  these casess

are u su a lly  negative and o ften  q u ite  la rg e .  Therefore fo r

p o s it iv e  AHs< k w i l l  increase w ith  increasing  temperature and

v ice  versa. L inear re la t io n s h ip s  have been observed between the

s o lu b i l i t y  of the gas and various parameters such as the c r i t i c a l

temperature, b o i l in g  point and the Leonard -  Jones force

(82)constant , a l l  of which r e f l e c t  the ease of co n d en sab il ity  of  

the p enetran t .

I f  sorption obeys Henrys law and the d i f fu s io n  c o e f f ic ie n t  

is  constant then the p e rm ea b il ity  is  given by P = D k so th a t

P = P exp ( -  E /RT) (2.21 )o p

Where E = E - +  AH is  the temperature c o e f f ic ie n t  permeation or p D s

the apparent a c t iv a t io n  energy fo r  permeation and Pq the pre-

exponentia l fa c to r .  E may be p o s it iv e  or negative depending on
P

the r e la t i v e  magnitude o f E  ̂ and AHg since permeation is  the  

combined r e s u l t  of d i f fu s io n  and so lu t io n .

2.72 Glass T ra n s it io n  Temperature

(83 84)Meares ' studied the e f f e c t  of glass t r a n s i t io n

temperature on the gas d i f fu s io n  in  glassy polymers. The 

Arrhenius p lo ts  of the d i f fu s io n  c o e f f ic ie n t  and p e rm ea b il ity  

e xh ib ite d  two d is t in c t  changes in  slope, one a t the glass  

t r a n s i t io n  temperature and the other some 10°C lower. Below the 

glass t r a n s i t io n  temperature, the a c t iv a t io n  energy of d i f fu s io n  

was lower compared to the rubbery s ta te .  This was a t t r ib u te d  to  

the segmental motions being frozen out below T re s u l t in g  in
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sm aller jump distances in  the glassy s tate  and also lower

entropies  of a c t iv a t io n .  Above the glass t r a n s i t io n  temperature

there  is  la rg e  scale segmental motion which re s u lts  in  a g re a te r

zone of a c t iv a t io n ;  lead ing to higher energies and entrop ies  of

a c t iv a t io n .  However, expressed per un it  jump len g th , the

a c t iv a t io n  energy fo r  the glassy s t a t e  is  higher than fo r  the

rubbery s ta t e .  Michael et a l  also observed the same

e f f e c t  fo r  gas d i f fu s  ion in  polyethylene te r e p h th a la te , and the

(88) (89)e f f e c t  was supported by Ryskin. Kumin e t  a l  studied

water vapour d i f fu s io n  through p la s t ic is e d  and u n p la s t ic ise d

v in y l  ch lo r id e  - v in y l  aceta te  copolymers, and the e f f e c t  on

a t the t r a n s i t io n  of the p la s t ic is e d  and unp las t ic ised  f i lm s  was

observed. A change in  slope of the Arrhenius p lo t  was also

(90)observed by Barrer e t a l  fo r  the d i f fu s io n  of neon and

hydrogen in  u n p las t ic ised  and p la s t ic is e d  p o ly ( v in y l - c h lo r id e ).

A s in g le  break was observed fo r  poly (e thy lene

te r e p t h a la t e ) p o ly ( a c r y l o n i t r i l e )

(95)p o ly (m e th y la c ry la te ) and a c r y l o n i t r i l e - v i n y l ) acetate

, (96)copolymers

Later  studies of Kumins and Roteman on the d i f fu s io n  of a

series  of gases He, Ne, NH^, 0 2 * CO, C02 and water vapour

through poly ( v in y lc h lo r id e )  - poly (v in y la c e ta te )  copolymer 

(97)f i lm s  showed no change in  slope of the Arrhenius p lo ts  except

fo r  C02 and HgO. No break was observed in

p o ly (e th y lm e th a c ry la te ) except w ith H20 by Stannett and

. . . . . .  (98)W il l ia m s . This was a t t r ib u te d  to a p la s t ic is a t io n e f f e c t

occurring through water-polymer in te ra c t io n s  and not to penetrant
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s iz e .  However, they suggested th a t  some polymers would show a 

change in  slope w ith  only la rg e  penetrants ( e .g .  CO^). The same

authors in  c o l la b o ra t io n  w ith  Tikhomirov and Hopfenberg

studied the d i f fu s io n of He, Ne. N2 * o o ro V CH, and H0

u n p la s t ic ise d  poly ( v in y lc h lo r id e ) and slope changes '

apparent on the Arrhenius p lo ts  th a t  were dependent upon 

penetrant s iz e .  However, there  was no evidence of a d is c re te  

change in  a c t iv a t io n  energy at the glass t ra n s i t io n  tem perature.

A number of models have been proposed fo r  the d i f fu s io n  

process based on energy or f re e  volume f lu c tu a t io n s  and were 

reviewed by Kumin and Kwei. Barrer proposed an 

a c t iv a te d  hot zone fo r  d i f fu s io n  in  which the d i f fu s a n t  and 

surrounding polymer segments acquired s u f f ic ie n t  energy fo r  the 

d i f fu s a n t  molecule to jump.

B r a n d t , w h e n  estim ating  the a c t iv a t io n  energy took in to  

account the molecular s tru c tu re ;  where the o v e r a l l  a c t iv a t io n  

energy was the sum of the in te rm o lec u la r  term due to the 

rep lu s ion  which the chains experience from t h e i r  neighbours on 

accommodating the penetrant molecules, the in tra m o lec u la r  term 

a r is in g  from the bending of the two neighbouring chains and also  

the thermal energy. The f re e  volume th e o r y ^ * * ^  was based on the 

concept of density  f lu c tu a t io n s  in  l iq u id s .  There were regions  

of high and low density  in  the polymer m atr ix , where the low 

density  regions are regarded as the elements of free-vo lum e.  

D iffu s io n  of a molecule is  then governed by the p r o b a b i l i ty  of 

some c r i t i c a l  element of free-volum e made a v a i la b le  to the  

molecule fo r  a d i f fu s io n  step to occur. Di B e n e d e t t o ^ ^
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proposed a volume f lu c tu a t io n  theory which has since been adapted 

by Pace and Datyner*1^  and considers d i f fu s io n  to occur

both along and perpendicu lar to the axis of the polymer bundles, 

the former re q u ir in g  less energy.

2.73 Nature o f Penetrant

In genera l,  the la rg e r  the penetrant molecule, the la r g e r  is

the a c t iv a t io n  energy since a la rg e r  hole is  needed to be formed

in  the polymer u n i t ,  which re s u lts  in  a sm aller d i f fu s io n

c o e f f ic ie n t .  The p re -exp o n en tia l  f a c t o r ,  D w i l l  a lso increase ,o

since i t  includes both the entropy of a c t iv a t io n  and the jump

length  (A) .  The jump-length in  the p re -exp o n en tia l  term

v2 KT AS*as -------- > D = eA —- exp / Ro h

where R and T have t h e i r  usual s ig n if ic a n c e  and K is  the
*

Boltzmann constant, AS is  the entropy change associated w ith  a 

u n it  d i f fu s io n  step and h is  the Planck constant.

However, there  appears to  be a c r i t i c a l  s ize  o f penetrant fo r  a 

given polymer; above the c r i t i c a l  value, penetrant s ize  seems to 

have l i t t l e  e f fe c t  on E ^ 106 ;̂ but below i t  there  appears in  some 

cases to  be an almost l in e a r  c o r re la t io n  between and penetrant

molecular d iam ete r . ^ ^  Branching in  the molecular s tru c tu re  of

, ,  . . . . .  . . . .  . ( 110- 111 ) the penetrant is  another important f a c t o r .

2.74 Nature Of The Polymer

The c o r re la t io n  between the d i f f u s i v i t y  of gas and the  

nature of the polymer is  very complicated since i t  is  impossible  

to change any fe a tu re  o f the polymer w ithout a f fe c t in g  others .
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S tannett has given an e x c e lle n t  review on the e f f e c t  of  the 

nature of the polymer on the d i f fu s io n  process. B r ie f ly ,  since  

d ens ity  can be regard as measure of the "looseness" of the 

polymer, then g e n era lly  the lower the density  the higher the r a te  

of permeation and d i f fu s io n .

Other fa c to rs  th a t  w i l l  e f f e c t  the d i f fu s io n  process, are 

the a d d it io n  of p la s t ic i z e r s ,  degree of c ro s s - l in k in g  and 

c r y s t a l l i n i t y .  The a d d it io n  of p la s t i c i z e r  to a polymer membrane 

e f f e c t i v e ly  lowers the glass t r a n s i t io n  temperature and increases  

the d i f f u s i v i t y .  The increase in  degree of c ro ss lin k in g  on the 

other hand, decreases the d i f f u s i v i t y  due to the decrease in  

m o b il i ty  of some of the polymer chains. The p e rm eab il ity  w i l l  

also decrease as the degree of c ro ss lin k in g  increases, however, 

c ro ss lin k in g  has l i t t l e  e f fe c t  on the s o lu b i l i t y .

F in a l ly ,  the c r y s t a l l i t e s  in  polymers also act as g ian t  

cross links  which tend to immobilize the chains thus reducing any

flow  through the chains. This subject has been studied in  d e t a i l

. u , (113) . .. ..  (114,115)by Michaels e t  a l .  and other authors.

2 .8  Dual Mode Sorption in  Glassy Polymers

To account fo r  the isotherm shape in the glassy s ta te

Barrer e t  a l .  proposed th a t  the d is s o lu t io n  mode be described by

Henry's law and the microvoid sorption by the Langmuir isotherm

equation. The development of the dual mode sorption theory has

( 05 , 86 , 116-118)been reviewed several times 

here b r i e f l y .

and is  only discussed
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Essentially the equilibrium sorption isotherm is represented

a s : -

C

V
CHbP 

1 + bp

( 2 . 2 2 )

( 2 . 23 )

Cp represents the concentration o f the dissolved species and

kp is  the Henry’ s law s o lu b i l i t y  c o e f f ic ie n t  in  

3 3(cm (s tp) /cm cmHg). C represents the concentration of theH
microvoid component to the sorption  where C’ is  the holeH

3 3s a tu ra t io n  constant in  (cm (stp) /cm ) .  b is  the hole a f f i n i t y  

constant (cmHg *) and represents the r a t io  of the ra t e  constants  

fo r  sorption and desorption of penetrant in  the holes.

At s u f f i c i e n t ly  high pressures, bp >> 1, a l in e a r  asymptote 

is  approached corresponding to the s a tu ra t io n  of Langmuir s ites  

and equation (2 .23 )  reduces t o : -

C = kpp + C’ (2 . 24 )

At low pressures such th a t  bp<<1 equation (2 .23 )  reduces to  

Henry’ s law.

C = k .p  + C’ bp = kp ( 2 . 25 )D H

where k = kp + C^b (2 .26 )

The dual mode sorption  parameters, k , Cu and b, may be 

determined by a g rap h ica l analys is  o f the sorption iso th e rm *118^. 

The parameter k^ can be determined from the l im i t in g  high
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pressure slope of the isotherm using equation ( 2 . 24)  and

e x tra p o la t in g  the l in e a r  portion  back to the concentration  ax is ,

gives the hole s a tu ra t io n  constant as the in te rc e p t .  Once k is
d

evaluated , fo llow s as a function  of pressure and hence from

equation ( 2 . 22)  Cu is  obtained as a function  of pressure byn

substrac tion  of Cp from C.

By rearranging the Langmuir p a rt  of equation ( 2 . 23)  in  the

form

CH C'bH
( 2 . 27)

and constructing  a p lo t  of 7 — vs —, the hole a f f i n i t y  parameter
CH P

b is  obta ined. The main drawback of the above method is  in  

ensuring the e q u i l ib r iu m  sorption isothems have been measured at 

pressures s u f f i c i e n t ly  high fo r  the l im i t in g  l in e a r  region of the  

isotherm to be estab lished  accu ra te ly .

A more accurate method of de term ination  of the dual mode 

sorption  parameters has been developed by Koros e t a l . ^ 1^  and

more re ce n tly by B arr ie  et , ( 1 2 0 ) a l . This method involves

eva lu a tio n  of the parameters by the n o n -l in e a r regression

analys is  of the sorption isotherm.

The temperature dependence of k^, given by:-

kD = kD 6XP A%/ RT)  ( 2 . 28)o

Where AH  ̂ is  the enthalpy change in  t ra n s fe r r in g  one mole of
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sorbate from the gas phase to the d i s s o l v e d  state. As i n dicated

the heat of d is s o lu t io n  fo r  the glassy s ta te  is  g e n e ra l ly  more 

exothermic than fo r  the rubbery s t a t e ,  since some of the sorption  

occurs in  p re -e x is t in g  microvoids.

The temperature dependence of b is  given by

b = b exp(- AH / RT) ( 2 . 29)O H

where AH is  the heat of sorption in  the microvoids.
H

The o v e r a l l  heat of sorption AHg which is  g e n e ra l ly  

dependent on concentration can be evaluated using the Clapeyron- 

Clausius equation

9lnp AHs ( 2. 30)91/T C R

In the Henry ’ s law l i m i t  ( p ----- > 0 ) ,

kn kH
kAHs

u
k AH0 * ahh (2.31 )

F co eep . V

2.9 Dual Mode Transport

I t  is  assumed th a t  lo c a l  e q u i l ib r iu m  is  maintained between 

the dissolved species of the penetrant and those species sorbed 

in  the microvoids at a l l  times throughout the medium. Also the 

e a r l i e r  developments of the model regarded the penetrant sorbed 

according to the Langmuir mode as t o t a l l y  im m obilized . ^ ^ 1 * The 

c o n tr ib u t io n  to the t o t a l  f lu x  is  s o le ly  from the dissolved  

species and may be w r i t te n  as:
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-D
a Cn 3__ D

D 3x
n &c -D - r -  3x ( 2 . 32)

Where D is  the experim ently  determined d i f fu s io n  c o e f f ic ie n t  and 

Dp is  the d i f fu s io n  c o e f f ic ie n t  of the dissolved species which is  

independent of concentra tion .

Therefore  from equation ( 2 . 32 ) ,  i t  fo llow s th a t

3c

3C
( 2 . 33)

The differential 3Cp is easily evaluated from partial

3C

d i f f e r e n t i a t i o n w. r ,. t . p of equation 2.23

3CD 9cd
3p ko

3C 3p 3C kD + C^b/ (1 + bp) 2

S u b s ti tu t in g  (2,.33) in to ( 2. 34)  y ie ld s

(2.34 )

1 +
C' b H

kp (1 + bp)

-1
( 2 . 35)

The two l im i t in g  casesof low and high pressure are such th a t  

when p ----- > 0

1 + CHb -1
°D V k ( 2 . 36)

and when p ----- > «•

D = D. ( 2 . 37)
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i . e  at  s u f f i c i e n t ly  high pressures the experim enta lly  measured 

d i f fu s io n  c o e f f ic ie n t  is  id e n t i f i e d  w ith  the d i f fu s io n  

c o e f f ic ie n t  of the mobile species.

In the present study, measurements were not made at 

s u f f i c ie n t ly  high pressures fo r  to be determined. The

p e rm ea b il ity  is  given by (eqn. ( 2 . 8 ))

P = D £  ( 2 . 38)

1 Cowhere 6 = —  J DdC. I t  fo llow s from eqn. 2.35 and 2.23 th a t
o 0

= 7  D kC D D

and so P = D_k_ ( 2 . 39)D D

The perm eab il ity  is  th e re fo re  independent of pressure.

A d e ta i le d  account of the dual mode transport model has been 

given by V ie th  and S l a d e k .^ 21^

In l a t e r  d e v e lo p m e n ts ^ ^  the c o n stra in t of t o t a l  

im m obiliza tion  of the Langmuir component was removed. The f lu x  

is  then w r i t te n  fo rm a lly  as

J
dC.

H 9x ( 2 . 40)

so th a t
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D
Be.

D  B e

BC.
H Be (2.41)

and so

D dC|
{DD • V  dc" (2.42)

„ . , ( 1 18,122-123)  _ . ,Koros e t a l .  l a t e r  developed an expression fo r

k D 
D D 1 +

Where F

which is now pressure dependent and is  given by

FK ( 2. 43)+ bp

P and K '  CH' V In the l i m i t  of t o t a l

D =0 H and equation ( 2. 43)  reduces simply to

equation ( 2 . 3 9 ) .  Also in  the l i m i t  of high pressure P = kpDp.

Evaluation  of Dp and is  possib le  using sorption  k in e t ic

or high pressure p e rm eab il ity  data.  A molecular in te r p r e t a t io n

of the possib le  steps in  the d i f fu s io n  process were given by Chen 

(123)e t a l .  They considered th a t  four u n it  jumps steps

contributed  to  the o v e r a l l  process, namely, jumps in  the

dissolved s t a t e ,  jumps from dissolved s ta te  in to  microvoids, 

jumps from microvoids in to  d issolved s ta te  and jumps from 

microvoids to m icrovoid.

B a r re r^ *^ ^  from a q u a n t i ta t iv e  analys is  of these four  

d i f f e r e n t  jump processes showed th a t  the f lu x  could be expressed 

normally as in  equation ( 2 . 4 0 ) .  The d i f fu s io n  c o e f f ic ie n ts  Dp
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The dual mode sorption model has been e x ten s ive ly  applied

and has s a t is f a c t o r i l y  represented the s o lu b i l i t y ,  s te ad y -s ta te

and t ra n s ie n t  tran sp o rt  of gases and vapours in  a number of

glassy polymers. However the temperature dependence of the hole

s a tu ra t io n  constant C as the temperature is  ra ised  towards TH g
(91)s t i l l  remains unresolved. For example, Koros e t a l .  measured

the sorption of carbon d iox ide  in  po ly (e th y len e  te re p h a la te )  at

various temperatures and found th a t  the hole s a tu ra t io n  constant,

C approached zero as the temperature was ra ised to the glass  H
t r a n s i t io n .  This suggested th a t  the microvoid component to the

sorption decreases to zero as the t ra n s i t io n  temperature is

approached. A s im i la r  e f fe c t  was reported fo r  p o ly ( carbonate) 

(126 119)polymer ' and has been observed by other authors fo r  gas

and vapour sorption  in  many glassy polymers . The

v a r ia t io n  of C through annealing the polymer sample close to i t s  H
T or co nd ition ing  i t  w ith  high penetrant pressures p r io r  to the 

9
sorption  experiment has also been studied . Chan and Paul^131* 

annealed a sample of polycarbonate a t 135°C (c lose to i t s  Tg 

»145°C) fo r  a day,  and observed a reduction in  the Langmuir

and however are not simply related to a single unit process.

component in  the sorption of COg. Annealing sheets of

(9 4 ) (132)
p o ly ( a c r y l o n i t r i l e ) and poly ( styrene)  below t h e i r

resp ec tive  glass t r a n s i t io n  temperatures also showed the same

e f f e c t .  An opposite e f fe c t  was observed on condition ing  the

(91)sheet of p o ly ( ethylene te re p h th a la te )  and

(133)p o ly ( carbonate) a t high carbon d iox ide  pressures. I t  was

suggested th a t  carbon d iox ide  d i la te d  the polymer s tru c tu re  which
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resul t e d  in an increase in the hole saturation constant C'.
H

However, fo r  both cases kQ and b remained r e la t i v e l y  unchanged. 

The same e f f e c t  has been reported fo r  sorption of sulphur d iox ide

in  Kapton poly ( im id e ) ^  ^ ^  , carbon d iox ide  in  c e l lu lo s e

. . (135)  . . _ . u _ . . . (136)aceta te  and fo r  various gases in  p o ly ( phenylene o x id e ) .

The sorption in  the above polymers was described in  terms of the

p a r t i a l  im m obiliza tion  model.

More recent a p p l ic a t io n  of the dual mode sorption theory has 

been the p re d ic t io n  of the p e r m e a b i l i t i e s ^ ^ * of gases in  a 

m ixture from the s in g le  component dual mode sorption parameter, 

and of the i s o t h e r m s ^ ^  of mixed gases using a model based on 

dual mode sorption theory which includes competition between the 

two penetrants fo r  Langmuir s ite s  in  the polymer. As in te r e s t

grows in  the a p p l ic a t io n  of polymer membranes to gas separa tion ,

. .  ( 139, 140-142)  . .mixed permeation and sorption is  now re ce iv in g

considerable a t te n t io n .  E xc e lle n t  agreement between the

experim ental re s u lts  and model p re d ic t io n  was reported fo r  mixed

gas sorption  and transport in  glassy polymers when n o n id e a l i ty  in

4-u l. . . . . ( 123,143)the gas phase was taken in to  account.

As in d ic a te d  above, the dual mode sorption theory has had

considerable success in  modelling sorption and tran sp o rt  data fo r

s in g le  component glassy polymers. However, the use of dual mode

theory fo r  gas sorption and tran sp o rt  in  polymer blends has also

a t t ra c te d  in t e r e s t .  The v a r ia t io n  of the dual

mode parameters, k , C and b, w ith  blend composition has beenU H
demonstrated.
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Raucher, Sefc ik  and co- wor ker s* 1 have re c e n tly  

proposed an a l t e r n a t iv e  gas - polymer - m atr ix  model which 

describes the sorption and d i f fu s io n  process in  glassy polymers. 

B r ie f l y ,  the m atrix  model assumes th a t  (a) there  is  only one 

population of sorbed gas molecules in  polymers at any pressure, 

(b) the physica l p ro p ert ies  of the polymers are perturbed by the 

presence of sorbed gas and (c) the p e rtu rb a tio n  of the polymer 

m atrix  a r ises  from gas-polymer in te r a c t io n .  The e q u i l ib r iu m  

sorption isotherm is  represented by

1 + xc

The concentration  dependent d i f fu s io n  c o e f f ic e n t  is  given by

D, . = D (1 + Pc) ( 2 . 45)(c) o

X, P are constants and 0q , Dq are the s o lu b i l i t y  and d i f fu s io n  

c o e f f ic ie n t  in  the l i m i t  of zero concentration re s p e c t iv e ly .  The 

re s u l t in g  p e rm ea b il ity  is  given by

P = D 0 . 1 + Pc
0 ° -------------  ( 2 . 46)

1 + xc

Barbari e t a l^ 1^1* measured the sorption  of N_, CH. & C0_ gases
i  h  i

in  various amorphous polymers based on bisphenol A and analysed 

the data in  terms of the dual-mode sorption model and the gas- 

polymer m atrix  model. They concluded th a t  the former provided a 

b e t te r  f i t  of the experim ental sorption  isotherms compared w ith  

the gas-polymer m atrix  model. This was a r e s u l t  o f the dual mode

65



sorption  conta in ing  three ad justab le  parameters compared to the 

gas-polymer m atr ix  w ith  only two. Furthermore, the parameters 

from the dual mode model could e a s i ly  be co rre la te d  w ith  both gas 

and polymer p ro p e r t ie s .  A weakness of the m atr ix  model is  th a t

the choice of equation 2.44 and 2.45 is  somewhat a r b i t r a r y  and

apparently  does not re s t  on any model fo r  the sorption and

tran sp o rt process in  the glassy s t a t e .

2.10 Transport Models fo r  Heterogeneous and Homogeneous Media

Heterogeneous polymer systems include block and g r a f t

copolymers, p a r i t a l l y  c r y s t a l l in e  polymers, f i l l e d  polymers,

f ib r e - r e in f o r c e d  p la s t ic  and immiscible or p a r t i a l l y  immiscible

polymer blends. Modes fo r  gas tran sp o rt  in  hete^genous media

have been derived by analogy w ith  the e a r l i e r  developments of

e le c t r i c a l  p e r m i t t i v i t y ,  e l e c t r i c a l  conductance and thermal

c o n d u c tiv i ty .  D e ta i led  reviews of the various models are given  

(152-154)elsewhere. In the fo llow ing  section , a few models have

been selected  fo r  discussion and are confined to d ispersions of 

one phase in  a continuum of another. The fo llow ing  notations are 

used: -

P : The p e rm ea b il ity  of the composite media, m

P : The p e rm ea b il ity  of the continuous phase, c

P. : The p e rm ea b il ity  of the disperse phase, d

♦ : Volume f r a c t io n  of the continuous phase, c

♦ . : Volume f r a c t io n  of the dispersed phase, d

(155)Maxwell derived an exact expression fo r  a s in g le  sphere

embedded in  a continuous medium which has been applied  to a
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d i lu t e  d ispers ion  of id e n t ic a l  spheres in  a continuous phase. 

The separation between spheres is  s u f f ic ie n t  to prevent any 

mutual p e rtu rb a t io n  of f lu x e s .

The p e rm ea b il ity  of the medium is  given by

Pm Pc

2 P -c
2P +c

( 2. 47)

The Maxwell expression is  found to be v a l id  fo r  small volume 

f ra c t io n s  up to 0.1 but may be a f a i r  approximation up to volume 

f ra c t io n s  approaching 0.5 of the d isperse phase.

When P >> P. equation ( 2 . 47)  reduces to c d

P = P . 2 ( 1 - ♦  .) / ( 2 + $ .) ( 2 . 48)m e  d d

When P. >> P equation ( 2 . 47)  reduces to d c

P = P . (1 + 2* J / (  1 - * J  ( 2 . 49)m e  d d

There have been a number of extensions and m o d if ica t io n s  to

the Maxwell model by other a u t h o r s , ^ 56 159* fo r  example the

fo llo w in g :

Bruggeman^ "   ̂ allowed fo r  the in te ra c t io n  between f luxes  as 

the volume f r a c t io n  of the disperse phase increased and obtained

♦ c

P )m
P )c

(2. 50)

Since the Bruggeman expression was an extension of the Maxwell

model, i t  s im p l i f ie d  to g ive , when P >> P.c d
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and when PJ >> P ( 2 . 51)d c '

P = P / ( 1- *  .) ( 2 . 52)m e  d

This expression also allows fo r  the disperse phase to comprise 

a la rg e  range of domain, s izes , but does not correspond to any 

s p e c i f ic ,  w e l l  defined s tru c tu re .

. (157,158)Higuchi also allowed fo r  the in te r a c t io n  of f luxes

and neighbouring spheres fo r  a random dispersion of s p h e r ic a lly  

uniform p a r t ic le s .  His expression was

(P^ + 2P - X) -  ♦ ( 2P - 2P . - X) 
p _ p d c__________ d c d
m ~ c (P_, ♦ 2P -  X) + ♦ (P -  P + X) u  'd c d c d

where X = k ( P_, - P ) 2/ ( 2P + P J )d c c d

The parameter k is  the r a d ia l  d is t r ib u t io n  function  fo r  a 

random d ispers ion  of spheres and is  a function  of volume f ra c t io n  

but is  g e n e ra l ly  unknown. Higuchi found the expression to be 

r e l a t i v e l y  in s en s itv e  to k, and a value of k = 0.78 gave a good 

f i t  to the experim ental data in  a wide range of systems. For 

k=0,  in  the l i m i t  where p a r t i c l e - p a r t i c le  in te ra c t io n s  are 

absent, ie  in  the l i m i t  of i n f i n i t e  d i lu t io n ,  the Higuchi 

expression reduces to Maxwell's model. A weakness of eqn. ( 2 . 52)  

is  th a t  i t  does not reduce to the Maxwell expression fo r  a d i lu te  

d is p e rs io n .

The l im i t in g  cases fo r  th is  model are
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When P >> PJ c d

P = P 3.224 / ( 6  -  2.784 ) ( 2 . 58)m c c c

and when PJ >> P d c

P = P . (3 - 2.784 ) / 0 . 224  ( 2 . 55)m e  c c

B b tc h e r^ 6 0  ̂ derived the fo l lo w in g  expression fo r  a d ispers ion  

of e l l i p s o id a l  or spherica l p a r t ic le s .

This expression is  of in te r e s t  in  th a t u n like  the Maxwell, 

Higuchi models i t  is  symmetric w ith  respect to the d isperse and

(Acontinous phase and so is  ap p lic a b le  in  p r in c ip le  over the whole 

of the component range.

(P . - P ) d cP - P = 3 P 4 — ---------------------- ---—m c J m a (P + 2P )d m
( 2. 56)

The s im plest,  em p ir ica l  model ap p licab le  to a homogeneous 

mixture was suggested by L ic h te n e c k e r^ ^ 1 * and was l a t e r  

j u s t i f i e d  by L ichtenecker and Roth§r(163) and is  given by:-

lnP = 4 InP + 4 .InP . ( 2 . 57)m c c d d

(162)Paul has developed models fo r  gas tran sp o rt  in

homogeneous blends in  terms of a c t iv a te d  s ta te  theory and fre e  

volume theory .

T reat ing  d i f fu s io n  through polymer as an a c t iva ted  process one 

has equation ( 2 . 19)

D = D exp(-E  /RT)
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where E_ is  the a c t iv a t io n  energy fo r  d i f fu s io n  and D is  a pre-  D o

exponentia l fa c to r .  Assuming th a t  the a c t iv a t io n  energy fo r  the 

blend can be expressed as

ED AE 12 ( 2 . 58)

where subscripts  1 and 2 denote the pure components and AE^2 

accounts fo r  the departure  from the simple a d d i t i v i t y  

r e la t io n s h ip .

The fo l lo w in g  em p ir ica l  r e la t io n  has also been estab lished

between the a c t iv a t io n  energy and the p re -exp o n en tia l

. ( 165, 226, 227)term.

InD = a E„ + b ( 2 . 59)o D

where a and b are constants.

In s e r t in g  eqn ( 2 . 58)  in to  ( 2 . 19)  and ( 2 . 59)  y ie ld s

In  0 = ♦ In  Dj + * 2 In  D2 + (a RT - 1) AE^/RT ( 2 . 60)

The s o lu b i l i t y  c o e f f ic ie n t  fo r  a mixture has been shown to  

be re la te d  to those of the components by equation ( 1 . 33)  by the 

te rn a ry  s o lu tio n  theory.

0V3 *1 *2
in  k3b = ♦ , in  k3 , ♦ * 2 in  kJ2 ♦ ------R -------- 11.33)

Where B = V j2 RT/v3 ),  is  the binary in te r a c t io n  parameter 

mixing of component 1 and 2, and is  the molar volume of the 

p e n e tra n t .
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Since P = Dk, combining eqn (2.60) and (1.31) yields

AE BV

inR * V"p, * V np - ,aRT - 11 -sr (2.61 )

Equation ( 2 . 61)  reduces to the Lichtenecker expression when 

the tran sp o rt  and thermodynamic in te r a c t io n  parameter terms, AEj2

and B are both zero. Furthermore, B takes on negative values

(1 ,1 2 9 ,1 6 4 ) . ... . . . . . ..fo r  m isc ib le  blends of high molecular weight, thus

g iv in g  r is e  to a decrease in  the s o lu b i l i t y  c o e f f ic ie n t  r e la t i v e

to the weighted geometric mean defined by the f i r s t  two terms in

equation ( 1 . 3 3 ) .  A p o s it iv e  value of B would increase the

s o lu b i l i t y  c o e f f ic ie n ts  and th is  behaviour is  possib le  fo r

random co-polymers. A ty p ic a l  value fo r  B is  in  the order of ±

20.92/cm . McGregor' has shown th a t  fo r  many polymers, aRT

takes a value in  the region 1.67 to 2.09 hence (aRT - 1) is  about

- 2 . 0 9 .  Hence depending on the magnitude and the en erg e tic

in te ra c t io n s  between the component polymers, one might expect a

homogeneous multicomponent system to d ev ia te  from equation ( 2 . 61)

in  e i th e r  d i r e c t io n .  However, m isc ib le  blends are expected to

f a l l  below the pred icted  l i n e .

The tran sp o rt  behaviour of a m ixture  in terms of f re e  volume

concepts has appeared in  various forms. In one of the sim plest

(166)approaches proposed by Lee , the p e rm eab il ity  was given by

A e
- B /  ( V - V ) o ( 2 . 62)

where A and B are constants, V is  the s p e c if ic  volume of the
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polymer and Vq is  the volume "occupied" by the polymer chains. To

form ulate  a mixtures ru le  fo r  a multicomponent polymer system

from equation ( 2 . 62)  i t  is  necessary to know the v a r ia t io n  in

fre e  volume, (V-V ) w ith  composition, o

I t  is  assumed th a t  the f re e  volume fo r  the m ixture fo llow s  

the a d d it iv e  re la t io n s h ip ,

(V-V ) = (V-V ) ,  + (V-V )_o 1 o 1 2 o 2 2.63)

In s e r t in g  equation ( 2 . 63)  in to  ( 2 . 62)  and rearranging y ie ld s

In  (P/A) I n ( P1/ A ) I n (P2/A)

-1
( 2 . 64)

I t  can be shown th a t when InA >> In  P or In  P. equation ( 2 . 64)i
reduces to the simple L ichtenecker expression. However, in  most 

cases the value of InA is  not s u f f i c i e n t ly  high enough to permit 

the use of the simple form. I t  is  of in te r e s t  th a t  equation  

( 2 . 64)  p re d ic ts  p o s it iv e  d ev ia t io n s  from equation ( 2 . 57 ) .

However, fo r  m isc ib le  blends when there  is  strong  

in te ra c t io n s  between d is s im i la r  chains then in  general a loss of  

f re e  volume is  observed on m i x i n g . E q u a t i o n  ( 2 . 63)  is  now 

replaced by

(V - V ) = ♦ (V - V ) - ♦ (V - V ) + AV . ( ♦ . )  ( 2 . 65)o 1 o 1 2 o 2 mix 1

where AV . ( ♦ , )  allows fo r  a small negative volume changemix 1

on mixing. The p e rm eab il ity  thus becomes
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In  (P/A)
AV . (♦ ) mix 1 - 1

I n (p / A) l n ( P 2/A) ( 2 . 6 6 )

In general fo r  a hete^geneous blend a p lo t  of P (or log P) 

against ^  (or +2 ) w i l l  be sigmoidal in shape as a r e s u l t  of

phase invers ion  which w i l l  usually  occur around a composition of 

-  0 . 5 .  With homogeneous blends the corresponding p lo t  may

fo l lo w  the Lichtenecker expression or d ev ia te  from i t  in  e i t h e r  

d ire c t io n  but the v a r ia t io n  of P w ith  composition is  g e n era l ly  

monotonic.

The l i t e r a t u r e  published on the transport of gases through 

polymer blends has been extensive in  the l a s t  few years. A l l  

these studies have been involved w ith  olends of three  d i f f e r e n t  

categ o ries , namely (a) pure ly  rubbery blends, (b) blends th a t  are  

rubbery over part of the composition range and glassy over the 

remainder and (c) glassy over the e n t i r e  composition range. In 

the fo l lo w in g  section , a l i t e r a t u r e  survey is  given of the  

studies c a rr ie d  out in  blends in  the above ca tag o ries .

Ranby and co-workers were the f i r s t  to study gas tra n s p o rt

(168)in  mechanically  prepared m isc ib le  polymers. In a l l  o f the

studies p o ly v in y l  ch lo r id e  (PVC) was one of the components. Gas 

t ra n s p o rt  in  m isc ib le  blends of PVC and e th y le n e -v in y l  ace ta te  

copolymer EVA-45 prepared m echanically by m i l l in g  the polymers 

together at high temperature, was s tudied . The p e rm e a b il i t ie s  of 

helium, argon and carbon d iox ide  were w idely  scattered  and when 

p lo t te d  against weight f r a c t io n ,  an S-shaped trend was obta ined. 

This suggested th a t  the blends were immiscible and showed th a t
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phase in vers io n  occurred when the EVA-45 content was about 6Z; 

EVA-45 was be lieved  to form the continuous phase even at such low 

le v e ls  by covering the a v a i la b le  surface area of the PVC 

p a r t ic le s .  Phase separation may have been induced by the high 

temperature used during processing.

(169)In a l a t e r  study Shur and Ranby showed th a t  the

m is c ib i l i t y  of PVC and EVA was improved when the v in y l  ace ta te  

content of the EVA was increased to 65Z as opposed to 45Z in  the  

e a r l i e r  study. Blends of PVC and EVA-65 e xh ib ited  a s in g le  

composition-dependent glass t r a n s i t io n  temperature consis tent  

w ith  m i s c i b i l i t y .  Further confirm ation  came from the d e n s it ie s  

which were higher than ca lcu la ted  from volume a d d i t i v i t y  and from 

the p e rm e a b i l i t ie s  of 0^ and N̂  which were lower than those 

estimated from the Lichtenecker expression.

S im ila r  behaviour was observed fo r  the permeation of He, 0 ^ ,  

N̂  and CÔ  in  blends of PVC w ith  A c ry lo n i t r i le -B u ta d ie n e  

copolymer (NBR) .  ̂ As the a c r y l o n i t r i l e  (AN) content of

the copolymer was increased p lo ts  of log P (log D) against blend 

composition approached l i n e a r i t y  whereas at low le v e ls  of AN, 

there  was in d ic a t io n  of phase in v ers io n . The corresponding  

perm eabil ity -com position  p lo ts  fo r  several gases in  blends of PVC 

and ch lo r in a te d  polyethylene (CPE) also approached l i n e a r i t y  and 

the phase in vers io n  was observed at low le v e ls  of c h lo r in a t io n .  

For blends o f PVC and A c ry lo n it r i le -B u te d ie n e -s ty re n e  (ABS)

copolymer, the permeation data suggested th a t  the system was

. 4. (173)heterogeneous.

F in a l ly  fo r  blends of PVC and p o ly ( e -c ap ro la c to n e ),  the
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p e r m e a b i l i t y - c o m p o s i t i o n  plots w e r e  linear, c o n s i s t e n t  with

m i s c i b i l i t y .  Analysis of th is  system was complicated by the f ac t  

th a t  the blends were rubbery over p a rt  of the composition range 

and glassy over the remainder. A fu r th e r  com plicating fa c to r  in  

a number of these studies was the presence of c r y s t a l l i n i t y .

The e f f e c t  o f c r y s t a l l i n i t y  on gas permeation in  m isc ib le  

blends of polycarbonate and a copolyester (composed of 1, 4-  

cyclohexane dimethanol and a m ixture  of te r e p h th a l ic  and 

is o p h th a lic  acid u n its )  was reported by Preston e t a l . ^ 175  ̂ The 

p erm eab il ity  of CO .̂ CĤ  and He in  both annealed and unannealed 

samples was measured and owing to c r y s t a l l i z a t io n  of the  

copolyester, the p e rm ea b il ity  of annealed specimens showed a 

progress ive ly  la rg e r  d ec lin e  r e la t i v e  to the unannealed f i lm  as 

the copolymer content of the blends increased.

The r e la t i v e  ra tes  of permeation varied g re a t ly  w ith  blend 

composition, but fo r  a given p a ir  of gases the s e l e c t i v i t i e s  were 

e s s e n t ia l ly  the same fo r  the t o t a l l y  amorphous or semi­

c r y s t a l l in e  polymers.

The permeation behaviour of CÔ  and 0^ in  heterogeneous 

blends of Polystyrene (PS) and P o ly ( 1 , 1 , 1 - t r i s ( t r i m e t h y ls i l o x y l ) 

m eth y lac ry la te  p ro p y ls i lan e  (PTMPS) was studied by Kang et 

a i  (176)  p e rm ea b il ity  c o e f f ic ie n t  fo r  both gases increased  

r a p id ly  w ith  increasing  content of PTMPS in  the blends, however, 

the s e le c t i v i t y  ca lcu la ted  from the r a t i o  of the p e rm e a b i l i t ie s  

of CÔ  and 0^ approached u n ity .  I t  was also reported  th a t  the  

a d d it io n  of g r a f t  copolymer (prepared by the re ac t io n  of PTMPS
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and styrene monomer) improved the c o m p a t ib i l i ty  and the 

p e rm s e le c t iv i ty  but a t  the expense of a reduced p e rm e a b il i ty .

Barnaboes e t a l . ^ " ^  in v e s t ig a te d  the tra n s p o rt  of C02 and

02 in  p o ly (m e th y la c r y lo n i t r i le -s ty r e n e )  block and random

copolymers. For random copolymers th ere  was reasonable agreement

w ith  the Lichtenecker expression (equation ( 2 . 5 7 ) )  but w ith  a

small p o s it iv e  d e v ia t io n .  For the block copolymers p lo ts  of log

P against composition were sigmod. a l ,  in d ic a t in g  a heterogeneous 

(162)system. Paul analysed these data fu r th e r  in  terms of

equation ( 2 . 64)  based on a d d i t i v i t y  o f free  volume and obtained

an e x c e l le n t  agreement between the experim ental and pred icted

(166)values using the appropria te  values of A from Lee' s re s u l ts .

The tra n s p o rt  of hydrocarbon vapours fo r  a series  of

heterogeneous g r a f t  copolymers and also block copolymers of

po lyd im ethy ls iloxan e  (PDMS) conta in ing  polystyrene was studied by

(19 6)B arr ie  and Munday. In these blends PDMS comprised the

continuous phase and good agreement was obtained w e l l  w ith  

various heterogeneous models. The a c t iv a t io n  energies fo r  a 

given penetrant were v i r t u a l l y  constant fo r  the blends and were 

equal to th a t  of PDMS suggesting th a t  the tran sp o rt  was governed 

by the continuous PDMS phase. Sorption in  the g r a f t  copolymers 

fo llowed the dual mode sorption  mechanism, p a r t i c u la r l y  at low 

pressures and w ith  high PS content. However, the sorption  in  

block copolymers were l in e a r  in  a l l  cases w ith  no curvature  even 

at low pressures. The r e l a t i v e l y  low glass t r a n s i t io n  

temperature o f the PS phase in  the block copolymers may be 

reponsib le  fo r  the absence o f a Langmuir component.
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B arr ie  and Ism a il studied the tran sp o rt  o f propane in
(179)

heterogeneous blends of p o ly (d im ethy l s iloxane) and 

p o ly (e th y len e -co -p ro p y len e ) e lastomers. The s o lu b i l i t y

c o e f f ic ie n t  and the heat of sorption  followed the simple a d d iv i ty  

r e la t io n s h ip .  The p e rm ea b il ity  c o e f f ic ie n ts  were pressure  

independent and were in  agreement w ith  the various heterogenous 

models.

The sorption  and d i f fu s io n  of propane in  a l te r n a t in g  block

copolymers of p o ly ( bisphenol-A carbonate) (BPAC) and

P o ly (d im eth y ls i lo xan e ) (PDMS) in  terms of blend composition and

(180)PDMS block length  were studied by B arr ie  and W ill iam s .

These systems are e s s e n t ia l ly  heterogeneous and consist of BPAC 

domains dispersed in  PDMS-rich continuum. The continuum is  not 

pure PDMS as some BPAC un its  are incorporated in  i t .  In general 

the perm eabil ity -com position  curve fo r  a given PDMS block length  

lay  below th a t  pred icted  by the Maxwell-type expressions. The 

departure  from the M axwell-type expressions became more 

pronounced as the PDMS block length  increased. This was 

explained as due to the changing nature of the continous phase 

brought about by in co rp o ra t io n  in to  i t  of varying amounts of BPAC 

u n i t s .

B arb ie r^ 181  ̂ studied the tra n s p o rt  of n itrogen  in  blends of

n a tu ra l  rubber and various syn th e t ic  e lastom er. The perm eabilty

re s u lts  in d ica te d  good agreement w ith  the Maxwell model fo r

blends of n a tu ra l  rubber and b u ta d ie n e -a c r y lo n i t r i te  copolymer

contain ing 25Z w/w a c r y l o n i t r i t e  w ith  n a tu ra l  rubber as the

(182)disperse phase. Z ieg e l showed several p o ly ( urethanes) to be
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hetergeneous by gas tra n s p o rt  s tud ies .

Blends of c e l lu lo s e  n i t r a t e  and Polyethylene g ly c o l

(183)
(PEG) e xh ib ited  a s in g le  composition dependent glass

t r a n s i t io n  temperature and the p e rm eab il ity  c o e f f ic ie n t  fo r  N^, 

02 and C02 increased w ith  increasing  PEG content w h ile  the  

s e l e c t i v i t y  r a t io  Pr _ / Pu remained constant. This behaviour isL U -  N .2 2
common as any increase in  p e rm ea b il ity  is  g e n e ra l ly  a t the

expense of lower s e l e c t i v i t y .

Masi e t  a l . ^ 0*^ reported  on the gas sorption and tran sp o rt  

in  blends of polycarbonate and a copolyester made from 1 , 4 -  

cyclohexane-methanol and m ixture of te re p h th a l ic  and is o p h th a lic  

acids. Density data suggested th a t  the a d d i t i v i t y  of volumes was 

v a l id  fo r  th is  system. However, a p p l ic a t io n  of equation ( 2 . 64)  

gave a perm eab il ity -com position  curve ly in g  about the  

Lichtenecker l in e  (equation ( 2 . 57 ) )  where as the experim ental 

re s u lts  showed strong negative d e v ia t io n s .

The s o lu b i l i t y  and d i f fu s io n  of propane in  blends of  

Polystyrene and P o ly lv in y l  methyl e th e r)  a t temperature above the 

glass t r a n s i t io n  temperature and low d i f fu s a n t  pressures was 

studied by Spencer e t a l . * 105  ̂ The s o l u b i l i t i e s  were described  

by Henry's law as expected fo r  rubbery polymers and the d i f fu s io n  

was ch ara c te r ize d  by F ic k 's  equation w ith  concentration  

independent d i f fu s io n  c o e f f ic ie n ts .  The p e rm ea b il ity  c o e f f ic ie n t  

fo llowed the l in e a r  r e la t io n s h ip  (equation ( 2 . 5 7 ) )  when p lo t te d  

against blend composition.
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Webb et a l  reported the transport of CO and CH. through2 4
m isc ib le  blends of e thylene v in y la c e ta te  copolymer (EVA-45) and 

ch lo r in a ted  polyethylene ( H- 48) .  M is c i b i l i t y  was estab lished  by 

d i f f e r e n t i a l  scanning ca lo r im e try  (DSC) and also by dynamic 

mechanical thermal an a ly s is .  The d ev ia t io n  of s p e c if ic  volume 

fo r  the blends from the a d d i t i v i t y  l in e  was in s ig n i f ic a n t  and 

suggested a weak in te ra c t in g  system. The s o lu b i l i t y  c o e f f ic ie n ts  

analysed in  terms of the Flory-Huggins so lu tion  theory showed a 

s l ig h t  negative departure from the th e o r e t ic a l  values suggesting  

a small negative  value fo r  x ’ ^  ( in te r a c t io n  param eter). The 

p erm eab il ity  of CÔ  was independent of the ingoing pressure. The 

permeation data were tested  in  terms of the free-volume theory  

and the simple a d d i t i v i t y  ru le  as applied to m isc ib le  blends.

Sorption and transport of various gases (He, A r , N_, CH. . CO.)
Z 4 Z

at  high pressures in m isc ib le  blends of Poly(methyl a c ry la te )  and

(186)P o ly ( e p ich lo ro h y d r in e ) were reported by Chiou e t a l .  The

p erm eab il ity  c o e f f ic ie n ts  fo r  He, A r , N2 , CĤ  remained constant 

w ith  ingoing pressure, whereas those fo r  C02 increased w ith  

ingoing pressures. This was caused by concentration dependent 

increase of the d i f fu s io n  c o e f f ic ie n t ,  since the s o lu b i l i t y  

c o e f f ic ie n ts  were found to be independent of e q u i l ib r iu m  sorption  

pressure, ie  sorption obeyed Henrys law. A l l  these parameters, 

namely s o l u b i l i t i e s ,  d i f fu s io n  c o e f f ic ie n ts  and p e rm e a b il i t ie s  

fo r  these gases followed a simple a d d i t i v i t y  r u le ,  equations  

( 1 . 33 ) ,  ( 2 . 60)  and ( 2 . 57 ) .

Chiou and P a u l ^ 8^  reported the sorption and tran sp o rt  of C02 

at high pressures in  m isc ib le  blends o f P o ly ( v in y lid en e  f lu o r id e )

( 5 9 )
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(PVF^) and Polytmethyl m ethacry la te ) (PMMA) a t 35°C. Blends r ic h  

in  PMMA were glassy and blends r ich  in  PVF2 were rubbery. Thus 

the sorption  isotherms a t high PVF2 content were l in e a r  and at 

high PMMA were concave to the pressure axis as expected fo r  

glassy polymers. However, the sorption in  the in te rm ed ia te  

blends was more complex w ith  the i n t i a l  stage of the isotherm (a t  

low pressures) concave to the pressure axis and l in e a r  at higher  

pressures. I t  was proposed th a t  CO2 acts as a p la s t i c i z e r  

reducing the glass t r a n s i t io n  temperature so th a t  glassy blends 

became rubbery at s u f f i c i e n t ly  high CÔ  pressures g iv in g  r is e  to

l in e a r  isotherms, A fu r th e r complication in these systems was

c r y s t a l l i z a t io n of PVF2 which could be induced by C02

p l a s t i c i z a t io n . In general the p erm ea b il ity  decreases with

pressure in  glassy polymers, however in  th is  case an increase in  

p e rm ea b il ity  was observed due to p la s t ic iz a t io n  by C02 .

The sorption  and tran sp o rt  of the in e r t  gases He, Ar, and

(188)CĤ  in  the same blends was also studied by the same authors 

The sorption  isotherms were non linear fo r  the glassy blend (PMMA- 

r ic h )  and l in e a r  fo r  the rubbery blends (P V F ^ r ic h ) .  The Henrys 

law s o l u b i l i t y  c o e f f ic ie n t  showed a negative d e v ia t io n  from 

equation ( 1 . 33)  and the p e rm e a b i l i t ie s  were independent of 

pressure fo r  a l l  blend compositions. The e f fe c t  of c r y s t a l l i n i t y  

at high PVF2 on both the p e rm ea b il ity  and d i f fu s io n  c o e f f ic ie n t  

was observed. However from the sorption and permeation behaviour 

i t  was obvious th a t  these gases did not p la s t ic iz e  any of these  

m a te ria ls  in  con trast to CO^.
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The e f fe c t  of the ad d it io n  of t r i c r e s y l  phosphate (TCP),  N-

phenyl-2-naphthylam ine ( PNA) and 4 , 4 -d ich lo ro d ip h en y l sulfone

(DDS) to polysulfone on the tra n s p o rt  and sorption p ro p ert ies  of

(189)various gases was also studied.

In g en era l,  the extent of sorption in  glassy polymers 

decreased as the measurement temperature approached the glass  

t r a n s i t io n  temperature. In th is  case the ad d ition  of d i lu e n t  had 

the same e f f e c t  on the isotherms as ra is in g  the temperature of 

measurements. That i s ,  the capac ity  of the Langmuir mode of

sorption was found to decrease monotonically w ith  d i lu e n t  

ad d it io n  in  a fashion e n t i r e ly  explained by the reduction in  Tg 

of the m ixtu re . The p e rm eab il ity  c o e f f ic ie n ts  fo r  CÔ  decreased 

as the d r iv in g  pressure increased which was a ty p ic a l  fo r  glassy  

polymers, however, in  the case of 30Z TCP m ixture , the reverse  

trend was observed due to strong p la s t ic iz a t io n  by CO^. O v e ra l l ,  

the a d d it io n  of d i lu e n t  caused a s ig n i f ic a n t  decreased in  both 

the p e rm ea b il ity  and m o b i l i ty .

The same authors also studied the e f fe c t  of 

a n t ip la s t ic iz a t io n  on gas sorption and tran sp o rt  in  

P o ly ( phenylene oxide) (PPO) by adding a wide range of l iq u id  

d ilu e n ts  to PPO. *190, 191  ̂ From a mechanical po in t of view, i t  

appeared th a t  PPO did not show as strong a n t ip la s t ic iz a t io n  

behaviour as did Polysulfone, however a s ig n i f ic a n t  reduction in  

gas s o lu b i l i t y  and p erm ea b il ity  did occur as a r e s u l t  o f adding 

d i lu e n t  to PPO, p a r t ic u la ry  in  the case of TCP which reduced CÔ  

m o b il i ty  more in  PPO than in  Polysulfone.
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c h lo ra l  polycarbonate have also been shown to be m isc ib le  over

the e n t i r e  composition range, using various techniques which

(192)inc lude  gas permeation. The gas p e rm eab il ity  of a l l  gases

studied (He, H_, 0_. Ar, N_, CH. , and CO_) were lower than those
c. c. c 4 c

from the l in e a r  a d d i t i v i t y  ru le  and the extent of d e v ia t io n

increased w ith  gas molecular s iz e ,  and was sm allest fo r  He and

la rg e s t  fo r  CH. . The p e rm e a b il i t ie s  predicted from the f re e  4
volume theory were s ig n i f ic a n t ly  h igher than the measured ones.

On the other hand, both the pe rm eab il ity  and d i f fu s io n

c o e f f ic ie n t  fo r  the same gases in  homogenous blends o f PMMA with

each of two SAN ( S t y r e n e /A c r y lo n i t r i le ) random copolymers showed

p o s it iv e  d e v ia t io n  from the sem ilogarithm ic a d d i t i v i t y  r u le ,  but

was w e l l  described by the f re e  volume theory (equation

(192)( 2 . 6 4 ) ) .  This was a t t r ib u te d  to the very weak net

in te r a c t io n  between PMMA and SAN produced by repu ls ion  between 

styrene and a c r y l o n i t r i l e  un its  in  the SAN random copolymer. 

However, in  th is  case the s o lu b i l i t y  c o e f f ic ie n t  and the id e a l  

separation fa c to rs  followed the sem ilogritham ic a d d iv i ty  ru le  

w e l l .  The sorption  and permeation of phase separated blends were 

also studied which showed s im i la r  behaviour to those of the 

corresponding homogeneous blends.

S ta l l in g  e t a l . * 19^  c h ara te r ized  the tran sp o rt  behaviour of 

neon, argon and krypton a t low penetrant a c t iv i t e s  through 

so lu tio n  cast ,  annealed, glassy blends of p o ly ( 2 , 6 -d im e th y l -1 ,4 -  

phenylene) oxide (PPO) and polystyrene (PS).  The p e rm ea b il ity  

data fo r  argon and krypton, e xh ib ite d  the monotonic v a r ia t io n

Blends of P o l y ( methyl m e t h a crylate) (PMMA) wi t h  b i sphenol
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w ith  composition expected fo r  a homogeneous system. However,

th is  was not so fo r  the neon p e rm e a b il i ty ,  although there  was a

considerable amount of evidence th a t  the PPO-PS polyblend system

was completely compatible over the e n t i r e  composition 

(195, 196)range.

The sorption and transport of CÔ  gas in  amorphous glassy

blends of p o ly { phenylene o x id e ) ,  PPO, and polystyrene (PS) was

o (199)measured at 35 C over the e n t i re  range of blend composition.

The e q u i l ib r iu m  sorption of CÔ  in  the homopolymers and in  the

blends was w e l l  described by the dual sorption model (eqn.

( 2 . 2 3 ) ) .  The a f f i n i t y  parameter, b, showed a minimum when

p lo t te d  against blend composition. The Langmuir capacity

parameter increased w ith  increasing PPO content as expected and

revealed th a t  C’ was w e l l  pred icted  by the notion th a t  Langmuir H
sorption occurred by f i l l i n g  the excess volume of the glassy  

s ta te  w ith  l iq u id  l i k e  C02 . The Henry s law

parameter ( )  fo r  the blend devia ted  markedly from a simple 

l in e a r  a d d i t i v i t y  ru le  as expected fo r  m isc ib le  polymer blends 

and a reasonable value of the in te r a c t io n  parameter was deduced 

from the mixing ru le  (equation ( 1 . 3 3 ) ) .  The p e rm ea b il ity  

composition curve showed a strong negative d e v ia t io n  from the 

Lichtencker expression whereas the a d d it iv e  free-volume  

expression pred icted  a p o s it iv e  d e v ia t io n .  Some improvement was 

obtained by a llow ing  fo r  volume co n trac t io n  on mixing although  

even here the experim ental re s u lts  were lower than the pred icted  

v a lu e s .

(197 196)Muruganandam and Paul ' studied the gas sorption and
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polycarbonate (TMPC) and polystyrene (PS) .  The sorption

isotherms were n o n -l in e a r  as expected of glassy polymers and the

Langmuir capac ity  parameter increased w ith TMPC in  the blend

owing to the higher T  ̂ o f TMPC than th a t  of PS. The pe rm eab il ity

c o e f f ic ie n t  fo r  He. C0_, 0_ , CH, and N. passed through a minimumi i k z

when p lo t te d  against blend composition. This behaviour was 

a t t r ib u te d  to  the volume change on mixing fo r  th is  system. 

Although correc tions  were made fo r  volume contrac t ion  on mixing, 

the d e v ia t io n  in  the experim ental p e rm e a b il i t ie s  from the simple

t r ansport in m i s c i b l e  blends of t e t r a methyl bisphe n o l - A

a d d i t i v i t y and free volume theory was s t i l l g re a te r  than

p re d ic te d . S im ila r e f fe c t were observed fo r the d i f fu s io n

c o e f f i c i e n t . There were s l ig h t maxima in  the s e le c t i v i t y

composition curve fo r He/CH^, co2/ ch 4 , ° 2 /N 2 gas p a ir ,  However,

th e re  were no strong advantages fo r  gas separation o ffe red  by 

blending in  t h e i r  case.

T a y lo r ^ * * 1* has re c e n tly  reported on the tran sp o rt  and 

sorption of the CÔ  and CĤ  in  m isc ib le  blends of

Polyethersulphone (PES) and Polyethylene oxide (PEO).  The 

sorption isotherms fo r  CÔ  showed negative d e v ia t io n  from Henry's 

law expected fo r  glassy polymers. However, due to the very low 

uptake of the CĤ  the negative d e v ia t io n  was not de tected . The 

Henry’ s law s o lu b i l i t y  c o e f f ic ie n ts  obtained from the i n i t i a l  

slope of the isotherms showed negative departure from the simple 

a d d i t i v i t y  l i n e .  The p e rm ea b il ity  of both gases were independent 

of the ingoing pressure.
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Due to the PEO being a cry s t a l l i n e  material, problems were

encountered in  obta in ing  a f i lm  s u ita b le  fo r  the permeation  

measurements. A minimum fo r  the p e rm ea b il ity  when p lo tte d  

against blend composition was observed. The average d i f fu s io n  

c o e f f ic ie n ts ,  6, were ca lcu la ted  using equation ( 2 . 18)  and were 

found to increase l in e a r ly  w ith  concentra tion . The v a r ia t io n  of 

D w ith  blend composition was not shown.
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CHAPTER-3

EXPERIMENTAL

3.1 M a te r ia ls

The Po lye thersu lfone  (PES) (a lso  re fe rre d  to  as Poly (oxy - 

1 , 4 -  phenylenesulphonyl -  1, 4 - phenylene) was supplied by IC I
-3

(V ic t re x  200P) .  I t  has a quoted d en s ity  of 1.37gcm and a glass  

t r a n s i t io n  tem perature, T , o f 226°C. PES has the fo l lo w in g  

repeat u n i t : -

( - O -501 ~ o - ° - ) n

There are number of ways in  which PES may be synthesized

(202 203)which are w e l l  described in  the l i t e r a t u r e .  ’ These

inc lude  se lf-cond ensation  of c e r ta in  d in u c lea r  a ry lsu lphony l

(204 )ch lo rides  catalysed by f e r r i c  ch lo r id e  and the

(205 )polycondensation of halogenophenylsulphonyl phenoxide. A

(206)more genera l route  used by IC I is  the re ac tio n  of

B isphenol's  w ith  4, 4 -D ich lo ro d ip h en y l sulphone as shown below:-

n HO SO,

(Bisphenol ’S')

n K 2C 0 3

(4,4’-DichIorodiphcnyl sulphone)

285°C Diphenylsulphone 
(solvent)

(-O—CM,. + 2n KCI + n COj + n H20

(P.E.S.)
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Phenoxy resins  ( a l t e r n a t iv e ly  re fe rre d  to as the polyhdroxy 

ether of bisphenol (A) )  are the reac tio n  products of

ep ich lo rohydrin  w ith  bisphenol A.

. . , ( 129, 130)shown below:-

The basic re ac t io n  scheme is

c h .

,Ha0 [ - 0

Bisphenol A

AOH ♦  d QCHjCH— CH,

Epichlorohydrin

NiOH
OH __  OH

OCHjCHCHja)
CH,

Chlorohydrine intermediate

The chlorohydrine in te rm ed ia te  reacts  w ith  NaOH to form 

D ig ly c id y le th e r  of Bisphenol DGEBA, the raw m a te r ia l  fo r  the  

commercial synthesis o f phenoxy. The DGEBA reacts  w ith  the 

dian ion of the bisphenol to give phenoxy polymer as shown by the  

fo l lo w in g  re a c t io n .

Chloruhydrinc intermediate Bisphcnol A

O
CH, r— a  r
K

\ — OCHjCHCHj -
CH, ' -----J
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Phenoxy polymer was supplied by Union Carbi de (grade PKHH)
_ 3  Q

and has a density  of 1.18gcm , T 90 C and a repeat u n i t  o f : -9

0
f *  / — _  OHA  1

\ — o c h 2c h c h 2-
1 \CH, ' -----J

Polyurethane elastomer is  a commerically synthesized  

m a te r ia l  and was supplied by BP. Polyurethane re s u l t t f ro m  the 

re a c t io n  between a lcohols  w ith  two or more re a c t iv e  hydroxyl 

groups per molecules (d io ls  or p o lyo ls )  and isocyanates th a t  have 

more than one re a c t iv e  isocyanate group per molecules (a 

disocyanate or pol y i socyanat e ) . *  This type o f po lym erisation  

is  c a l le d  "a d d it io n  p o lym eriza tio n "; and the basic re ac t io n  is  

given be low :-

n HO—  R  OH +  n 0=C=N-R -N=C=0 (-O-R-O-C-N-R'-N-C-)
III IIIOH HO

n

Polyol Diisocyanate Polyurethane

The molecular s tru c tu res  of polyurethane polymers vary from 

r ig id  c ro ss - l in k ed  polymers to l i n e a r ,  h ig h ly  e x ten s ib le
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e l a s t o m e r s . Flexible p o l y u rethanes include, flexible foams, and

many elastomers having a segmented s tru c tu re  consisting  of long 

f l e x i b l e  chains (eg of po lyether or p o lyes te r  oligomers) jo ined  

by the r e l a t i v e l y  r ig id  aromatic polyurethane polyurea segments.

Polyurethane was supplied as a viscous l iq u id  in  Methyl 

e th y l  Ketone (MEK) so lven t. The MEK was removed by e i th e r  d i r e c t  

evaporation under vacuum or by p r e c ip i ta t io n  technique. The 

p r e c ip i ta t io n  method was more usefu l as the very small traces of  

the MEK were e a s i ly  removed by w ater. The s o l id  polymer was then 

d ried  in  a vacuum oven at room temperature fo r  several weeks 

p r io r  to use.

Research grade carbon d iox ide  and methane (p u r i ty  of 

99.995Z)  were supplied by Matheson Gas Products pic and were used 

w ithout fu r th e r  p u r i f i c a t io n .

3 .2  Blend Prepa ra t io n

There are three  main methods of preparing homogeneous 

polymer blends namely, by mixing in  the m e lt ,  by mixing in  

so lu tio n  in  a common solvent fo llowed by evaporation or 

p r e c ip i ta t io n  and by i n - s i t u -  p o lym eriza tio n . The technique of  

mixing in  so lu tio n  in  common solvent fo llowed by evaporation was 

used in  th is  study.

Polye thersu lfone  (PES) and Polyhydroxyether of Bisphenol (A) 

re s in  (Phenoxy) were d r ied  in  a vacuum oven at 50°C fo r  severa l  

days before use. Whereas polyurethane (Pu) was d r ied  under 

vacuum fo r  several weeks. Stock solutions of the pure components
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were prepared separately by dissolving in dried Dimethylformamide 

(DMF) at room temperature to form 10-20wtZ solution and then 

appropriate mixtures were prepared for individual blends.

Thin films were produced using the casting technique in
3

which the polymer solution (10cm ) was filtered through a 

millipore filter onto a glass plate. A glass rod with tape

evenly wound on both ends was then passed across the glass plate 

to obtain a uniform thickness. The plate was quickly placed in a 

desiccator to prevent any uptake of HgO which caused phase 

separation and was left for 2 - 3  days in a vibration free 

environment.

After most of the solvent had evaporated, a clear thin film 

was formed on the glass surfae; the film was kept under vacuum 

for further removal of solvent. The film was removed from the 

glass plate by immersing in water; left in a desiccator under 

vacuum for a further day and was out gassed in a vacuum oven at 

40 - 50°C for several weeks prior to use.

oThermogravimetric analyses up to temperature of **400 C 

indicated that the samples were completely solvent - free. The 

glass transition temperatures of the pure component and the 

PES/Phenoxy blends were measured using a DSC Du Pont 990 thermal 

analyser at a heating rate of 10°C/min and also using a DMTA 

(Polymer Laboratories) at a heating rate of 3°C/min with a strain 

of x1 and a frequency of 10Hz. However, the glass transition 

temperatures of the Pu/PES system were measured at BP Research 

Centre.
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The densities of all of the films were measured at BP

Research Centre. The method used was to find an aqueous KI 

solution in which a piece of the film tended neither to sink nor 

to float. The density of the aqueous KI was determined using a 

Paar DMA 60/60 2H digital density meter.

The film thickness was measured using a digital micrometer
c/Aand an accuracy of ± 0.001 was obtained.

The Fourier Transform Infra Red (FTIR) spectra of the PES- 

Phenoxy blends and the pure component were recorded using a 

Mattson Instruments, ALPHA Centuri at room temperature.

Attempts to record the FTIR spectra of the PES-Pu system 

were unsuccessful due to the sample being relatively thick and a 

strong absorbance of the carbonyl band was observed.

3.3 Permeation

The permeation apparatus illustrated in Figure (3.1), was of
(74)conventional design. The apparatus consisted of two main

sections, namely the high pressure side and high vacuum side 

which were connected via a diffusion cell.

3.31 High pressure side

The high pressure side comprised a gas reservoir (GR), buffer 

volume (BV) and pressure transducer (PT). The gas reservoir 

contained approximately 50 cmHg of gas under study which could be 

frozen back after each run using the cold finger (CF) attached to
3

the gas bulb. The buffer volume (BV) with a capacity of 1000cm 

was used to maintain the ingoing pressure constant during the
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Fig. 3.1 Permeation Apparatus
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course of each permeation run.

The ingoing pressure was monitored using a pressure 

transducer (PT) (model 4-327-0003, Bell and Howell Ltd, 0- 

76cmHg). The transducer was connected to a stable 10 volts (DC) 

power supply, and the output was monitored on a digital voltmeter 

(Excel XL35). The transducer was calibrated against a mercury 

manometer and the output was found to be directly proportional to 

pressure with a calibration constant of 1.103cmHg/mV. The 

calibration constant was checked periodically thereafter.

3.32 Low Pressure side

The low pressure side consisted of an outgoing buffer volume 

(BV) and a "Baraton" manometer. The buffer volume was used to 

maintain the outgoing pressure below 1Z of the ingoing pressures. 

The outgoing pressure was monitored using a MBaratonN capacitance 

manometer (B) (MKS Type 310BHS -1, range 1 Torr) which was 

connected to a digital pressure indicator, type 170M-6B.

In the later stage of the research, the downstream pressure 

was measured using a Baraton (MKS type 96H-3E) connected via an 

IEEE interface microcomputer (Commodor PET 2001) which stored and 

analysed the data.

3.33 High Pressure Work

Pure gas permeation measurements were carried out in a 

constant volume apparatus. The permeation cell was of all metal 

construction with the membrane supported by a filter paper 

resting upon a fine steel mesh screen. This work was conducted
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using a high pressure system at BP Research Centre.

3.4 The Diffusion Cell

The diffusion cell (C) shown enlarged in Figure (3.2)

consisted of two separate parts made out of glass with an area of 
23.301cm . In the lower part of the cell, a piece of copper gauze 

(CG) was sealed using Araldite to form the support for the 

membrane. To prevent the seration of the membrane a piece of 

filter paper (FP) (Whatman No. 4) was placed between the gauze 

and the membrane (M). The two sections of the cell were sealed 

using Araldite (A), which was also placed around the join to give 

extra support. The diffusion cell was glass blown on to the 

permeation rig and was immersed in a mercury beaker to provide an 

effective seal as well as a good heat transfer medium. A thin 

layer of silicone oil was poured onto the mercury and the top of 

the beaker covered with plastic film to reduce the level of Hg 

vapour. The mercury beaker containing the cell was placed in a 

water bath (as shown in Figure (3.1)) which was thermostatically 

controlled using a Gallenkamp Thermo Stirrer.

These three sections, namely, the high pressure side, the 

high vacuum side and the diffusion cell were all connected to a 

main vacuum line attached to which was a Pirani gauge, (Edwards 

G5C-2).

The whole of the system was evacuated via the main vacuum 

line using a mercury diffusion pump in conjuction with a rotary 

oil pump (Edward ES 20).

The main section of the apparatus was protected from the Hg
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FIG 3.2 : DIFFUSION CELL
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diffusion pump via a liquid nitrogen trap. The trap prevented 

the mercury vapour ( by freezing ) from entering into the main 

vacuum line and rest of the system.

3.5 Permeation Measurements

Prior to measurements the whole system was completely 

evacuated for 2 days with the cell at 50°C. The vacuum was

monitored using the “Baraton".

Before the start of the first run (on a new membrane), the

desired bath temperature was set using the thermo stirrer and the

membrane was left to equilibrate (usually 12 hr). The outgoing

volume was then measured by the gas expansion technique. Before

each run, the leak rate was measured by closing taps (T_, T., T_,2 * 5
T^) and the build up of pressure was monitored on the "Baratron" 

digital output. A leak rate of less then 1/2Z of the total 

expected flow-rate was considered to be acceptable. At the start 

of each run taps T^ and T̂  were closed and a charge of gas 

admitted from the gas reservior (6R) into the ingoing side of the 

apparatus. The pressure of the gas was monitored by the pressure 

transducer. Taps (T, , T_ and T_) were then closed and T_ was 

opened to allow gas into the membrane and the starting time (t = 

0) was recorded. The output on the "Baratron" was monitored as a 

function of time and the reading was noted at regular intervals 

in both the steady and transient state.

Once the steady state was reached, the penetrant was frozen 

back from the ingoing side into the gas reservoir using liquid 

nitrogen. The membrane was outgassed for a minimum period of ten
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- times the estimated timelag before proceeding with the next 

run.

The method of calculating the Permeability, Solubility and

Diffusion Coefficient is presented in Appendix (1), for C02 in

the 50/50 blend of PES-phenoxy. High pressure permeation
omeasurements were made at AO C for C02 at pressures (0-6 bars) in 

Phenoxy and the 50/50 PES-Phenoxy blend.

3.6 Sorption

The sorption apparatus consisted of a vacuum line and 

balance assembly as shown schematically in Figure (3.3).

The vacuum line was made up of a gas reservoir (R), Pirani 

Gauge (P) and a pressure transducer (PT), where all have the same 

function as described in the section (3.31). The vacuum line was 

once again connected to a pumping system comprising a mercury 

diffusion pump backed with a rotary oil pump and was protected 

using a liquid nitrogen trap.

The vacuum electronic sorption microbalance (Sartorius model 

No. 4102) operates on the principle of automatic torque 

compensation. The main feature of the balance (as shown in

Figure (3.4)) are the tabular quartz beam (B), the rotating coil 

(RC) and an oscillator coil (OC). The beam is always maintained 

in the null position and when displaced from the horizontal an 

error signal is induced in the rotating coil from the oscillator 

coils. This AC signal is rectified and regulated in the 

amplifier and fed back into the coil to enable the balance to 

return to null position again. This compensating current is a
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function of the load. The sample and counterweight were attached 

to platinum hangdown wires suspended from aluminium stirrups 

resting on diamond pins at each end of the beam. A complete 

vacuum seal was maintained using two Pyrex hangdown tubes as 

shown in Figure (3.3).

The microbalance was enclosed in a closed metal cabinet and 

mounted on wall brackets to maintain stability and temperature 

constancy.

The temperature was regulated to within ♦/- 0.5°C with a 

column of 500W heaters, H, controlled by a mercury contact 

thermometer. Air circulation was maintained by the two fans, 

(FA) and (FB). The output from the microbalance was monitored 

with a chart recorder (Bryans Model No. 28000).

3.61 Sorption Measurements

A thin rectangular sheet of uniform thickness and known 

weight (approx. 0.3g) coiled by copper mesh was suspended from 

the right hangdown wire. The copper mesh was necessary to act as 

a spacer and a support, for the thin film used to give a 

reasonable equilibrium time, and also allow for sufficient sample 

to be used due to the low level of sorption especially with CH..*f

A thin film was used to give reasonable equilibrium time. Hence 

to get sufficient weight of sample on the balance it was 

necessary to coil the thin film with copper gauze as a spacer. A 

copper counter weight was suspended from the left hangdown wire 

to bring the balance readout on to scale. The sample and rest of 

the system was fully evacuated and allowed to attain thermal

1 0 0



equilibrium.

Once the sample was fully out gassed, the zero drift was

measured over a period of time and was found to be negligible.

The leak rate was measured by isolating the balance from the

pumping system and was also found to be very small, generally 
-2less then 10 mmHg over several hours.

To start a run, tap (T3) was closed, the balance tared and a 

charge of gas was admitted from the gas reservior. The pressure 

of the gas was monitored by the pressure transducer. The weight 

change was recorded continuously on the chart recorder and

sorption equilibrium was indicated by constant weight. At this 

point, the penetrant was either frozen back into the gas

reservoir, (R) or alternatively another vapour charge admitted 

for a new equilibrium sorption measurement. At the end of runs 

the sample was outgassed for a period of 12 hours before the next 

set of runs. Solubility of both CO^ and CH^ in Phenoxy and 50/50

PES-phenoxy blend at pressures up to 6 atmospheres was also

measured using a high pressure microblance at BP Research Centre. 

A sample calculation is presented in the Appendix (1.1) together 

with the buoyancy correction at a given temperature and gas 

pressure resulting from introducing the penetrant vapour 

calculated from the mass of the sample, the hook and the counter 

weight and the relative molecular mass of the gas.
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CHAPTER 4

RESULTS AND DISCUSSION 

HOHOPOLYHERS

4.1 Introduction

PES (Polyethersulfone) is a high performance engineering 

thermoplastic with good mechanical and electrical properties. It 

is amorphous with a high glass transition temperature and is, 

tough and thermally stable.

Phenoxy resins (alternately referred to as the

polyhydroxyether of bisphenol A) are also tough, ductile 

thermoplastics with high impact resistance. Phenoxy resins are 

thermally stable materials that can be processed at high 

temperature and high speed.

Both polymers are glassy in the temperature range in

which the sorption and transport measurements were made.

Relatively few measurements have been reported on the transport

and sorption of CO^, CH^ and other gases in both of these

polymers. Both polymers show high selectivity for

these gases, but all the measurements were made at high pressures

(201 208)(0 - 25 atmospheres). Taylor ' has reported on the

transport and sorption of C O a n d  CH^ in PES at low pressures, 

however, no measurements have been reported for Phenoxy and the 

effect of low pressures on the separation properties of the 

material will be discussed.

On the other hand Polyurethane (PU) was rubbery in the

1 0 2



temperature range at which the sorption and transport

measurements were made. The number of diffusion studies in PU is 

limited and concerned mainly with the effect of varying the
1771  7 7 n  )structure and the length of the soft and hard block. '

Once again the transport of gases, namely C0_ and CH, through Pu 

based on dense flat sheet membrane will be reported.

4.2 Physical Characterization of Films

Films of PES , Phenoxy and PU were transparent. The

densities and glass transition temperature of the three polymers 

are given in Table (4.1).

Table (4.1) Density and Glass Transition Temperature of

homopolymers.

Membrane / / 3e/g/cm -i o o
g

PES 1.370 222

Phenoxy 1 .160 92

Polyurethane 1.251 -32

Glass transition temperatures were determined by DSC. 

Attempts were made to measure the Tg of the films using the 

Dynamic mechanical thermal analyser, however this was 

unsuccessful since the films were too thin. Thermogravematric 

analyses up to 400°C showed no weight loss suggesting that 

samples were completely solvent free.
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As mentioned in section (3.2), Fourier Transform Infra-red

(FTir) was recorded for Phenoxy since the presence of internal 

hydrogen bonding for the material has been r e p o r t e d . F i g

(4.1) shows scale expanded spectra of a Phenoxy film in the 3000

to 3800 cm  ̂ region, recorded at room temperature. The spectra

exhibits a very broad band centered at 3400cm \  indication of

extensively hydrogen bonded hydroxy groups. This is entirly

consistent with self-association of the polymer chains through

intermolecular hydrogen bonding of the hydroxyl group. The minor

contribution, observed as a shoulder at 3570cm 1 is attributed to

(216)unassociated (free) hydroxyl groups. Coleman et al recorded

the FTir spectra of Phenoxy as a function of temperature. An 

increase of the relative contribution of the 3570cm  ̂ band was 

observed upon heating the sample in a stepwise fashion to 150°C. 

This behaviour was explained in the following manner. Above the 

T of the polymer, there is sufficient energy to disrupt a
g
significant number of the intermolecular hydrogen bonds, thus 

yielding a higher concentration of the unassociated (free) 

hydroxyl groups. Furthermore the broad band attributed to 

hydrogen-bonded hydroxyls shifted to a higher frequency

reflecting a smaller difference between the frequencies of the 

unassociated (free) and self-associated hydroxyl groups,

indicating a weaker hydrogen bonded system.

nuclear magnetic resonance (nmr) of polyurethane was
C

recorded using a Bruker WM250 MHz spectrometer with d - DMSO 

(99.9 atom Z D) as solvent. The n.m.r. spectrum shows (figure

(4.2) ) that the polyurethane consists of (diphenylmethane)
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diisocynate (MDI), polyethylene glycol (PEG) and possibly

butanediol used as a chain extender.

The n.m.r. spectrum of polyurethane (MDI - PEG

Butanediol) was assigned in ppm from up - field to down - field 

as follows

CH3 (Butanediol) 1.3 - 2.2 ppm, CH and CH2 ( PEG ) 3.2 - 3.6

ppm, CH^ (MDI) 3.6 - 3.8 ppm, CH (Butanediol) 4.0 - 4.2 ppm,

Aromatics (MDI) 7.0 - 7.6 ppm, and N - H at 8.7 - 9.0 ppm and 9.4

- 9.7 ppm.

6The peak at 2.45 - 2.55 ppm is due to d - DMSO, the solvent 

used for n.m.r..

A reasonable spectrum could not be obtained for the infra

- red study of the polyurethane, due to the film being moderately 

thick for this experiment and a strong absorbance of carbonyl 

bands in Pu was observed. To obtain a better result, a very thin 

film is required, however this was not possible since the 

polyurethane was uncrosslinked and very viscous.

An attempt was made to investigate the mechanical strength 

of the Pu using a Minimat (Polymer Laboratories UK) tensile 

testing machine, however due to the material being viscous this 

was unsuccessful.

4.3 Equilibrium Sorption

The equilibrium sorption isotherms for C02 in PES film were 

measured at 30, 40, 50°C and for pressures up to 50cmHg and are

shown in figure. (4.3). The Langmuir type curvature is observed
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as expected for gas sorption in the glassy state. The solid

lines were calculated using the dual-mode sorption equation 

(2.23). The agreement with the experimental points is good and 

the dual mode sorption parameters obtained from the individual 

isotherms using a non-linear regression computer programme 

developed in this laboratory20* are shown in table (4.2).

Table (4.2) Dual Mode Sorption Parameters for CO^ in PES

—( o o 102 kD CH ,02 b C ’ b H

30 5.87 ( 4 9 Z ) 3.33 (90Z ) 4.96 (66Z ) 0.165

40 5.47 ( 28Z ) 1.92 (86Z ) 5.03 ( 1 2 1 ) 0.097

50 3 . 28 ( 100Z) 2.78 (100Z) 2.14 (100Z) 0.059

3 -3kp :cm (stp)cm (poly)cmHg 

3 -3C' :cm (stp)cm (poly)H
b :cmHg 1

The uncertainty attached to each parameter is given in

brackets. The error is large particularly at higher temperatures

since the curvature in the isotherm was relatively weak.

Limiting solubility coefficients were estimated from the initial

slope of the isotherms and are collected in table (4.3) and

compared with those of Taylor^2^1 .̂ There is excellent agreement

between the two sets of data made on two separate samples of

polymers and different equipment. Also included for comparison

are the limiting k values obtained from k = k + C b.D H
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C   ̂ <208) Sanders studied the sorption of C02 in PES at high

pressures (1-15 atmospheres). A dual-mode analysis of his

results gives lower values for the dual-mode parameters. For

example at 35°C, k0 • 8.31 x 10-3 3 -3 -1 cm (stp)cm (poly) cmHg ■ CHb
= 1.61 x 10“3 3 -3 - 1 cm (stp)cm (poly)cmHg and k =  9.92 x 10'3
3 -3 - 1 cm (stp)cm (poly)cmHg This was due to C02 being a strong

plasticiser,

3 -3 -1Table (4.3) Solubility Coefficients (cm (stp)cm (poly) cmHg )

3 -3 -1for CO^/PES; cm (stp)cm (poly)cmHg

T/°C k(HUN) ( k D .  C- bJ k(Taylor)

30 0.250 0.224 0.270

40 0.156 0.151 0.189

50 0.110 0.092 0.120

which reduced the glass transition temperature of the polymer at 

high pressures thus reducing its Langmuir sorption capacity. 

Therefore these measurements were complicated by the presence of 

plasticization effects and cannot be compared directly with the 

data obtained in this study.

The equilibrium sorption isotherms for CH^ measured in the 

same temperature and pressure range are shown in figure. (4.4). 

Although there is a slight scatter in the data, it is obvious 

that sorption obeyed Henry's law. This is a result of the very 

low uptake of CH^, and it is anticipated that at sufficiently
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high pressures the usual curvature would be observed. 
(208)Sanders measured the sorption of CH^ in PES at pressures up

to 40 atmospheres and a distinct negative deviation from Henry's 

law was reported. The Henrys law solubility coefficients (k) of 

this study were obtained from the best fit straight line 

constrained to pass through the origin and are listed in table 

(4.4) together with values reported by Taylor^201

3 -3 -1Table (4.4) Solubility Coefficients (cm (stp) (poly)cmHg ) 

for CHAPES,

T/°C kHundal kTaylor

30 0.0210 0.0260

40 0.0149 0.0180

50 0.0119 0.0130

There is a slight discrepency between these values compared 

to those of C02 solubilities, because the level of CH^ sorbed was 

very low and is subject to larger uncertainty.

The equilibrium sorption isotherms for C02 in Phenoxy films

o owere measured at five temperatures in the range of 30 - 50 C and

pressures up to 50cmHg. The isotherms are shown in figure (4.5).

The curvature, characteristic of glassy state sorption is less 

pronounced, especially at the higher temperatures where the 

isotherms are almost linear. The dual mode sorption parameters
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are listed in table (4.5).

Table (4.5) Dual Mode Sorption Parameters for CO^/Phenoxy

T/°C 102k0 CH 103 b C ‘ b H

30 0.69 1.960 7.81 0.0153

40 1 .07 0.626 9.29 0.0056

50 1.10 0.042 21.6 0.0000

3 -3 -1kp : cm (stp) cm (poly) cm Hg
3 -3C’ : cm (stp) cm (poly)H

b : cm Hg 1

In general decreases with increasing temperature, however an 

increase is observed in this case. This is probably due to the 

large error involved in estimating these parameters at higher 

temperatures (40 and 50°C) since the isotherms were almost 

linear.

In all cases the error of estimation exceeded 100Z. Limiting 

solubility coefficients deduced from the initial slope of the 

isotherms are given in table (4.6).

The equilibrium sorption isotherm (shown in Figure (4.6))

ofor C02 in Phenoxy films measured at 40 C with pressures up to 6

atmospheres showed a pronounced Langmuir type curvature. The

dual mode sorption analysis gave the values for kQ = 6.15x10 -3
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3 -3 -1Table (A.6) Henry’s Law Solubility Coefficients; (cm (stp)cm (poly)cmHg )

for C02 and CH^ in Phenoxy polymer.

T/°C k(C02) k(CH4) kD ♦ C'b (C02l

30 0.0285 0.0041 0.0242

40 0.0185 0.0035 0.0113

50 0.0133 0.0027 0.011

3 -3 -1 3 -3cm (stp) cm (poly) cmHg , C’ = 1.73 cm (stp) cm (poly) and b =
H

7.18*10 * cmHg 1 which are considerably greater than the low

pressure values from the low pressure isotherms. However the

error in these parameters was fairly large. The solubility

3 -3 -1coefficient, k = 0.0119 cm (stp) cm (poly) cmHg , estimated

from the initial slope of the isotherm was comparatively low from

that estimated from the low pressure isotherms. However the

limiting solubility (k ♦ C’b = 0.0166) estimated from the dual
D H

mode parameters agreed well with the solubility coefficient, k = 

3 - 3  -10.0185 cm (stp) cm (poly) cmHg , obtained from the initial 

slope of the low pressure isotherm.

Barbari et a l ^ 5*^ studied the sorption of C02 in Phenoxy at 

pressures 1 - 25 atmospheres. Dual mode sorption analysis

in this case gave lower values for the parameters, for example k̂
— 3 3  —3 - 1 *  —4= 3.8 x 10 cm (stp) cm (poly) cmHg , C„b = 3.19 x 10

H
3 "3 -1 -3 3 -3cm (stp) cm (poly) cmHg and k ♦C'b = 4.12 x 10 cm (stp) cm

0 H
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The equilibrium sorption of CH^ in Phenoxy obeyed Henry's 

law as shown by the isotherms in figure (4.7) and the solubility 

coefficients obtained from these isotherms are also given in 

table (4.6). High pressure sorption of CH^ was also studied in 

Phenoxy and the isotherm is shown in figure (4.8). As can be seen 

the sorption of CH^ up to 6 atmospheres obeys Henry's law.

Barbari et al reported the sorption of CH^ in Phenoxy at 

pressures up to 25 atmospheres and the usual curvature expected 

for glassy polymers, was observed even for CH, .•f

The overall sorption for both gases in Phenoxy was much 

lower than that in PES. This may be attributed to the lower

glass transition temperature of the Phenoxy polymer as well as 

the existence of internal hydrogen bonding for the material. 

Dual mode analyses of gas sorption in glassy polymers shows that 

the Langmuir parameter C’ tends to zero as the temperature isrl
raised towards the glass transition.

The solubility decreased with increasing temperature and the

temperature dependence of the limiting solubility coefficient in

the form of a Van't Hoff plot is shown in figures (4.9) and

(4.10) for CO. and CH. respectively. The corresponding heats ofZ 4
dissolution, AH$ = -R(dlnk/d(1/T)) were obtained and are given 

in table (4.7).

There is excellent agreement between the values obtained

here and those of Taylor*201*, ( CO = -32.1kJmol’1 and CH =-28.2Z 4
kJmol 1 ).

(poly) cmHg
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Table (4.7) Heats of Dissolution (kJmol )̂

Sample AHs AHs
CO, CH,

PES -32..74 -28,.84

Phenoxy -30.,14 -15..85

Since the sorption of C02 in both PES and Phenoxy is non 

linear the heat of sorption, AH^ , may be a function of 

concentration. To test for concentration dependence of AHg , 

values were obtained at different levels of sorption using the 

relation

AH __s
R

3lnp
3(1/T) c

(4.1)

The variation of the heat of sorption with concentration for 

both polymers is shown in figure (4.11) and it is clear that it 

is virtually concentration independent.

4.4 Steady State Permeation

The permeabilities of CO^ and CH^ in both PES and Phenoxy 

were measured in the temperature range of 30° - 55°C and

pressures up to 25cmHg. The permeabilities of both gases were 

independent of the ingoing pressures. However, a decrease in

permeabilities with an increase in pressures has been reported

for most glassy polymers (126,127,162,200,209-212) at much higher

pressures, and in some cases an increase is also observed due to

(208)plasticization of the polymer by the gas. Barbari et

1 2 2



123

A  PES 

•  PHENOXY

4 0  -

AH

20-

3 -  3C /cm  ( s t p ) c m  ( p o l y )

F IG . 4 . 1 1  V a r i a t i o n  o f  I s o s t e r i c  H e a t  o f  S o r p t i o n  f o r  CO^ w i t h  c o n c e n t r a t i o n



studied the permeation of C0_ and CH. through Phenoxy and 

other glassy polymers at pressures up to 15 atmospheres and a

decrease in permeability was observed. Similar behaviour was
( 2 0 8 )  ( 1 9 2 1 9 3 )reported by Sanders and Chiou et al * for gas

permeation through PES. Taylor^20^  has recently measured the

permeability of CO^ and CH^ through PES in the same temperature

and pressure range as in this study. Pressure independent

permeabilities were reported. The permeability coefficients for

CO^ in PES estimated from the average of 3 to 4 measurements are 

collected in table (A.8) and compared with the values obtained by

t  i ( 2 0 1 )Taylor.

Table (4.8) Permeability Coefficients of C0_ and CH. in PES;
2 A

.o"
3

P( cm (stpli -2 -1 u -1Icmcm s cmHg )

T/°C PHUNDAL PTAYL0R

C02 CH< C02 CH4

30 53.0 1.30 51 . 1 1 .14

A0 59.3 1 .68 56.9 --

50 65.1 2.58 6 A . 0 2.35

The agreement is excellent between the two set of data. 

Also extrapolation of Sanders data to zero pressure yields a 

permeability of PES to CO^ at 25°C ** A. 1*10 ^  cm^(stp)cm cm 2s  ̂

cmHg 1 which falls within the range of results obtained in this 

study. The result of Chiou et al gave a value of A.8*10 10
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3 - 2 -1 -1cm (stp)cmcm s cmHg at zero concentration for the

permeability of CO^ in PES at 35°C which is lower than the 

values measured here at 30°C. This may be due to the fact that 

in Chiou's measurement the films were prepared by compression 

moulding.

The permeability coefficients for both C02 and CH^ in 

Phenoxy are listed in table (4.9).

Barbari et al^151  ̂ reported a value of 5.5*10~11 
3 - 2 -1 -1cm (stp)cmcm s cmHg at zero pressure for the permeation of

oCO^ in Phenoxy at 35 C which is in reasonable agreement compared
oto the value obtained in this case at 30 C.

Table (4.9) Permeability coefficients for C0_ and CH. inZ 4
12 3 -2-1 -1Phenoxy, [10 P(cm (stp)cmcm s cmHg )]

T/°C P(C02) P (CH )
h

30 56.4 1.68

40 71.8 2.32

45 88.0 —

50 93.3 3.52

55 10-3*2 —

60 — 5.71

The permeability of C02 to phenoxy decreased with increasing 

pressures when measured at pressures up to 6 atmospheres as can
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be seen in figure (4.12). This was an expected behaviour for

glassy polymers and has been well described by many authors. The 

decrease in permeability is explained on the basis of a partially 

mobile microvoid phase and a site-saturation mechanism. This 

states that at low pressures, a highly microvoid environment is 

available for sorption and permeation. However, at sufficiently 

high pressures the microvoids become saturated reducing the 

available pathway for permeation.

As can be seen from figure (4.12), it was not possible to get 

reasonable results over the entire pressure range since the 

membrane ruptured after the initial three runs. A similar effect 

was observed by Barbari et al*1^^ for gas permeation through 

phenoxy.

The temperature dependence of the permeability for both 

gases, is shown in the form of Arrhenius plots in figure. (4.13) 

and (4.14) respectively. The Arrhenius plots were linear over 

the temperature range from which the activation energies for 

permeation were estimated and are given in table (4.10).

Table (4.10) Activation Energies of Permeation 

for C02 and CH4 (kJmol’1)

sample
ep (cV E . CH ) p( 4

PES 11.4 37.6

Phenoxy 22.6 42.3
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FIG 4 # 1 4  A r r h e n iu s  p l o t s  o f  CH^ p e r m e a b i l i t y
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The permeability for both gases in phenoxy is lower than in 

PES. This is largely due, as seen from the following analysis of 

the diffusion coefficients, to the much lower sorptive capacity of 

the phenoxy polymer relative to PES. The dual mode sorption 

analysis suggests that both the dissolution and microvoid 

components to the sorption are smaller in the Phenoxy polymer.

4.5 Diffusion

Although the permeability of C02 in both PES and Phenoxy was 

independent of the ingoing pressures, the non-linear isotherms 

indicated that the measured diffusion coefficients are 

concentration dependent. Since P was independent of pressure, an 

average diffusion coefficient 5 was obtained from D = P/k where k 

= c/p. This average coefficient is related to the differential 

diffusion coefficient by;

—  J° D dc co o
(2.18)

Differentiating and rearranging with respect to c yields,

D = 6 + c (4.0)o dco

Experimental plots of 6 versus c were constructed at each

temperature. Each curve was fitted with a polynomial and

differentiated to obtain dD/dc at different values of c .o o
Using equation (4.0) the corresponding D versus C curves were

established. These curves are shown in figures (4.15) and (4.16)

for PES and Phenoxy respectively. Extrapolation of D and D to c

= 0 in these plots gave the same value for D _ and are listed inc = 0
table (4.11).
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Table (4.11) Diffusion Coefficients for C02 (109D/cm2s"1)

T/°C PES Phenoxy

30 2.0 2.0

40 4.01 4.0

50 6.95 6.88

Although the rate of permeation and the amount of sorption 

of C02 by the two polymers differ approximately by a factor of 

10, the diffusion coefficients of the two polymers are quite 

similar. The analysis confirms that the lower permeability for 

phenoxy is largely due to the lower sorptive capacity of this 

polymer.

The diffusion coefficients for CH^ are shown in Table (4.12) 

were independent of concentration and simply calculated from the 

solubility coefficients and the permeability coefficients using P 

= kD since Henry's law was obeyed.

9 2-1Table (4.12) Diffusion Coefficients for CH^ (10 D/cm s )

T/°C PES Phenoxy

30 0 ,.5 0..34

40 1 .. 1 0 ..7

50 2.,0 1.,5

1 3 3



It was not possible to evaluate the diffusion coefficients

for either gas from sorption kinetics as described in section 

(2.4), since the initial uptake of the penetrant was too rapid 

and the time lag between the digital to analog convertor was 

relatively long.

The diffusion coefficient decreased with decreasing 

temperature and the temperature dependence of the diffusion 

coefficient is shown in the form of Arrhenius plots in Figure 

(4.17) and (4.18) from which the activation energies of diffusion 

were obtained and are collected in table (4.13).

Table (4.13) Activation Energies of Diffusion For C0_ and CH.2 4
(kJmol ^)

Sample
ed (cV ed ,cV

PES 47 51.2

Phenoxy 47 56.1

4.6 Separation Factors

The separation of gas mixtures by polymer membranes was

(61)first demonstrated by Graham. However, a successful design

for a membrane separation process required the use of membranes 

with as high flux and separation factors as possible and was not 

achieved until recently. The separation of gases using 

asymmetric hollow fibre polymer membranes have become more
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economical.

The degree of separation expressed in terms of selectivity 

or separation factors is defined by the following concentration 

ratio:

cx* = V yB

V XB
(4.1)

where y. and y. are the downstream concentration of the A 0
component A and B of the gas mixture and x. and A x0 are the

upstream concentration. However, when the concentration of the

penetrant at the down stream side of the membrane is small

compared with upstream side and when diffusion is Fickian and

Henry's law is valid, then the separation factor becomes the

ideal separation factor. (213)

P A k A da
a = A A - = k(A/B) . D(A/B) (4.2)

PBB B °B

Where k(A/B) and D(A/B) are the solubility and mobility

selectivity for gas A and B respectivley. When the diffusion 

coefficient and/or the solubility coefficient are concentration 

dependent, the above definition provides only an approximation to 

the separation factors.

The ideal separation factors may differ from those obtained

from mixed gas experiments, because competition between gases for

sorption sites in glassy polymers may change the sorption and

(137 214)transport behaviour from that of pure component. ' Also

the plasticizing effect of one gas due to high solubility may
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change the diffusion coefficients of the other gas. Table (4.14)

contains the permselectivity, solubility and mobility selectivity

for both PES and phenoxy at all three temperatures

Table (4.14) Separation Factors ( c o 2/CH. )
h

T/°C PES Phenoxy

a P T a 0 T

30 47 4.3 11.7 38.4 5.8 6.9

40 35 3.7 10.4 30 5.8 5.3

50 26 3.6 6.6 24 5.8 4.8

a : ideal separation factor = (P(CO )/P(CH ))

0 : mobility selectivity = {D(CO.)/D(CH. ))
c 4

t : solubility selectivity = (k(C0_)/k(CH,)
C 4

The same sheet of the membrane was used for all the

measurements. Therefore any errors in the membrane area,

thickness and the downstream volume are reduced when calculating

the various parameters namely, the permeability, solubility and

diffusivity. It is clear that the separation ability of the two

polymers does not differ greatly, however a better separation is

achieved at lower temperature. Furthermore, the ratio of the

diffusion coefficient D{CO^)/D(CH^) does not vary much with

temperature compared to the solubility ratio S(CO.)/S(CH )
Z 4

suggesting that the solubility constitutes the process 

controlling factor.
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Barbari et obtained the values of 6 = 21.2, 0 = 

3.6, and -y = 5.9 for pure gas measurements at pressures up to 10 

atmospheres in phenoxy at 35°C. When comparing their data with 

the values obtained in this study, it is clear that a better 

separation is achieved at lower penetrant pressure although the 

flow rate is low.
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4.7 Equilibrium Sorption for CO^ in Pu

The equilibrium sorption for CO^ in Pu film measured at 30°, 
o o40 and 50 C is shown in figure (4.19). All the isotherms were 

linear, indicating that sorption obeyed Henry’s law which was not 

unexpected since Pu was well above its glass transition 

temperature. The Henry's law solubility coefficients, k, 

obtained from best-fit straight lines are given in table (4.15).

Table (4.15) : Solubility Coefficients for C02 in Pu
3 -3 -1k : (cm (stp) cm (poly) cmHg )

T/°C k

30 0.0153

40 0.0133

50 0.0120

Clearly the solubility does not change greatly with

temperature. The temperature dependence of k, as shown in figure

(4.20), obeyed the relationship, k = k exp (-AH /RT), and theo s
heat of dissolution was estimated to be -9.98 kJmol

The level of sorption in Pu is fairly low compared to either 

PES and Phenoxy as expected. Furthermore, the resulting heats of 

dissolution for PES (-32.7 kJmol *) and Phenoxy (-30.1 kJmol )̂ 

were much more exothermic than for Pu. This is because both PES and 

Phenoxy polymers were glassy at the temperatures at which the 

sorption measurements were made, leading to sorption occuring in

1 4 0
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the pre - existing cavities. This resulted in a high level of

sorption and greater exothermic heats of dissolution, whereas, Pu

was in rubbery state and the penetrant molecule needed to create

a hole to accommodate itself giving rise to less exothermic heat

of dissolution. This effect has been well demonstrated by 
(83.85)various authors.

4.8 Permeation of C0£ and CH  ̂ in Pu

The permeability of both CO^ and CH^ in Pu measured in the 

o otemperature range 30 to 50 was independent of pressure in the 

pressure range 0 to 25 cmHg. The values estimated from the 

average of 3 to 4 measurements are collected in table (4.16).

Table (4.16) : Permeability Coefficients for C02 and CH^ in Pu.

_ «o10/ 3 . . .  -2-1 -1P : 10 /cm (stp) cm cm s cmHg

T/°C P(C02) P(CH;)

30 25 0.86

40 40 1 .82

50 56 2.97

The temperature dependence of P obeyed the Arrhenius

relationship, P = P exp (-E /RT), shown in figure (4.21) fromo p
which the activation energy of permeation was estimated to be

35.1 kJmol 1 and 50 kJ, mol 1 for C02 and CH^ respectively.

4.9 Diffusion Coefficients for CO^ in Pu

The diffusion coefficients for C02 determined from the
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steady state using P= Dk are collected in table (4.17). It was

not possible to measure diffusion coefficients from sorption and 

desorption kinetics due to a rapid sorption rate.

Table (4.17) : Diffusion Coefficients for CO^ in Pu.

* 2 -1 D : 10 / cm s

.oT/ C D(C02)

30 170

40 307

50 466

The diffusion coefficient for CH^ could not be estimated 

since the solubility data was not available.

The steady state diffusion coefficients were plotted 

according to the Arrhenius equation, D = Dq exp (E^/RT). The 

plot was linear over the entire temparature range as shown in 

figure (4.22) from which the activation energy of diffusion was 

estimated to be 42.5 kJmol

4.10 Separation Factors

The separation factors were obtained from the ratio of 

P(CO^)/P(CH^). However, the mobility and solubility selectivites 

could not be obtained since the required data was not available 

for CH^ gas. Table (4.18) contains the separation factors at all 

three temperatures.
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Table (4.10) : Ideal Separation Factors for CH^ in

T/°C a

30 29,, 1

40 21.,9

50 10.,0

The

greatly 

achieved 

Phenoxy. 

range as

separation ability of Pu elastomer does not change 

with temperature, however, a better separation is 

at low temparature as observed in the case for PES and 

Furthermore, the separation factor falls in the same 

those observed for PES and Phenoxy.
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11 Conclusion

Sorption of CO^ by both PES and Phenoxy showed typical 

features expected for glassy polymers since both polymers were 

glassy at the temperature of measurement. However, the curvature 

in the isotherms was relatively weak to allow for accurate 

evaluation of the dual mode sorption parameters. The equilibrium 

sorption isotherms for CH. obeyed Henry's law due to the very low 

uptake of CH^ and it is anticipated that at sufficiently high 

pressures the usual curvature would be observed. Sorption of CO^ 

by Pu elastomer obeyed Henry's law as expected for rubbery 

polymers. The amount of gas sorbed by these polymers increases in 

the order of Pu, Phenoxy and PES. The relatively high solubility 

for of PES is partly a consequence of its high Tg.

The permeabilities of CO^ and CH^ in PES, Phenoxy and Pu 

were independent of the ingoing pressures. The permeability of 

PES to both gases was approximately an order of magnitude greater 

than that for phenoxy.

The diffusion coefficients for CO^ were slightly 

concentration dependent and were of similar magnitude in both 

PES and Phenoxy. The high permeability of PES is therefore 

largely a reflection of the high solubility of this gas. 

However, the diffusion of CO^ in Pu was much faster than for both 

PES and Phenoxy.

Finally, the separation ability of all the polymers does 

not differ greatly; however a better separation was achieved at 

lower temperature and pressures.
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CHAPTER 5

RESULTS AND DISCUSSION 

PES-PHENOXY BLENDS

5.1 Introduction

The related materials polyethersulphone (PES) and

polysulphone (PSn) are important engineering plastics. In

addition coated asymmetric hollow fibres of PSn are the basis of
$

the Monsanto Prism separation unit which is used as a membrane 

for commerical applications. From the point of view of gas 

separations, the behaviour of miscible blends comprising PES or 

PSn as a component are of interest if improved separation 

membranes can be developed.

It has been shown that PES but not PSn is miscible with 

phenoxy polymer over the entire composition range at ambient 

temperatures. The cloud point curve is shown in figure (1.2) 

with a minimum at 180°C around 50Z PES. Also the glass 

transition temperature of both polymers are well above ambient 

temperatures so that the blends are glassy at all compositions.

There appear to be no previously reported studies of gas 

sorption and transport in blends of PES and Phenoxy polymers and 

a detailed investigation of this system has now been made.

5.2 Film Characterization

(19)Singh and Walsh using light scattering techniques

obtained the cloud point - composition curve for this system and 

showed that it exhibited a lower critical solution temperature
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(LCST) at around 180°C and 50 wtZ PES, (Fig. (1.2)). They also

determined the glass transition temperature, T , as a function of9
blend composition using both Dynamic Mechanical Thermal Analysis 

(DMTA) and Differential Scanning Calorimetry (DSC). The results 

were in good agreement with the Gordon-Taylor expression.

T9
w. T

1 gi
+ Kw0 T 0 ______ 2 g2

w, Kw,
(1.17)

Where K is constant which gives an indication of the strength of

the interaction between the two polymers. A plot of (T - T .)9 91
against w2 (Tg2 - T^J/w^ gave a slope of K = 1 * 0.04 indicating 

that PES, Phenoxy interactions are not strong.

In this study thin transparent films of PES and Phenoxy 

blends were prepared by the solution casting technique. DMF was 

used as solvent. Singh and Walsh used dimethyl sulphoxide (DMSO) 

as solvent as some haziness was observed with DMF solvent cast 

films which they attributed to solvent induced phase separation. 

The DMF may not have been completely dried in their study that 

caused the films to be hazy. The films were characterized using 

differential scanning calorimetry (DSC) and typical traces are 

shown in figure (5.1). Each blend exhibited a single glass

transition temperature, T , 
g

lying between that of PES and Phenoxy

polymer. In figure (5,.2) the dependence of T on
9

overall blend

compositioni is compared to .. c <22)the Fox equation

1 ^1_ w2—  = c (1.15)
T T , T „

g gi g2

1 5 0



En
do
th
er
ni
c 
He
at
 F
lo
w

0  5 0  1 0 0  1 5 0  2 0 0
T /° C

F IG . 5 .  1 DSC f o r  PES -  PHENOXY BLENDS CAST FROM DMF SOLUTION



2 4 0 -i'
B a s e d  o n  F o x  E q u a t io n

uo
H 00

200.

1 6 0 -

0.0

<t> PES

F IG . 5 . 2  G l a s s  T r a n s i t i o n  B e h a v io u r  o f  
PES -  P h e n o x y  B le n d s

1 5 2



theWhere w and w are the weight fractions and T , and T1 2  g1 g2
glass transition temperatures respectively of the two pure 

components. The experimental data are in good agreement with the 

Fox equation.

Phase separation, of course, occurs when the temperature is 

raised so that the system lies above the cloudpoint. A film of 

50/50 blend was heated to 200°C in a vacuum oven for 12 hours. 

The sample was then quenched in liquid nitrogen and was found to 

exhibit two Tg ’s at 92 and 220°C corresponding to a phenoxy and 

PES rich phase respectively.

Singh and Walsh also observed the above behaviour while 

heating the blend on hot plate, by optical microscopy and also by

DSC measurements. For example a 70/30 PES/Phenoxy blend showed a
o osingle T at 188 C for a homogeneous blend and two T s at 135 C 9 9

and 218°C for a sample which had been phase separated by heating

to 230°C. Their result suggested that complete phase separation

did not take place since the T 's were shifted inwards from those9
of the pure components.

The densities of PES, Phenoxy and their blends were measured
oby the water displacement technique at 25 C and are collected in 

Table (5.1) together with the volume fraction and the theoretical 

values for the densities calculated using the relation based on 

additivity of volumes

1 w„ W _1 2
— ■ ■f

0 ° 2

(5.1)
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Figure (5.3), shows the specific volume plotted against the 

weight fraction of PES and good agreement with equation (5.1) is 

observed. Previous studies of miscible blends show that the

Table: 5.1 Weight Fraction, Volume Fraction and Densities of 

PES - Phenoxy Blends

Wt ZPES *PES
. -3 p /gem exp eadd/9cm"3

100 1.0 1 .375 1 .375

80 0.70 1 .330 1 .337

70 0.67 1.311 1.316

50 CO-4-O 1 . 274 1 .275

30 0.32 1 . 240 1 .243

0 0.00 1.187 1.187

specific volume of the blend, V, is often less than that

calculated from linear additivity, V..ideal

Videal 1 W1 + V_ w_ 2 2 (5.2)

where w is the weight fraction and subscripts 1 and 2 denote the 

two component. This is the result of denser packing of polymer 

chains due to the favourable interaction between component 

polymers that promotes miscibility. Since the specific volume 

closely follows the additive rule, it follows that the volume 

contraction on mixing is insignificant and that the interaction 

between PES-Phenoxy must be relatively weak. Similar behaviour

1 5 4
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has been reported by Chiou et al for blends of poly(methyl

methacrylate), PMMA and bisphenol chloral
(193)polycarbonate,BCPC and poly(epichlorohydrine), PECH and

poly(methylacrylate), PMA.

Further evidence for miscibility of the PES - Phenoxy system

was provided by the variation of the frequency of hydrogen bonded

hydroxy groups with blend composition. Figure (5.4) shows the

infra - red spectra in the 3000 to 3800cm  ̂ region of pure

phenoxy and PES-Phenoxy blends containing 30,50,70, h 80 weight

percent PES, all recorded at room temperature. As mentioned

previously, the spectrum in this region of pure phenoxy may be

considered to be composed of two components: a broad band

centered at 3450cm 1 attributed to hydrogen - bonded hydroxyl

groups (self - associated) and a relatively narrow band at

3570cm 1 assigned to free (unassociated) hydroxyl groups.

Upon mixing with PES, the broad hydrogen bonded hydroxyl band of

the phenoxy is observed to shift to a higher frequencies as a

function of increasing PES concentration. Figure (5.5) shows a

plot of width at half height versus weight percent PES. The

variation, proves the extent to which the hydroxyl peak of

phenoxy is affected by blending with PES. Similar results have

been reported on other blends containing phenoxy polymer.1215" 

2 1 7) Furthermore, the relative broadness of the hydrogen bonded 

hydroxyl band decreases with increasing PES. The broad 

distribution of hydrogen bond bands in pure phenoxy would be 

expected due to the steric effect created by the bulky benzene 

rings. A similar trend was reported by Farentoltz and Kwei in
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their studies of blends c o n t aining novolac resins (218)

5.3 Equilibrium Sorption

The solubility of CO^ has been measured at temperatures of 
o30, 40 and 50 C and at penetrant pressures up to 50cmHg. The

level of sorption of CO^ in PES is larger than in Phenoxy which 

is the result of the difference in their glass transition 

temperatures and also the extensive hydrogen bonding in Phenoxy 

as discussed in Chap.(4). The sorption curve for the blends lie 

intermediate between those for the pure components as shown in 

figure (5.6), (5.7) and (5.0). The high pressure isotherm for

CO^/SO/SO/Phenoxy-PES blend measured at pressures up to 6 

atmospheres is shown in Figure (5.9). Each curve has the 

characteristic shape expected for gas sorption in a glassy 

polymer and is well described by equation (2.23). However at 

high temperatures and high Phenoxy content, the isotherms are 

almost linear. The limiting solubility coefficent for CO^ 

estimated from the initial slope of the isotherms, are listed in 

table (5.2).

The correlation between the solubility coefficent and the 

blend composition is shown in Figure (5.10) for all the 

temperatures. It is clear that the solubility increases with 

increasing PES composition which is as expected. The solid line 

through the data is predicted by,

In k = ♦1 In k1 + ^ln k? (5.3)

Where k̂  and k̂  are the solubilites for the pure component 

and and are their respective volume fractions. This data
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FIG 5.10 SOLUBILITY OF C02
PES
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indicates that the interaction parameter in PES-Phenoxy

blends is approaching zero according to equation (1.33). In

Table: 5.2 Solubility Coefficient, k of Carbon Dioxide in Blends 

of PES - Phenoxy

T/°C

wt.Z PES

(k/cm3 (stp) 

30

cm 3 (poly) 

40

cmHg 1) 

50

100 0.245 0. 155 0.105

80 0.132 0.095 0.660

70 0. 124 0.084 0.055

50 0.086 0.061 0.041

30 0.056 0.0353 0.0235

0 0.0286 0.0185 0.0132

general for miscible blends when the interaction between 

components is large, a negative deviation is observed.

The agreement of the solubility coefficient data with 

equation (5.3) is probably fortuitous as the expression is 

developed from solution theory and so only accounts for the 

dissolution mode of sorption in glassy polymers. Strictly a 

comparison should be made with k̂  of the dual-mode sorption 

model.

The dual mode sorption parameters k̂ , Ĉ , and b were

determined by fitting these isothems to equation (2.23) and are
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presented in table (5.3) together with the limiting Henry's law 

solubility coefficient = (k = k + C'b). The uncertainty in these 

parameters was large, particularly at high temperatures and high 

Phenoxy content where the uncertainty was found to be greater 

than 100Z. No percentage error has been quoted in such cases. 

The derived value of k will have an uncertainty considerably less 

than 100Z. With few exceptions these parameters reveal the 

expected trend and decrease with increasing temperatures. 

Oespite the large uncertainties in some of these parameters, some 

general conclusions can be drawn concerning the effect of blend 

composition on these parameters.

The Henry's law parameter k̂  also shows a linear variation 

with blend composition as shown by figure (5.11). The Henry's 

law parameter, k^ is related to the equilibrium polymer-gas

interaction and a rule of mixture for k̂  in the blend has been

developed from the Flory-Huggins theory for ternary

. (28,29,50.56-50) . . . . . . . . . . .systems, which takes the following form:-

lnk = ♦ Ink + *2lnk2 +

This relationship predicts that Ink will be a linear

function of blend volume fraction when x12 = °* deviate

above or below this line for finite interaction, depending on the 

sign of x12* However, for miscible blends a negative deviation 

is to be expected. Since for this study the variation is linear 

one may assume the interaction between the two component polymer 

is rather weak. This has been shown by the variation of specific
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T A B L E : 5 . 3  THE OUAL MODE SORPTION PARAMETERS

wt.ZPES T/°C CH 102b V CHb C' b H
100 30 5.87(+49 ) 3.33 (+90 ) 4.96 (+66 ) 0.224 0.17

40 5.47( + 28 ) 1 . 92( + 88 ) 5.03 (+72) 0.151 0.09

50 3.28 2.78 2.14 0.0922 0.06

60 30

40

1.01 7.25 1.99 0.154 0.14

50 3.00( + 18) 1.84 ( + 52 ) 2.31 (+41 ) 0.073 0.04

70 30 -- 16.3 0.95 -- --

40 3. 1 6 ( + 11 ) 2.20( + 21 ) 3.03 (+20 ) 0.098 0.07

50 2.4 9 ( + 36 ) 1 . 87 (+92 ) 2.29 ( + 59 ) 0.068 0.04

50 30 2.89( + 16 ) 2.18( + 26 ) 3.43 ( +24 ) 0.164 0.07

40* 2.74 1 .30 3.49 (+7 0 ) 0.07 0.05
40 1 . 03 4.06 1 .32 0.06 0.05

50 1 . 85 ( + 18) 1 . 40 (+37 ) 2.21(+29) 0.049 0.03

30 30 2.45 0.77 5.28 0.065 0.04

40 1.53 1.21 1 .95 0.039 0.02

50 -- -- -- -- --

0 30 0.69 1 .96 0.78 0.024 0.02

40* 1 .07 0.63 0.93 0.0166
40 0.62 1.73 0.72 0.0186 0.01

50 1.10 0.04 2.16 0.0119 --

* Values estimated for isotherms measured at high pressure
3 -3 -1kp : [cm (stp) cm (poly) cmHg ]

3 -3C’ : [cm (stp) cm (poly)H
b : [cmHg

3 -3 -1k : [cm (stp)cm (poly)cmHg ]
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volume with blend composition.

The affinity parameter, b, shows a linear variation with 

blend composition figure (5.12).

Figure (5.13) shows the variation of C' (the LangmuirH
capacity parameter) as a function of blend composition. The 

parameter increases rather smoothly with increasing PES content 

in the blend owing to the high Tg of PES. This behaviour have

also been observed in several other glassy

. ( 1 92,1 97,1 90,199 ) T4. u . ^€91.133,184,201 )systems. It has been proposed

that C' arises from the non-equilibrium nature of the glassy H
state and is related to the excess volume, V - V, by the9 1
following relationship:

CH

V - V22,  AH _g_____1vCCL g
(5.  A )

and that the Langmuir sorption mode stems from filling the excess

volume with CO^ in a liquid-like state, which has a molar volume 
2

VC0 °* 55cm /mole-

The excess volume can be computed from thermal expansion 

coefficients in the liquid and glassy state of the polymers 

using:-

V - V. 9____ 1 (a - a ) (T - T )1 g g
5.5)

However, for most glassy polymers, the difference in thermal
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• • (223 )expansion coefficient does not vary widely with temperature

hence C' generally varies linearly with (T - T), although H g
( 1 9 8 )exceptions have been found. A plot of C’ versus (T - T) isH g

shown in figure (5.14) in various blend compositions.

The solubilities decrease with increasing temperature and 

the solubility is plotted according to equation (2.20) in figure 

(5.15) from which the heats of solution estimated for each blend 

are given in Table (5.4).

Table: 5.4 The Heat of solution, AH , of C0„ in Blends ofs 2
PES - Phenoxy

Vol. Fraction 

PES

AH /kJmol"1 s

1 .0 -32.7

0.775 -32.2

0.680 -34.5

0.475 -30.3

0.28 -34.5

0.00 -30.1

The enthalpy of solution is practically independent of the 

blend composition.

The corresponding isosteric heat of sorption AHg was 

calculated using equation (4.1) and is given in table (5.5) for 

all the blends.
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FIG. 5.15 Van't Hoff plots of CO^ solubility in 
PES - Phenoxy blends
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Table: 5.5 Isosteric Heat of Sorption of C02 in PES - Phenoxy 

Blends

Wt. Z PES 3 -3c/cm (stp)cm (poly) -AH /kJmol"1 s

100 1 .0 36. 71

1 .5 28. 49

2.5 34 .50

3 .0 33 .67

3.5 29. 93

70 1 .,5 30.,35

2., 0 31 ., 18

2.,5 36.,99

50 0., 8 32.,42

1 .,2 30,,35

1 ..6 31 .,59

30 0..4 33,,62

0,.6 31 ,,17

1 ,.0 28,.69

1 ,.2 29,. 10

0 0. 1 29 .69

0.3 25 .78

0.5 26 oID

0.6 28 .26

0.7 25 .36
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The CH, equilibrium sorption isotherms for CH, in PES/Phenoxy k 4
mixture are shown in figures (5.16), (5.17) and (5.18). Although 

there is slight scatter in the data, it is obvious that Henry's

law is followed. This may be due to the very low uptake of CH^ ,

and it is anticipated that at sufficiently high pressures, the 

usual curvature would be observed. The sorption of CH. in the

50/50 PES-Phenoxy blend was measured at 40°C in the pressure

range of 0 - 6 atmosphere. As can be seen from figure (5.19), a 

weak but distinct negative deviation was observed. The 

solubility coefficient estimated from the initial slope of the 

isotherm shows excellent agreement with the value obtained from 

the low pressure isotherm. Dual mode sorption analysis could not 

be carried out since the isotherm was relatively weak. The 

solubility coefficients estimated from the best fit straight 

line, constrained, to pass through the orgin are given in table

(5.6) .

Due to large scatter in the data, the variation of 

solubility with blend composition is only shown for 30°C (Figure 

(5.20)). Once again the deviation from the tie line is fairly 

small, considering the uptake was low. The temperature 

dependence of the solubility coefficient is shown in the form of 

a Van't Hoff plot (equation (2.20)) in figure (5.21) from which 

the heat of solutions were determined and are collected in table

(5.7) .
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FIG. 5.21 Van't Hoff plots of CH^ solubility in 
PES - Phenoxy blends
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TABLE: 5.6 HENRY'S LAW SOLUBILITY COEFFICIENT, k, FOR CH4 IN 

PES - PHENOXY BLENDS.

T/°C (k/cm3(stp) cm 3(poly) cmHg 1)

Wt Z PES 30 40 50

100 0.0210 0.0149 0.0119

80 0.0152 0.0112 0.0095

50 0.0111 0.0085* 0.0078
0.0082

30 0.0072 0.0056 0.0046

0 0.0041 0.0035 0.0027

* Solubility coefficient estimated from high pressure isotherm

TABLE: 5.7 HEATS OF SOLUTION OF CH4 IN PES - PHENOXY BLENDS

Vol. Fraction PES AH /kJmol  ̂s

1 .0 -28.84

0.775 -23.38

0.475 -23.38

0.280 -20.01

0.000 -15.85

The heat of solution increased with increasing phenoxy 

composition. This may be due to the large difference in their
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glass transition temperatures which reflect on the dual mode 

sorption mechanism. The existence of hydrogen bonding in phenoxy 

as mentioned previously, makes the polymer chain more rigid and 

may also contribute to this behaviour.

5.4 Steady State Permeation

Permeabilities for C02 measured in the range 30° to 50°C are 

summarized in Table (5.8). The permeabilites were independent of 

the ingoing pressure in the range 0 - 2 5  cmHg and the values in 

Table (5.8) are the average of 3 to 4 measurements made over a 

wide pressure range. Detailed results are given in Appendix (2).

Table (5.8) Permeability Coefficient for C02 in PES - Phenoxy 

Blends

T/°C

Wt Z PES

10 3 ( 101 P/CITt

30

-2(STP) cm cm s 

40

-1 u "1. cmHg )

50

100 5.33 5.92 6.25

80 2.16 2.54 2.96

70 1 .84 2.16 2.50

50 1.11 1.32 1 .56

30 0.66 0.84 1.11

0 0.52 0.73 0.93

However, 

polymers a d 

pressure is

as mentioned in Chapter (4), for mos

ecrease in permeability with increasing

. .(126,127,162,200,209-212)observed at

t glassy 

penetrant 

higher
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pressures. Permeation of CO^ with pressures up to 6 atmospheres 

in 50/50 blend of PES/Phenoxy measured at 40°C showed a decrease 

in permeability as shown in Figure (5.22). This decrease is very 

small and the value for the permeability coefficient is in good 

agreement with that obtained from the low pressure measurements.

There is a marked decrease in permeability as the phenoxy 

content is increased as expected for the reasons mentioned in 

chapter U). Figure (5.23) shows the variation of permeability 

plotted semi- logarithmically against volume fraction of PES at 

30°C. As discussed in chapter (3), for miscible blends, when the 

interaction between component polymers is weak^1^1* a linear 

variation of log permeability with blend composition is described 

by the following equation (2.57).

InP = ♦ InPj ♦ *2 lnP2 (2.57)

Where ♦ represents the volume fractions and subscripts 1 and 2 

refer to the two component polymers. As can be seen, gas 

permeabilities for the blends are lower than those calculated 

from equation (2.57), represented by the solid line in Figure 

(5.23). Similar results have been reported for other miscible 

blend systems. These systems possessed a moderate 

interaction between the component polymers. In cases where the 

interaction is relatively strong, permeabilities of the blends 

are significantly lower than those of the two component polymers. 

Whereas, on-the other hand for systems where interactions appear 

to be very weak, for example random co-polymers of 

methyacrylonitrile and styrene^1^^, and poly (methyl
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m e t h a c r y l a t e ), styrene acryl o n i t r i l e co-p o l y m e r

b l e n d s ^ ^ ^ 1^, the permeability coefficients are higher than

those predicted by equation (2.57). This suggests that the

interaction between the components in this study may be moderate.

However, the solubility data and the specific volume show a

relatively weaker interaction. The permeabilities predicted by

(166 167)the free volume theory equation (2.64) proposed by Lee

are also shown in Figure (5.23), represented by the dashed line.

In(P/A) 1
In (P/A) In (P/A)

-1
(2.64)

_ 6 3
Where A is a gas constant, in this case a value of 6. x 10 cm 

2 1(stp) cm/cm s cmHg was used for CO^. Once again the

experimental permeabilities are lower than those calculated from

equation (2.64). A similar effect was reported for gas

permeation in miscible blends of Poly (methyl methacrylate) with
(1 9 3)bisphenol Chloral Polycarbonate . It has been known that if

there is a significant volume contraction for the blend on 

mixing, then the permeability will be lower than predicted by 

equation (2.64). Since the permeabilities are lower than those 

calculated, one may assume that there is some volume contraction 

during mixing. However, from the variation of specific volume 

this contraction is not significant enough to need a correction 

which would enable the values of the experimental permeabilites 

to become closer to the theoretical values based on equation 

(2.64). Furthermore, according to equation (2.64), which assumes 

additivity of free volume, the gas permeability of the blend will
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be higher than that calculated from equation (2.57) provided P 

and are different. In this case the permeabilities calculated 

using equation (2.64) are higher than those from equation (2.57). 

However, the difference in P and Pdiffer only by a factor of 

10 which results in the values predicted by equation (2.64) and 

(2.57) being fairly close. Chiou et al have shown that when P 

and P̂  only differ by a factor of 10 equation (2.64) reduces to 

eqn (2.57).

Although it is established that the PES/Phenoxy blends are 

miscible it is of interest nevertheless to compare the

permeability with that for a heterogenous blend. In figure 

(5.24) comparision is made with the Maxwell, Higuchi and Bottcher 

expressions. Clearly they do not represent the experimental 

data.

The lines show the prediction of the models for the case

when P >>P., the equations reducing to the following forms:- c d

Maxwell

Bottcher

Higuchi

2 +
P = P ---—m c 2 + ♦

m P (♦ ) c c
3/2

1.61 ♦

m c 1.61+1.39

In this case PES was considered as the continuous phase and

phenoxy as the disperse. Maxwell model was also tested for

phenoxy representing the continuous phase.

The permeabilities of PES Phenoxy blends to CH., measured in
4
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the same temperature and pressure range were independent of the

ingoing pressures.

Table (5.9) Permeability Coefficient for CH^ 

in PES - Phenoxy Blends

WtZPES

T°/C

1 1 3 (10 'p/cm

30

-2 -1(STP)cm cm s cm 

40

Hg“ 1 ) 

50

100 1 . 1 1.61 2.38

80 0.58 0.80 1 . 17

70 0.47 0.71 1 .08

50 0.29 0.42 0.83

30 0.21 0.33 0.49

0 0.14 0.24 0.41

The variation of permeability coefficients, estimated from 

the average of 3-4 measurements, made over a range of pressures, 

at three different temperatures is shown table (5.10) and in 

figure (5.25).

Once again the permeability increases monotonically with 

increasing PES content in the blend, since the overall rate of 

permeation in PES is high compared to Phenoxy.

The temperature dependence of the permeability for both 

gases is shown in the form of Arrhenius plots in figure (5.26) 

and (5.27). The respective activation energies for permeation 

calculated from these linear plots are given in Table (5.10).
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Table (5.10) Activation En ergies for Permeation of

C02 and CH4 (kJmol'1)

Wt ZPES 

Blend
EpC02 EPCH4

100 11.4 31 .6

80 12.5 35.3

70 13.5 37.6

50 15.0 42.6

30 20.2 38.8

0 22.6 42.3

Clearly the activation energies for CH. are 4 much higher

compared to C°2 since CH^ is a larger molecule as already

mentioned in chapter (4). The variation of the activation

energies of C02 as a function of blend composition are presented 

in figure (5.28). The linear variation along the additivity line 

(represented by solid line) is again consistent with miscibility 

of the two homopolymers. Figure (5.28), also includes activation 

energies for the phase separated blends represented by filled 

symbols.

5.5 Diffusion Coefficients

As mentioned in chapter (4) although the portabilities were 

independent of ingoing pressure, the non-linear isotherms 

obtained for C02 in these blends indicated that the measured
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diffusion coefficients are concentration dependent. The average 

diffusion coefficent (6) was determined as a function of 

concentration from the relation P = 6 k.

Experimental plots of 6 vs c were constructed at each

temperature. Each curve was fitted with a polynominal and the 

differential diffusion coefficients (D) were thus established. 

The variation of D and D with concentration is shown in figure 

(5.29) for selected blends at 30°C. However, detailed results 

are given in appendix (2).

Extrapolation of D and D to c=0 gave the same values for

D which are given in Table (5.11) for all three temperatures. c = o

Figure (5.30) shows the variation of D with blendc = o

composition. It is interesting to note that the diffusion

coefficient goes through a minimum around 50/50 PES/Phenoxy blend

composition, while the solubility and the permeability increases

with increasing PES composition. A similar trend has been

observed for diffusion coefficients estimated from the time lag
2method, i.e. 8 = 1  /6D, where 1 is the thickness of the membrane 

and 8 is the time lag. However the time-lag values (given in 

brackets) are higher than those obtained from steady state as can 

be seen in table (5.11).
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Table (5.11) Diffusion Coefficient (D ) for CO. in PES/Phenoxyc=o z
Blends (109D/cm2s~1)

T/°C

Wt ZPES 30 40 50

100 2.0 (3.9Z) 4.15 7. 10

80 1.25 (1.44) 2.48 3.99

70 1.08 (1.44) 2.15 3.60

50 1.00 (1.66) 1.98 3.46

30 1.10 (1.26) 2.11 3.79

0 2.10 (2.40) 4.35 6.96

Stalling et a l ^ 9^  also observed a minimum at 50/50

Polypropylene-oxide/Polystyrene (PPO/PS) for diffusion of Neon,

Argon and Krypton. Their explanation of this behaviour was that

either the system was not really homogeneous, or that since both

polymers were glassy, the nature of the dual mode sorption
(162)mechanism may have been responsible for it. Paul found that

the diffusion coefficient for the dissolved (Henrys law) and

Langmuir species, D_ and Du respectivily, exhibited a distinct

minimum when plotted against composition. Smaller departures

from linearity were also observed for and in the poly-

(carbonate)/copolyester^^^ system which had been shown by

ternary solution method to have a smaller interaction parameter.

In this case the glass transition temperature and other evidence 

(19) have shown the PES/Phenoxy system to be completely
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compatible over the entire composition range. Since both

polymers are in the glassy state the resultant diffusion

coefficient dependence on blend composition will be complex and

contain components from D and D , the dissolution and0 H
microcavity contributions to D arising from dual mode transport.

The steady state diffusion coefficients for CH. determined4
from the ratio of the permeability to the equilibrium solubility, 

since Henry's law was obeyed, are collected in Table (5.12).

Table (5.12) Steady State Diffusion Coefficients, for CH^, 

in Blends of PES/Phenoxy

T/°C 9 2 10 D/cm s

Wt Z PES 30 40 50

100 0.53 1 .13 1 .96

80 0.37 0.72 1 . 22

50 0.26 0.55 1 . 07

30 0.32 0.61 1.05

0 0.34 0.69 1 .47

Although, Henry's law was obeyed for sorption and 

permeabilities were independent of ingoing pressures for all the 

blends, a minimum was still exhibited by the diffusion 

coefficient of CH^ as shown in figure (5.31).

The activation energies of diffusion were obtained from the 

Arrhenius plots shown in figure (5.32) and (5.33). The 

activation energy is plotted as a function of blend composition 

in figures (5.34) and (5.35) for C02 and CH^ respectivity, and
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shows excellent agreement with the values predicted by the simple 

additivity relationship. This indicates that the transport 

parameter AE^ in equation (2.60) must effectively be zero.

A similar behaviour has been observed for CO2*107* diffusion

in miscible blends of poly(methyl acrylate)-

poly(epichlorohydrin). However, a small negative value for AE12

for propane diffusion in miscible blends of polystyrene and poly

(vinyl methyl ether) ̂ 100* and for C02 diffusion is miscible

blends of ethylene vinyl acetate co-polymer and chlorinated 
(59)

polyethylene has been reported. However, in general positive 

AE.J2 values are expected for transport in miscible blends

5.6 Separation Factors

Chapter (4) described the basic theory involved in 

predicting and calculating the ideal separation factors for the 

homopolymers, namely PES and Phenoxy. Although, the separation 

ability of the two polymers did not differ greatly, a high 

separation factor was achieved with PES at all temperatures. 

Also for both the homopolymers and the blends the separation 

increased as the temperature was lowered.

Also of interest is the dependence of the various separation 

factors on blend composition.

In general, if the interaction between the two component
. . . . . . .  * ( 192,193,188.224,225 )polymers in the blend is relativaly strong,

then the observed separation factors are higher than predicted 

from the semilogarithmic additivity rule:-
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(5.6)

However, Chiou et al(192) reported a positive deviation from

the additivity rule for separation factors for CO./CH. in blends
2 4

Polycarbonate where the interaction between the homopolymers was 

weak.

The permeability, solubility and diffusion coefficients of

C0o and CH, were determined using the same sheet of membrane, 
2 4

therefore any errors occuring in evaluating these parameters are 

reduced.

The separation factor a . is shown in figure (5.36) as aA /  D
function of blend composition and temperature. At all

compositions a decreases as the temperature is increased. The

dependence of a. on blend composition is not strong and shows a A /  D
small negative deviation from the line of equation (5.6). This 

relatively small increase in selectivity is however, accompanied 

by a more marked decrease in permeability. It is of interest to 

break down the dependence of a on blend composition to those of 

its component selectivities namely the solubility and diffusivity 

selectivites 0 and y respectivity.

The dependence of 0 on blend composition is almost linear 

and it increases slightly with increasing PES content. The 

diffusivity selectivity, y again depends rather weakly on

composition and tends to exhibit a shallow minimum. As

temperature decreases 0 increases but y is little affected.

of Poly (methyl methacrylate) with Bisphenol Chloral

2 0 5



and D i f f u s i v i t y  R a t i o

2 0 6



Neither the solubility selectivity factor or the diffusivity 

selectivity factor appear to dominate.

Finally the separation factors are lower than those

predicted using equation (4.2), suggesting the interaction

(59)between the two homopolymers is weak. Webb et al and Chiou 
(192)et al reported a linear variation of separation factor with

composition. In both cases a slight positive deviation of the 

permeability was observed from equation (5.6).

5.7 Phase - Separated Blends

As mentioned, PES/Phenoxy blends exhibit phase separation on

heating, i.e exhibit a lower critical solution temperature

behaviour around 180°C. Singh and Walsh have demonstrated this

behaviour using a light scattering turbidimeter and also by

optical microscope. In this case a film of the blend was heated
oin a furnace under vacuum at 200 C until it become cloudy. The 

film was quenched with liquid nitrogen to prevent remixing. To 

examine the effect of phase separation the permeability 

measurements were made with CO^ only on three blends of 

composition 80/20, 50/50, and a new blend of 40/60 PES-Phenoxy. 

Measurements were made at 30, 40 and 50°C except for the 40/60

blend which was studied at 50°C only. It was not possible to 

phase separate blends with high phenoxy content without cracking 

or rupturing the membrane. The results are collected in Table 

(5.13) and are also shown in figure (5.37) at 50°C.
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TABLE (5.13) Permeability of COThrough Phase Separated Blends

of PES/Phenoxy

Blend T°C 

wt.1 PES

30°C

(1010P(cm3

40°C
. . - 2 - 1  cstp) cm cm s

50°C 

cmHg 1)

80 3.21 3.62 4.37

50 1 .97 2.26 2.61

40 - - 1 .61

Clearly there is a significant increase in the permeability 

on phase separation, giving better agreement with the Maxwell 

equation.

5.8 Conclusion

Blends of PES - Phenoxy were clear over the entire

composition range and exhibited a single composition dependent 

glass transition temperature suggesting that the system was 

miscible. The specific volume followed the simple additivity 

rule indicating the interaction between the two components was 

weak.

The transport and sorption behaviour in miscible blends of

PES - Phenoxy is similar to many other miscible blend systems.

The sorption of CO^ was sufficiently high for the isotherms to

exhibit the curvature generally observed with gas sorption in

glassy polymers. With CH. Henry's law was observed as the4
solubility was an order of magnitude smaller. At pressures

2 0 8
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considerably greater than atmospheric the methane isotherm also 

exhibited curvature. The solubility coefficients followed the 

additivity rule as expected for miscible blends, again indicating 

the interaction to be very weak between PES-Phenoxy.

The permeabilities were independent of the ingoing pressures 

when studied at low pressures, but showed a slight decrease at 

high pressures. The dependence of the permeability on 

composition was relatively weak and has been compared with 

various models for homogeneous and heterogeneous systems. As 

expected the agreement is better with models for homogeneous 

systems. Permeation of C02 in phase separated blends was 

significantly higher and in better agreement with models for a 

heterogeneous system.

The diffusion coefficients for COwere a weak function of

concentration. Furthermore, for both gases, CO. and CH., thez 4
diffusion coefficients exhibited a minimum around 50/50 wtZ 

PES/Phenoxy blend while the permeability and solubility decreased 

with increasing Phenoxy content in the blend.

The ideal separation factor a _ increased slightly as theA /  D

PES content increased with indication of a slight minimum in the 

curve. Also the slight improvement in separation factors was 

accompanied by a significant decrease in permeability.
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CHAPTER 6

RESULTS AND DISCUSSION 

PES - Pu BLENDS

6.1 Introduction

Chapter (5) has described the transport and sorption of CO^ 

and CH^ in glassy polymer blends of PES - Phenoxy. Although high 

separation factors were achieved, the permeability was 

considerably lower. This is expected for glassy polymers. On 

the other hand, rubbery polymers provider a high rate of 

permeation but low separation factors. The number of diffusion 

studies in polyurethane is limited and concerned mainly with the

effect of varying the structure and length of the soft and hard
, ( 2 2 0 . 2 2 1 , 2 2 2 )block.

In this section the effect of blending a rubbery polymer 

(polyurethane) with a glassy polymer (PES) on the transport and 

sorption of CO^ will be discussed.

6.2 Film Characterization

Blends of PES and Polyurethane (Pu) were prepared by the 

solution casting technique from DMF. Blends with Pu content 

greater than 50Z were clear, whereas those with a high PES 

content exhibited cloudiness. Cloudiness is often an indication 

of two phase behaviour.

The measured densities together with the volume fractions of 

PES in the blends are collected in Table (6.1).
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Table (6.1) also includes densities calculated from equation

(5.1) . The variation of specific volume with volume fraction is 

shown in figure (6.1). The solid line was derived from equation

(5.2) , based on the additivity of volumes. The data lie below 

the line suggesting the possibility of some degree of interaction 

between the PES and Pu segments.

Table (6.1) Weight Fractions, Volume Fractions and Densities 

of PES/Pu Blends

Wt ZPES *PES
. -3 p/gcm

(exp)

, -3 p/gcm

(add)

0 0.000 1 .251 1.251

20 0. 185 1 . 284 1 . 274

50 0.477 1 .328 1.310

70 0.679 1 .335 1 .344

100 1.000 1 .375 1.375

Two principal glass transitions were observed in all samples

when studied by differential scanning calorimetry using a Du Pont

990 Thermal Analyser operating at a heating rate of 10°C/min.

The results are summarized in Table (6.2) and indicate that two

independent phases are present in the blends with a small amount

of mixing occuring since the highest T is shifted below that of
9

PES. The transitions at T . and T . correspond to the glass91 92
transition temperature of Pu and PES rich phases respectively.
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The only exception is for the blend containing 70Z PES where 

only one transition is observed corresponding close to PES.

Table (6.2) Glass Transition Temperature (°C)

Blends 

Wt Z PES
Tgi Tg2

0 -29 -

20 -29 212

50 -25 200

70 - 200

100 - 222

A similar effect has been reported by Ismail*179* for Pu-PMMA

blend system. In his case the blend with the high Pu content

showed a single Tg corresponding to the T of Pu. Also
g

in his

study for all compositions clear films were obtained although a

slight increase in turbidity was observed in sheets containing

(79)30Z volume Pu. Allen et al studied the same system and only 

low turbidity was observed for all compositions and was 

attributed to the small difference in refractive index between 

the two component polymers.

An attempt was made to measure the mechanical strength of 

the blends using a "Minimat" tensile testing machine. However, 

meaningful results were not obtained as the films were too thin 

and slipped during the course of the experiment.
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6.3 Equilibrium Sorption

Equilibrium sorption isotherms for COwere measured in the 

temperature range 30-50°C and a representative set of isotherms 

at a given temperature of 30°C is shown in figure (6.2). For PES 

and the blend containing 70Z PES, the isotherms are concave to 

the pressure axis which is a typical feature for glassy polymers. 

Such isotherms are well described by the dual-mode sorption 

equation (2.23). On the other hand, the isotherms for Pu, and 

60% Pu are linear and may be described by Henry's law.

The solubility coefficient estimated from the linear region 

of the isotherms are collected in table (6.3).

Table (6.3) Solubility for CO^ in PES-Pu
3 -3 -1k/cm (stp)cm (polymer) cmHg

Blends

wtZPES 30

Temp/°C

40 50

0 0.015 0.013 0.108

20 0.016 - -

50 0.025 0.019 0.015

70 0.108 0.066 0.044

100 0.246 0. 154 0.098

Dual - mode sorption analysis was not carried out on these 

isotherms due to the curvature being relatively weak. Clearly 

there is a marked decrease in solubility on addition of Pu to 

PES. Figure (6.3) illustrate^the solubility coefficient versus
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composition plot where the solid line respresentsthe prediction 

by equation (5.3). The negative deviation from the tie line also 

indicates that there may be some interaction between PES-Pu.

The temperature dependence of the solubility coefficient is 

shown in figure (6.4). The heat of dissolution obtained from 

these plots are shown in figure (6.5) as a function of blend 

composition.

As expected the heat of dissolution becomes less exothermic 

as the Pu content in the blend is increased. This is because the 

blends are in the rubbery state and energy is required to move 

the segments of the polymer chains in order to create a hole 

which would accommodate the penetrant molecules. Where as blends 

with high PES are glassy, and Langmuir sorption occurs in pre­

existing cavities, thus giving rise to more exothermic heat of

sorption. This phenomenon has been well described by Meares

(03,84) _ . .(117) . M . . . . _ (86,87)Barrer et al and Micheal et al. However

their measurements involved sorption above and below the glass

transition temperature of the same material.

6 .4 Steady State Permeation
oPermeabilities measured for CO,, in the temperature range 30 

to 50°C were independent of the ingoing pressures. These

permeabilities are summarised in Table (6.4) and figure (6 .6 ) and 

are average values over at least 4 different ingoing pressures.

It is clear, that there is a marked decrease in permeability 

as the volume fraction of PES is increased in the blend.
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Futhermore a minimum is observed around 70Z PES. This effect was

also reported by Murugenandam et al for transport of CH, and CO.4 2
in miscible blends of Tetramethyl Bisphenol Polycarbonate and 

Polystyrene.

Table (6.4) Carbon Dioxide Permeabilities

in PES-Pu Blends at 30, 40, and 50°C

, n1 0n 3 1 0 P: cm , . , -2 - 1  (stp) cm cm s cmHg ^

Blend 

wtZ PES

30 40 50

0 25.0 40.0 56.0

20 14.0 2 2 . 0 34.0

50 4.2 7.0 10.4

70 3.35 4.2 5.5

1 0 0 4.9 5.6 6.3

Figure (6.7) compares the experimental data with the simple

Maxwell model for two phase systems. In general when P >> P.c  d
and P_, >> P equation (2.48) and (2.49) may be used to predictd c
the permeability of the blend. However in this case P./P = 0.2d c
when Pu is the continuous phase and P./P = 5 when PES is thed c
continuous phase. Subsitituting these values into equation 

(2.47) for the two limiting case results: 

when Pu is the continuous phase

2 2 2
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p
m 2 . 2 1 . 6 ♦

(6.1)
P 2.2 + 0.8 ♦
c

and when PES is the continous phase

P
m 7 + 0 ♦

( 6 . 2 )

P 7 - ; ♦
c

It is clear from figure (6.7) that the permeabilities 

predicted from the equations do not show significant differences 

and that the experimental data is not represented in terms of two 

phase Maxwell model.

The experimental data lie well below the predicted values 

which again suggests mixing of the two component since the 

results indicate behaviour for miscible blends.

The temperature dependence of the permeability coefficients 

shown in the form of Arrhenius plots in figure (6 .8 ) were linear 

over whole of the temperature range. The activation energies 

obtained from these plots are given in table (6.5).

Ep is close to that for the Pu sample suggesting that the 

continuous phase is largely responsible for the penetrant flux. 

However, at high PES content the value for Ep falls between those 

of the homopolymers suggesting that there may be greater extent 

of homogenity of this blend compared to any others. On the other 

hand the disperse phase may be responsible for the penetrant flux 

for this blend. However the overall variation of the activiation
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energy with blend composition again suggest that there may be 

some mixing.

Table:(6.5) Activation Energies Of Permeation For CO^ In 

PES-Pu Blends

Wt. ZPES Ep/kJmol ^

0 33. 1

20 36.6

50 32.2

70 2 0 . 0

1 0 0 11.3

6.5 Diffusion Coefficients

Average diffusion coefficients were obtained for CO^ in the 

50Z and 70Z PES blends since the isotherms were non-linear, 

average solublility, k = c/p, over the entire pressure range was 

estimated and since P was independent of pressure, an average 6 

was estimated from D = P/k. Figure (6.9) and (6.10) shows the 

variation of 6 versus c for both blends. The diffusion 

coefficient is a very weak function of c and further analysis to 

obtain more accurate result as carried out for the PES-Phenoxy 

system (chapter (5)) is not required in this case. Table (6 .6 ) 

contains the extrapolated values at c=0 from these plots together 

with the values for the homopolymers.

The values in the brackets are the diffusion coefficients
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obtained from the time - lag, using, 8 = 1  /6D. After allowing 

for edge effects, the excellent agreement between the two sets of 

data suggest that the diffusion coefficients are almost 

concentration independent. The excellent agreement between two 

sets of diffusion coefficient also confirms the steady state 

permeability and solubility results which seem to indicate some 

degree of interaction in the system.

2

Table (6 .6 ) Diffusion Coefficients For C02 In PES - Pu Blends
9 2-110 D/cm s

Wt. Z PES 30 40 50

0 170 307 466

20 77.0 - -

50 14.4 (15.0) 36.0 (33.0) 64 (70.0)

80 2 . 0 ( 3.2) 5.9 ( 6 .2 ) 12.3 (1 2 .0 )

1 0 0 2 . 0 4.01 6.95

oThe variation of D with volume fraction of PU at 30 C is shown in 

figure (6.11). The half filled circles represents the diffusion 

coefficients estimated from the time lag method. The diffusion 

coefficients were plotted in terms of equation (2.19), shown in 

Figure (6.12) from which the activation energies for diffusion, 

Ep were estimated and are collected in table (6.7).

It is evident that E^ is practically independent of blend 

composition.
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FIG. 6.12 Arrhenius plots for Diffusivity 
of CO2
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Table (6.7): Activation Energies Of Diffusion for C0„2
Epi k Jmol *

Wt. Z PES
ed

0 42.5

20 -

50 40.6

80 42.9

1 0 0 47.0

6 .5 Separation Factors

It was not possible to obtain the separation factors for the 

PES-Pu system since only CO^ transport and sorption measurements 

were carried out.

6 . 6 Conclusion

Blends with high PES content were hazy, but those with high 

Pu content were clear. Glass transition temperatures indicated 

that the blends exhibited two phase behaviour, however such**- 

technique do not detect mixing at micro level, which may exist in 

this case.

The equilibrium sorption isotherms for CO^ at high PES 

content were non-linear giving the behaviour expected of glassy 

polymers. Those of high Pu content obeyed Henry's Law. The 

Henry's Law solubility coefficients showed negative departure 

from the simple additivity line, again indicating miscibility
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between Pu-PES. Furthermore the difference between the

solubility measured directly and that from P=Dk was 

insignificant. The heat of dissolution became less exothermic as 

the Pu content was increased in the blend. This was the expected 

behaviour for rubbery blends, since energy is required to create 

a hole in the polymer to accommodate the gas molecule, unlike 

glassy polymers, where sorption occurs in pre-existing cavities.

The permeability, P, was independent of ingoing pressure for 

all systems. The permeability decreased with increasing PES 

content and a slight minimum was observed around 70Z PES in the 

blend. The variation of P with composition lie well below the 

line predicted by the Maxwell model.

The corresponding Ep data are virtually independent of 

composition but there is slight decrease around 70Z PES 

composition.

Finally, the diffusion coefficient for the high PES blends 

were a very weak function of concentration, since the isotherms, 

see Fig. 6.11, were non-linear. There was a reasonable agreement 

between the time-lag and steady state diffusion coefficients 

confirming the internal consistency of the measurements.

The separation factors could not be evaluated for this 

system since the time scale permitted the study for CO^ only.
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Further Study

Suggestions for further study in line with the present 

study; there are several aspects of the PES - Phenoxy and 

particulary PES - Polyurethane systems which merit further 

investigations.

Firstly, the transport and sorption of C02 and CH^ in PES- 

Phenoxy blends should be studied to much higher pressures (15-30 

atmospheres) to see any significant changes in the transport and 

sorption parameters which can be associated with the glassy state 

of the polymers and also, since CO^ is a strong plastisizer for 

PES the effect it has on the blends.

Detailed investigation of the physical characterization of

the miscibility (compatibility) of the PES-Pu system and also on

the transport and sorption behaviour of both C0_ and CH. should
z •*

be made.

This will then give an indication on the separation ability 

of the glassy-rubbery mixture.
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A PP E N D IX  1

Permeation

Calculation of the permeability, P, and the time lag diffusion 

coefficient, DQ, of carbon dioxide in PES is given below:O

Membrane Temperature/°C
2Membrane Area A/cm

Membrane Thickness 1/cm

Average Room Temperature T/K
3

Downstream volume V/cm

Transducer Output Tr/mV

Transducer Calibration Constant K/cmHgmV

Driving pressure, p = Tr x K/cmHgo
Steady state flow rate dp/dt/cmHgs 1 

Time lag, 0/s

Steady state flux, x 273.2
T

30.1 (±0.1)

3.301 (±Z)

0.0065 (±1Z)

296.7 (±0.5)

680.41 ( ±0 .5Z)

14.04 (±0.1Z)

1 .103 (±0.1Z)

15.49 (±0.15 Z)

1.06 x 1 0 " 7 (±0 .5Z) 

4200 (±2Z)

= 8.73 x 10 3cm (stp)s 1

Permeability, P J x 1 
A x po

1 . 1 1  x 1 0 - 10 3 -2-1cm (stp)cm cm s cmHg -1

Diffusivity, D = 7 7; = 1.68 x 10 9 cm2s 1
DO

Solubility k = P/D = 0.0663 cm9 (stp)cm 9 (poly)cmHg *
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A P P E N D I X - 1 .1

EQUILIBRIUM SORPTION

Calculation of the equilibrium concentration of carbon dioxide 

dissolved in PES:-

Temperature of measurement, T/°C = 30.2 (±0.1)

Mass of Sample, w /g s = 0.1071 (±0.05Z)

Mass of Mesh, w /g m = 0.0553 ( ±0.05Z)

Mass of counterweight, wc/g = 0.0963 (±0.05Z)
-3

Density of PES, p /gem s = 1 . 375 U0.001Z)
-3

Density of Copper, P^/gcm = 8.98 (± 0.2Z)

Transducer output, Tr/mV = 16.19 (± 0.1Z)

Penetrant Pressure, pq = Tr x K/cmHg = 2 0 . 6 U0.15Z)

Transducer Calibration constant, K/cmHgmV 1 = 1.272 (±0 .1Z)

Weight Increase at equilibrium, M^/pg = 549 U0.5Z)

Molecular weight of C02 = 44.01

w w w O
Volume Displaced, V, = —  + ---

°s eCu
---—  = 0.0733cm (±0.05Z)
CCu

Buoyancy Correction, B, V x 273.2 !o 44.01 
T X 76 X 22414 ±(0.5Z)

Total weight of C0_ sorbed = B + M = 584.2pg *(1.0Z)2  00

Concentration, c, (B + M ) x 7 7 ^ 7  x —  (±1 .OZ) *• 44.01 ws
3 33.819 cm (stp)cm (poly)

Equilibrium Solubility, k = c/p (±1/0Z)o
3 3= 0.1854 cm (stp)cm (poly)cmHg
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A P P E N D IX  2

Phenoxy/CO^ Sorption Isotherm Results 

Density (p) = 1.188 cmHg 1 

Weight (w) = 0.251g

T/°C p/cmHg
3

C/cm (stp) 3
k/cm (stp)

cm 3(poly) -3 -1 cm (poly)cmHg

30 4.26 0.1045 0.0245

30 9.29 0.2220 0.0239

30 11.43 0.2581 0.0226

30 13.24 0.3049 0.0230

30 20.33 0.4440 0.0218

30 24.65 0.5366 0.0218

30 28.49 0.6210 0.0215

30 38.49 0.7953 0.0207

30 47.59 0.9492 0.0199

30 49.32 0.9826 0.0199

35 6.17 0.1099 0.01781

35 13.63 0.2523 0.01851

35 19.85 0.3608 0.01814

35 30.77 0.5403 0.01756

35 44.05 0.7591 0.01723

35 51.52 0.9205 0.01787

40 6.59 0.1029 0.0156

40 10.52 0.1701 0.0162
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T/°C p/cmHg C/cm3(stp)
3

k/cm (stp)

cm 3(poly) -3 -1 cm (poly)cmHg

40 15.15 0.2407 0.0159

40 20.14 0.3163 0.0157

40 30.48 0.4651 0.0153

40 35.16 0.5280 0.0150

40 42.12 0.6302 0.0150

40 47.75 0.7042 0.0147

45 4.09 0.0520 0.01272

45 0.05 0.1096 0.01362

45 11.83 0.1601 0.01354

45 20.39 0.2687 0.01318

45 30.17 0.3915 0.01297

45 42.03 0.5305 0.01262

45 45.51 0.5671 0.01246

45 50.08 0.6314 0.01261

50 6.04 0.0669 0.0111

50 10.53 0.1219 0.0116

50 19.92 0.2328 0.0117

50 21 .09 0.2489 0.0118

50 30.56 0.3589 0.0117

50 39.93 0.4444 0.0111

50 49.98 0.5766 0.0115
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Phenoxy/CH. Sorption Isotherm Results *

T/°C p/cmHg
3

C/cm (stp) 3
k/cm (stp)

cm 3(poly) -3 -1 cm (poly)cmHg

30 12.71 0.0468 0.0037

30 15.19 0.0569 0.0037

30 20.66 0.0746 0.0036

30 23.01 0.0890 0.0039

30 31 .98 0.1183 0.0037

30 42.34 0.1505 0.0036

30 49.79 0.1801 0.0037

40 11.84 0.0368 0.0031

40 20.43 0.0623 0.0031

40 22.73 0.0690 0.0030

40 27.74 0.0872 0.0031

40 30.27 0.0923 0.0030

40 33.92 0.1003 0.0030

40 41.98 0.1310 0.0031

40 50.70 0.1553 0.0031

50 5.94 0.0134 0.0023

50 11.59 0.0272 0.0023

50 16.04 0.0375 0.0023

50 21 .78 0.0528 0.0024

50 31.52 0.0759 0.0024

50 40.97 0.0968 0.0024
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PES/C02 Sorption Isotherms Results 
-3

Q = 1 .3754gcm 

w = 0.107 1 g

T/°C p/cmHg
3

C/cm (stp)
3

k/cm (stp)

cm ^(poly)
-3 -1

cm (poly)cmHg

30 1 .40 0.300 0.2143

30 2.00 0.490 0.2450

30 4.30 0.860 0.2000

30 6.81 1.190 0.1747

30 11.92 1.910 0.1602

30 20.65 2.910 0.1409

30 30.61 3.820 0.1247

30 41.80 4.690 0.1122

40 1 .60 0.250 0.1563

40 2.80 0.450 0.1607

40 4.60 0.610 0.1326

40 8.20 0.950 0.1159

40 10.60 1 .260 0.1189

40 21.10 2.130 0.1009

40 29.10 2.740 0.0942

40 32.60 2.980 0.0914

40 40.00 3.490 0.0873

40 48.60 4.000 0.0823
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T/°C p/cmHg C/cm3(stp) 3
k/cm (stp)

cm 3(poly) -3 -1 cm (poly)cmHg

50 1 .40 0.140 0.1000

50 3.80 0.410 0.1078

50 7.41 0.581 0.0784

50 10.11 0.800 0.0791

50 21.40 1 .580 0.0738

50 28.01 1 .960 0.0699

50 35.18 2.350 0.0668

50 42.62 2.960 0.0609

70Z PES/C02 Sorption Isotherm Results

Q = 1.311Igcm 3

w = 0.2132g

T/UC p/cmHg C/cm3(stp) k/cm3(stp)

cm 3(poly) -3 -1 cm (poly)cmHg

30 4.01 0.5010 0.1249

30 7.06 0.8559 0.1212

30 12.69 1.4068 0.1109

30 20.59 2.0025 0.0973

30 28.23 2.5676 0.0910

30 39.92 3.3809 0.0847

30 50.40 4.0100 0.0796

30 60.00 4.1500 0.0692
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80Z PES/C02 Sorption Isotherm Results

T/°C p/cmHg
3

C/cm (stp)
3

k/cm (stp)

cm ^(poly) -3 -1 cm (poly)cmHg

30 5.40 1 .00 0.1852

30 12.83 1 .58 0.1231

30 20.40 2.25 0.1103

30 31 .95 3.13 0.0979

30 41.73 3.64 0.0872

30 51.11 4.21 0.0824

40 7.62 0.74 0.0971

40 11.79 1 . 04 0.0882

40 19.58 1 .60 0.0817

40 31.38 2.30 0.0733

40 40.79 2.80 0.0686

40 52.77 3.38 0.0641

50 4.00 0.30 0.0750

50 9.86 0.64 0.0649

50 15.67 0.95 0.0606

50 19.68 1.15 0.0584

50 30.00 1.64 0.0546

50 39.10 2.05 0.0524

50 46.56 2.35 0.0505

50 50.40 2.50 0.0496

50 62.80 2.98 0.0475
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PES/CH. 4 Sorption Isotherm Results

T/°C p/cmHg
3

C/cm (stp) 3
k/cm (stp)

cm ^(poly) -3 -1 cm (poly)cmHg

30 4.8 0.110 0.0229

9.642 0.220 0.0228

19.60 0.385 0.0196

31.602 0.675 0.0214

41.25 0.840 0.0204

52.00 1 .45 0.0279

40 7.60 0. 145 0.0191

21 .20 0.325 0.0153

32.80 0.47 0.0143

40.40 0.60 0.0149

50.00 0.72 0.0144

50 4.85 0.066 0.0136

19.60 0.226 0.0115

33.00 0.367 0.0111

41.20 0.488 0.0118

53.00 0.610 0.0115
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Sorption Isotherm : 0OZ PES/CH, 4

T/°C p/cmHg
3

C/cm (stp) 3
k/cm (stp)

cm 3(poly) cm 3(poly)cmHg 1

30 11.40 0.175 0.0154

19.42 0.285 0.0147

30.75 0.475 0.0154

44.00 0.667 0.0152

49.95 0.776 0.0155

40 7.00 0.101 0.0129

14.60 0.169 0.0114

25.5 0.267 0.0105

35.41 0.414 0.0117

50.40 0.554 0.0109

58.11 0.650 0.0112

50 10.40 0.108 0.0104

21.60 0.214 0.0099

36.43 0.360 0.0098

46.55 0.436 0.0094

54.05 0.513 0.0095
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—I o o p/emHg
3

C/cm (stp) 

cm 3(poly)

3
k/cm (stp)
- 3 -1 cm (poly)cmHg

40 5.79 0.5187 0.0896

40 11.22 0.9031 0.0805

40 22.91 1.6263 0.0710

40 21.33 1.9648 0.0670

40 43.41 2.6171 0.0603

40 56.40 3.1700 0.0562

50 5.42 0.3463 0.0639

50 15.42 0.8616 0.0559

50 26.36 1.3934 0.0529

50 39.43 1.8588 0.0471

50 44.27 2.0468 0.0462

50 56.40 2.74700 0.0438

50 57.20 2.4800 0.0434

50Z PES/CO^ Sorption Isotherm Results

p =1.274 gem 

w = 0.2449g

T/°C p/emHg
3

C/cm (stp)
3

k/cm (stp)

cm 3(poly) -3 -1 cm (poly)cmHg

30 4.89 0.4563 0.0933

30 11.64 0.9628 0.0827
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T/°C p/cmHg 3
C/cm (stp) 3

k/cm (stp)

cm 3(poly)
-3 _ 1

cm (poly)cmHg

30 20.45 1.4770 0.0722

30 31.97 2.0726 0.0648

30 40.65 2.4470 0.0600

30 50.89 2.8553 0.0561

40 5.46 0.3505 0.0642

40 10.11 0.6153 0.0609

40 17.11 0.9637 0.563

40 20.84 1.1135 0.0534

40 30.13 1.4956 0.0496

40 40.39 1.8572 0.0460

40 40.83 1.8629 0.0461

40 51 . 29 2.2122 0.0431

40 52.90 2.2911 0.0433

50 3.00 0.1445 0.0482

50 4.82 0.2297 0.0477

50 7.03 0.3181 0.0452

50 10. 15 0.4394 0.0433

50 21 .28 0.8404 0.0395

50 32.55 1.1682 0.0365

50 42.49 1 .4673 0.0345

50 51.77 1.7062 0.0330
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50Z PES/CH Sorption 4 Isothem Results

T/°C p/cmHg 3
C/cm (stp) 3

k/cm (stp)

cm 3(poly) -3 - 1
cm (poly)cmHg

30 7.03 0.1369 0.0195

30 12.12 0.1329 0.0110

30 14.63 0.2326 0.0159

30 19.43 0.3202 0.0165

30 33.43 0.3944 0.0118

30 52.11 0.5813 0.0112

30 60.73 0.7024 0.0116

40 6.65 0.0555 0.0084

40 12.44 0.1248 0.0100

40 17.73 0.1488 0.0084

40 20.67 0.1806 0.0087

40 22.64 0.1718 0.0076

40 31.98 0.3265 0.0102

40 32.13 0.2771 0.0086

40 38.99 0.3639 0.0093

40 39.93 0.3430 0.0086

40 52.30 0.4380 0.0084

50 2.58 0.0171 0.0066

50 10.39 0.0799 0.0077

50 22.27 0.1864 0.0084

50 25.15 0.1831 0.0073
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T/°C p/cmHg C/cm3(stp) 3
k/cm (stp)

cm 3(poly) - 3 -1 cm (poly)cmHg

50 33.15 0.2442 0.0074

50 39.97 0.2942 0.0074

50 43.66 0.3712 0.0085

30Z PES/CO^ Sorption Isotherm Results

0 = 1 .2407

w = 0.1595

T/°C p/cmHg
3

C/cm (stp)
3

k/cm (stp)

cm 3(poly) -3 -1 cm (poly)cmHg

30 3.57 0.24.0 0.0673

30 8.06 0.4312 0.0534

30 10.44 0.5145 0.0493

30 20.36 0.8983 0.0441

30 32.35 1.2954 0.0400

30 41.82 1.5651 0.0374

30 48.89 1.7710 0.0362

30 60.46 2.0497 0.0339

40 11.37 0.3837 0.0337

40 22.37 0.7095 0.0317

40 32.36 0.9695 0.0300

40 45.80 1.2817 0.0280

40 50.38 1.3895 0.0276
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T/°C p/cmHg
3

C/cm (stp)
3

k/cm (stp)

cm 3(poly) -3 -1 cm (poly)cmHg

40 54019 1.4379 0.0265

40 62.42 1.6179 0.0259

50 9.88 0.2239 0.0227

50 18.58 0.4238 0.0228

50 31.71 0.6967 0.0220

50 42.39 0.9267 0.0219

50 49.74 1.0017 0.0201

50 57.57 1.1610 0.0202
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S o r p t i o n I s o t h e r m  30Z PES / CH,

T / °C p/ cmHg
3

C/cm ( s t p )
3

k / cm ( s t p )

cm 3 ( p o l y )
- 3  -1 

cm ( p o l y ) c m H g

30 10 . 00 0 . 0 7 5 0 . 0 0 7 5

18.11 0 . 1 1 4 0 . 0 0 6 3

3 6 . 2 0 0 . 2 6 2 0 . 0 0 7 2

4 4 . 0 6 0 . 3 0 4 0 . 0 0 6 9

50.81 0 . 3 7 0 0 . 0 0 7 3

; o 13 . 80 0 . 0 9 7 0 . 0 0 7 0

20.41 0 . 1 4 5 0. 0071

2 9 . 4 3 0 . 1 6 5 0 . 0 0 5 6

4 4 . 0 0 0 . 2 2 5 0. 0051

5 0 . 0 0 0 . 2 7 7 0 . 0 0 5 5

50 15.33 0 . 0 5 2 0 . 00 3 4

2 6 . 2 3 0 . 1 4 0 0 . 0 0 5 3

4 2 . 4 0 0 . 1 6 6 0 . 0 0 3 9

4 8 . 4 0 0 . 2 2 4 0 . 0 0 4 6

2 5 0



Permeation data
Phenoxy/C02

T / ° C p/cmHg 0 / m i n 1 0 11P / c m ^ ( s t p ) cm

- 2  -1 u -1 
cm s cmHg

, n 9 n/ 2 1 
10 D/cm s

3 3 
k / cm ( s t p ) c m

( p o l y )  cmHg 1

30 9 . 7 7 25 5 . 73 2 . 7 8 0 . 0 2 0 6

30 15.86 24 5 . 5 5 2 . 0 9 0 . 0 1 9 2

30 20 . 7 3 32 5 . 8 2 2 . 17 0 . 0 2 6 8

30 2 1 . 1 2 30 5 . 4 3 2.31 0 . 0 2 3 5

30 24 . 9 4 32 5 . 7 0 2 . 17 0 . 0 2 6 2

30 3 4 . 7 0 30 5 . 8 9 2.31 0 . 0 2 5 5

30 4 1 . 4 7 27 5 . 3 8 2 . 5 7 0 . 0 2 0 9

40 11.07 17.0 7. 01 4 . 0 8 0. 0171

40 2 0 . 5 0 17.5 6 . 99 3 . 9 6 0 . 0 1 7 6

40 3 5 . 1 5 15.0 7.31 4 . 3 9 0 . 0 1 6 8

40 43 . 0 3 16.0 7 . 4 2 4 . 3 4 0. 0171

45 10.03 9 . 5 8 . 63 7.31 0 . 0 1 1 8

45 20 . 9 9 10.0 8 . 2 9 6 . 94 0 . 0 1 1 9

45 3 1 . 2 0 9 . 0 9 . 24 7. 71 0 . 0 1 1 9

45 4 2 . 4 5 9 . 0 8 . 3 8 7.71 0 . 0 1 0 8

50 10.67 7 . 5 10.3 9 . 2 6 0. 0111

50 16.53 8 . 0 9 . 13 8 . 6 8 0 . 0 1 0 5

50 19.91 7 . 5 9.31 9 . 2 6 0 . 0101

50 3 1 . 7 3 0 . 5 9 . 0 0 0 . 17 0 . 0 1 1 0

50 4 2 . 2 6 8 . 5 8 . 9 8 8 . 17 0 . 0 1 0 9

55 21 . 33 6 . 0 10.4 11.6 0 . 0 0 9 0

55 31 . 2 4 7 . 0 10.3 9 . 9 2 0 . 0 1 0 4

55 4 0 . 9 6 7 . 2 10.3 9 . 9 2 0 . 0 1 0 4

2 5 1



Phenoxy/CH^

T / ° C p/ cmHg 0 / m i n 10^ ^P/cm' * ( s t p ) cm

- 2  -1 u -1 
cm s cmHg

9 2 1 
10 D/cm s

3 3 
k / cm ( s t p ) c m

( p o l y )  cmHg 1

30 12 . 62 50 1. 96 0 . 54 0 . 0 0 3 6

30 14.62 50 1.53 0 . 5 5 0 . 0 0 2 8

30 2 2 . 2 6 60 1 . 56 0 . 4 6 0 . 0 0 3 6

40 14.27 30 2 . 40 0.91 0 . 0 0 2 5

40 2 1 . 0 5 30 2 . 40 0.91 0 . 0 0 2 5

40 25.31 32 2 . 17 0 . 8 5 0 . 0 0 2 5

50 14.58 17 3 . 6 0 1 .61 0 . 0 0 2 2

50 2 0 . 4 5 14 3 . 6 3 1 .96 0 . 0 0 1 9

50 2 4 . 0 6 12 3 . 3 2 2 . 2 8 0 . 0 0 1 5

60 15.44 7 6 . 2 5 3.91 0 . 0 0 1 6

60 2 0 . 4 7 9 5 . 44 3 . 04 0 . 0 0 1 8

60 2 5 . 4 9 8 5 . 43 3 . 4 2 0 . 0 0 1 6

252



PES/C02
—

1 o
o p / cmHg 0 / m i n

10 3 9 2 - 1  
10 P / cm ( s t p ) c m  10 D/cm s

- 2  -1 u -1 
cm s cmHg

3 3 
k/ cm ( s t p ) c m

( p o l y )  cmHg 1

30 12 . 89 11.53 5 . 3 8 3 . 7 3 0. 1439

30 19 . 93 10 . 39 5 . 4 7 4 . 14 0. 1321

30 20.11 10.89 5.41 3 . 9 6 0. 1366

40 10 . 92 6.11 5.81 7 . 0 5 0 . 0 8 2 3

40 14.81 6 . 6 9 5 . 5 3 6 . 4 3 0 . 0 6 5 6

40 3 0 . 0 6 5 . 9 9 5 . 9 5 7 . 19 0 . 0 8 2 8

50 13.54 3 . 6 3 6 . 7 6 11.8 0 . 0 5 6 9

50 21 . 68 3 . 6 6 6 . 6 6 11.7 0 . 0 5 6 5

50 29. 81 3 . 5 5 6 . 6 6 0 12.1 0 . 0 5 4 4

2 5 3



PES/CH^

T / °C p/ cmHg 0 / m i n 1 0 11P / c m ^ ( s t p ) cm

- 2  -1 u -1 
cm s cmHg

«„9rw 2 - 1  10 D/cm s
3 3 

k / cm ( s t p ) c m

( p o l y )  cmHg 1

30 10. 39 4 2 . 3 4 1 . 05 1.01 0 . 0 1 0 9

30 13.89 4 1.14 1.02 1 . 04 0 . 00 9 6

30 19.38 3 8 . 5 7 1 .21 1.11 0 . 0 1 0 8

40 12.93 11. 23 1 .68 3 . 83 0 . 0 0 4 4

40 19.03 16.61 1 .59 2 . 59 0. 0061

40 2 8 . 6 6 2 0 . 4 8 1.61 2 . 1 0 0 . 0 0 7 6

50 15.87 11 . 3 2 2 . 2 0 3 . 8 0 0 . 00 5 8

50 22 . 7 4 1 1 . 9 6 2.21 3 . 6 0 0 . 0061

50 31 .43 11.54 1. 85 3 . 7 3 0 . 0 0 4 9

2 5 4



PES/Phenoxy/50/50/C02
—

I o
o p / cmHg 0 / m i n

10 3
10 P/ cm ( s t p ) c m

- 2  -1 u -1 
cm s cmHg

9 2 - 1  
10 D/cm s

3 3 
k/cm ( s t p ) c m

( p o l y )  cmHg 1

30 9 . 7 2 72 1 .09 1 .59 0 . 0 6 8 9

30 15.49 70 1.11 1 .68 0 . 06 6 4

30 21 .07 76 1.10 1 . 54 0 . 0 7 1 2

30 2 5 . 2 5 68 1 .09 1 .73 0 . 0 6 3 4

40 0 . 9 7 49 1 .33 2 . 39 0 . 05 5 9

40 17.14 47 1 .32 2 . 79 0 . 0 4 7 2

40 2 0 . 5 3 45 1 .29 2.61 0 . 0 4 9 5

40 2 5 . 4 2 43 1 .29 2 . 73 0 . 0 4 7 4

50 9. 14 2 4 . 0 1 .50 4 . 73 0 . 0 3 1 8

50 15.41 26 . 4 1 .52 4 . 4 6 0. 0341

50 2 0 . 5 2 2 6 . 0 1. 55 4.51 0 . 0 3 4 4

50 2 5 . 8 5 2 4 . 0 1 .53 4 . 8 9 0 . 03 1 3

55 10.69 2 2 . 0 1 .68 5 . 33 0 . 0 3 1 5

55 17 . 48 2 1 . 5 1 . 68 5 . 4 6 0 . 0 3 0 8

55 2 6 . 6 0 2 0 . 5 1 .67 5 . 7 2 0 . 0 2 9 2

60 9 . 4 3 15.6 1. 82 7 . 5 2 0 . 0 2 4 2

60 14 . 88 16.6 1.85 7 . 0 2 0 . 0 2 6 2

60 21 .13 16. 5 1 . 82 7. 11 0 . 0 2 5 6

60 2 6 . 2 8 16.4 1.85 7 . 1 6 0 . 0 2 5 9

2 5 5



70/30/PES/Phenoxy/C02

T / ° C p/ cmHg 0 / m i n 1 0 1° P / c m3 ( s t p ) cm

- 2  -1 u -1 
cm s cmHg

9 2 - 1  
10 D/cm s

3 3 
k/ cm ( s t p ) c m

( p o l y )  cmHg 1

30 9 . 2 3 138 1 .84 1. 42 0 . 1 2 9 6

30 19 . 67 135 1 .84 1.44 0 . 1 2 7 0

30 2 4 . 9 2 130 1 .84 1 .50 0 . 12 2 7

40 8 . 9 2 86 2 . 19 2 . 2 7 0 . 0 9 6 5

40 14 . 35 84 2. 14 2 . 3 3 0 . 0 9 1 8

40 17 . 99 82 2 . 24 2 . 3 8 0 . 0 9 3 9

40 2 5 . 4 5 82 2 . 17 2 . 3 8 0 . 0 9 1 8

50 10.89 50 2 . 53 3. 91 0 . 0 6 1 8

50 15.14 50 2 . 46 3.91 0 . 0 6 2 9

50 17.95 50 2 . 4 9 3.91 0 . 0 6 3 8

50 2 6 . 3 9 48 2 . 5 2 4 . 0 7 0 . 0 6 1 8

55 9 . 7 6 43 2 . 7 9 4 . 5 5 0 . 0 6 1 3

55 15.69 44 2.71 4 . 44 0 . 0 6 1 0

55 2 2 . 5 5 40 2 . 6 7 4 . 8 9 0 . 0 5 4 6

2 5 6



70/30/Phenoxy/PES/C02

T / ° C p/ cmHg 0 / m i n 10 1 1 P/cm'* ( s t p ) c m

- 2  -1 u -1 
cm s cmHg

9 2 - 1  
10 D/cm s 3 3 

k / cm ( s t p ) c m

( p o l y )  cmHg 1

30 13.9 126 5 . 7 5 1 .13 0 . 0 5 0 8

30 19.61 104 5. 94 1 .36 0 . 0 4 3 4

30 2 8 . 2 7 109 6 . 05 1 .30 0 . 0 4 6 4

40 12.11 66 . 7 3 7 . 4 8 2. 18 0 . 0 3 4 9

40 16 . 32 65 . 7 7 . 46 2 . 17 0 . 0 3 4 3

50 11.11 3 2 . 0 5 9 . 0 2 4 . 4 5 0 . 0 2 0 2

50 16. 89 3 4 . 6 8 9 . 08 4. 11 0 . 0 2 2 0

50 2 5 . 2 3 3 8 . 7 2 9 . 23 3 . 6 8 0 . 0 2 5 0

50 27 . 0 9 37 . 8 4 9 . 1 2 3 . 7 7 0 . 0241
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D i f f u s i o n  C o e f f i c i e n t s  f o r  C0„2
Phenoxy PES

T / ° C
3 -  3

c / c m  ( s t p ) c m  ( p o l y )
9 2 - 1  

10 D/cm s
3 -3

c / cm ( s t p ) c m  ( p o l y ) 10^D/ cm

30 0 . 0 1 0 2 . 35 0. 10 2. 23

0 . 0 2 2 2 . 55 0. 22 2 . 38

0 . 0 4 4 2 . 83 0. 33 2 . 55

0 . 0 7 9 3 . 15 0 . 45 2 . 67

0 . 0 9 8 3 . 7 2 0.54 2. 74

0.61 2 . 78

40 0 . 0 1 0 4 . 52 0. 17 4 . 4 5

0 . 0 3 2 4 . 73 0. 25 4 . 6 0

0 . 0 4 7 4 . 95 0 . 32 4 . 7 0

0 . 0 6 3 5 . 40 0 . 45 5.01

0 . 0 7 0 5 . 65 0. 53 5 . 2 0

50 0 . 0 1 2 7 . 8 5 0 . 12 7 . 9 0

0 . 0 2 3 8 . 05 0 . 23 7 . 8 5

0 . 0 3 0 6 . 20 0 . 35 8 . 15

0 . 0 4 5 8 . 35 0 . 45 8 . 7 0

0 . 0 5 0 8 . 50 0 . 58 9 . 23

2 5 8



50/50 PES-Phenoxy 00/20 PES-Phenoxy

T / ° C
3 -3

c / c m  ( s t p ) c m  ( p o l y )
9 2 - 1

103 0/ c m s
3 -  3

c / cm ( s t p ) c m  ( p o l y )
9 2

10 D/cm s

30 0 .,45 1 .,38 1.00 1 .,85

0 ., 94 1 .,75 1 . 60 2., 25

1 .,48 2., 12 2.24 2.,76

2., 15 2.,53 3 . 10 3.,30

2. 85 2.,83 4. 20 4 ., 17

40 0 .,35 2.,20 0. 70 2.,95

0 .,61 2.,44 1 . 02 3.,45

1 ., 10 3 .,60 1 . 60 3.,95

1 ., 50 3 ,,42 2. 36 4 .,45

1 ., 89 3.,90 2 . 80 5., 00

2., 20 4 ,,30 3 . 39 5 .,50

50 0 .,20 3,.48 0. 60 4 ,,95

0 .,44 3,.88 1.14 5., 75

0 .,84 4.,64 1 . 64 6,,35

1 ., 18 5..22 2. 04 7,. 00

1 .,45 5,.60 2 . 50 7 ,. 75

1 .,70 5,.90 3 . 0 0 8,. 75

2 5 9



70/30/PES/Phenoxy

T / ° C
3 - 3

c / c m  ( s t p ) c m  ( p o l y )
9 2 - 1  

10 D/cm s

30 0 . 20 3. H

0 . 60 3 . 3 8

1. 10 3 . 6 0

1 . 60 4 . 05

2 . 12 4 . 5 5

2 . 25 4 . 70

40 0 . 2 0 6 . 20

0 . 52 6 . 25

0 . 7 8 6 . 4 0

1 . 20 7 . 0 0

1 .68 7 . 50

2 . 08 8 . 2 0

50 0. 18 12.9

0 . 35 12.6

0 . 52 3 . 6 0

0 . 8 5 13. 0

1.20 13.7

1 .50 14.3

260



S o r p t i o n I s o t h e r m  50Z P u / C 0 2

T / ° C p/cmHg
3

C/cm ( s t p )
3

k / cm ( s t p )

cm 3 ( p o l y )
- 3 -1 

cm ( p o l y ) c m H g

30 6 . 1 0 0 . 17 4 3 0 . 0 2 8 6

9 . 6 4 0 . 2 7 0 5 0. 0281

14 . 00 0. 3751 0 . 0 2 6 8

21 . 8 3 0 . 5 2 8 0 0 . 0 2 4 2

2 8 . 6 0 0 . 6 7 5 0 0 . 0 2 3 6

3 6 . 8 2 0 . 8 5 3 4 0 . 0 2 3 2

40 3.11 0 . 6 5 2 0 0 . 0 2 1 0

9 . 2 0 0 . 1 8 0 0 0 . 0 1 9 6

15 . 82 0. 3031 0 . 0 1 9 2

2 4 . 1 0 0 . 4 3 2 0 0 . 0 1 7 9

3 0 . 6 2 0 . 5 4 0 2 0 . 0 1 7 6

4 1 . 6 5 0. 7051 0 . 0 1 6 9

50 2 . 0 0 0 . 0 3 0 5 0 . 0 1 5 3

6.21 0 . 1 0 0 0. 0161

17 . 42 0 . 254 0 . 0 1 4 6

3 0 . 6 4 0 . 4 2 5 0 . 0 1 3 9

4 0 . 0 0 0 . 5 4 5 0 . 0 1 3 6

2 6 1



S o r p t i o n I s o t h e r m  20Z P u / C 0 2

T / ° C p/cmHg
3

C/cm ( s t p )
3

k / cm ( s t p )

cm 3 ( p o l y )
- 3  -1 

cm ( p o l y ) c m H g

30 3 . 0 8 0 . 3 0 9 5 0 . 10 0 5

5 . 42 0 . 58 2 4 0 . 1 0 7 5

9. 18 0 . 8 6 9 2 0 . 0 9 4 7

17.67 1 . 4873 0 . 0 8 4 2

29.41 2 . 1 4 5 7 0 . 07 3 0

40 5 . 25 0 . 0 5 8 9 0 . 0 1 1 2

6 . 03 0 . 06 5 4 0 . 0 1 0 8

9 . 5 9 0 . 1041 0 . 0 1 0 9

11.31 0. 1274 0 . 0 1 1 3

15.79 0 . 1 7 3 0 0 . 0 1 1 0

19.79 0 . 2 2 3 9 0 . 0 1 1 3

2 3 . 2 3 0 . 2 5 6 8 0. 0111

3 0 . 9 7 0 . 35 0 3 0 . 0 1 1 3

50 2 . 43 0 . 0 2 7 7 0 . 0 1 1 4

10 . 20 0 . 10 3 9 0 . 0 1 0 2

19.79 0 . 2 0 2 6 0 . 01 0 2

3 0 . 9 7 0 . 3 2 5 5 0 . 01 0 5
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Permeation Data

Pu/C02

T / ° C  p / cmHg  0 / m i n  10 9 P / c m3 ( s t p ) cm 107 D/ cm2 s 1 k / c m 3 ( s t p ) cm3

cm 2 s 1cmHg 1 ( p o l y ) c m H g  1

30 8 . 94 4 . 67 2 . 59 2. 37 0 . 0 1 0 9

30 10.41 4 . 5 0 2 . 55 2 . 46 0 . 0 1 0 3

30 11.66 4 . 64 2 . 58 2. 39 0 . 0 1 0 7

30 15.80 4 . 7 0 2 . 55 2. 36 0 . 0 1 0 8

40 9 . 7 9 2.31 4. 14 4 . 80 0 . 00861

40 10.19 2.41 4.01 4.61 0 . 0 0 8 6 9

40 11.27 2 . 6 2 4 . 09 4 . 20 0 . 0 0 9 7 3

40 14.89 2.41 4 . 1 0 4.61 0 . 0 0 8 8 8

40 16.33 2 . 5 2 4 . 04 4 . 40 0 . 0 0 9 1 9

50 10.55 1. 35 5 . 77 - -

50 16.81 1. 48 5 . 72 - -

50 18.20 1. 36 5 . 75 - -
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80Z Pu/C02

T / ° C p/cmHg 0 / m i n 1O^P/ cm3 ( s t p ) cm

- 2  -1 u -1 
cm s cmHg

7 2 - 1  
10 D/cm s

3 3 
k / cm ( s t p ) c m

( p o l y ) c m H g  1

30 6 . 9 2 2 . 84 1. 45 1 .65 0 . 0 0 6 8

30 0 . 44 2 . 2 3 1 .42 2 . 10 0 . 0 0 6 8

30 13.13 2 . 9 9 1 . 43 1 .57 0 . 0091

40 7 . 14 1 .59 2 . 33 2. 94 0 . 0 0 7 9

40 12.87 1 .83 2 . 29 2 . 56 0 . 00 8 9

40 13.71 1 .57 2 . 2 6 2. 99 0 . 0 0 7 5

40 18. 04 1 .56 2.31 2. 99 0 . 0 0 7 8

50 5 . 58 0 . 8 2 3 . 5 2 5. 73 0 . 0061

50 9 . 9 0 0 . 84 3 . 43 5. 59 0 . 0061

50 13 . 66 0 . 84 3 . 4 3 5. 02 0 . 0 0 6 8

50 14.82 0 . 88 3 . 5 0 5 . 28 0 . 00 6 2

2 6 4



20Z Pu/C02

T / ° C p/cmHg 0 / m i n 1O ^ P / c m ^ ( s t p ) cm

- 2  -1 u -1 
cm s cmHg

4 rt7„ , 2 - 1  
10 D/cm s

3
k / cm ( s t p ) c m  

( p o l y ) c m H g  1

30 6 . 5 7 15 3.31 3.11 0 . 10 6 3

30 6 . 48 14 3 . 3 2 3. 33 0 . 0 9 9 5

30 12.06 16 3 . 29 2.91 0 . 1 1 2 9

30 18.89 13 3. 34 3 . 59 0. 0931

40 7 . 1 4 8 4.21 5. 84 0 . 0721

40 14.99 8 4.21 5. 84 0 . 0721

40 15.15 7 4 . 29 5. 84 0 . 0721

40 18.63 8 4.21 5. 84 0 . 0721

50 8 . 34 4 . 5 5 . 15 10.38 0 . 0 4 9 6

50 10.94 4. 5 5 . 15 10.38 0 . 0 4 9 6

50 17.74 4 . 5 5 . 39 10.38 0 . 0 5 1 9
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