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.

RV

5



ABSTRACT
Jransport of gases through blends of Polvethersulfone

The permeability, solubility and diffusivity of carbon
dioxide and methane have been determined in blends of
Polyethersulfone (PES) - Polyhydroxyether of bisphenol (A)
(Phenoxy) and of carbon dioxide 1in blends of PES-Pu

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

The PES-Phenoxy system was completely miscible over the
entire composition range based on the presence of single
composition dependent glass transition temperature indicated by
differential scanning calorimetry. All of the blends and pure
components were in the glassy state in the temperature range of
the transport and solution studies. The sorption of CO2
exhibited the Langmuir type curvature expected for glassy
polymers, however for methane Henry's law was obeyed due to the
very low uptake and curvature was observed only at high
pressures. The interaction parameter deduced from the solubility
data was approaching zero based on the Flory Huggins theory. The
permeability was independent of pressures at low penetrant
activity and decreased as the pressure was increased. The
permeability data also indicated the system to be completely
miscible when compared with a number of homogeneous and
heterogeneous models for transport. The diffusion coefficients
exhibited a minimum around 507 PES while the permeability and
solubility increased with increasing PES content. Higher
separation factors where achieved at lower temperatures at the

expense of lower flow rate.



Sorption and transport of carbon dioxide in blends of PES -
Pu strongly suggested mixing for the system when compared with
related models. This was further supported by density
measurements; however the glass transition temperatures measured

by differential scanning calorimetry gave conflicting results.
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JINTRODUCTION

With the cost of research and development into new polymers
becoming probibitively high, attention has now turned to
modifying existing commercial polymers in order that they may
fulfil set requirements. Thus the concept of physically blending
two or more existing polymers to obtain new products is now

-

attracting widespread interest and commer.c%l application.

Polymer blends may be classified as miscible, partially
miscible or immiscible. Mechanical, thermal and rheological
properties are determined by the state of miscibility of the
system. In more recent vyears there has been considerable
interest in miscible blends. The properties of blends of this
kind generally vary smoothly with composition between those of
the pure components. Properties are also dependent to some
extent on the degree of interaction of the blend components.
With the renewed interest in polymer films as potential membranes
for the separation of gaseous mixtures, there has also been a
number of studies of gas transport in miscible polymer blends.
It is with this aspect of miscible polymer blends that the

present study is mainly concerned.

The gas barrier properties of polymergare well established
and have widespread application in food packaging, bottling of
carbonated beverages and other industries. The potential of
polymers for the separation of gaseous mixtures was recognized at
an early stage but practical application had to await the advent

of asymmetric thin film technology to supply the high fluxes

18



required. Modified asymmetric hollow fibres of polyethersulphone
form the basis of the Monsanto “"PRISM" separator applied
successfully to the recovery of hydrogen waste gas in ammonia
synthesis. The potential of polymer membranes for the separation
of other gas mixtures, especially COZICH‘, is also recognized and

has resulted in renewed interest in this area.

The main objective of this work is to investigate the
transport and solution of carbon dioxide and methane in the
engineering plastic polyethersulphone and blends of this polymer
with phenoxy polymer and to a lesser extent polyurethane,. As
well as identifying potentially useful separation membranes, such
studies are useful in probing the physical state of a polymer,

rubbery or glassy and its morphology.
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CHAPTER 1

TRODUCTION

Polymer blends may be defined as physical mixtures of two or
more polymers,(i, and may be subdivided into a number of
different categories. However, the most important distf%tion is
between the so-called incompatible and compatible blends.
Incompatible blends are those in which the polymeric components
exist in well-defined separate phases and domains. Commercially
useful examples of such blends are the rubber-modified plastic
materials, high impact polystyrene (HIPS) and the acrylonitrile -

styrene butadiene (ABS) materials.

While the incompatible blends represent the large majority
of all polymer blends, the compatible (also referred to as
miscible) blends are in the minority. However, an ever-
increasing number of compatible polymer pairs have been
discovered and these materials are still attracting considerable
attention. An example of an industrially significant compatible
blend is the Noryl polymeric material which consists” of
polystyrene and poly (2, 6-dimethyl - 1, 4-phenylene oxide).(Z)
The heat distortion temperature of the phenylene oxide 1is
decreased by the addition of polystyrene(ai. Polystyrene is the
cheaper of the two components and blending is economically
advantageous provided the lower heat distortion temperature 1is
acceptable. Compatibility is often used to describe whether a

desired or beneficial result occurs when two materials are

combined together and does not necessari ly mean- they represent

20



one phase. However, in this case compatibility or miscibility of
a miscible blend will be defined as the intimate mixing of
polymers on a molecular level to produce macroscopic properties

characteristic of a single phase.

This section will discuss, the basic thermodynamics of
mixing and briefly the various methods by which miscibility of
two polymers may be established. In recent years the technical
literature on this subject has greatly expanded and there are a

number of detailed accounts.“' 471
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1.2 The Thermodynamic of Polvmer-Polvmer Miscibility
The thermodynamic criteria for miscibility can be developed
in terms of the Gibb's free energy of mixing, AGmix' Complete
miscibility between mixtures will occur whenever the free energy

.. . . 2 2 . .
of mixing, AGmix is negative and 9 AGmix/a¢ is positive over the

entire composition range.

Figure (1.1) shows a typical variation of free energy with
composition for completely immiscible, completely miscible and
partially miscible binary mixtures represented by curve A, B and

C respectively.

Since
AGmix = AHmix - TASmix (1.0)
there will be contributions to AG_. from both AH . , the
mix mix
enthalpy change on mixing and Asmix' the entropy change on
mixing.
Flory developed(S) an expression for the combinatorial

entropy for the athermal mixing of polymer segments with solvent
or other polymer segments using a lattice model approach. The
expression for the mixing of two polymer species expressed per

unit volume of the mixture is

L2 ¢
AS . = -k|— 1ln¢_ + — 1n02 (1.1)

Where Vi and ’i are the molar volumes and volume fractions of

component i respectively. It is clear from equation (1.1), that

22
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X

ASmix is dependent on the molecular weight since Vi is

proportional to molecular weight.

Thus the combinatorial entropy of mixing two polymers is
small because of the high molecular weight of commercially
important polymers and will tend towards zero with increasing

molecular weight.

An estimate of the enthalpy of mixing, AHmix depends
primarily on the energy change associated with the change 1in
nearest neighbour contacts during mixing(a) and is independent of
molecular weight. When two polymers only interact via dispersive

or van der Waals type bondingtg) the heat of mixing is adequately

estimated from the solubility parameters(IO) of the components,

using equation (1.2).

124 ¢ (1.2)

AH . =V (61 -9 1 ¥

mix 2

Equation (1.2) only predicts a positive or zero eﬁthalpy of
mixing and miscibility in such cases is not favourable. It can
be seen therefore that AGmix is primarily influenced by the sign
and magnitude of AHmix for high molecular weight mixtures.
However, if the solubility parameters of two polymers are closely
matched, choosing polymers of similar structure may then lead to

an enthalpy of mixing close to zero and a small positive entropy

of mixing. This may result in a negative free energy of mixing.

Specific interactions such as intermolecular dipole-dipole
interactions or donor-acceptor bonding such as hydrogen bonding

when present between chains make an exothermic contribution to

24



the heat of mixing.

If the strength of these specific interactions outweighs the
endothermic contribution for the dispersive forces an overall
exothermic heat of mixing may result which favours miscibility.
Therefore many miscible mixtures have been examined which have

the potential to exhibit specific interaction.

Equation (1.2) does not allow for specific interactions of
the kind discussed above nor does it allow for any reduction in
volume which often accompanies the formation of miscible
mixtures. Bearing in mind that the enthalpy of mixing 1is
associated with change in nearest neighbour contacts between like

segments and unlike segments, Hildebrand“O). Van Laar(g) and

Scatchard(e) derived the following expression for the enthalpy of
mixing per unit volume in terms of the energy change Aw12 for the

formation of an unlike pair of segments

AHmix = zAw12 01 02/Vs (1.3)

Z 1is the coordination number which accounts for the number of
near neighbour segments with which a given segment may interact
and Vs is the volume of the segment. Equation (1.3) may also be

written as:-

k T x ¢1 02
AHmix = — (1.4)
s
Where k 1is the Boltzmann constant and x is the Flory - Huggins

interaction parameter and is given by
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X = zAw12/kT (1.5)

An alternative expression often seen for the enthalpy of mixing

is

AH

mix B ’1 ’2 (1.6)

where B is given by

B = ZAw12/Vs = ka/Vs = RTx/V1 (1.7)

Both x and B will take negative values when AHmix is exothermic,
and equation (1.3) and (1.6) may be applied to both exothermic
and endothermic heats of mixing unlike -equation (1.2) which

predicts only positive heats of mixing.

When specific interactions are pronounced the entropy change
of mixing cannot be equated to the combinatorial entropy of
mixing since the specific interactions will result in an
additional entropy contribution arising from an increase in the
degree of local ordering in the system. The Aw12 may then be

redefined as a free energy function given by:

Aw12 = Awh - TAws (1.8)

Where Awh and Aws account for the change in heat content and
entropy respectively on forming an unlike segment pair. The
interaction parameter in equation (1.5) is no 1longer simply
related to the enthalpy of mixing by equation {(1.3) since it

contains an entropy contribution.
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The total entropy change on mixing, ASmix. then has two
contributions one which is combinatorial in orgin and the other
associated with specific interactions and their effect on local

ordering. The free energy of mixing remains unchanged by the new

definition of the interaction parameter x so that

R d

* L]

X
AG . = kT Ll Iné, + — 1né_ + — ¢ ¢ (1.9)
mix V1 1 2 Vs

The corresponding entropy and enthalpy of mixing is given by

*
AS . = -(3AG_. /3T) (1.10)
mix mix p
01 02 0102 a(xT)
= - kK v 1n¢1 v 1n¢2 + v 3T (1.11)
1 2 S
0AG . /T a2
.o 2| mixt o -kTT 13X

Equation (1.11) and (1.12) must be used if Aw12 is temperature
dependent. However, if Aw12 is independent of temperature, it
contains no entropy contribution and the interaction parameter is

inversely proportional to temperature, then

as®. = As . (1.13)
miX mix
= 1.
BH .= KT X & 8,1V, (1.14)

Although attractively simple, the Flory - Huggins lattice model
fails to take into account the effect of pressure and volume
changes on mixing, also it is unable to predict lower critical

solution temperatures. 1In later work Flory and co-workers‘11-15’
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1.

3

developed an equation of state theory which takes into account
these factors, but its application is more complex as it employs

several somewhat arbitrary parameters.

Phase Separation

Mixtures that are miscible 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. If, 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 wupper critical solution
temperature (UCST). This behaviour is characteristic of an
endothermic heat of mixing and a positive entropy of mixing and
can be predicted for polymer systems using the Flory-HOggins
theory. A homogeneous mixture may also phase separate on raising
the temperature. The cloud point curve is convex to the
composition axis and the mininum of the curve is referred to as
the lower critical solution temperature (LCST). This behaviour
is characteristic of an exothermic heat of mixing and a negative
excess entropy of mixing.(18) The Flory-Huggins theory does not
account for an LCST and a more recent equation-of-state theory is
required.(17'18) LCST behaviour is encountered with phase
separation ocurring at sufficiently high temperatures. LCST
polymer systems have recieved much attention recently because of

the interest in miscible blends and their likely applications at

temperatures at or above room temperatures.
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b

The phase diagram of the system (PES-Phenoxy) in this study

is shown in figure (1.2). This is a typical example of a system
exhibiting a lower critical solution temperature behaviour. The
results are taken from reference (19). The solid curve which

separates the stable one phase region from that where the two
phases coexist in equilibrium is defined as the binodal. The
dashed curve separating the two phase region of the phase diagram
into a metastable and unstable region and is defined as the

spinodal, where BZAGm x/802 = 0. Within the unstable region

i
there 1is no thermodynamic barrier to phase separation and
spontaneous spinodal decomposition occurs. On the other hand in
the metastable region, where BZAGmix/6¢2 >0, a small fluctuation
in composition increases the free energy of the system, however
for phase separation to take place large composition fluctuations
are necessary. This mechanism of phase separation in the
metastable region is termed as a nucleation and growth' since

the change of composition generates nuclei which continue to grow

once formed.

Prediction 0f Miscibilit

There are various waysin which miscibility may be detected,
however only a few will be discussed briefly in this section.
Before proceeding further, it was mentioned in section (1.3) that
on raising the temperature of a compatible blend of two polymers,
a lower critical solution (LCST) is reached where phase
separation occurs. This in itself is proof that the original
clear blend consisted of a single, equilibrium, homogeneous

phase. Unfortunately, for the majority of compatible polymer
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blends, the LCST is not reached before significant degradation of
the pure component polymers occurs. However, exceptions are
found for example in blends of ethylene vinyl acetate [(EVA)
copolymers with either poly (vinyl chloride) (PVC) or chlorinated
polyethylene (CPE) which are compatible‘zo, and exhibit LCST's at

moderate temperatures (<150°C).

.41 Glags Transition Temperatures

One method often wused to detect miscibility of polymer
blends is the determination of glass transition temperature, Tg
It has been well documented that miscible polymer blends show a
single composition dependent glass transition temperature.
Immiscible or partially immisicible blends have two glass
transition temperatures corresponding respectively to those of
the two component polymers or of two mixed phases. There are
several methods which can be used to determine glass transition
temperatures. The two main techniques used in this study were
Calorimetric and Dynamic mechanical methods. The Calorimetric
methods involve the change in heat capacity of the polymer at the
glass transition temperature and is carried out using
differential scanning calorimetry, (DSC). This methods uses a
servo system to supply heat at a same rate to the sample and the
reference, so that the temperature of the two stay equal or
differ by a constant amount. Also the system is programmed to
give a 1linear rise in temperature with time. When the sample
undergoes a transition, the difference in the amounts of heat
that must be applied to the sample and the reference changes and

is reflected in a change of base line as shown in fig. (5.1).
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Care must be taken to ensure samples are properly outgassed and
free of solvent as desorption of these on heating may give rise
to spurious changes. DSC 1is one of the most commonly used

methods for Tg determination.

The dynamic mechanical experiment yields both the elastic
modulus of the material and its mechanical damping, or energy
dissipation, characteristics.(21) These properties can easily be
determined as a function of frequency (time) and temperature.
The sample is heated at a constant rate; a sinusoidal strain is
applied to the sample and the resulting stress, which is out of
phase with the strain by a phase angle §, is measured. The phase
angle is measured directly as a function of temperature and the

maximum value of tan 8 is identified with the glass transition

temperature.

Other techniques of detecting the glass transition
temperature include dielectric methods and dilatometry. The
former involves a similar principle to the dynamic mechanical
measurements in which the complex dielectric constant (Ex) 1is
determined as a function of temperature and frequency. An
alternating electric field produces an alternating electrical
polarisation which in the case of polar materials lags behind the
applied field by a phase angle §. The glass transition is
determined from the temperature at which tan & has a maximum
value. This method allows a wide range of frequencies to be used
but it is only applicable to polar polymers. The glass

transition temperature measured by dilatometry corresponds to
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the temperature at which a change in slope of the specific volume
occurs when plotted as a function of temperature. At this point
the coefficient of volume expansion of the polymer changes.
Various attempts have been made to correlate the dependence of
glass transition on blend composition using expressions

developed, earlier for random copolymers and polymer solvent

systems. According to the Fox relationship the Tg composition
dependence is given by(22)
1 w w
- - S, 2 (1.15)
T
g gl g2
Where wi denotes the weight fraction and Tgl' ng are the glass
transition temperatures of the pure components. Other
expressions often used are those of Kellyaeueche(za) and Gordon-
Taylor(24). namely
T ¢ T + K¢ T
g . 1 gt 292 (1.16)
1 +K02
1.17
Tg i w, Tg1 + K w2 ng ( )
w1 +I(w2

The parameter, K is the ratio of the difference in the thermal
expansion coefficient of the rubbery and glassy state for

polymers 2 and 1 ie. K = (u1l - “19”‘“21 - uzg), and ’i‘ w., T

1 gi

are the volume fraction, weight <fraction, glass transition
temperatures of the respective components and Tg is the

transition temperature of the blend. As indicated these
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expressions were originally developed to describe the behaviour

of random copolymer or polymer-diluent systems.

In general the dependence of Tg on blend composition in

miscible polymer blends does not necessary follow any of the

5~ . .
above models.(2 21) However, in this study the experimental

data were well represented by the Fox expression. Jacques et

al(28.29) reported the Tg of the blends to lie below the tie line

joining the Tg‘s of the pure components. Similar behaviour has

been reported for miscible blends of poly(styrene)- poly(vinyl

methyl ether)‘aO). poly(styrene) - poly (phenylene Oxide)(31) and

PVC with butadiene acrylonitrile copolymer.(32) For some

miscible blends a linear variation of the glass transition

temperature with composition has been observed(aa-as). and a more

complex behaviour reported by Kwei(38) where an S shape
dependence of the glass transition temperature was observed.
This was described by a combination of the Gordon-Taylor
expression with an additional term (q W, wz) which is
proportional to the number of intermolecular interactions. When
intermolecular interactions are very strong they act as effective
links and raise the glass transition more than anticipated on
weight or volume average basis. Behaviour of this type has been
reported for blends of poly (methyl methacrylate)/poly

(vinylidene chloride)(37) and poly (vinyl nitrate)/poly (vinyl

acetate)(ae).

.42 Scattering And Microscopic Technigues

Optically clear films are generally but not necessarily an

indication of miscibility. A phase separated blend may appear
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similar - if domain sizes are small relative to the wavelength
of light. For example, Jenckel and Herwing(ag) reported that
the heterogeneous blends of poly (vinyl acetate) (PVA) and poly
(methyl methacrylate) (PMMA) were transparent because of the

small size of the PVA dispersed domains.

Scattering and Microscopy techniques are two ways in which
the miscibility of polymer blends may be investigated bearing in
mind the above restrictions. Measurements of the intensity of

the scattered light as a function of temperature is commonly used

to measure cloud point curves.(‘o-‘Z) The temperature at which

blends show the first sign of turbidity, that 1is relatively

intense scattering, corresponds to the onset of phase separation.

al(31’ demonstrated this for blends of polystyrene-

poly(vinyl methyl ether). Also Singh and Walsh(19) used this

Bank et

technique to measure the cloud point curve for the PES-Phenoxy
blend system. The same authors used optical microscopy and
confirmed that phase separation occurred on heating miscible
blends of PES-Phenoxy. Once again it is necessary for the
refractive indices of the two phases to be different for this
technique to be useful. Different techniques may sometime lead
to different conclusions. For example, a system which appears to
be one phase by Tg measurements has been found to be two phase by
transmission electron microscopy(‘a’. This may be because the

latter techniques allows small domains of the order of 10 R to be

detected.
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1.43 Spectroscopic Techniques

Favourable intermolecular interactions between chemically
dissimilar polymers have been suggested to contribute to the
compatibilization of polymer blends. Spectroscopic techniques
allow one to establish the nature of these interactions and can
also be used to establish miscibility or phase separation. The
most commonly used techniques are infrared and nuclear magnetic
resonance. In a Fourier transform infrared (FTIR) study a shift
to a lower frequency of the carbonyl absorption was observed for

blends of polyester with poly (vinyl chloride)“"‘s). vinylidene

chloride copolymers;' *®) poly(bisphenol A carbonate)!*7+#81

(49)

the
poly({hydroxy ether of bisphenol A) These shifts indicate
the presence of specific intermoleclar interactions involving the
carbonyl bond. FT - IR studies of PES - Phenoxy polymer in this
research work give evidence for a hydrogen bonding type
interaction involving the hydroxyl groups of Phenoxy. The
hydrogen - bonded hydroxyl vibration of Phenoxy was observed to
shift to a higher frequency. Similar behaviour has been reported

for blends of Phenoxy - polyle-caprolactone) PCL(SO).

The nuclear magnetic resonance (NMR) technique can provide
information on the relaxation times of protons, which depend on
the environment of the protons. For a two phase system protons
on different chains are 1in different environments and will
exhibit different relaxation times. In a miscible blend the
intimate mixing of the polymers results in a single relaxation
time since the protons are essentially in the same environment.

An excellent example of this approach has been demonstrated by
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. . 5
Kwei, Nishi and Roberts( N for the blend system poly(styrene) -

poly (vinyl methyl ether). The proton relaxation time was
measured as a function of temperature, a single relaxation time
was observed at 1low temperatures whereas upon raising the
temperature two relaxation times appeared. Miscibility in blends
of poly (ethylene oxide) and poly (methyl methacrylate)‘sz, has

also been demonstrated using 13C NMR.

bk T1 | ic ¢l terization by V Sorption Technigque

Some information on polymer-polymer interactions can be
obtained from measurement of the equilibrium sorption of a gas or

vapour in a homogeneous blend. Scott(28.29.50.56-58)

developed
the Flory-Huggins theory for a ternary system consisting of
polymer 1 and polymer 2 and solvent 3. The chemical potential of
the solvent in the blend, Hap: relative to the pure solvent, Hag

is given by

u - "35 = RT 1n a (1.18)

3b 3b

= RT [(1 - 03) + lnt3 + (1 - 03) (x3101 + x3202) - Xy, 01 +2V3/V1]

(1.19)

Where - a3b is the activity of component 3 in the blend,

’i is the volume fraction of component i and xij is the
Flory-HlUggins interaction parameter between components i and j of

the mixture.

The equilibrium activity of vapour in contact with the homogeneous

blend of polymer 1 and 2 is given by
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In Ay (1 3) + 1n 3t (1 03) (x31 01 + x32 Xyp ¢ +2
(1.20)

where x'Z = x12 V3/V1 = x21 V3/V2 (1.21)

The volume fraction 01 of polymer 1 is given by

o - ‘ . Nt (1.22)

1 V1 + V2 + V3 V1 + V2 V1 + V2 + V3

so that

01 = 010 (01 - 02) = 010 (1 - 03) (1.23)

where 010 is the volume fraction of component t in a blend of 1

and 2 which is free of component 3.

Similarly, 02 = 020 (1 - 03)

Inag, = In#g + (1 - #5) + (X5,%,0 * X35%50 ™ Xy

10020) (1 - ¢

(1.24)

If the blend of polymers 1 and 2 is now treated as a single

component, equation (1.2%4) may be written in terms of an overall

interaction parameter for the blend, x3b so that

ln a = 1n ¢

b 3 * (1 - 03) * X3p (1 - ¢_)

L] ¢ ¢ LIS

where, (X3, = X3y %10 * X32 *20 ™ X42 %40 *20

(1.25)

(1.26)

Equation (1.24) may be written as follows in a more general form

to give the activity of component 3 in polymer 1,
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the blend,

2

1n a3i = ln#3 + (1 - 03) + x3i (1 - 03) (1.27)

In the limit of Henry law sorption 03 —> 0 and equation 1.27

becomes

1n (Qalaai) —> - (1 + x3i) (1.28)

Xq4 —> - [1 + 1n (03/a31)] (1.29)

Hence from equation (1.26)

- [1 + 1n (03/a3b)] = - 0‘0 [1 + 1n (03/a31] - 020 [1 + 1n
(03/332] ol SP 010020 (1.30)

Hence

1n (03/a3b) z 010 1n (03/a31) + 020 1n (03/a32) + x12 010¢20

(1.31)
Define the Henry's law constants as k,. = ¢_/a,_. (1.32)
3i 3 31
In kyp = 490 10 Kgq * #5010 k3p * Xg5 *4p ¥y (1.33)

112 = 0, a plot of log k as a function

Thus unless b

composition will deviate from the straight line joining

component values of 1ln k and 1n k For negatives

31 32°

x12. the curve will lie below the line joining the pure

of blend
the pure
values of

component

values, the deviation being more pronounced the more negative is

the value of x12. This is the expected behaviour for
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blends. When x12 > 0, the solubilities will lie above this line.
However such blends will be unstable and will tend to phase

separate.

Jacque et al(za' +58) measured the sorption of hexane at

different activities in miscible blends of poly({styrene) and poly
(2, 6 - dimethyl - 1, & - phenylene oxide). At the higher
activities of hexane the glass transition temperature of the
blends were below the temperature of measurement and a distinct

minimum was observed in a plot of 1n k3b against blend

composition for a blend containing 757 polystyrene. At lower
activities of hexane the blends were still glassy and the

curvature in the 1n k3b plot was much less pronounced. These

studies indicate that for an effective evaluation of xiz the
probe molecule must not interact strongly with the polymer as it

may affect the nature of the blend.

A negative value obtained for x12 from measurements of the
solubility of benzene in blends of poly(styrene) and poly (vinyl

al(51).

methyl ether) was reported by Kwei et All three

interaction parameters, and xiz were evaluated as a

X310 X3z

function of temperature and blend composition and it was

suggested that the system exhibit both an UCST and LCST.

l(56)

Using CO as the molecular probe, Paul et a fitted

2

their sorption data to equation (1.33) and obtained a negative

.

x12 for glassy blends of poly(styrene) - poly(phenylene oxide)

and blends of bisphenol - A - polycarbonate and a copolyester

formed from 1,4 - cyclohexanedimethanol and a mixture of
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terephthalic and isophtahalic acids. Webb et 31(59) also studied

the sorption of C02 in miscible blends of chlorinated poly
(ethylene) and an ethylene vinyl acetate copolymer. The Henry's
law constant was evaldated as a function of blend composition and
fitted to equation (1.33). A small negative value for x;z was
obtained suggesting only weaker interactions. The interaction
parameter decreased slightly in the temperature range 30 - 45°C
but increased at higher temperature. Although the results did
not cover a wide temperature range it was suggested that above

100°C the interaction parameter will take positive values since

the system exhibited a lower critical solution temperature.

A more detailed reviewed of methods for detecting

miscibility in polymer blends is given elsewhere“'SO).
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CHAPTER 2

N_IN YMER

T U ' AT

(61) (62,63)

Graham and Mitchell in their pioneering work on
the transport of gases and vapour through polymer membranes
postulated that the permeation process comprised three

consecutive steps;

1) dissolution of the gas in the upstream surface of the
membrane.
2) diffusion of the gas through the membrane.

3) evaporation of the gas downstream membrane surface.

In general step (2) is rate controlling and in 1855 Fickés‘)

proposed an equation for mass diffusion by analogy with

(65)

Fourier's equation of heat conduction. For wunidirectional

flow in an isotropic medium, Ficks equation is

Q
0

(2.0)

[
]
1
o
<]
x

where J 1is the rate of transfer of diffusing matter through a
section of unit area, c is the concentration of diffusant at
point x measured in a direction normal to the section and D 1is
the diffusion coefficient. It was originally treated as a
constant but more generally it may be a function of
concentration, distance or time. The negative sign arises
because the flow of diffusing matter is in the opposite direction

to that of the concentration gradient.

From a consideration of the mass balance in a thin section
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of the medium Fick obtained his second equation for diffusion

treating D as constant,

2

oc _ _9°c

-a—t'Daz (2.1)
X

As indicated, equation (2.1) is only valid if D 'is constant,
however, for many polymers and diffusants D depends on the

concentration and equation (2.1) then becomes

(> 2] 2.2

Provided the flux and concentration are measured in the same
units of quantity, the units of D are (length)2 (time)-1: common

. 2 -1 2 -1
units are cm s orms .

For the diffusion coefficient to be properly defined it 1is
also necessary to specify the section through which diffusion
occurs. Crank(GG'ST) has discussed in detail several frames of
references, fixed with respect to the volume or mass of the
components which participate in the diffusion process. Diffusion
coefficients defined in terms of these volume or mass fixed
sections can be related to each other and in particular in the
limit of low volume fraction of diffusant the various
coefficients become identical to each other. In the present
study the solubility of the gases in the membranes was

sufficiently 1low for the diffusion coefficient to be independent

of the frame of reference.
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Later in 1879, Wroblewski(se) combined the thermodynamic

process of dissolution and the kinetic process of diffusion to

yield a relationship,
J = Dk Ap/1l (2.3)

where k 1is the solubility coefficient and Ap the pressure

difference across the membranes of thickness 1.

Exact solutions for Fick’s first and second equations have
been obtained for a variety of boundary and initial <conditions
. . (69-71)
and geometries and form the subject of a number of texts.

In the present study the solution of interest is that for

diffusion through a plane sheet.

Permeation

In a conventional permeation experiment the polymer
membrane, initially free of penetrant, is exposed at time t = 0
to a concentration co of penetrant in the ingoing face at x = 0.
The concentration at the downstream face at x = 1 is also held
constant at 2 and the amount of material diffusing across the

downstream face is measured as function of time. The boundary

and initial conditions are therefore

c =0 0 < x <1 t=0
c = co x =0 t> 0
c=c x =1 ty o0

After some time has elapsed a steady state of flow is

established.
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2.2 Steady State

The steady state condition is given by %% = 0 so that for a

constant diffusion coefficient

2
9 ¢
__2 =0 (2.4)
ox
Integration subject to the above boundary conditions yields,
c, - ¢
c = [—l———iﬁ X + C (2.5)
1 o

In the present study the concentration cl in the downstream

face is effectively zero relative to co and the steady state flux

across the membrane is given by

j - —2° (2.6)

The permeability P is the flux normalized to unit thickness

of membrane and unit pressure difference across the membrane so

that

P = ;_1 (2.7)
o

where po is the gas pressure at the upstream face.

If sorption obeys Henry's law, i.e. ¢ = kp, where k is the
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3

solubility coefficient then it follows from equations (2.6) and

(2.7) that
P = Dk (2.8)

e Pe a
The region preceeding the establishment of the steady state
is referred to as the transient region of flow for which g% # 0.

The solution of equation (2.1) subject to the boundary conditions

and with ¢ > c, ~ 0 is
0 1
lcO 12 6 Tr2 1 n2 l2

where 0t is the amount of penetrant which has passed through the

sheet in time t.

For sufficieng§ large t (t —> «») the steady state is
reached where the expontential terms becomes negligibly small and

equation (2.9) reduces to

Dco l2
. Q, = = t - 5D (2.10)

Hence a graph of Qt against t yields an asymptotic steady-
state straight line which on extrapolation to the time-axis gives

an intercept

[
n

(2.11)

D
"
3|
o

The intercept B is termed the time lag for diffusion and its
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measurement leads directly to a value for the diffusion

coefficient. The time lag approach was originated by Daynes(72)

and developed extensively by Barrer.(73)

S ti nd D i Kineti
The boundary conditions for sorption into a plane sheet
initially free of penetrant and exposed to the same constant

pressure of vapour on each face are;

c =20 0 < x <1 t=0

c = co x =0 t 30

c =cC X = 1 t» 0
0

And the corresponding conditions for desorption are

c=c 0 ¢ x <1 t =20
o

c =0 x =0 ts o0

c =20 x =1 t> 0

For a constant diffusion coefficient the solution to Ficks
equation for these conditions can be expressed in two forms. The
first which is more useful for small times is

"o foe]® s,
M 2 In 0

1

(-1)n ierfc[ nl 0 5] ] (2.12)
2(0t) "

nem g

0

and the solution more appropriate to large time is

nM~M g

2.2
____l___E exp [_ D(2m + ;) L t} (2.13)
0 (2m + 1) 1

where Ht and M°° denote the equilibrium uptake at time t and at

46



2.

5

equilibrium respectively.

At sufficiently small times, the summation is negligible compared

to %; and equation (2.12) reduces to

M 0.5
t. L [23] (2.14)

12

The diffusion coefficient can then be deduced from the
initial gradient of a plot of Mt’”» vs /t which 1is generally

linear for values of Ht/M°° up to 0.5.

At large times (2.13) is more applicable and the series term

converges rapidly so that equation (2.13) reduces to:-

X

al

12

2
t =1 - 25 exp [- L t] (2.15)
m
Then D can be obtained from the slope of a plot of 1ln(1 - Mt/M”)

vs t.

C trati I jont diffusi ficient

The steady state equation (2.6) is still valid and can be

integrated over the membrane to give

C
0
J1 = | D dC (2.16)
1]
d (J 1) _
and 3 c = Dc - ¢ (2.17)
0 o
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Hence the concentration dependence of D may be obtained by
differentiation, graphical or otherwise, of a plot of the steady
state flux as a function of the concentration in the upstream

face C .
o

Also from the definition of the permeability, one has

o 0
P=-‘H=—°.%- [ Ddc = k.D (2.18)
po po o 0
c
- ] o
where D = o I DdC is some average diffusion coefficient and
o 0
c

k = 52 is the average solubility.

When D is a function of concentration, exact solutions to

Fick's second equation are no longer available. Some average Ds
may be obtained, however, from the initial linear /t region of

the sorption kinetic curve. In general a different average Dd is

obtained from the corresponding conjugate desorption curve.

C
0
Using the 58 (ﬁd) data as a first approximation to %— f pdC,
0 0
(66,67) . . .
Crank developed a numerical analysis and successive

approximation procedure which enables the concentration
dependence of the differential coefficient to be determined. The
D-C dependence may then be used to generate the rate curves by

numerical analysis to compare with the experimental curves.

Several authors have proposed a number of approximate
expressions which relate 55 (5d) to the differential diffusion

coefficient D. Manipulation of the Bs - C data again enables the
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concentration dependence of D to be determined. These and other
aspects of concentration dependent diffusion coefficients have

been extensively reviewed by Crank(67).

2.6 \Units of P. D and k
A number of different units have been used especially for P
and k and it is pertinent at this stage to define the wunits of

these quantities in the present study.

2.61 Permeabilitv
The permeability coefficient, P, 1is the amount of gas
diffusing per second through unit area of membrane of unit

thickness while the system is in steady state and is given by

P = V1/[A t (P1 - Pz)]

volume of penetrant [cm3 (stp)]

where vV =
1 = membrane thickness (cm)
t = time (s)
p1 = ingoing pressure {cm Hg)
p2 = outgoing pressure (cm Hg)
A = cm2

2.62 Solubility Coefficient

The solubility is the amount of gas (cm3 (stp)) dissolved in
a unit volume (cm3) of the membrane when in equilibrium with

surrounding gas at unit pressure (cmHg) and is given by

k = c/p

where c concentration of penetrant [(cm3 (stp)]

Aol
"

pressure of penetrant (cmHg)
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2.63 Diffusion Coefficient
The diffusion coefficient, D, is the amount of gas (cm3
(stp)) diffusing per second through unit cross-sectional area
(cmz) of membrane of unit thickness (cm) with unit concentration

. 3 . . .
difference (cm (stp/cma) across it and is given by

D=V/MA . t . dc/dx

where V = volume of penetrant [cm3 (stp)]
A = Area of membrane (cmz)
t = time (s)
¢ = concentration of penetrant in the

membrane [cm° (stp) em™ 3]

x = distance (cm)

2.7 Factors Effecting Diffusivitv, Solubility And Permeabilitv

There have been numerous studies of gas/vapour diffusion in
polymers. 0f the many factors investigated which affect the
diffusion process some typical examples are, temperature,
chemical nature of the polymer and of the diffusant, physical
state of the polymer, degree of crystallinity, filler and
plasticizer content and degree of cross 1linking, also both
homogeneous and heterogeneous systemshave been studied. Much of
this work has already been reviewed and only a brief summary is

given here of some relavent feature§.

2.71 JTemperature
(74) .
Barrer was the first to show the effect of temperature

on the diffusion coefficient in a gas/polymer system. He
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identified diffusion to be an activated process represented by

the following relationship:-

D = Do exp ( - ED/RT) (2.19)

Where Do is the pre-exponential factor, ED is the activation
energy for diffusion and T the absolute temperature. Rewriting

equation (2.19) in the following form

ln D = 1n D + E_ /RT
o d

(75,76)

Barrer showed that if the range in 1ln D was small compared

with the range of values of E, then there was a good correlation

d

between 1n Do and Ed for many gases in various elastomers.

Later van Amerongen(77'78)

observed that ED for elastomers
was found to decrease with increasing temperature and showed that
the temperature - dependence of the activation energy could be
interpreted by the Eyring theory of rate processes.

A superficially similar expression exists for the solubility

coefficient represented by the Van't Hoff relationship:-
k = k_ exp(- AH_/RT) (2.20)
o s

where ko and Aﬁs are the pre-exponential factor and heat of
solution respectively. The heat of solution Aﬁs may be regarded
as comprising two terms, namely, the latent heat of condensation
and the heat of dilution. For permanent gases the heat of
condensation is small so that the heat of solution is essentially
(78)

the heat of dilution and is often small and positive.

However, for organic vapours or for sorption in glassy polymers,
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the heat of condensation dominates and Aﬁs values in these cases
are usually negative and often quite large. Therefore for

positive Aﬁs, k will increase with increasing temperature and
vice versa. Linear relationships have been observed between the
solubility of the gas and various parameters such as the critical

temperature.‘ao, boiling point(81) and the Leonard - Jones force

constant(BZ), all of which reflect the ease of condensgbility of

the penetrant.

If sorption obeys Henrys law and the diffusion coefficient

is constant then the permeability is given by P = D k so that

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

Where Ep = ED + Aﬁs is the temperature coefficient permeation or
the apparent activation energy for permeation and Po the pre-
exponential factor. Ep may be positive or negative depending on

the relative magnitude of ED and Aﬁs since permeation 1is the

combined result of diffusion and solution.

(83.84) studied the effect of glass transition

Meares
temperature on the gas diffusion in glassy polymers. The
Arrhenius plots of the diffusion coefficient and permeability
exhibited two distinct changes in slope, one at the glass
transition temperature and the other some 10°¢C lower. Below the
glass transition temperature, the activation energy of diffusion

was lower compared to the rubbery state. This was attributed to

the segmental motions being frozen out below Tg resulting in
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smaller Jjump distances in the glassy state and also lower
entropies of activation. Above the glass transition temperature
there is large scale segmental motion which results in a greater
zone of activation; 1leading to higher energies and entropies of
activation. However, expressed per wunit Jjump 1length, the

activation energy for the glassy state is higher than for the

(85) (86,87)

rubbery state. Michgel et al also observed the same

effect for gas diffus ion in polyethylene terephthalate, and the

(88) l(89)

effect was supported by Ryskin. Kumin et a studied

water vapour diffusion through plasticised and unplasticised

vinyl chloride - vinyl acetate copolymers, and the effect on ED

at the transition of the plasticised and unplasticised films was

observed. A change in slope of the Arrhenius plot was also
(90)

observed by Barrer et al for the diffusion of neon and

hydrogen in unplasticised and plasticised poly(vinyl-chloride).

A single break was observed for poly (ethylene
terepthalate)(91'92) poly(acrylonitrile)(93‘9",
poly(methylacrylate)‘gs, and acrylonitrile-vinyl) acetate
copolymers(gs).

Later studies of Kumins and Roteman on the diffusion of a

Ne, NH 0

series of gases He, H co, CO2 and water vapour

2! 4’ 2'
through poly (vinylchloride) - poly (vinylacetate) copolymer

films(97) showed no change in slope of the Arrhenius plots except

for CO2 and HZO' No break was observed in

polylethylmethacrylate) except with H,0 by Stannett and

2
oy (98) . . .. .
Williams. This was attributed to a plasticisation effect

occurring through water-polymer interactions and not to penetrant
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size. However, they suggested that some polymers would show a
change in slope with only large penetrants (e.g. C02). The same
authors in collaboration with Tikhomirov and Hopfenberg(gg)

studied the diffusion of He, Ne, N2, C02, 2 CH4 and Hzo in
unplasticised poly (vinylchloride) and slope changes were
apparent on the Arrhenius plots that were dependent upon
penetrant size. However, there was no evidence of a discrete

change in activation energy at the glass transition temperature.

A number of models have been proposed for the diffusion
process based on energy or free volume fluctuations and were

(100) (101)
Barrer proposed  an

reviewed by Kumin and Kwei.
activated hot zone for diffusion in which the diffusant and
surrounding polymer segments acquired sufficient energy for the

diffusant molecule to Jjump.

Brandt.(102) when estimating the activation energy took into

account the molecular structure; where the overall activation
energy was the sum of the intermolecular term due to the
replusion which the chains experience from their neighbours on
accommodating the penetrant molecules, the intramolecular term
arising from the bending of the two neighbouring chains and also
the thermal energy. The free volume theory(103) was based on the
concept of density fluctuations in liquids. There were regions
of high and low density in the polymer matrix, where the low
density regions are regarded as the elements of free-volume.
Diffusion of a molecule is then governed by the probability of
some critical element of free-volume made available to the

molecule for a diffusion step to occur. Di Benedetto(10‘)
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proposed a volume fluctuation theory which has since been adapted
(105-10 . .

by Pace and Datyner (X and considers diffusion to occur

both along and perpendicular to the axis of the polymer bundles,

the former requiring less energy.

2.73 Nature of Penetrant

In general, the larger the penetrant molecule, the larger is
the activation energy since a larger hole is needed to be formed
in the polymer wunit, which results in a smaller diffusion
coefficient. The pre-exponential factor, Do will also increase,

since it includes both the entropy of activation and the Jjump

length [(A). The jump-length ?{ag?s in the pre-exponential term
x
2 KT AS
as > Do = el h exp /R

where R and T have their usual significance and K 1is the
x
Boltzmann constant, AS is the entropy change associated with a

unit diffusion step and h is the Planck constant.

However, there appears to be a critical size of penetrant for a

given polymer; above the critical value, penetrant size seems to

(106)

D : but below it there appears in some

have little effect on E
cases to be an almost linear correlation between ED and penetrant

molecular diameter.“os’ Branching in the molecular structure of

the penetrant is another important factor.(110-111)

2.7+ Nature Of The Polvmer

The correlation between the diffusivity of gas and the
nature of the polymer is very complicated since it is impossible

to change any feature of the polymer without affecting others.
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(112 .
Stannett ! has given an excellent review on the effect of the

nature of the polymer on the diffusion process. Briefly, since
density can be regard as measure of the “looseness” of the
polymer, then generally the lower the density the higher the rate

of permeation and diffusion.

Other factors that will effect the diffusion process, are
the addition of plasticizers, degree of cross-linking and
crystallinity. The addition of plasticizer to a polymer membrane
effectively lowers the glass transition temperature and increases
the diffusivity. The increase in degree of crosslinking on the
other hand, decreases the diffusivity due to the decrease in
mobility of some of the polymer chains. The permeability will
also decrease as the degree of crosslinking increases, however,

crosslinking has little effect on the solubility.

Finally, the crystallites in polymers also act as giant
crosslinks which tend to immobilize the chains thus reducing any
flow through the chains. This subject has been studied in detail

by Michaels et al.(113) and other authors.('14'115)

Dual Mode $ . in 61 Pol

To account for the isotherm shape in the glassy state
Barrer et al. proposed that the dissolution 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

(85,86,116-118)

been reviewed several times and is only discussed

here briefly.
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Essentially the equilibrium sorption isotherm is represented

as:-
C = Cy o+ (2.22)
Cébp
= kDp T+ bp (2.23)
CD represents the concentration of the dissolved species and
kD is the Henry's law solubility coefficient in
(cm3(stp)/cm3cmHg). C represents the concentration of the

H

microvoid component to the sorption where Cﬁ is the hole
saturation constant in (cma(stp)/cma). b is the hole affinity
constant (cmHg—1) and represents the ratio of the rate constants

for sorption and desorption of penetrant in the holes.

At sufficiently high pressures, bp >> 1, a linear asymptote
is approached corresponding to the saturation of Langmuir sites

and equation (2.23) reduces to:-
C = k.p + C' (2.24)

At low pressures such that bp<<1 equation (2.23) reduces to

Henry's law.
c = kDp + C'bp = kp (2.25)

where k = k., + C'b (2.26)

C, and b, may be

The dual mode sorption parameters, kD, H
(118)

determined by a graphical analysis of the sorption isotherm

The parameter kD can be determined from the 1limiting high
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pressure slope of the isotherm wusing equation (2.24) and
extrapolating the linear portion back to the concentration axis,

gives the hole saturation constant as the intercept. Once kd is

evaluated, CD follows as a function of pressure and hence from

equation (2.22) CH is obtained as a function of pressure by

substraction of CD from C.

By rearranging the Langmuir part of equation (2.23) in the

form
1 1 1 1
c = [C'b} > + o (2.27)

“u

b is obtained. The main drawback of the above method 1is 1in

and constructing a plot of L Vs %, the hole affinity parameter

ensuring the equilibrium sorption isothems have been measured at
pressures sufficiently high for the limiting linear region of the

isotherm to be established accurately.

A more accurate method of determination of the dual mode

sorption parameters has been developed by Koros et al.('19) and

.(120) This method involves

more recently by Barrie et al
evaluation of the parameters by the non-linear regression

analysis of the sorption isotherm.

The temperature dependence of kD' given by:-

=
n

D kDo exp (- AHD/RT) (2.28)

Where AﬁD is the enthalpy change in transferring one mole of

58



2.

9

sorbate from the gas phase to the dissolved state. As indicated
the heat of dissolution for the glassy state is generally more
exothermic than for the rubbery state, since some of the sorption

occurs in pre-existing microvoids.
The temperature dependence of b is given by
b = bo expl(- AHH/RT) (2.29)

where ZHH is the heat of sorption in the microvoids.

The overall heat of sorption Aﬁs which 1is generally
dependent on concentration can be evaluated using the Clapeyron-

Clausius equation

o1np| . s (2.30)
o1/T c - R :

In the Henry's law limit (p —> 0),

AH (2.31)

AH = AH + "

O B |
[ k k

Fom eqn. 2:36 k“'qub
a od anspo

It 1is assumed that local equilibrium is maintained between

the dissolved species of the penetrant and those species sorbed

in the microvoids at all times throughout the medium. Also the

earlier developments of the model regarded the penetrant sorbed

according to the Langmuir mode as totally immobilized.(121) The

contribution to the total flux is solely from the dissolved

species and may be written as:
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_ ac
= -D 3% (2.32)

Where D is the experimently determined diffusion coefficient and

DD is the diffusion coefficient of the dissolved species which is

independent of concentration.
Therefore from equation (2.32), it follows that

BCD
D = DD — (2.33)
ac

The differential BCD is easily evaluated from partial

ocC
differentiation w.r.t. p of equation 2.23
ocC ocC op k
- . 2 _ . —2D > (2.34)
oC op oC kD + CHb/(l + bp)
Substituting (2.33) into (2.34) yields
c;b -1
D = DD 1 + > (2.35)
k. (1 + bp)

D

The two limiting casesof low and high pressure are such that

when p —> 0
CHb -1
D = DD 1 + K = DD kD/k (2.36)
D
and when p —> o
D = DD (2.37)
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i.e at sufficiently high pressures the experimentally measured
diffusion coefficient is identified with the diffusion

coefficient of the mobile species.

In the present study, measurements were not made at

sufficiently high pressures for DD to be determined. The

permeability is given by (eqn. (2.8))

5o b &
P = D P (2.38)
= 1 co
where D = T 1) DdC. It follows from eqn. 2.35 and 2.23 that
o 0
n = B
D = C DDkD
and so P = DDkD (2.39)

The permeability is therefore independent of pressure.

A detailed account of the dual mode transport model has been

given by Vieth and Sladek.(121)

In later developments“z‘) the constraint of total

immobilization of the Langmuir component was removed. The flux

is then written formally as

aC aC
- _p 8¢ . 0 |
3= D52 = <Dy - D, A (2.40)

so that
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- D _H
D = DD e + DH 3c (2.41)
and so
acD
D = (D, ~-D,) =/ + D (2.42)
D H aqw H

(118,122-123)

Koros et al later developed an expression for

the permeability which is now pressure dependent and is given by

_ FK
P = kDDD [1 t T bp] (2.43)
Where F = DH/DD and K = CﬁlkD' In the 1limit of total

immobilization, DH=0 and equation (2.43) reduces simply to

equation (2.39). Also in the limit of high pressure P = kDDD'

Evaluation of DD and DH is possible using sorption kinetic
or high pressure permeability data. A molecular interpretation
of the possible steps in the diffusion process were given by Chen

et a1-(123)

They considered that four wunit Jjumps steps
contributed to the overall process, namely, Jumps in the
dissolved state, Jjumps from dissolved state into microvoids,

jumps from microvoids into dissolved state and Jjumps from

microvoids to microvoid.

Barrer(125) from a quantitative analysis of these four

different jump processes showed that the flux could be expressed

normally as in equation (2.40). The diffusion coefficients DD
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and DH however are not simply related to a single unit process.

The dual mode sorption model has been extensively applied
and has satisfactorily represented the solubility, steady-state
and transient transport of gases and vapours in a number of

glassy polymers. However the temperature dependence of the hole

saturation constant C, as the temperature is raised towards Tg

H
still remains unresolved. For example, Koros et al.(91) measured

the sorption of carbon dioxide in poly(ethylene terephalate) at

various temperatures and found that the hole saturation constant,

CH approached zero as the temperature was raised to the glass

transition. This suggested that the microvoid component to the

sorption decreases to zero as the transition temperature is

approached. A similar effect was reported for poly(carbonate)
(126,119)
polymer and has been observed by other authors for gas

(127,117)

and vapour sorption in many glassy polymers The

H
Tg or conditioning it with high penetrant pressures prior to the

sorption experiment has also been studied. Chan and Pau1(131)

variation of C, through annealing the polymer sample close to its

annealed a sample of polycarbonate at 135°C {close to its Tg

zlkSOC) for a day, and observed a reduction in the Langmuir

component in the sorption of COZ' Annealing sheets of
L. 13 .

poly(acrylonltrlle)(g‘) and poly (styrene)( 2) below their

respective glass transition temperatures also showed the same

effect. An opposite effect was observed on conditioning the

sheet of poly(ethylene terephthalate)(91) and
(133) . ..

poly(carbonate) at high carbon dioxide pressures. It was

suggested that carbon dioxide dilated the polymer structure which
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resulted in an increase in the hole saturation constant CA.

However, for both cases kD and b remained relatively unchanged.
The same effect has been reported for sorption of sulphur dioxide

in Kapton poly(imide)“a‘). carbon dioxide in cellulose

acetate(‘as) and for various gases in poly(phenylene oxide).(136)
The sorption in the above polymers was described in terms of the

partial immobilization model.

More recent application of the dual mode sorption theory has

been the prediction of the permeabilities“aY) of gases 1in a

mixture from the single component dual mode sorption parameter,
and of the isotherms(138) of mixed gases using a model based on
dual mode sorption theory which includes competition between the
two penetrants for Langmuir sites in the polymer. As interest
grows in the application of polymer membranes to gas separation,
mixed permeation and sorption(139'140-142) is now receiving
considerable attention. Excellent agreement between the
experimental results and model prediction was reported for mixed
gas sorption and transport in glassy polymers when nonideality in

the gas phase was taken into account.(123'1‘3)

As 1indicated above, the dual mode sorption theory has had
considerable success in modelling sorption and transport data for
single component glassy polymers. However, the use of dual mode

theory for gas sorption and transport in polymer blends has also

(184, 199, 200)

attracted interest. The variation of the dual

C,, and b, with blend composition has been

d ramet , ,
mode pa ers k0 H

demonstrated.
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Raucher, Sefcik and co-workers(148-150) have recently

proposed an alternative gas - polymer - matrix model which
describes the sorption and diffusion process in glassy polymers.
Briefly, the matrix model assumes that (a) there is only one
population of sorbed gas molecules in polymers at any pressure,
{b) the physical properties of the polymers are perturbed by the
presence of sorbed gas and (c) the perturbation of the polymer
matrix arises from gas-polymer interaction. The equilibrium

sorption isotherm is represented by

0 . p
c = 22— (2.44)

1 + xc
The concentration dependent diffusion coefficent is given by

D(c) = Do {1 + Bc) {2.45)

X, B are constants and 90. Do are the solubility and diffusion

coefficient in the limit of zero concentration respectively. The

resulting permeability is given by
P =D 0. 1+ Bc

(2.46)
1 + xc

Barbari et 31(15‘)

measured the sorption of N2, CH4 & CO2 gases
in wvarious amorphous polymers based on bisphenol A and analysed
the data in terms of the dual-mode sorption model and the gas-
polymer matrix model. They concluded that the former provided a

better fit of the experimental sorption isotherms compared with

the gas-polymer matrix model. This was a result of the dual mode
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sorption containing three adjustable parameters compared to the
gas-polymer matrix with only two. Furthermore, the parameters
from the dual mode model could easily be correlated with both gas
and polymer properties. A weakness of the matrix model is that
the <choice of equation 2.44 and 2.45 is somewhat arbitrary and
apparently does not rest on any model for the sorption and

transport process in the glassy state.

o Mo e n o e

Heterogeneous polymer systems include block and graft
copolymers, paritally crystalline polymers, filled polymers,
fibre-reinforced plastic and immiscible or partially immiscible
polymer blends. Modes for gas transport in heteﬁ@enous media
have been derived by analogy with the earlier developments of
electrical permittivity, electrical conductance and thermal
conductivity. Detailed reviews of the various models are given
elsewhere."sz‘ts‘) In the following section, a few models have
been selected for discussion and are confined to dispersions of

one phase in a continuum of another. The following notations are

used: -

P : The permeability of the composite media.
P : The permeability of the continuous phase.

P, : The permeability of the disperse phase.

d
’c : Volume fraction of the continuous phase.
’d : Volume fraction of the dispersed phase.
(155) . . .
Maxwell derived an exact expression for a single sphere

embedded in a continuous medium which has been applied to a
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dilute dispersion of identical spheres in a continuous phase.
The separation between spheres is sufficient to prevent any

mutual perturbation of fluxes.
The permeability of the medium is given by

o . b Py * 2P - 2¢d (Pc - Pd) i)
m c Pd + 2Pc + ’d (Pc - Pd)

The Maxwell expression is found to be valid for small volume
fractions up to 0.1 but may be a fair approximation up to volume

fractions approaching 0.5 of the disperse phase.
When Pc > Pd equation (2.47) reduces to
P = Pc . 2(1-¢d)/(2+0d) (2.48)

When P, >> Pc equation (2.47) reduces to

d
Pm = Pc . (1+2¢d)/(1—¢d) (2.49)

There have been a number of extensions and modifications to
the Maxwell model by other authors.(156—159) for example the
following:

(159) . .
Bruggeman allowed for the interaction between fluxes as

the volume fraction of the disperse phase increased and obtained

= (2.50)

$ = 5

(Pd - Pm) [Pc] 1/3
c (Pd - Pc) m

Since the Bruggeman expression was an extension of the Maxwell

model, it simplified to give, when Pc > Pd
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P =1p .4
m c cC
and when Pd > Pc (2.51)
P, = P/U1-¢) (2.52)

This expression also allows for the disperse phase to comprise
a large range of domain. sizes, but does not correspond to any

specific, well defined structure.

Higuchi('57'158’ also allowed for the interaction of fluxes

and neighbouring spheres for a random dispersion of spherically

uniform particles. His expression was

. . (Pd + 2Pc - X) - ¢d(2Pc - 2Pd - X) (2 531
m c (Pd + ZPc - X) + ¢d(Pc - Pd+ X}

where X = k (P, - P )2/(2P + P)
d c (o] d

The parameter k is the radial distribution function for a
random dispersion of spheres and is a function of volume fraction
but is generally unknown. Higuchi found the expression to be
relatively insensitve to k, and a value of k = 0.78 gave a good
fit to the experimental data in a wide range of systems. For
k=0, in the 1limit where particle-particle interactions are
absent, ie in the 1limit of infinite dilution, the Higuchi
expression reduces to Maxwell's model. A weakness of egn. (2.52)
is that it does not reduce to the Maxwell expression for a dilute

dispersion.

The limiting cases for this model are
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Whe
n Pc > Pd

Pn = P 3-22¢ /(6 - 2.78¢ ) (2.58)

and when P, >> Pc

d
Pm = Pc' (3 - 2.78¢c)/0.22¢c (2.55)
(160) . . . . .
Bdtcher derived the following expression for a dispersion

of ellipsoidal or spherical particles.

This expression is of interest in that unlike the Maxwell,
Higuchi models it is symmetric with respect to the disperse and
contiﬁ%us phase and so is applicable in principle over the whole
of the component range.

(Pd - Pc)

Pm-Pc = 3Pm ?dm (2.56)
d m

The simplest, empirical model applicable to a homogeneous
(161)

mixture was suggested by Lichtenecker and was later
justified by Lichtenecker and Rothér(153) and is given by:-
InP_ = ¢ 1nP_+ ¢ 1nP (2.57)
m c c d d
(162} .
Paul has developed models for gas transport in

homogeneous blends in terms of activated state theory and free

volume theory.

Treating diffusion through polymer as an activated process one

has equation {2.19)

D = Do exp(—EDIRT)
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where ED is the activation energy for diffusion and D° is a pre-
exponential factor. Assuming that the activation energy for the

blend can be expressed as

ED = ¢1 ED + 02 ED + AE12 (2.58)
where subscripts 1 and 2 denote the pure components and AE12
accounts for the departure from the simple additivity

relationship.

The following empirical relation has also been established
between the activation energy and the pre-exponential

term.(185'228'227)

1inD = aE + b (2.59)
where a and b are constants.
Inserting eqn (2.58) into (2.19) and (2.59) yields

In D = 01 1n D1 + 02 1n D2 + (a RT - 1) AE12/RT (2.60)

The solubility coefficient for a mixture has been shown to
be related to those of the components by equation (1.33) by the
ternary solution theory.

BV3 91 ’2
1n k3b = ’1 1n k:“ + ’2 1n k32 + ——RT——-' (1.33)

Where B = V;z RT/va), is the binary interaction parameter

mixing of component 1 and 2, and V3 is the molar volume of the

penetrant.
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Since P = Dk, combining eqn (2.60) and (1.31) yields

1nP = OilnP1 + QzlnP + (aRT - 1) RT RT 0102 (2.61)
Equation (2.61) reduces to the Lichtenecker expression when
the transport and thermodynamic interaction parameter terms, AE12
and B are both zero. Furthermore, B takes on negative values
(1,129,164) for miscible blends of high molecular weight, thus
giving rise to a decrease in the solubility coefficient relative
to the weighted geometric mean defined by the first two terms in
equation (1.33). A positive value of B would increase the
solubility coefficients and this behaviour is possible for
random co-polymers. A typical value for B is in the order of
20.92/cm3. McGregor"sS) has shown that for many polymers, aRT
takes a value in the region 1.67 to 2.09 hence (aRT - 1) is about
-2.09. Hence depending on the magnitude and the energetic
interactions between the component polymers, one might expect a
homogeneous multicomponent system to deviate from equation (2.61)

in either direction. However, miscible blends are expected to

fall below the predicted line.

The transport behaviour of a mixture in terms of free volume

concepts has appeared in various forms. In one of the simplest

approaches proposed by Lee“ss). the permeability was given by
-8/(v - VO)

P = A e (2.62)

where A and B are constants, V is the specific volume of the
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polymer and v0 is the volume "occupied” by the polymer chains. To
formulate a mixtures rule for a multicomponent polymer system
from equation (2.62) it is necessary to know the variation in

free volume, (V-Vo) with composition.

It 1is assumed that the free volume for the mixture follows

the additive relationship,

(V—VO) = 01 (V-Vo)1 + #2 (V—Vo)2 (2.63)

Inserting equation (2.63) into (2.62) and rearranging yields

', ' -1
In (P/A) = |97 (P 7A1 * TIn (P,/A] (2.64]

It can be shown that when 1lnA >> 1ln P or 1ln Pi equation (2.64%)
reduces to the simple Lichtenecker expression. However, in most
cases the value of 1nA is not sufficiently high enough to permit
the wuse of the simple form. It is of interest that equation

(2.64) predicts positive deviations from equation (2.57).

However, for miscible blends when there 1is strong

interactions between dissimilar chains then in general a loss of

(167)

free volume is observed on mixing. Equation (2.63) is now

replaced by

(V-V)=9¢ (V-V]) -2+
o] o1

(V -V ), + AV . (¢ ) (2.65)
1 o2

2 mix 1

where AV .
m

ix (01) allows for a small negative volume change

on mixing. The permeability thus becomes
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' ‘ AV (4] -1
In (P/A) = Inip, /AT * Tn(P, /AT ~ B (2.66)

In general for a heteﬂaeneous blend a plot of P (or 1log P)
against ¢1 {or 02) will be sigmoidal in shape as a result of
phase inversion which will usually occur around a composition of
01 - 0.5. With homogeneous blends the corresponding plot may
follow the Lichtenecker expression or deviate from it in either

direction but the variation of P with composition 1is generally

monotonic.

The literature published on the transport of gases through
polymer blends has been extensive in the last few years. All
these studies have been involved with olends of three different
categories, namely (a) purely rubbery blends, (b) blends that are
rubbery over part of the composition range and glassy over the
remainder and (c) glassy over the entire composition range. In
the following section, a literature survey is given of the

studies carried out in blends in the above catagories.

Ranby and co-workers were the first to study gas transport
in mechanically prepared miscible polymers.“ss) In all of the
studies polyvinyl chloride (PVC) was one of the components. Gas
transport in miscible blends of PVC and ethylene-vinyl acetate
copolymer EVA-45 prepared mechanically by milling the polymers
together at high temperature, was studied. The permeabilities of
helium, argon and carbon dioxide were widely scattered and when

plotted against weight fraction, an S-shaped trend was obtained.

This suggested that the blends were immiscible and showed that
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phase inversion occurred when the EVA-45 content was about 67;
EVA-45 was believed to form the continuous phase even at such low
levels by covering the available surface area of the PVC
particles. Phase separation may have been induced by the high
temperature used during processing.

In a later study Shur and Ranby(169) showed that the
miscibility of PVC and EVA was improved when the vinyl acetate
content of the EVA was increased to 651 as opposed to 451 in the
earlier study. Blends of PVC and EVA-65 exhibited a single
composition-dependent glass transition temperature consistent
with miscibility. Further confirmation came from the densities
which were higher than calculated from volume additivity and from
the permeabilities of O, and N, which were lower than those

2 2

estimated from the Lichtenecker expression.

Similar behaviour was observed for the permeation of He, 02,

N2 and CO2 in blends of PVC with AcrylonitrileiButadiene
copolymer (NBR).(170'171) As the acrylonitrile (AN) content of
the copolymer was increased plots of log P (log D) against blend
composition approached 1linearity whereas at low levels of AN,
there was indication of phase inversion. The corresponding
permeability-composition plots for several gases in blends of PVC
and chlorinated polyethylene (CPE) also approached linearity and
the phase inversion was observed at low levels of chlorination.
For blends of PVC and Acrylonitrile-Butediene-styrene (ABS)
copolymer, the permeation data suggested that the system was

heterogeneous.(173’

Finally for blends of PVYC and polyle-caprolactone), the
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permeability-composition plots were 1linear, consistent with
miscibility. Analysis of this system was complicated by the fact
that the blends were rubbery over part of the composition range
and glassy over the remainder. A further complicating factor in

a number of these studies was the presence of crystallinity.

The effect of crystallinity on gas permeation in miscible
blends of polycarbonate and a copolyester (composed of 1,64-
cyclohexane dimethanol and a mixture of terephthalic and
isophthalic acid units}) was reported by Preston et al.(175) The
permeability of COZ' CH‘ and He in both annealed and unannealed
samples was measured and owing to crystallization of the
copolyester, the permeability of annealed specimens showed a

progressively larger decline relative to the unannealed film as

the copolymer content of the blends increased.

The relative rates of permeation varied greatly with blend
composition, but for a given pair of gases the selectivities were
essentially the same for the totally amorphous or semi-

crystalline polymers.

The permeation behaviour of CO2 and 02 in heterogeneous

blends of Polystyrene (PS) and Poly(1,1,1-tris(trimethylsiloxyl)
methylacrylate propylsilane (PTMPS) was studied by Kang et

al.(176)

The permeability coefficient for both gases increased
rapidly with increasing content of PTMPS in the blends, however,
the selectivity calculated from the ratio of the permeabilities
of CO2 and 02 approached unity. It was also reported that the

addition of graft copolymer (prepared by the reaction of PTMPS
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and styrene monomer) improved the compatibility and the

permselectivity but at the expense of a reduced permeability.

(177)

Barnaboes et al. investigated the transport of CO and

2
02 in poly(methylacrylonitrile-styrene) block and random
copolymers. For random copolymers there was reasonable agreement
with the Lichtenecker expression (equation (2.57)) but with a
small positi?e deviation. For the block copolymers plots of log
P against composition were sigmgd.al, indicating a heterogeneous
system. Paul“sz, analysed these data further in terms of
equation (2.64) based on additivity of free volume and obtained
an excellent agreement between the experimental and predicted

values using the appropriate values of A from Lee's results.“ss,

The transport of hydrocarbon vapours for a series of
heterogeneous graft copolymers and also block copolymers of
polydimethylsiloxane (PDMS) containing polystyrene was studied by
Barrie and Munday.“ge) In these blends PDMS comprised the
continuous phase and good agreement was obtained well with
various heterogeneous models. The activation energies for a
given penetrant were virtually constant for the blends and were
equal to that of PDMS suggesting that the transport was governed
by the continuous PDMS phase. Sorption in the graft copolymers
followed the dual mode sorption mechanism, particularly at low
pressures and with high PS content. However, the sorption in
block copolymers were linear in all cases with no curvature even
at low pressures., The relatively 1low glass transition

temperature of the PS phase in the block copolymers may be

reponsible for the absence of a Langmuir component.
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(179}

Barrie and Ismail studied the transport of propane 1in
heterogeneous blends of poly(dimethyl siloxane) and
poly(ethylene-co-propylene) elastomers. The solubility

coefficient and the heat of sorption followed the simple addivity
relationship. The permeability coefficients were pressure
independent and were in agreement with the various heterogenous

models.

The sorption and diffusion of propane in alternating block
copolymers of poly(bisphenol-A carbonate) (BPAC) and
Poly(dimethylsiloxane) (PDMS) in terms of blend composition and
PDMS block length were studied by Barrie and williams.(180)
These systems afe essentially heterogeneous and consist of B8PAC
domains dispersed in PDMS-rich continuum. The continuum is not
pure PDMS as some BPAC units are incorporated in it. In general
the permeability-composition curve for a given PDMS block length
lay below that predicted by the Maxwell-type expressions. The
departure from the Maxwell-type expressions became more
pronounced as the PDMS block 1length increased. This was
explained as due to the changing nature of the continous phase

brought about by incorporation into it of varying amounts of BPAC

units.

(181) studied the transport of nitrogen in blends of

Barbier
natural rubber and various synthetic elastomer. The permeabilty
results indicated good agreement with the Maxwell model for
blends of natural rubber and butadiene-acrylonitrite copolymer
containing 2571 w/w acrylonitrite with natural rubber as the

(182)

disperse phase. Ziegel showed several poly(urethanes) to be
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hetergeneous by gas transport studies.

Blends of cellulose nitrate and Polyethylene glycol
(PEG)(183) exhibited a single composition dependent glass
transition temperature and the permeability coefficient for Nz.
02 and CO2 increased with increasing PEG content while the

selectivity ratio P /P remained constant. This behaviour is

CO2 N2

common as any increase in permeability is generally at the

expense of lower selectivity.

Masi et al.(1a‘) reported on the gas sorption and transport

in blends of polycarbonate and a copolyester made from 1,4-
cyclohexane-methanol and mixture of terephthalic and isophthalic
acids. Density data suggested that the additivity of volumes was
valid for this system. However, application of equation (2.6%)
gave a permeability-composition curve lying about the
Lichtenecker 1line (equation (2.57)) where as the experimental

results showed strong negative deviations.

The solubility and diffusion of propane in blends of
Polystyrene and Polylvinyl methyl ether) at temperature above the
glass transition temperature and low diffusant pressures was

(185) The solubilities were described

studied by Spencer et al.
by Henry's law as expected for rubbery polymers and the diffusion
was characterized by Fick's equation with concentration
independent diffusion coefficients. The permeability coefficient

followed the linear relationship (equation (2.57)) when plotted

against blend composition.
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Webb et a1(59) reported the transport of CO2 and CH4 through
miscible blends of ethylene vinylacetate copolymer (EVA-45) and
chlorinated polyethylene (H-48). Miscibility was established by
differential scanning calorimetry (DSC) and also by dynamic
mechanical thermal analysis. The deviation of specific volume
for the blends from the additivity line was insignificant and
suggested a weak interacting system. The solubility coefficients
analysed in terms of the Flory~Huggins solution theory showed a
slight negative departure from the theoretical values suggesting
a small negative value for x'12 (interaction parameter). The

permeability of CO_, was independent of the ingoing pressure. The

2

permeation data were tested in terms of the free-volume theory

and the simple additivity rule as applied to miscible blends.

Co,)

Sorption and transport of various gases (He, Ar, N2‘ CH4, 2

at high pressures in miscible blends of Poly(methyl acrylate) and

{186)

Poly(epichlorohydrine) were reported by Chiou et al The

permeability coefficients for He, Ar, N2, CH4 remained constant
with ingoing pressure, whereas those for CO2 increased with
ingoing pressures. This was caused by concentration dependent
increase of the diffusion coefficient, since the solubility
coefficients were found to be independent of equilibrium sorption
pressure, ie sorption obeyed Henrys law. All these parameters,
namely solubilities, diffusion coefficients and permeabilities

for these gases followed a simple additivity rule, -equations

(1.33), (2.60) and (2.57).

Chiou and Paul“aT) reported the sorption and transport of CO2

at high pressures in miscible blends of Poly(vinylidene fluoride)
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(PVFZ) and Poly(methyl methacrylate) (PMMA) at 35°¢. Blends rich

in PMMA were glassy and blends rich in PVF_ were rubbery. Thus

2

the sorption isotherms at high PVF, content were linear and at

2
high PMMA were concave to the pressure axis as expected for
glassy polymers. However, the sorption in the intermediate
blends was more complex with the intial stage of the isotherm (at
low pressures) concave to the pressure axis and linear at higher
pressures. It was proposed that CO2 acts as a plasticizer

reducing the glass transition temperature so that glassy blends

became rubbery at sufficiently high CO_ pressures giving rise to

2
linear isotherms. A further complication in these systems was

crystallization of PVF which could be induced by co

2 2

plasticization. In general the permeability decreases with
pressure in glassy polymers, however in this case an increase in

permeability was observed due to plasticization by C02.

The sorption and transport of the inert gases He, Ar, N2 and

CH4 in the same blends was also studied by the same authors"ea).

The sorption isotherms were nonlinear for the glassy blend (PMMA-
rich) and linear for the rubbery blends (PVFz-rich). The Henrys
law solubility coefficient showed a negative deviation from
equation (1.33) and the permeabilities were independent of
pressure for all blend compositions. The effect of crystallinity
at high PVF2 on both the permeability and diffusion coefficient
was observed. However from the sorption and permeation behaviour

it was obvious that these gases did not plasticize any of these

materials in contrast to COZ'
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The effect of the addition of tricresyl phosphate (TCP), N-
phenyl-2-naphthylamine (PNA) and 4,4-dichlorodiphenyl sulfone
(DDS) to polysulfone on the transport and sorption properties of

various gases was also studied.(1ag)

In general, the extent of sorption in glassy polymers
decreased as the measurement temperature approached the glass
transition temperature. 1In this case the addition of diluent had
the same effect on the isotherms as raising the temperature of
measurements. That 1s, the capacity of the Langmuir mode of
sorption was found to decrease monotonically with diluent
addition in a fashion entirely explained by the reduction in Tg
of the mixture. The permeability coefficients for CO2 decreased
as the driving pressure increased which was a typical for glassy
polymers, however, in the case of 307 TCP mixture, the reverse

trend was observed due to strong plasticization by CO Overall,

5
the addition of diluent caused a significant decreased in both

the permeability and mobility.

The same authors also studied the effect of
antiplasticization on gas sorption and transport in
Poly(phenylene oxide) (PPO) by adding a wide range of 1liquid

diluents to ppo.(190.191)

From a mechanical point of view, it
appeared that PPO did not show as strong antiplasticization
behaviour as did Polysulfone, however a significant reduction in
gas solubility and permeability did occur as a result of adding

diluent to PPO, particulary in the case of TCP which reduced CO2

mobility more in PPO than in Polysulfone.
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Blends of Poly(methyl methacrylate) (PMMA) with bisphenol
chloral polycarbonate have also been shown to be miscible over
the entire composition range, using various techniques which

{192)

include gas permeation. The gas permeability of all gases

studied (He, H 0,. Ar, N

20 Uy CH

2 4 and COZ) were lower than those
from the 1linear additivity rule and the extent of deviation
increased with gas molecular size, and was smallest for He and
largest for CH4. The permeabilities predicted from the free
volume theory were significantly higher than the measured ones.
On the other hand, both the permeability and diffusion
coefficient for the same gases in homogenous blends of PMMA with
each of two SAN (Styrene/Acrylonitrile) random copolymers showed
positive deviation from the semilogarithmic additivity rule, but
was well described by the free volume theory (equation
(2.84)).('92) This was attributed to the very weak net
interaction between PMMA and SAN produced by repulsion between
styrene and acrylonitrile units in the SAN random copolymer.
However, in this case the solubility coefficient and the ideal
separation factors followed the semilogrithamic addivity rule
well. The sorption and permeation of phase separated blends were

also studied which showed similar behaviour to those of the

corresponding homogeneous blends.

Stalling et al.!!3%!

charaterized the transport behaviour of
neon, argon and krypton at low penetrant activitgs through
solution cast, annealed, glassy blends of poly(2,6-dimethyl-1,64-
phenylene} oxide (PP0O) and polystyrene (PS). The permeability

data for argon and krypton, exhibited the monotonic variation
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with composition

this was not so for the neon permeability,

considerable amount of evidence

was completely compatible

(195,196)
range.

The sorption and transport

blends of poly(phenylene oxide),

measured at 35°C over the entire

The equilibrium sorption of CO

2

blends was well described by

(2.23)). The

plotted against blend

parameter

revealed that C'H

sorption

state with liquid like COZ'( 91,

(k.) for

parameter D

linear
and
rule

from the mixing

composition curve

Lichtencker expression

expression predicted a positive deviation.

obtained by

even here the experimental results were lower than the

values.

(197,1

Muruganandam and Paul

83

expected for a homogeneous

over

affinity parameter,
composition.

increased with increasing PPO content as expected

occurred by filling the excess volume

the blend deviated markedly from
additivity rule as expected for miscible
a reasonable value of the interaction parameter was
(equation
showed a strong negative deviation

whereas

allowing for volume contraction on mixing

system. However,

although there was a

that the PPO-PS polyblend system

the entire composition

of CO2 gas in amorphous glassy

PPO, and polystyrene (PS) was

range of blend composition.“gg)

in the homopolymers and in the

the dual sorption model (eqn.

b, showed a minimum when

The Langmuir capacity

and

was well predicted by the notion that Langmuir

of the glassy

133, 184, 200)

The Henry's law
a simple
polymer blends
deduced
(1.33)). The permeability
from the
the additive free-volume
Some improvement was
although

predicted

98) studied the gas sorption and



transport in miscible blends of tetramethyl bisphenol-A
polycarbonate ({TMPC) and polystyrene (PS). The sorption
isotherms were non-linear as expected of glassy polymers and the
Langmuir capacity parameter increased with TMPC in the blend
owing to the higher Tg of TMPC than that of PS. The permeability
0

coefficient for He, CO CH, and N2 passed through a minimum

2" T2 4

when plotted against blend composition. This behaviour was
attributed to the volume change on mixing for this system.
Although corrections were made for volume contraction on mixing,
the deviation in the experimental permeabilities from the simple
additivity and free volume theory was still greater than
predicted. Similar effect were observed for the diffusion
coefficient. There were slight maxima in the selectivity
composition curve for He/CH‘. COZICH‘. OZ/NZ gas pair, However,

there were no strong advantages for gas separation offered by

blending in their case.

Taylor(zo') has recently reported on the transport and
sorption of the CO2 and CH‘ in miscible blends of
Polyethersulphone (PES) and Polyethylene oxide (PEO). The
sorption isotherms for CO2 showed negative deviation from Henry's
law expected for glassy polymers. However, due to the very low
uptake of the CH, the negative deviation was not detected. The

4

Henry's law solubility coefficients obtained from the initial
slope of the isotherms showed negative departure from the simple
additivity line. The permeability of both gases were independent

of the ingoing pressure.
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Due to the PEO being a crystalline material, problems were
encountered in obtaining a film suitable for the permeation
measurements. A minimum for the permeability when plotted
against blend composition was observed. The average diffusion
coefficients, D, were calculated using equation (2.18) and were

found to increase linearly with concentration. The variation of

D with blend composition was not shown.
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1

Haterjals

The Polyethersulfone (PES) (also referred to as Poly (oxy -
1, & - phenylenesulphonyl - 1, 4 - phenylene) was supplied by ICI
(Victrex 200P). It has a quoted density of 1.37gcm-3 and a glass
transition temperature, Tg. of 226°C. PES has the following

repeat unit:-

(Or-Orr)

n

There are number of ways in which PES may be synthesized

(202,203)

which are well described in the literature. These

include self-condensation of certain dinuclear arylsulphonyl

chlorides catalysed by ferric chloride(zo‘, and the

polycondensation of halogenophenylsulphonyl phenoxide.‘zos, A

ICI(ZOS)

more general route wused by is the reaction of

Bisphenol’'s with 4, 4 -Dichlorodiphenyl sulphone as shown below:-

Ho_O—soz_O_ou + nClO—SOz—O—Cl + © nK,CO,

(Bisphenol 'S") (4,4'-Dichlorodiphenyl! sulphone)

285%C  Diphenylsulphone
(solvent)

(—<:>-soz —<:>-0 —) + 2n KCl + nCO, + nH,0
2n

(P.ESS.)
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Phenoxy resins (alternatively referred to as the polyhdroxy
ether of bisphenol (A)) are the reaction products of
epichlorohydrin with bisphenol A. The basic reaction scheme 1is

shown below:-!123:130)

T /A
nno-O-i‘ ©OH + 0 QUCH, CH—CH,
3

Bispheno! A Epichlorohydrin

‘ NiOH
OH ?ﬁ OH
!
”Oaﬂbmﬂ°-<:>-T~<:>—<xmcmma)
CH,

Chiorohydrine intermediate

The <chlorohydrine intermediate reacts with NaOH to form
Diglycidylether of Bisphenol DGEBA, the raw material for the
commercial synthesis of phenoxy. The DGEBA reacts with the

dianion of the bisphenol to give phenoxy polymer as shown by the

following reaction.

o
\ N
CH,—CHCH:O {O? —-OCH;CHCH;O $:<:>}_ OCH,QI/_O’h + NrO—O—?—OrO Na
CH, cry

Chlorvhydrine intenicdiate Bisphenol A

i "
OO
cH,
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Phenoxy polymer was supplied by Union Carbi de {grade PKHH)

and has a density of 1.189cm'3, Tg 90°C and a repeat unit of:-

OH
s i

o c OCH,CHCH,~
CHa

Polyurethane elastomer 1is a commerically synthesized
material and was supplied by BP. Polyurethane resultsfrom the
reaction between alcohols with two or more reactive hydroxyl
groups per molecules {(diols or polyols) and isocyanates that have
more than one reactive isocyanate group per molecules (a

(207) This type of polymerisation

disocyanate or polyisocyanate).
is called "addition polymerization"; and the basic reaction 1is

given below:-

n HO— R — OH + n O=C=N-R-N=C=0 —_— (-O-R-O-C-N-R-N-C-) n
1
OH HO
Polyol Diisocyanate Polyurethane

The molecular structures of polyurethane polymers vary from

rigid cross-linked polymers to linear, highly extensible
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2

elastomers. Flexible polyurethanes include, flexible foams, and
many elastomers having a segmented structure consisting of 1long
flexible chains {eg of polyether or polyester oligomers) joined

by the relatively rigid aromatic polyurethane polyurea segments.

Polyurethane was supplied as a viscous 1liquid in Methyl
ethyl Ketone (MEK) solvent. The MEK was removed by either direct
evaporation wunder vacuum or by precipitation technique. The
precipitation method was more useful as the very small traces of
the MEK were easily removed by water. The solid polymer was then
dried in a vacuum oven at room temperature for several weeks

prior to use.

Research grade carbon dioxide and methane (purity of
99.9357) were supplied by Matheson Gas Products plc and were used

without further purification.

Blend Preparation

There are three main methods of preparing homogeneous
polymer blends namely, by mixing in the melt, by mixing in
solution in a common solvent followed by evaporation or
precipitation and by in-situ- polymerization. The technique of
mixing in solution in common solvent followed by evaporation was

used in this study.

Polyethersulfone (PES) and Polyhydroxyether of Bisphenol (A)
resin (Phenoxy) were dried in a vacuum oven at 50°C for several
days before use. Whereas polyurethane {(Pu) was dried under

vacuum for several weeks. Stock solutions of the pure components

89



were prepared separately by dissolving in dried Dimethylformamide
(DMF) at room temperature to form 10-20wtl solution and then

appropriate mixtures were prepared for individual blends.

Thin films were produced using the casting technique 1in
which the polymer solution (10cm3 ) 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 H20 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; 1left 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.

Thermogravimetric analyses up to temperature of w400°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 ﬁeating rate of 10°C/min and also using a DMTA
{Polymer Laboratories) at a heating rate of 3°CImin 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

and an accuracy of = 0.001Uaas 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 rmea
The permeation apparatus illustrated in Figure (3.1), was of

(74) The apparatus consisted of two main

conventional design.
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
the gas bulb. The buffer volume (BV) with a capacity of 1000cm3

was used to maintain the ingoing pressure constant during the
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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, O0-
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 17 of the ingoing pressures.
The outgoing pressure was monitored using a "Baraton” 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
1EEE 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.

The Diffusi cell

The diffusion <c¢ell (C) shown enlarged in Figure (3.2)
consisted of two separate parts made out of glass with an area of
3.301cm2. In the lower part of the cell, a piece of copper gauze
(CG) was sealed wusing Araldite to form the support for the
membrane. To prevent the seration of the membrane a piece of
filter paper (FP) (Whatmen No. &) 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 o0il 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 wusing a mercury diffusion pump in conjuction with a rotary

0il pump (Edward ES 20).

The main section of the apparatus was protected from the Hg
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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.

ati a e
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 (TZ' T4. T5,

T7) and the build up of pressure was monitored on the "Baratron”

digital output. A leak rate of less then 1/27 of the total
expected flow-rate was considered to be acceptable. At the start
of each run taps Tz and T3 were closed and a charge of gas
admitted from the gas reservior (GR) into the ingoing side of the
apparatus. The pressure of the gas was monitored by the pressure
transducer. Taps (T‘. T5 and T7) were then closed and T3 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 wusing 1liquid

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 CO2 in
the 50/50 blend of PES-phenoxy. High pressure permeation
measurements were made at 40°C for CO, at pressures (0-6 bars) in

2
Phenoxy and the 50/50 PES-Phenoxy blend.

Sorption
The sorption apparatus consisted of a vacuum 1line 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 (0C). 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).

rptj e e

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 CHA'
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
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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 1leak rate was measured by isolating the balance from the
pumping system and was also found to be very small, generally

less then 10-2mmHg 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 weither 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 CO2 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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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 1in
which the sorption and transport measurements were made.
Relatively few measurements have been reported on the transport

and sorption of CO

(151,208)

CH‘ and other gases in both of these
(151)

20

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 CO2 and CH‘ in PES at 1low pressures,
however, no measurements have been reported for Phenoxy and the

effect of 1low pressures on the separation properties of the

material will be discussed.

On the other hand Polyurethane (PU) was rubbery in the
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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
structure and the length of the soft and hard block.(221'220)
Once again the transport of gases, namely coz and CHA through Pu

based on dense flat sheet membrane will be reported.

Physical I terizati ¢ Fil

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.
3 o
Membrane e/g/cm Tg/ C
PES 1.378 222
Phenoxy 1.180 92
Polyurethane 1.251 -32

Glass transition temperatures were determined by DSC.
Attempts were méde to measure the Tg of the <films wusing the
Dynamic mechanical thermal analyser, however this was
unsuccessful since the films were too thin. Thermogravematric
analyses up to 400°C showed no weight 1loss 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 reported.(151) Fig
(4.1) shows scale expanded spectra of a Phenoxy film in the 3000
to 3800 ¢:m-1 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
unassociated (free) hydroxyl groups. Coleman et 31(218’ recorded
the FTir spectra of Phenoxy as a function of temperature. An
increase of the relative contribution of the 357(]cm-1 band was
observed upon heating the sample in a stepwise fashion to 150°C.
This behaviour was explained in the following manner. Above the
Tg of the polymer, there is sufficient energy to disrupt a
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.

1H nuclear magnetic resonance (nmr) of polyurethane was

recorded wusing a Bruker WM250 MHz spectrometer with d6 - DMSO
(99.9 atom 7 D) as solvent. The 1H n.m.r. spectrum shows (figure

(4.2)) that the polyurethane consists of (diphenylmethane)
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.. a
dllsoc%nate {MDI), polyethylene glycol (PEG) and possibly

butanediol used as a chain extender.

The 1H 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, CH2 (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.

The peak at 2.45 - 2.55 ppm is due to ds - 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 1is 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 wusing a Minimat (Polymer Laboratories UK) tensile
testing machine, however due to the material being viscous this

was unsuccessful.

Equilibrium S i
The equilibrium sorption isotherms for CO2 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 wusing a non-linear regression computer programme

developed in this laboratory(120) are shown in table (4.2).

Table (4.2) Dual Mode Sorption Parameters for CO2 in PES

T/°C 10 kD CH 10" b CHb
30 5.87 (491) 3.33 (801) 4.96 (661) 0.165
40 5.647 (281) 1.92 (881) 5.03 (727) 0.097
50 3.28 (1001) 2.78 (1001) 2.14 (1007) 0.059

kD :::m3(stp)cm‘-:i(:)oly)cmHg-1
. 3 -3

CH :cm (stplem ~(poly)

b .

The wuncertainty 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(201). 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 = kD + CHb.
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(208)

Sanders studied the sorption of CO2 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, k. = 8.31 x 1073 cm3(stp)cm-3(poly) cmHg'1, C.b

D H
= 1.81 x 103 t:m3(st:p)cmna(|:)oly)t:mHg“1 and k = 9.92 x 10°°
cma(stp)cm-3(poly)cmng-1. This was due to CO, being a strong

2
plasticiser,
Table (4.3) Solubility Coefficients (cm(stp)em > (poly) cmHg ')

for C0,/PES; cm:')(stp)cm.3(|:>oly)cmHg-1

1/% k (HUN) (kp + Cpb) 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 1is 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

110



A 30,0 C A
4 40,0 C
v 50,0 C
1,0 4
008-
A
Y.y
5 0.6 v
)
[~9
TE
r v,
o A
s
-
s 0.“- A
~ v,
o
5 A
3
0,21 7
A
0.0 —_ .
0 : 20 40
p/ cmHg

FIG. 4.4 PES/ METHANE SORPTION ISOTHERMS

111




high pressures the wusual 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 1line

constrained to pass through the origin and are listed in table

(4.4) together with values reported by Taylor(201).

Table (4.4) Solubility Coefficients (cma(stp)-a(poly)cmHg-i)

for CH‘/PES,

0
LEA 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 CO2 solubilities, because the level of CH‘ sorbed was

very low and is subject to larger uncertainty.

The equilibrium sorption isotherms for CO, in Phenoxy films

2
were 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 COZ/Phenoxy

o] 2 . 3 .
T/°C 10 kD CH 10" b ch

30 0.89 1.960 7.81 0.0153
40 1.07 0.626 9.29 0.0058
50 1.10 0.042 21.6 0.0000

kp cm® (stp) em 3 (poly) cm Hg-1

. 3 -3
CH : cm (stp) cm (poly)
b :ocm Hg_1

In general k, decreases with increasing temperature, however an

D
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))
for C02 in Phenoxy films measured at LOOC with pressures up to 6
atmospheres showed a pronounced Langmuir type curvature. The
3

dual mode sorption analysis gave the values for kD = 6.15x10
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Table (4.6) Henry's Law Solubility Coefficients; (cm3(stp)cm-a(poly)cmHg-1)

for CO2 and CH‘ in Phenoxy polymer.

T/°C k(COZ) k(CH‘) kD + CHb (C02)
30 0.0285 0.0041 0.0242

40 0.0185 0.0035 6.0113

50 0.0133 0.0027 0.011

cma(stp) cm-a(poly) cmHg-1, Ch = 1.73 cm3(stp) cm-3(poly) and b =

7.18%10"" c:mHg‘1 which are considerably greater than the 1low
pressure values from the low pressure isotherms. However the
error in these parameters was fairly large. The solubility
coefficient, k = 0.0119 cm3(stp) cm-a(poly) cmHg-1, estimated
from the initial slope of the isotherm was comparatively low from
that estimated from the low pressure isotherms. However the
limiting solubility (kD + Céb = 0.0186) estimated from the dual
mode parameters agreed well with the solubility coefficient, k =
0.0185 cm°(stp) cm >(poly) cmHg ', obtained from the initial

slope of the low pressure isotherm.

(151)

Barbari et al studied the sorption of CO_ in Phenoxy at

2

pressures 1 - 25 atmospheres. Dual mode sorption analysis

in this case gave lower values for the parameters, for example k

D

-3 - - . -

= 3.8 x 1077 em’(stp) em J(poly) cmHg ', b= 3.19 x 10 ¢
cm3 (stp) cm_alpoly) cmHg_1 and k,+C'b = 4.12 x 10-3 cm3(stp) cﬁ3

D "H
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(poly) cmHg-i.

The equilibrium sorption of CH, in Phenoxy obeyed Henry's

4
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 1in
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 CH4 in Phenoxy at

pressures up to 25 atmospheres and the usual curvature expected

for glassy polymers, was observed even for CH4.

The overall sorption for both gases in Phenoxy was much
lower than that in PES. This may be attributed to the 1lower
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 1is

H

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 C02 and CH‘ respectively. The corresponding heats of

dissolution, Aﬁs- = -R(dlnk/d(1/T)) were obtained and are given

in table (4.7).

There 1is excellent agreement between the values obtained

(201)

here and those of Taylor ( Co,= —32.1k.’lmol-1 and CH4=-28.2

2
-1
kJmol ).

117



® 30°c
0 40°¢
® 50°¢
0.20 -
4.16 -
™
g
5 0.121
[=]
o
Gt
[«]
[,a]
3
(8]
S~
o
&
7]
(2a]
€ 0,084
o
0.044 A

1y,

Q)

Y

.20

FIG. 4.7 PHENOXY/

METHANE

118

p/cmHg
SORPTION ISOTHERMS

60



611

stp/cm3of polymer)

C(cm3

FIG. 4.8 PHENOXY/ METHANE SORPTION ISOTHERM AT 40°C

p/bar




-1,04 A PES
@ PHENOXY
-
]
=
T  -2,07
2
=
)
(=9
3(
[}
E
pd
[«
&~
2]
3(
E  =3.0
2
s
-4,0
lm-O v 1 ] | |
Uto w.N u.b
Howx\a
FIG. 4.9 Van't Hoff plots of CO, solubility

2

120



A PES
@® Phenoxy
-
1
00
=
€
X
Ky
m. -boo L
3[.\
]
E
(8}
=
&
"
3(
€
o
~
X
e
- lwoo “
6,0 +
T T
3.0 3.2 3.4
Houx\a

FIG. 4.10 Van't Hoff plots of CH, solubility

4

121



b.

4

Table (4.7) Heats of Dissolution (kJmol—1)

Sample AH AH

S S
COz CH‘
PES -32.74 -28.84
Phenoxy -30.14 -15.85

Since the sorption of CO_, in both PES and Phenoxy is non

2

linear the heat of sorption, Aﬁs , may be a function of
concentration. To test for concentration dependence of BHS \
values were obtained at different levels of sorption using the

relation

oo, | ome (4.1)
R 8(1/T)c )

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.

Steady State Permeation

The permeabilities of CO2 and CH4 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“zs'127'182’200‘209-212) at much higher
pressures, and in some cases an increase is also observed due to

plasticization of the polymer by the gas.(zoa) Barbari et
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(151) . .
al studied the permeation of CO2 and CH‘ through Phenoxy and

other glassy polymers at pressures up to 15 atmospheres and a

decrease 1in permeability was observed. Similar behaviour was
reported by Sanders(zoe) and Chiou et 31(192'193) for gas
(207%)

permeation through PES. Taylor has recently measured the

permeability of CO2 and CH‘ through PES in the same temperature

and pressure range as in this study. Pressure independent
permeabilities were reported. The permeability coefficients for

CO2 in PES estimated from the average of 3 to 4 measurements are

collected in table (4.8) and compared with the values obtained by

Taylor.(201)

Table (4.8) Permeability Coefficients of CO2 and CH4 in PES;
1011 P( cma(stp)cmcm-zs-'cmﬂg-1)

e PHuNDAL PTAYLOR

co,  CH, co, cH,
30 53.0  1.30 51.1 1,14
40 59.3  1.68 58.9 --
50 65.1  2.58 64.0  2.35

The agreement is excellent between the two set of data.

Also extrapolation of Sanders data to zero pressure yields a

10

permeability of PES to €O, at 25°C » 4.12107 ' cm3(stplem cm Zs”!

cmHg-1 which falls within the range of results obtained in this

study. The result of Chiou et al gave a value of 4.8*10-10
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1

3 - 1 - .
cm (stp)emem 2s cmHg at zZero concentration for the

permeability of CO2 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 CO2 and CH‘ in

Phenoxy are listed in table (4.9).

al(151) 11

Barbari et reported a value of 5.5%10

-1 1

cma(stp)cmcm-zs cmHg- at 2zero pressure for the permeation of

CO2 in Phenoxy at 35°C which is in reasonable agreement compared

to the value obtained in this case at 30°C.

Table (4.9) Permeability coefficients for CO2 and CH4 in
Phenoxy, [1012P(cm3(stp)cmcm-zs-icmHg-1)J
1/°%¢ P(CO,) PICH, )
30 56.4 1.68
40 71.8 2.32
45 88.0 -—-
50 93.3 3.52
55 10. 32 ---
60 --- 5.71

The permeability of CO, to phenoxy decreased with increasing

2

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 1is
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

(151)

was observed by Barbari et al 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 liﬁear 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 €O, and CH, (kJmol™ ')

sample Ep(COz) Ep(CHk)
PES 11.4 37.6
Phenoxy 22.6 £2.3
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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 coeffiéients, 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.

Diffusi

Although the permeability of CO_ in both PES and Phenoxy was

2
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 D was obtained from D = P/k where k

= c/p. This average coefficient is related to the differential

diffusion coefficient by;

1 %
b = — J°Dbdc (2.18)
(o] (o]

Differentiating and rearranging with respect to c yields,

(4.0)

[=]
Q
(2]

Experimental plots of D versus c were constructed at each
temperature. Each curve was fitted with a polynomial and
differentiated to obtain dﬁ/dco at different values of <y
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 ¢
= 0 in these plots gave the same value for Dc=0 and are listed in
table (4.11).
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Table (4.11) Diffusion Coefficients for CO (1090/cmzs-1)

2
)

T/°C PES Phenoxy
3o 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 CO by the two polymers differ approximately by a factor of

2
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.

Table (4.12) Diffusion Coefficients for CH‘ (IUSchmzs-t)

T/°C PES Phenoxy
30 0.5 0.34%
40 1.1 0.7
50 2.0 1.5

133



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 1is 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 CO2 and CH

4
(kmol™ ')
Sample ED(COZ) ED(CH4)
PES 47 51.2
Phenoxy A7 56.1
Separation Factors
The separation of gas mixtures by polymer membranes was
first demonstrated by Graham.(si) 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:
v,y
ax = A S (4.1)
xA/xB
where yA and yB are the downstream concentration of the

component A and B of the gas mixture and xA and xB are the
upstream concentration. However, when the concentration of the
penetrant at the down stream side of the membrane is small

compared with wupstream side and when diffusion is Fickian and

Henry's law 1is valid, then the separation factor becomes the

ideal separation factor.(213)
k D
@ = Ao A A ware) L piarse) (4.2)
B kB DB

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

(137,21%)

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 (COZICHL)

1/% PES Phenoxy
a B Y a B Y
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 8.8 24 5.8 4.8

a : ideal separation factor = (P(COZ)/P(CH‘))
B : mobility selectivity = (D(COZ)/D(CH4))

¥ : solubility selectivity = (k(COZ)/k(CH‘)

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(COZ)/D(CH‘) does not vary much with
temperature compared to the solubility ratio S(COZ)/S(CH4)
suggesting that the solubility constitutes the process

controlling factor.
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Barbari et 31(151)

obtained the values of § = 21.2, B =
3.6, and y = 5.9 for pure gas measurements at pressures up to 10
atmospheres in phenoxy at 35°%¢. When comparing their data with
the values obtained in this study, it is clear that a better

separation 1is achieved at lower penetrant pressure although the

flow rate is low.
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4.7 Equilibrium Sorption for QQZ in Pu

The equilibrium sorption for CO0_ in Pu film measured at 300,

2
400 and 50°C is shown in figure (4.19). All the isotherms were
linear, indicating that sorption obeved Henry's law which was not
unexpected since Pu was well above 1its glass transition

temperature. The Henry's 1law solubility coefficients, k,

obtained from best-fit straight lines are given in table (4.15).

Table (4.15) : Solubility Coefficients for CO2 in Pu

k : (ecm> (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 = ko exp (-Aﬁs/RT), and the
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
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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

various authors.(83'85)

4.8 Permeation of QQZ and QH‘_iﬂ_ﬂy

The permeability of both CO_ and CH4 in Pu measured in the

2
temperature range 30o to 50o 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 CO2 and CH‘ in Pu.

P : 1510/ cm3 (stp) cm cm—zs— cmHg—1
1/°% P(CO,) P(CH, )
2 4
30 25 0.86
40 40 1.82
50 56 2.97

The temperature dependence of P obeyed the Arrhenius
relationship, P = PO exp (-Ep/RT). shown in figure (4.21) from
which the activation energy of permeation was estimated to be

1

35.1 kJmol™ ' and 50 kJ, mol” ' for C0, and CH,_ respectively.

4.9 Diffusi coefficients f Co,_in ¢

The diffusion coefficients for CO2 determined from the
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10

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
D : 10-9/ cm?'s-1

1/% D(CO_)
2
30 170
40 307
50 466

The diffusion coefficient for CH4 could not be estimated

since the solubility data was not available.

The steady state diffusion coefficients were plotted
according to the Arrhenius equation, D = DO exp (ED/RT). The
plot was linear over the entire temparature range as shown 1in
figure (4.22) from which the activation energy of diffusion was
estimated to be 42.5 kJmol .

ati actors

The separation factors were obtained from the ratio of
P(COZ)/P(CHk). 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 (4.18) : Ideal Separation Factors for CH‘ in

T/°C «Q
30 29.1
40 21.9
50 18.8

The separation ability of Pu elastomer does not change
greatly with temperature, however, a better separation 1is
achieved at low temparature as observed in the case for PES and
Phenoxy. Furthermore, the separation factor falls in the same

range as those observed for PES and Phenoxy.
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.11 Conclusjon
Sorption of CO2 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 CH4 obeyed Henry's law due to the very low
uptake of CH4 and it is anticipated that at sufficiently high
pressures the usual curvature would be observed. Sorption of CO2
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 C02 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 CO2 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

2
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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1

CHAPTER 5

TS AND U N

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 PrismO 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 507 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.

Film Ci terizati
Singh and walsh(ig) using 1light 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, Tg. as a function of
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.

w, T + Kw, T
T, = 2 £z (1.17)
w1 + sz

Where K is constant which gives an indication of the strength of
the interaction between the two polymers. A plot of (Tg - Tgl)

against w2 (ng - Tg)/w1 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, Tg. lying between that of PES and Phenoxy
polymer. In figure (5.2) the dependence of Tg on overall blend

composition is compared to the Fox equation‘zz,

1 w w
1
e = -_— + 2 (1.15)
T T T
g gt g2
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Where w1 and w,_ are the weight fractions and T and the

2 gt ng
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
0SC measurements. For example a 70/30 PES/Phenoxy blend showed a
single Tg at 188°C for a homogeneous blend and two Tg's at 135°C
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 Tg's were shifted inwards from those

of the pure components.

The densities of PES, Phenoxy and their blends were measured
by the water displacement technique at 25°C and are collected 1in
Table (5.1) together with the volume fraction and the theoretical
values for the densities calculated using the relation based on

additivity of volumes

S R 4 (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 Tpgsg *pes °exp’9°m-3 Qadd/gcm-3
100 1.0 1.375 1.375
80 0.78 1.338 1.337
70 0.67 1.311 1.316
50 0.48 1.274 1.275
30 0.32 1.240 1.243
0 0.00 1.187 1.187

specific volume of the blend, V, 1is often less than that

calculated from linear additivity, V. \
ideal

Videal = V1 w1 + V2 w2 (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
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has been reported by Chiou et al for blends of polylmethyl

methacrylate), PMMA and bisphenol chloral
193 . .

polycarbonate,BCPC( ) and polyl(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 3800::,m_1 region of pure
phenoxy and PES-Phenoxy blends containing 30,50,70, & 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
3570c:m—1 assigned to free (unassociated) hydroxyl groups.
Upon mixing with PES, the broad hydrogen bonded hydroxyl band of
the phenoxy 1is 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 1is affected by blending with PES. Similar results have

been reported on other blends containing phenoxy polymer.(z‘s-

217) 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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3

their studies of blends containing novolac resins(z'e).

Equilibrium Sorpti

The solubility of CO, has been measured at temperatures of

2
o
30, 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

2
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 (5.8). The high pressure isotherm for
C02/50/50/Phenoxy—PES blend measured at pressures up to 6
atmospheres 1is 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 1limiting solubility coefficent for CO2

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 1is 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 1n k1 + ¢zln k2 (5.3)

Where k1 and k2 are the solubilites for the pure component

and 01 and 02 are their respective volume fractions. This data
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indicates that the interaction parameter (x12) in PES-Phenoxy

blends is approaching zero according to equation (1.33). 1In

Table: 5.2 Solubility Coefficient, k of Carbon Dioxide in Blends

of PES - Phenoxy

1/°% (k/cm3 (stp) cm-3 {poly) cmHg-')
wt.Z PES 30 40 50
100 0.245 0.155 0.105
80 0.132 0.085 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 1interaction between

components is large, a negative deviation is observed.

The agreement of the solubility coefficient data with
equation (5.3) 1s 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 kD of the dual-mode sorption
model.

The dual mode sorption parameters k C/ and b were

D’ H'

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 +Cﬁb). The uncertainty in these
parameters was large, particularly at high temperatures and high
Phenoxy content where the uncertainty was found to be greater
than 10071. No percentage error has been quoted in such cases.
The derived value of k will have an uncertahity considerably less
than 1007. With few exceptions these parameters reveal the
expected trend and decrease with increasing temperatures.
Despite 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 kD also shows a linear variation

with blend composition as shown by figure (5.11). The Henry's
law parameter, kD is related to the equilibrium polymer-gas

interaction and a rule of mixture for kD in the blend has been

developed from the Flory-Huggins theory for =~ ternary

(28,29,50,56-58)

systems, which takes the following form:-

lnk = 011nk + 021nk2 + ¢1¢2x12

1

This relationship predicts that 1lnk will be a 1linear
function of blend volume fraction when x;z = 0, but will deviate
above or below this line for finite interaction, depending on the
sign of x;z. 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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TABLE: 5.3 THE DUAL MODE SORPTION PARAMETERS

we.2PEs /% 10%k i 10%p Kp*CyP b
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

80 30 1.01 7.25 1.99 0.154 0.14

40 -- -- -- --

50 3.00(+18) 1.84(+52) 2.31(+41) 0.073 0.04

70 30 -- 16.3 0.95 -- --
40 3. 16(+11) 2.20(+21) 3.03(+20) 0.098 0.07

50 2.49(+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
k0, 2.74 1.30 3.49(+70) 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 0.89 1.96 6.78 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

k
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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 wvariation of Cé (the Langmuir
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
systems.(192'197'198‘199) It has been proposed(91,133.184,201)
that CA arises from the non-equilibrium nature of the glassy
state and 1is related to the excess volume, Vg - Vl by the

following relationship:

v -V
22,414 g 1 (5.4)

v
CO2 g

and that the Langmuir sorption mode stems from filling the excess
volume with CO2 in a liquid-like state, which has a molar volume

v of 55cm2/mole.
C02

The excess volume can be computed from thermal expansion
coefficients 1in the liquid and glassy state of the polymers

using:-
21 . a -« ) (T-T) (5.5)
g g
However, for most glassy polymers, the difference in thermal
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expansion coefficient does not vary widely(zza) with temperature

hence CA generally varies linearly with (Tg - T), although
(198)

exceptions have been found. A plot of C/

versus (T_ - T) 1is
H 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.%).

Table: 5.4 The Heat of solution, Aﬁs, of C02 in Blends of

PES - Phenoxy

Vol. Fraction AﬁslkJmol-1
PES
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 Aﬁs was
calculated wusing equation (4.1) and is given in table (5.5) for

all the blends.
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Table: 5.5 1Isosteric Heat of Sorption of Co2 in PES - Phenoxy

Blends
3 -3 - -1
Wt. 1 PES c/cm (stplcm ~(poly) -AHS/kJmol
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 26.60
0.6 28.26
0.7 25.36
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The CH‘ equilibrium sorption isotherms for CH‘ in PES/Phenoxy
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 CH4 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 1large scatter in the data, the variation of
solubility with blend composition is only shown for 30%¢ (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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TABLE: 5.6 HENRY'S LAW SOLUBILITY COEFFICIENT, k, FOR CH, IN

4
PES - PHENOXY BLENDS.
T/°C (k/cma(stp) cm-a(poly) cmHg—1)

Wt 1 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 CH, IN PES - PHENOXY BLENDS

4
Vol. Fraction PES Aﬁs/kJmol-1
1.0 -28.8%
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.

e erme
Permeabilities for CO2 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 - 25 cmHg and the values in
Table (5.8) are the average of 3 to & measurements made over a
wide pressure range. Detailed results are given in Appendix (2).

Table (5.8) Permeability Coefficient for CO_ in PES - Phenoxy

2
Blends
1%  (10'%/cm® (s7P) em em %sT! cmig™ !y
Wt 1 PES 30 40 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 1.1
0 0.52 0.73 0.93

However, as mentioned in Chapter (4), for most glassy
polymers a decrease in permeability with increasing penetrant

pressure is observed(126‘127'182'200'209—212) at higher
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pressures. Permeation of CO2 with pressures up to 6 atmospheres
in 50/50 blend of PES/Phenoxy measured at LOOC 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 1is a marked decrease in permeability as the phenoxy
content 1s increased as expected for the reasons mentioned 1in
chapter (4). Figure (5.23) shows the variation of permeability
plotted semi- logarithmically against volume fraction of PES at

o

30 C. As discussed in chapter (3), for miscible blends, when the

interaction between component polymers is weak(181) a linear
variation of log permeability with blend composition is described

by the following equation (2.57).

InP = ¢_1nP + ¢2 lan (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.('93'197) These systems possessed a moderate
interaction between the component polymers. In cases where the
interaction 1is 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

(177)

methyacrylonitrile and styrene and poly (methyl
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methacrylate), styrene - acrylonitrile co-polymer

blends(170.171)’

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.

01 02 -1
In(P/A) = m + m (2.64)
Where A is a gas constant, 1in this case a value of 6. x 10_6 cm3
(stp) cm/cm2 51 cmHg was used for CO,_. Once again the

2

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
bisphenol Chloral Polycarbonate (193). It has been known that if
there 1is 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 P1

and P2 are different. 1In this case the permeabilities calculated
using equation (2.64) are higher than those from equation (2.57).
However, the difference in P1 and P2 differ 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 P1
and P2 only differ by a factor of 10 Squation (2.64) reduces to

eqn (2.57).

Although it is established that the PES/Phenoxy blends are
miscible it 1is 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 Pc>>Pd, the equations reducing to the following forms:-

2¢c
Maxwell P = P 779
d
Bottcher Po= b (¢ )32
m C C
1.61 ’C
Higuchi Pm = Pc 1.61 + 1.39 ¢C

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 CH4, measured in
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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

-1 1

(1011P/cm3(STP)cm cm'zs

cm Hg ')
¢
WtZIPES 30 40 50

100 1.1 1.61 2.38
60 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 wvariation 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 1s 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

-1
CO2 and CH‘ {kJmol ')

Wt ZIPES Epc02 EPCH4
Blend
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 much higher

compared to CO2 since CH‘ is a larger molecule as already
mentioned in chapter (4). The variation of the activation
energies of CO2 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.

Diffusi Coefficient

As mentioned in chapter (4) although the péheabilities were
independent of ingoing pressure, the non-linear isotherms
obtained for CO in these blends indicated that the measured

2
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diffusion coefficients are concentration dependent. The average
diffusion coefficent (D) was determined as a function of

concentration from the relation P = D k.

Experimental plots of D vs ¢ 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

Dc o which are given in Table (5.11) for all three temperatures.

Figure (5.30) shows the variation of Dc=° with blend
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 1lag
method, 1i.e. 8 = lZIGD. where 1 is the thickness of the membrane
and B8 is the time lag. However the time-lag values (given 1in

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 (Dc=o) for CO2 in PES/Phenoxy
Blends (10°D/cm?s™ ')
1/°%
Wt IPES 30 40 50
100 2.0 (3.92) 4.15 7.10
80 1.25 (1.44%4) 2.48 3.99
70 1.08 (1.4%) 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
. (195) ..
Stalling et al 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
mechanism may have been responsible for it. Paul(152) found that
the diffusion coefficient for the dissolved (Henrys 1law) and
Langmuir species, DD and DH respectivily, exhibited a distinct
minimum when plotted against composition. Smaller departures
from linearity were also observed for D. and D, in the poly-

D H
(175) system which had been shown by

(carbonate}/copolyester
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 and

D H'

microcavity contributions to D arising from dual mode transport.

The steady state diffusion coefficients for CH‘ determined
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

‘i
in Blends of PES/Phenoxy
TIOC IﬂgD/cmzs
Wt I PES 30 40 50
100 0.53 1.13 1.98
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 CH4 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 CO., and CH‘ respectivity, and

2

199



shows excellent agreement with the values predicted by the simple
additivity relationship. This indicates that the transport

parameter AE12 in equation (2.60) must effectively be zero.

A similar behaviour has been observed for C02(187’ 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)(185) and for CO2 diffusion is miscible
blends of ethylene vinyl acetate co-polymer and chlorinated
polyethylene‘sg) has been reported. However, in general positive

AE12 values are expected for transport in miscible blends

Separation Factors

Chapter (#) 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
polymers in the blend is relativaly strong,(192'193'188'224'225)
then the observed separation factors are higher than predicted

from the semilogarithmic additivity rule:-
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A A A
1n qB = 01 1n (uB)1 + ¢2 1n (uB)2 (5.6)

However, Chiou et al(192) reported a positive deviation from

the additivity rule for separation factors for C02/CH4 in blends
of Poly (methyl methacrylate) with Bisphenol Chloral
Polycarbonate where the interaction between the homopolymers was

weak.

The permeability, solubility and diffusion coefficients of
CO2 and CH4 were determined using the same sheet of membrane,
therefore any errors occuring in evaluating these parameters are

reduced.

The separation factor GA/B is shown in figure (5.36) as a
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/B
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 o on blend composition to those of

its component selectivities namely the solubility and diffusivity

selectivites B and ¥y respectivity.

The dependence of B 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 B increases but ¥y is little affected.
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Neither the solubility selectivity factor or the diffusivity

selectivity factor appear to dominate.

Finally the separation factors are lower than those
predicted wusing equation (4.2}, suggesting the interaction

between the two homopolymers is weak. Webb et al(sg) and Chiou

ot al(192)

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).

As mentioned, PES/Phenoxy blends exhibit phase separation on
heating, i.e exhibit a 1lower «critical solution temperature
behaviour around 180°C. Singh and Walsh have demonstrated this

behaviour wusing a light scattering turbidimeter and also by

optical microscope. In this case a film of the blend was heated
in 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 CO2 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 CO, Through Phase Separated Blends

2
of PES/Phenoxy

Blend T°C 30°%C +0°¢c 50°¢C
wt.1 PES (1010P(cm3cstp) . cmig™ 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.

Lonclusion

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 CO2 was sufficiently high for the isotherms to
exhibit the curvature generally observed with gas sorption in
glassy polymers. With CH4 Henry's law was observed as the

solubility was an order of magnitude smaller. At pressures
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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 CO2 in phase separated blends was
significantly higher and in better agreement with models for a

heterogeneous system.

The diffusion coefficients for CO2 were a weak function of
concentration. Furthermore, for both gases, CO2 and CHA' the
diffusion coefficients exhibited a minimum around 50/50 wtl
PES/Phenoxy blend while the permeability and solubility decreased

with increasing Phenoxy content in the blend.

The ideal separation factor «a increased slightly as the

A/B
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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SULT S N

Introduction

Chapter (5) has described the transport and sorption of CO2
and CH4 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 provide: 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

block.(220'221'222)

In this section the effect of blending a rubbery polymer
(polyurethane) with a glassy polymer (PES) on the transport and

sorption of CO2 will be discussed.

Film Cb terizati

Blends of PES and Polyurethane (Pu) were prepared by the
solution <casting technique from DMF. Blends with Pu content
greater than 507 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 Q/gcm-3 Q/gcm-3
(exp) (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 Tg is shifted below that of

PES. The transitions at T and Tg

g1 correspond to the glass

2

transition temperature of Pu and PES rich phases respectively.
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The only exception is for the blend containing 707 PES where

only one transition is observed corresponding close to PES.

Table (6.2) Glass Transition Temperature (OC)

Blends T T

gt g2
Wt I PES

0 -29 -
20 -29 212

50 -25 200
70 N 200

100 - 222

.. (179)

A similar effect has been reported by Ismall for Pu-PMMA

blend system. In his case the blend with the high Eu content
showed a single Tg corresponding to the Tg of Pu. Also in his
study for all compositions clear films were obtained although a
slight increase in turbidity was observed in sheets containing
307 volume Pu. Allen et a1(79) 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.

214



6.3 Equilibriuym Sorption
Equilibrium sorption isotherms for CO2 were 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 701 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

807 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 CO2 in PES-Pu

k/cm:’(stp)cm-3 (polymer) cmHg-1

Blends Temp/OC
wtIPES 30 40 50
0 0.015 0.013 0.108
20 0.018 - -
50 0.025 0.019 0.015
70 0.108 0.066 0.044
100 0.248 0.154 0.098
Dual - mode sorption analysis was not carried out on these
isotherms due to the curvature being relatively weak. Clearly

there 1is a marked decrease in solubility on addition of Pu to

PES. Figure (6.3) illustratesthe solubility coefficient versus
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6.

4

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 1is
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

(83,84)' Barrer et al(117) .(88.87)

and Micheal et al However
their measurements involved sorption above and below the glass

transition temperature of the same material.

Steadv State Permeation

Permeabilities measured for C02 in the temperature range 30°
to 50°C were 1independent of the 1ingoing 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 1is increased in the blend.
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Futhermore a minimum is observed around 707 PES. This effect was
also reported by Murugenandam et al for transport of CH‘ and CO2
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

10'%: cm’ (stp) cm em % s cmHg'1

Blend 30 40 50
wtl PES

0 25.0 40.0 56.0

20 14.0 22.0 34.0

50 4.2 7.0 10.4

70 3.35 4.2 5.5

100 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 Pc > Pd
and Pd » Pc equation (2.48) and (2.49) may be used to predict
the permeability of the blend. However in this case Pd/Pc = 0.2
when Pu 1is the continuous phase and Pd/Pc = 5 when PES 1is the
continuous phase. Subsitituting these values into -equation

(2.47) for the two limiting case results:

when Pu is the continuous phase
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m 2.2 - 1.6 ¢

- = — (6.1)
P 2.2 + 0.8 ¢

and when PES is the continous phase

m 7+ 8 ¢
—_ = EE— (6.2)
P 7T - 4 ¢
It 1is 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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6.

5

energy with blend composition again suggest that there may be

some mixing.

Table:(6.5) Activation Energies Of Permeation For CO2 In

PES-Pu Blends

1

Wt. ZPES EP/kJmol—

0 33.1

20 36.6

50 32.2

70 20.0

100 11.3
iffusi ~oefficient

Average diffusion coefficients were obtained for CO2 in the
507 and 707 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 D
was estimated from D = P/k. Figure (6.9) and (6.10) shows the
variation of D versus c for both blends. The diffusion
coefficient is a very weak function of ¢ 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, wusing, 8 = 12/60. 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.

Table (6.6) Diffusion Coefficients For CO2 In PES - Pu Blends

10":,chmzs_1
wt. 1 PES 30 40 50
0 170 307 466
20 77.8 - -
50 14.4 (15.0) 36.0 (33.0) 64 (70.0)
80 2.8 ( 3.2) 5.9 ( 6.2) 12.3 (12.0)
100 2.0 4.01 6.95

The 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,
ED were estimated and are collected in table (6.7).

It is evident that ED is practically independent of blend

composition.
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Table (6.7): Activation Energies Of Diffusion for CO

2
-1
ED. k Jmol
Wt. 7 PES ED

0 42.5

20 -

50 40.6

80 42.9

100 47.0

6.5 Separation Factors

It was not possible to obtain the separation factors for the
PES-Pu system since only C02 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 CO2 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

232



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 1in the polymer to accommodate the gas molecule, wunlike

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 707 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 1is slight decrease around 701 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.

2
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rther ud

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 CO2 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 CO2 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 CO2 and CH4 should

be made.

This will then give an indication on the separation ability

of the glassy-rubbery mixture.
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Permeation

Calculation of the permeability, P, and the time lag diffusion

coefficient, DB' of carbon dioxide in PES is given below:

Membrane Temperature/oc = 30.1 (£0.1)
Membrane Area A/cm2 = 3.301 (=27)
Membrane Thickness 1l/cm = 0.0065 (x17)
Average Room Temperature T/K = 296.7 (£0.5)
Downstream volume V/cm3 = 680.41 (+0.57)
Transducer Output Tr/mV = 14.04 (20.17)

Transducer Calibration Constant l(/cmHng_1 1.103 (20.17)

Driving pressure, po = Tr x K/cmHg = 15.49 (x0.157)
Steady state flow rate dp/dt/cmHgs_l = 1.06 x 10—7 (£0.51)
Time lag, O/s = 4200 (£21)

_dp vV 2713.2
Steady state flux, J = dt X 76 X T

8.73 x 107" cm(stp)s |

J x 1

1

Permeability, P = Axp - 1.11 x 10—10 cma(stp)cm cm—zs cmHg
)
12 -9 2 -1
Diffusivity, D = 50 1.68 x 10 cm s

Solubility k = P/D = 0.0663 cm3(st:p)cm-a(poly)cml-lg“1
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APPENDIX 1.1

EQUILIBRIUM SORPTION

Calculation of the equilibrium concentration of carbon dioxide

dissolved in PES:-

Temperature of measurement, 7/% = 30.2 (£0.1)
Mass of Sample, ws/g = 0.1071 (20.051)
Mass of Mesh, wm/g = 0.0553 (£0.05%)
Mass of counterweight, wclg = 0.0963 (20.057%)
Density of PES, o_/gcm = 1.375 (0.0017)
Density of Copper, gcl]/gcm-3 = 8.98 (& 0.21)
Transducer output, Tr/mV = 16.19 (2 0.11)
Penetrant Pressure, P, = Tr x K/cmHg = 20.6 (x0.151)
Transducer Calibration constant, K/cmHng_1 = 1,272 (20.117)
Weight Increase at equilibrium, M_/ug = 549 (20.57)
Molecular weight of CO2 = 44,01
w w w
Volume Displaced, V, = 53 . gm - EE_ = 0.0733cm’(20.057)
s Cu Cu
vx213.2_ Po as.01
Buoyancy Correction, B, = T X 78 X 22414 +(0.57)

Total weight of C02 sorbed = B + M“ = 584.2ug £(1.07)
22414 %
Concentration, c, = (B + M) x x — (£1.07)
oo 44.01 ws

3.819 cm3(stp)cm3(poly)

Equilibrium Solubility, k = c/po (¢1/017)

0.1854 cma(stp)cma(poly)cmHg—1
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Phenoxy/CO

Sorption Isotherm Results

APPENDIX 2

2
Density (@) = 1.188 cmHg |
Weight (w) = 0.251g
1/%€ p/cmHg C/em’ (stp) k/em (stp)
em 2 (poly) cm 3 (poly)cmig™’
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 18.49 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 0.3205 0.01787
40 6.59 0.1029 0.0156
40 10.52 0.1701 0.0162
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T/OC p/cmHg C/cm3(stp) k/cma(stp)
cm-a(poly) cm-:;(po].y)cml-lg-1

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 8.05 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 0.0668 0.0111
50 10.53 0.12189 0.0116
50 19.92 0.2328 0.0117
50 21.09 0.2488 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 C/cma(stp) k/cm3(stp)
cm-a(poly) cm-a(poly)c:er_q_1
30 12.71 0.0468 0.0037
30 15.19 0.0569 0.0037
30 20.86 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 0.0630 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/CO

Sorption Isotherms Results

2
o = 1.3754gcm’>
w = 0.1071g
1/°%¢C p/cmHg C/cmalstp) k/cma(stp)

cm—a(poly) cm-:’(poly)cmHg_1

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 1.810 0.1602
30 20.65 2.910 0.1409
30 30.61 3.820 0.1247
30 41.80 4.680 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/OC p/cmHg C/cma(stp) k/cm3(stp)
cm_a(poly) t:m-a(poly)cmHg-1

50 1.40 C.140 0.1000

50 3.80 0.410 0.1078

50 T.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 L2.62 2.960 0.0609

701 PES/CO2 Sorption Isotherm Results

o = 1.3111gcm >

w = 0.2132g

T/°C p/cmHg C/ch(stp) k/ch(stp)
cm_a(poly) cm-a(poly)cmHg'1

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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801 PES/CO2 Sorption Isotherm Results

1/% p/cmHg C/cma(stp) k/cma(stp)
cm-a(poly) c:m-:i(;noly)cml-lg-1
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 0.058+4
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/CH4 Sorption Isotherm Results

/% p/cmHg C/cma(stp) k/cm3(stp)
cm-a(poly) c::m_a(poly)cmHg‘1
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
£0.40 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 :

801 PES/CH4

T/°C p/cmHg C/cma(stp) k/cm3(stp)
cm-a(poly) t:m-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 7.80 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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T/°C p/cmHg C/cma(stp) k/cm3(stp)
cm-3(poly) cm_3(poly)cmHg—1
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 £3.41 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 b4.27 2.0468 0.0462
50 56.40 2.74700 0.0438
50 57.20 2.4800 0.0434

501 PES/CO2 Sorption Isotherm Results

o = 1.274 gcm-3
w = 0.2449g
o 3 3
T/°C p/cmHg C/cm™ (stp) k/cm (stp)
cm—a(poly) cm-a(poly)cmHg_1
30 4.89 0.4563 0.0933
30 11.64 0.9628 0.0827
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T/°C p/cmHg C/cm3(stp) k/cm3(stp)
cm-a(poly) cm-a(poly)cmHg-1

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 1.8829 0.0461
40 51.29 2.2122 0.0431
40 52.90 2.2911 0.0433
50 3.00 0.1445 0.0482
50 .82 0.2297 0.0477
50 7.03 0.3181 0.0452
50 10.15 0.4394 0.0433
50 21.28 0.8404 0.0385
50 32.55 1.1882 0.0365
50 42,49 1.4673 0.0345
50 51.17 1.7062 0.0330
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501 PES/CH4 Sorption Isothem Results

T/°C p/cmHg C/cma(stp) k/cma(stp)
cm-a(poly) cm-a(poly)cmHg-1
30 7.03 0.1369 0.0185
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 17.173 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 0.008%
50 2.58 0.0171 0.0066
50 10.39 0.0799 0.0077
50 22.217 0.1864% 0.0084
50 25.15 0.1831 0.0073

247



T/°C p/cmHg C/cm3(stp) k/cm3(stp)
cm-a(poly) cm-?'(poly)cmt-lg_1

50 33.15 0.2442 0.0074

50 39.97 0.2942 0.0074

50 43.66 0.3712 0.0085

301 PES/C02 Sorption Isotherm Results

e = 1.2407

w = 0.1595

/% p/cmHg C/em’ (stp) k/em (stp)

em™ 2 (poly) em™ > (poly)cmig ™

30 3.57 0.24.0 0.0673

30 8.08 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 22.317 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 C/cma(stp) k/cma(stp)
cm-3(poly) <:m-3(poly)cmHg-1
40 54019 1.4379 0.0265
40 62.42 1.6179 0.0259
50 9.88 0.2238 0.0227
50 18.58 0.4238 0.0228
50 31.11 0.6967 0.0220
50 £2.39 0.9267 0.0219
50 48.74 1.0017 0.0201
50 57.57 1.1610 0.0202
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Sorption Isotherm 301 PESICHA

T/°C p/cmHg C/cm3(stp) k/cma(stp)
cm-a(poly) cm-:')(poly)cmHg_I
30 10.00 0.075 0.0075
18.11 0.114 0.0063
36.20 0.262 0.0072
44 .06 0.304 0.0068
50.81 0.370 0.0073
40 13.80 0.097 0.0070
20.41 0.145 0.0071
29.43 0.165 0.0056
44 .00 0.225 0.0051
50.00 0.277 0.0055
50 15.33 0.052 0.0034%
26.23 0.140 0.0053
42.40 0.166 0.0039
48.40 0.224 0.0046
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Permeation data

Phenoxy/CO2
T/OC p/cmHg 6/min 10'1P/cm3(stp)cm IOQD/cmzs1 k/cm3(stp)cm3
r:m-zs-'cmHg_1 (poly) cmHg~1
30 .77 25 5.73 2.78 0.0206
30 15.86 24 5.55 2.89 0.0192
30 20.73 32 5.82 2.17 0.0268
30 21.12 30 5.43 2.31 0.0235
30 24 .94 32 5.70 2.17 0.0262
30 34.70 30 5.89 2.31 0.0255
30 A1.47 21 5.38 2.517 0.0209
40 11.87 17.0 7.01 4.08 0.0171
40 20.50 17.5 6.99 3.96 0.0176
40 35.15 15.0 7.31 4.39 0.0168
40 43.03 16.0 T.42 4.34 0.0171
45 10.03 9.5 8.63 7.31 0.0118
45 20.99 10.0 8.29 6.94 0.0119
45 31.20 3.0 9.24% 7.71 0.0119
45 42.45 9.0 8.38 7.7 0.0108
50 10.67 7.5 10.3 9.26 0.0111
50 16.53 8.0 9.13 8.68 0.0105
50 19.91 1.5 9.31 9.26 0.0101
50 31.73 8.5 9.00 8.17 0.0110
50 42.26 8.5 8.98 8.17 0.0109
55 21.33 6.0 10.4 11.6 0.0090
55 31.24 7.0 10.3 9.92 0.0104
55 40.96 7.2 10.3 9.92 0.0104
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Phenoxy/CH‘

TIDC p/cmHg 8/min 1012P/cm3(stp)cm IOBD/cmzs1

-2 -1 -1

k/cma(stp)cm3
1

cm s cmHg (poly) cmHg
30 12.62 50 1.96 0.54 0.0036
30 14.62 50 1.53 0.55 0.0028
30 22.26 60 1.56 0.46 0.0036
40 14.27 30 2.40 0.91 0.0025
40 21.05 30 2.40 0.91 0.0025
40 25.31 32 2.17 0.85 0.0025
50 14.58 17 3.60 1.61 0.0022
50 20.45 14 3.63 1.96 0.0019
50 24.06 12 3.32 2.28 0.0015
60 15.44 7 6.25 3.91 0.0016
60 20.47 9 5.44% 3.04 0.0018
60 25.489 8 5.43 3.42 0.0016
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PES/CO2

7/°C p/cmHg  @©/min 1010P/cm3(stp)cm 10°0/cm?s ™! k/cma(stp)cm3

-2 -1 1 1

cm s 'cmHg (poly) cmHg™

30 12.89 11.53 5.38 3.73 0.1439
30 19.93 10.39 5.47 4.1% 0.1321
30 20.11 10.89 5.41 3.96 0.1366
40 10.92 6.11 5.81 7.05 0.0823
40 14,81 6.69 5.53 6.43 0.0858
40 30.06 5.99 5.95 7.19 0.0828
50 13.54 3.63 6.76 11.8 0.0569
50 21.68 3.66 6.66 1.7 0.0565
50 29.81 3.55 6.660 12.1 0.0544
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PESICH4

T/OC p/cmHg 8/min 1011P/cm3(stp)cm wgolcmzs-1 k/cm3(stp)cm3

-2 -1 1 1

cm s cmHg- (poly) cmHg_

30 10.39 £2.34 1.05 1.01 0.0109
30 13.89 41.14 1.02 1.04 0.0096
30 19.38 38.57 1.21 1.11 0.0108
40 12.93 11.23 1.68 3.83 0.0044
40 19.03 16.61 1.59 2.59 0.0061
40 28.66 20.48 1.61 2.10 0.0076
50 15.87 11.32 2.20 3.80 0.0058
50 22.74 11.96 2.21 3.60 0.0061
50 31.43 11.54 1.85 3.73 0.0049
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PESIPhenoxylSU/SO/CO2

T/°C p/cmHg 8/min 1010P/cm3(stp)cm 1090/<:rnzs-1 k/cma(stp)cm3
cm s cmHg~ (poly) cmHg-1
30 9.72 72 1.09 1.59 0.0689
30 15.49 70 1.11 1.68 0.0664
30 21.07 76 1.10 1.54 0.0712
30 25.25 68 1.09 1.73 0.0634%
40 8.97 49 1.33 2.39 0.0559
40 17.14 &7 1.32 2.79 0.0472
40 20.53 45 1.29 2.61 0.0495
40 25.42 43 1.29 2.73 0.0474
50 9.14 24.8 1.50 4,73 0.0318
50 15.41 26 .4 1.52 4.46 0.0341
50 20.52 26.0 1.55 4.51 0.034%
50 25.85 24.0 1.53 4.89 0.0313
55 10.69 22.0 1.68 5.33 0.0315
59 17.48 21.5 1.68 5.46 0.0308
595 26.60 20.5 1.67 5.72 0.0292
60 9.43 15.6 1.82 7.52 0.0242
60 14.88 16.6 1.85 7.02 0.0262
60 21.13 16.5 1.82 7.11 0.0256
60 26.28 16.4 1.85 7.16 0.02593
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70/30/PES/Phenoxy/C02

T/OC p/cmHg 0/min 101OP/cm3(stp)cm 1090/cm25-1 k/cm3(stp)cm3
cm “s  cmHg {poly) cmHg-1

30 9.23 138 1.84 1.42 0.1296

30 19.67 135 1.84% 1.44% 0.1270

30 24.92 130 1.84% 1.50 0.1227

40 8.92 86 2.19 2.27 0.0965

40 14.35 84 2.14% 2.33 0.0918

40 17.99 82 2.24 2.38 0.0939

40 25.45 82 2.17 2.38 0.0918

50 10.89 50 2.53 3.91 0.0618

50 15.14 50 2.46 3.91 0.0629

50 17.95 50 2.49 3.91 0.0638

50 26.39 48 2.52 4.07 0.0618

55 9.76 43 2.79 4.55 0.0613

55 15.69 'y 2.71 .44 0.0610

55 22.55 40 2.67 4.89 0.0546
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70/30/PhenoxylPES/C02

1/°C p/cmHg  ©/min 1011P/cm3(stp)cm 10%0/cm?s”™! k/cma(stp)cm3

-2 -1 1

cm s cmHg (poly) cmHg-1

30 13.9 126 5.75 1.13 0.0508
30 19.61 104 5.94 1.36 0.043%
30 28.27 109 6.05 1.30 0.0464
40 12. 11 66.73 T.48 2.18 0.0349
40 16.32 65.7 T.46 2.17 0.0343
50 11.11 32.05 9.02 4 .45 0.0202
50 18.89 34.68 9.08 4.1 0.0220
50 25.23 38.72 9.23 3.68 0.0250
50 27.09 37.84 9.12 3.77 0.0241
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Diffusion Coefficients for CO

2
Phenoxy PES
1/°C crem’(stprem S (poly) 10°0/em?s”! c/em’(stplem S (poly) 10°D/cms ™’
30 .010 2.35 0.10 2.23
.022 2.55 0.22 2.38
044 2.83 0.33 2.55
.079 3.15 0.45 2.67
.098 3.72 0.54 2.74
0.61 2.78
40 .010 4.52 0.17 4.45
.032 4.73 0.25 4.60
047 4,95 0.32 4.70
.063 5.40 0.45 5.01
.070 5.65 0.53 5.20
50 .012 7.85 0.12 7.90
.023 8.05 0.23 7.85
.030 8.20 0.35 8.15
. 045 8.35 0.45 8.70
.050 8.50 0.58 9.23
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T/

50/50 PES-Phenoxy

c/cma(stp)cm_a(poly)

10°0/¢m

80/20 PES-Phenoxy

c/cmatstp)cm-3(poly)

10°0/7emés ™!

30 0.45 .38 1.00 1.85
0.94% .75 1.60 2.25
1.48 .12 2.24 2.176
2.15 .53 3.10 3.30
2.85 .83 4.20 417
40 0.35 .20 0.70 2.95
0.61 hh 1.02 3.45
1.10 .60 1.60 3.95
1.50 42 2.36 4.45
1.89 .90 2.80 5.00
2.20 .30 3.39 5.50
50 0.20 .48 0.60 4.95
0.44 .88 1.14 5.15
0.84% .64 1.64 6.35
1.18 .22 2.04 7.00
1.45 .60 2.50 1.75
1.70 .90 3.00 8.75
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70/30/PES/Phenoxy

/% c/em’ (stplem > (poly) 10%0/cm?s”!
30 0.20 3. 14
0.80 3.38
1.10 3.60
1.60 4.05
2.12 4.5%
2.25 4.70
40 0.20 6.20
0.52 6.25
0.78 6.40
1.20 7.00
1.68 7.50
2.08 8.20
50 0.18 12.9
0.35 12.6
0.52 3.60
0.85 13.0
1.20 13.7
1.50 14.3
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Sorption Isotherm 501 Pu/CO2

T/OC p/cmHg C/cma(stp) k/cma(stp)
cm-3(poly) cm-a(poly)cmHg_1

30 6.10 0.1743 0.0286
9.64 0.2705 0.0281

14.00 0.3751 0.0268

21.83 0.5280 0.0242

28.60 0.6750 0.0236

36.82 0.8534 0.0232

40 3.1 0.6520 0.0210
9.20 0.1800 0.0196

15.82 0.3031 0.0182

24.10 0.4320 0.0173

30.62 0.5402 0.0176

41.65 0.7051 0.0169

50 2.00 0.0305 0.0153
6.21 0.100 0.0161

17.42 0.254% 0.0146

30.64 0.425 0.0139

40.00 0.545 0.0136
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Sorption Isotherm 201 Pu/CO

2

1/°%¢C p/cmHg C/cma(stp) k/cma(stp)
cm-3(poly) cm_:‘](poly)cmHg-1
30 3.08 0.3085 0.1005
5.42 0.5824 0.1075
9.18 0.8692 0.0947
17.67 1.4873 0.0842
29.41 2.1457 0.0730
40 5.25 0.0589 0.0112
6.03 0.0654 0.0108
9.59 0.1041 0.0109
11.31 0.1274 0.0113
15.79 0.1730 0.0110
19.79 0.2239 0.0113
23.23 0.2568 0.0111
30.97 0.3503 0.0113
50 2.43 0.0277 0.0114
10.20 0.1039 0.0102
19.79 0.2026 0.0102
30.97 0.3255 0.0105
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Permeation Data

Pu/CO2
T/°C p/cmHg 8/min 109P/cm3(stp)cm 107D/cm25_1 klcma(stp)cm3
-2 -1 -1 -1
cm s cmHg (poly)cmHg
30 8.94% 4.67 2.59 2.317 0.01089
30 10.41 4.50 2.55 2.46 0.0103
30 11.66 4.64 2.58 2.39 0.0107
30 15.80 4.70 2.55 2.36 0.0108
40 9.79 2.31 b.14 4&.80 0.00861
40 10.19 2.41 4.01 &.61 0.00869
40 11.27 2.62 4.09 4.20 0.00973
40 14.89 2.41 4.10 4.61 0.00888
40 16.33 2.92 4.04 4.40 0.00919
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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801 Pu/CO2

T/OC p/cmHg 8/min 109P/cm3(stp)cm 1070/cm2s-1 k/cma(stp)cm3

-2 - - -

cm s 1cmHg 1 (poly}cmHg !
30 6.92 2.84 1.45 1.69 0.0088
30 8.44 2.23 1.462 2.10 0.0068
30 13.13 2.99 1.43 1.57 0.0091
40 7.14 1.59 2.33 2.9% 0.0079
40 12.87 1.83 2.29 2.56 0.0089
40 13.71 1.57 2.26 2.99 0.0075
40 18.04 1.56 2.31 2.99 0.0078
50 5.58 0.82 3.52 5.73 0.0061
50 9.90 0.84 3.43 5.59 0.0061
50 13.66 0.84 3.43 5.02 0.0068
50 14.82 0.88 3.50 5.28 0.0062
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201 Pu/CO2
T/°c p/cmHg 8/min 109P/cm3(stp)cm 1()-’chmzs-1 k/cm3(stp)cm
cm-zs-icmHg_1 (poly)cmHg-1
30 6.57 15 3.31 3.11 0.1063
30 B.48 14 3.32 3.33 0.0985
30 12.06 16 3.29 2.91 0.1129
30 18.89 13 3.34 3.59 0.0931
40 T.14% 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 0.0496
50 10.94 4.5 5.15 10.38 0.0496
50 17.74 4.5 5.39 10.38 0.0519
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