DIFFUSION AND SOLUTION OF GASES IN

PLASTICISED POLYMERS

by

Roger Mallinder

A thesis submitted for the degree
of Doctor of Philosophy of the

University of London

Chemistry Department,
Imperial College of Science
and Technology,
LONDOW, S.W.7. January, 1966.



ABSTRACT

The diffusion and solution of hydrogen and neon
have been measured in a series of polyvinyl chloride
sheets containing various concentrations of plasticiser.
Diffusion coefficients DL and DE were determined using
the time-lag and fearly approximation? methods respectively,
and permesgbility coefficients P from the steady-state
permeation rate. Dynamic (OD,OE) and static (OS) solu-
bility coefficients were respectively determined from
permeation and equilibrium measurements.

Below the glass transition temperature of the unplas-
ticised polymer, the behaviour of B, DL’ DE and Op Was
governed by history- and time-dependent effects. The
permeation data were reproducible in the tsettled’ state
of the polymecr, after 'ennealing'! above the glass transition
temperature. The permeation data of the plasticised
compositions were reproducible with no history-~dependent
effects. Logarithmic plots of B, D, and oy against
reciprocal temperature for all gas-polymer systems showed
inflections at temperatures Tl corresponding to the glass
transition regions. The free volume theory has been
used to correlate values of Tl' Polyvinyl chloride shows

an improved selectivity towards permeation of gases in
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comparison with other polymer systems but the absolute
permeabilities are lower. The temperature coefficients
of diffusion have been interpreted in terms of the trans-
ition state and zone theories.

Values of o, were significantly below those of Op
and the temperature dependence of Op was anomalous.
Non-uniform distribution of plasticiser is not the factor
contributing to the discrepancy between op and Cge The
free energy, heat and entropy of solution were deduced
from the Oy data. Solution of gases in unplasticised
polyvinyl chloride below its glass transition temperature
is an exothermal process, in which gas molecules are
accommodated in pre-existihg tholes!. Residence in these
Tholes' constitutes an interstitisl mechanism of solution.
Gaseous solution in the plasticised polymer is endo-
thermal, indicating that gas molecules dissolve by the

normal substitutional mechsnism.
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INTRODUCTION AND LITERATURE SURVEY

1.1 Introduction

1-20 have been made of transport and

Meny studies
solution equilibrium phenomens in high polymeric membranes,
as 1t is possible to correlate the diffusion parameters
with the known molecular structure parameters. From
determingtions of permeation, diffusion and solution of
gases or vapours in high polymers, valuable knowledge may
be gained on the microstructure of the polymer and the
mechanism of the diffusion process. From these investi-~
gations it is also possible to characterise these membranes
as barriers to gases or vapours.

Although Grahamgl did some early work on the flow
of gas through natural rubber, the main systematic
advances in the subject commenced with the work of Barrerl

and of van Amerongen.3

The concept of permegtion of
gas or vapour through a polymeric membrane is generally
considered as taking place in the following sequence:

(1) sorption of gas at one interface; (ii) solution of
gas into, and diffusion in and through the membrane; and

(iii) evaporation at the opposite interface. Normally
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diffusion is the slowest process and thus constitutes
the rate determining step.

Fick's law states that the rate of permeation per
unit area is the product of the diffusion coefficient
and the concentration gradient within the membrane.

Thus the diffusion coefficient and the solubility of the
penetrant will be affected by certain factors, which
control the rate of permeation. The factors may include
at least the temperature, the size and shape of the
penetrant molecule;, the crystallinity and glass transition
of the polymer, the cross-linking of the polymer, the
concentration of the penetrant molecule and sometimes

the previous history of the polymer.

This project is an attempt to présent systematic
data of permeation, diffusion and solution of permanent
and inert gases in polyvinyl chloride polymer, containing
varying quantities of essentially involatile plasticiser,
The gases are chosen to act as molecular probes in an
attempt to elucidate further the mechanism of plasticiser
actionin polyvinyl chloride. The possibility of varying
the selectivity towards permeation of gases in polyvinyl
chloride, by using certain quantities of plasticiser,

will also be considered.
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Little systematic information of the diffusion and
solution of gases and vapours in polyvinyl chloride
(unplasticised or plasticised) has been published.

In 1942 Muller22

determined the permeability of unplas-
ticised poly-vinyl chloride to the inert gases and water
vapour at 20°¢, Values of the permeability, diffusion
and solubility coefficients of hydrogen in poly-vinyl
chloride were also quoted by Reitlinger25 at the same
temperature, Most investigators23’24’27'32 find that
the rate of gas permeation is generally increased by
addition of plasticisers to polymeric membranes although

experimental evidence is limited in some cases.<o— 2%

4 26 found, however, that small

Van Amerongen™ and Morris
quantities of plasticisers and softening oils added to
natural rubber had relatively little effect on the rate

23 megsured

of gas permeation, Brubaker and Kammermeyer
the permeabilities of hydrogen and carbon dioxide in
poly-vinyl chloride conbtaining known amounts of dioctyl
phthalate plasticiser. Permeability of carbon dioxide
at a given temperature was found to increase uniformly
with plasticiser content, although hydrogen showed a
radically different behaviour as discontinuities appeared.

Diffusion and solution of water vapour35—39 and.

n-butyl alcoho140 in poly-vinyl chloride have been
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investigated. The addition of tri-cresyl phosphate
plasticiser to poly-vinyl chloride produced a lowering

of the heat of solution of water vapour, as compared to
the unplasticised polymer. °  Kumins and Roteman--
observed that the diffusion coefficients of water vapour

in plasticised poly-vinyl chloride - poly-vinyl acetate
co-polymer were greater than those through the unplas-
ticised counterpart. The activation energies for

diffusion above the second order transition temperatures
appeared to be the same for both plasticised and unplas-
ticised polymer. The effect of high molecular weight

liquid plasticisers on the diffusion properties is, however,
complicated by the plasticising action of the water vapour,34
whieh may also facilitate rotation of adjacent chain
segments.  Kanamaru and Sigiura4o’4l have studied the
temperature dependence of the diffusion coefficient D of
some simple organic penetrants within several polymers by
the rate of sorption method. Measurements were made in
the temperature range around the glass transition temper-
atures Tg of the polymers. The system, n-butyl alcohol
in poly-vinyl chloride, produced a log D vs. 1/T plot

consisting of one intersection point and two linear branches.

This was designated4o as being typical of a system in
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which neither the high polymer nor the solvent form
hydrogen bonds. The poly-vinyl chloride was also con-
sidered as being lyophobic and only slight swelling

occurred on sorption of the penetrant.

1.2 Effect of Temperature

The temperature coefficient of the permeation rate
1s found to be independent of the pressure difference

1,42 has

and the thickness of the membrane. Barrer
shown from correlation of extensive experimental data,
that the diffusion-controlled permesbility coefficient

P over a moderate temperature range is given by
P = P, exp(- ET) (1.1)

where PO is a constant independent of temperature and
Ep the gpparent activation energy for permeation. P
may also be resolved into the product of the diffusion

coefficient D and the solubility coefficient Op» i.e.

D

A good proportion of polymer-penetrant systems produce

satisfactory agreement between the values of op or D

calculated from (1.2) and values obtained experimentally.
D and o were also shown by Barrert?? to vary

exponentially with temperature so that
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=

E%Eg E%?

(1.3)

w/
1

D, exp (-

) (1.4)

Q
i

S, exp (-

™

where DO and O, are constants, Eq is the activation
energy for diffusion and A H° is the heat of solution
of gas in the membrane. By comparing equations (1.1)
to (1.4) it is obvious that the three energy terms are

related by

E, = B+ A TP (1.5)

The temperature coefficient of P represented by (1.1)

is, therefore, the direct outcome of the activated
diffusion process according to (1.3), and the equilibrium
property, soluvbility, following a similar lsw shown by
(1.4).

The activation energy for diffusion ED may be
pictured as the energy required for completion of a unit
diffusion process, and presumably it involves the work
of separation of the polymer chains, whilst DO, according

45

to Barrer's zone theory, is a measure of the zone

size. Both E, and D, may therefore throw light upon

the nature of the diffusion process.1’3’5"8’43’45’49’50
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E .
A plot of log D, Vs Tgyields a functional relation-
Ship173’5$694‘3’49!56 Of -the -type
: B |
log D, = A+ B (1.32)

The relationship follows from the Arrhenius equation
E

(1.3) in the form log D = log D, - 0.22 = . If the

range in values of log D is small compared with that of

E .
0.22 TQ then to a first approximation log D is constant

(= 4). Thus:

Ep
log D, = A+ 0.22 5= (1.3b)

which has the form of (1.3a). In fact it is always

found that the range in log D is less than that in
E
0.22 2 , either due to experimental limitations of the

measurements, or because of a fundamental property of
rate processes in condensed phases.
Although a linear relationship of log D vs % is

postulated by (1.3), a slight curvature is often percept-

ible over a wide range of temperature?’6’12’43’44 Thus

both D, and ED can prove to be temperature dependent,
the value of each decreasing for rising temperature.

An interpretation of this situation can be made from the

45

zone theory, and also from Eyring's treatment of rate

46

processes.
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1.3 Effect of size and shape of diffusing molecule

With increasing molecular size of the penetrant the

3-9511,12,14,42543 pi09 tnat

majority of investigators
the diffusion coefficient decreases and the activation
energy for diffusion increases. The size of the
diffusing molecule tends to have a much smaller influence
on the diffusion coefficient in elastomers§’19’42’48
than in the more rigid membranes such as poly-vinyl
7-9 49,50

acetate or silica glass.

The shape of the penetrant molecule has also been
found to have a marked effect on the diffusion propertﬁgé%7
Aitken and Barrer44 and Prager et 511.4'7 postulated that
diffusion occurs preferentiglly along the direction of
greatest length of the diffusing molecule. This was
concluded from the knowledge that addition of a CH3
side chain to a diffusant reduces D by a larger amount
than an increase of chain length by one carbon atom.
Prager and Lo:nga"7 considered that for branched chain
molecules the diffusion of the group with side chain is
the main rate-controlling step. Molecules with the same
degree of branching (except straight chain molecules)

should, therefore, have similar diffusion coefficients

provided that they do not differ too greatly in length.
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This was generally found to be the case on comparing the

D values for isobutane and iso--penta.ne.44’47

1.4 Effect of Filler Particles

The incorporation of filler particles into a polymer
matrix creates a complex heterogeneous medium, which has
the expected result of giving a permeability decrease
for increasing concentration of £iller,9920551-53
Plate-like fillers such as mica or graphite have been
found to produce large reductions in P, especially if the
orientation of their larger surface area is perpendicular
to the gas stream?2’53 Melikhova et 31.55 concluded that
the permeability in such cases depends on the dimensions
and orientation of the filler particles, the nature of
bonding of rubber to filler and the extent to which the
polymer wets the filler particles. Sorption of gas by
the filler is also considered to take place by van
Amerongen 52 from experiments with filled natural rubber.

An exact solution of the diffusion equation for
heterogeneous membranes is difficult to achieve and so
the corresponding equation for flow through a homogeneous
medium is usually modified by introduction of a suitable

19,20

structural parameter. Barrer et al. discussed the

experimental data for diffusion in filled rubbers in terms
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of two reference models, the first in which the polymer
and filler are considered as independent sorbents; and
second the polymer completely wets the filler which acts
as a non sorbent. Both models were found not fully. te
satisfy the results, although some aspects of filler
behaviour were explained. The existence of complex
surface and gas phase flows within filler particles was
indicated by trends in the results. It has also been
pointed out 48 that the role of filler particles in the
diffusion and solution of gases may alter, if the polymer

is allowed to crystallise from the amorphous state.

1.5 Effect of Cross~Linking

Experiments have been conducted in order to study
the effect of systematic alterations in the amount of
cross~-linking of rubber on the diffusion and solution
of homologous hydrooarbons.43’44 Uging rubber cross-
linked by sulphur Barrer and Skirrow?’ found that T and,
particularly, D of the paraffins were sensitive to the
degree of cross-linking. For the smaller, less soluble
paraffins the degree of vulcanisation had little influence
upon the solubility, but for the higher members this
influence became significant. In g similar way, Aitken

44

and Barrer'  observed that D became smaller as cross-

linking increased, showing an approximately linear
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dependence on the reciprocal of the molecular weight

between cross-links.

1.6 ZEffect of the Glass~Rubber Transition

Direct information about segmental motions in the
region of the glass temperature Tg may be obtained by
studying the diffusion of gases in polymers. The free
volume and segmental motions in polymers are not usually
affected by the volume fraction of gas sorbed at any
reasonable pressure. Water vapour at not too high
relative humidities diffuses in the mammer characteristic
of a gas.

There have been relatively few investigations of
gaseous diffusion in polymers in their transition region.

11 examined water and methyl alcohol

Zhurkov and Ryskin
vapours in polystyrene and polymethyl methacrylate.

Their data were comparable with those obtained from

permeation and sorption experiments in poly-vinyl acetate,

in which seven gases7'9 and water 11,55 have heen examined
over a temperature range extending about 20 deg.C on

either side of Tg. D was found to be independent of concemtratic
and decreased greatly with increasing diameter of diffusate
molecules.

Although many author333’54’64’65 represent log D

against 1/T by two straight lines which intersect at Tg,
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728 round that for poly-vinyl acetate there was

lMeares
an unmistakable slow variation of log D with 1/T over a
ten degree range directly below Tg. This behaviour was
explained8 by regarding the polymer just below Tg as a
gystem of two phases glags-like and liquid-~like with
different diffusion coefficients.

Generally it is found that activation energies for
diffusion, calculated from log D against 1/T graphs,

708,11,33,54 o sirg

are smaller below Tg than above.,
approach58 to this behaviour indicates that the change

of activation energy found experimentally at Tg can he
understood as a consequence of the change of thermal
expansion coefficient at this point. Certain details of
molecular structure such as the shape of the potential
barrier of hindered rotation. and the number of the

degrees of freedom per monomer unit are found to have

only a small effect on the resultant diffusion properties.
The application of Brandt's theory to Meares's data for
poly-vinyl acetate yielded poor agreement, however,

between experimental and predicted values of the activation
energies.59

7,8 was able to obtain a linear relationship

Meares
between the activation energies above and below Tg against

the squares of the gas collision diameters. Kunins
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et al.54 were not gble, however, to show a similar

relationship for several gases and vapours diffusing in

poly-vinyl chloride —ypoly-vinyl acetate copolymer. A

Zone theory45’56’57 interpretation of the poly-vinyl

acetate data7’8 shows that above Tg’ the diffusion of

argon and larger molecules requires a much greagter distur-

bance of the surrounding polymer chain segments than

does that of hydrogen. BelowTg a large zone of

activation is not involved as it appears that the diffusing

molecule manages to force apart only short chain segments.
From static solubility measurements on poly-vinyl

acetate, it was concluded that just below Tg there are

regions of minimum density in the polymer, which constitute

high affinity sorption sites or 'holes' into which gas

molecules penetrate preferentially.9’59 A comparison

of the solubility data from diffusion and static methodé

s but below T _ the values from

g g
the equilibrium experiments were greater than those from

showed agreement gbove T

the diffusion method. *®?2 Tt was inferred that mole-
cules sorbed into the less dense regions tend to become
immobilised and contribute only a 1little to the diffusion
flux below Tg. These regions of low density were not,
however, large enough for gas molecules in them to be
thermodynemicelly similar to molecules free in the gas

phase.9
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Although convective flow was not considered to
occur just below Tg, there is evidence that this may
have occurred in gas sorption experiments with poly-
styrene at a temperature well below its glass temperaturg?
The results were interpreted as if the sorption occurred
by a two-stage mechanism. The first stage was considered
as sorption into a low density capillary system, in
which the diffusion coefficients were only slightly
'dependent on the nature of the gas. The second stage
was explained as absorption by the dense regions of the
polymer from the capillary system. A theoretical treat-

61 considers permeation of a

ment developed by Frisch
gas across a polymer membrane, in which part of the flux
is carried by diffusion, snd part by simultaneous convec-

tion through a capillary system.

1.7 Effect of Crystallinity

A partially crystalline polymer msy be regarded as
a large number of tiny crystalline regions, often
spherulites, dispersed in an amorphous matrix. It has
also become clear that films of crystallising polymers ‘ 30
are usuvally less permeable than amorphous ones , 1071825524529,

The crystallites are often considered to dissolve no gas

and to be quite impermeable so that all transport takes
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15-18 14 also appears that

place in the amorphous phase.
the relationships for the solubility, diffusion and per-—
meability coefficients are valid in partially or wholly
amorphous systems, and might be corrected for the fraction

of the system existing as crystallites.

15,16 62

Both polyethylene and polyethylene terephthalate
have been treated as a simple two-phase mixture of crys-
talline and amorphous material each with a characteristic
specific volume, The solubility coefficients for a
particular diffusant in samples with various degrees of
crystallinity were observed to be proportional to the
volume fraction of the amorphous phase.

: As indicated in section 1.4, the exact calculation of
the permeability of a heterogeneous substance, consisting
of discrete bodies dispersed in a continuouc medium,is a
complex problem. Klute63 suggested that experimental
impedances, determined from electrical conductivity meagsure-
ments in beds of small non-conducting spheres, might serve
as a better approximstion of resistance to flow encountered
in these polymers. Jeschke and Stuart,®4?6° stuaying
gaseous and water vapour diffusion in polyethylene tere-
pbhthalate and polypropylene, observed that crystallinity

reduced P, D and ¢ in every case, but the fractional
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lowering was different for each gas. It was found that
the model proposed by Klute predicts impedances which

are lower than those found experimentally. From anglogous
problems of gaseous diffusion in clays, Meare859 has
suggested modification of the Klute approach. This has

62,64,65 with somewhst

been applied to the Terylene results
greater success; by accounting for the increased tortuosity
of the diffusion paths.

A further investigation of the sorption and diffusion
of seven gases in crystalline Terylene, has been made by
Michaels et al. ® in the region of the glass transition.

It was concluded that the centres which impeded the flux
were the tiny individual crystallites, and not the
spherulites which must gllow gas to permeate through their
amorphous regions. Although there was a change in the

activation energy for diffusion above and below T_, there

g
was no conclugive evidence for a variation of activation
energy with the degree of crystallinity.

Barrie and Platt®®

measured sorption and diffusion
of 03 and 04 hydrocarbons in rubber samples stretched

to different extents so as to induce different degrees of
crystallinity. The permeability and solubility both

decreased with increasing crystallinity, and a two phase
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model was used to interpret the results. Measurements

of gaseous diffusion in stretched polymer films have aiso
shown that induced orientation of crystallites can affect
the diffusion properties, even if the degree of crystall-

inity is unaffected by the drawing process.13

1.8 Experimental Measurement of Permeation

Convenient and accurate methods for measuring the
permeability coefficients of membranes and polymer films
to gases and vapours, especially water vapour, are
important in the packaging and building industries.

They have also a potential use in the separation of gases
by selective permeation. A survey of the literature
reveals that the three most important methods of measuring
permeation can be classified as the variable concentration,
the variable volume and the variable pressure methods.

The variable concentration method: Two different
gases are brought into contact with opposite sides of a
membrane, and measurements conducted under zero pressure
di fferential. The gas composition is monitored as a
function of time on either side of the membrane.67 A

possible method of measuring gas concentration might be

to employ radioactive labelled molecules as tracers.
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The variable volume method: A conveniently high
pressure is applied to one side of the membrane, and the
permeating gas is allowed to expand against some low
constant pressure on the outgoing side. The change of
volunme with time is then measured on the outgoing side by
following, for instance, the displacement of a short column
of liquid in a capillary. Brubaker and Kammermeyer23’24
and Stern et al.7o have employed this method for their
measurements,

The variable pressure method: A constant gas pressure
is gpplied to one side of an outgassed membrane, and the
increase of pressure of the permeating gas measured on
the outgoing side. This method has been used frequently

1 developed a research apparatus

by investigators; Barrer
for the simultaneous determination of permeability,
diffusion and solubility coefficients. Permeability
cells have also been designed by other workers.?’29’68
Of the three methods described, the last two have
proved to be the most popular, as costly analytical

apparatus is not required. The variable pressure method

was used for this work.
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1.9 Polyvinyl Chloride, Unplasticised and Plasticised

1.9.1 General

Vinyl polymerisation is an example of a free radical
reaétion, where many thousands of monomer molecules may
be caused to react for each initiating free radical intro-
duced into the system. The monomer for the preparation
of polyvinyl chloride (PVC) is vinyl chloride CH,:CHC
which on polymerisation forms chains that, apart from
the initial and terminal groups,; have the general formuls
£ cH, - cuel & .

During polymerisation it is usual to incorporate a
catalyst, which breaks down into free radicals more
readlly than the vinyl chloride monomer. Frequently the
catalysts are organic peroxides such as benzoyl or lauroyl
peroxide. Polyvinyl chloride is insoluble in its
monomer and most solvents, except for organic, high boiling
solvents such as cyclohexanone and tetrahydrofuran. As
homogeneous polymerisation requires such expensive solvents,
polymerisation in an emulsion or suspension is favoured

75

indus trially. Polymerisation of vinyl chloride on

heterogeneous catalysts has become especially important,
as the catalyst often exerts a precise steric control

over the addition of the monomer units. '+
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The range over which any polymer shows rubber-like
properties can be shifted to lower temperatures by
incorporating into it a liquid plasticiser, which swells
the network. The plasticiser is believed to operate
by facilitating motions of the chain segments between
different configurations.59’74’82 If involatile liquids
are used, these are retained by the network almost indef-
initely and do not necessarily have to be thermodynamically
compatible with the polymer.

A great number of plasticisers are used to lower
the glass transition temperature of poly-vinyl chloride,
common examples being the esters of phosphoric and
phthalic acids.73 Tricresyl phosphate plasticiser,
incorporated in poly-vinyl chloride, displays the smallest
loss due to migration and subsequent volatility at high

temperatures.74’103’lo4

The behaviour of a plasticiser
is dependent upon its inherent physical and chemical
properties, some of which are vapour pressure, viscosity,
mel ting point, molecular structure or shape, molecular
welght and finglly the molecular aggregate it forms with
the polymer. Some of the physical characteristics of

Plasticised poly-vinyl chloride compositions will be

discussed in later sections.
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Small quantities of stabilizers are usually incor-
porated in poly-vinyl chloride. to prevent discolouration
and evolution of HCL. When the polymer is heated gbove
about 110° without sufficient stabiliser, and in an
inert atmosphere, degradation commences with the evolution
of HC1l =resulting in the formation of conjugated polymer,
unsaturation and coloured polyene systems.75’76 Although
poly-vinyl chloride degradation sgppears to be negligible
below 1000, the majority of stabilisers act by absorbing
any free HCl evolved during processing and removing it
as an insoluble product. A large group of stabilisers
comprises the metallic soaps, of which lead, barium and
calcium are the most common. Stabilisers do not increase
the tensile strength of the polymers, like the action
of fillers in elastomers, but mgy cause s slight deter-

ioration in mechanical strength.

1.9.2 Determination of microstructure

The predominance of the head-to-tail chemical

structure L CH, - CHCL Q-H_has been established for poly-

70

vinyl chloride from chemical evidence, as well as from

72

infrared studies. Polyvinyl chloride, when stretched

into a fibre, is found to crystallise, though only feebly

77518

owing to imperfections in the structure. Early



X-ray wohk77 had indicated that the chain configuration
ingide crystals might be syndiotactic, but this primarily
depended on interpretation of the 5.1 R fibre axis repeat.
The remginder of the pattern was not, however, detailed
enough to test this hypothesis adequately, so that this
structure could not be considered to be firmly established.
A more detalled X-ray diffraction study of poly-vinyl
chloride, using oriented fibres prepared with the aid of
free radical catalysts, confirmed the syndiotactic con-
figuration within the small ordered regions of the chain.
In a syndiotactic configuration the substituents alternate
on either side of the place of the zig-zag carbon backbone.
As D and L units occur in equal numbers in the chain,
the structure is also optically inactive.

Bxtensive studies of the infrared spectrum of poly-
vinyl chloride in various states (solution, powder and

film) have been made by Krimm end co-workers.
importance of understanding the origins of the bands has
been emphasised; and the reasons why they differ in
samples from different sources, or in different physical
states, before reliable infrared measurememts of tacticity

may be made.so

Besides using Yordinary'! poly-vinyl
chloride samples . polymerised at high temperatures, some

interesting behaviour of the C-Cl stretching modes has
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has been observed using samples polymerised at low
temperatures, for example, -50°., The syndiotactic part
of the polymer chains was observed to increase by lowering
the polymerisation temperature. Assignment of the
infrared spectra was facilitated by the use of deuterated

80,83 and model compounds, gppropriate low

82,83

polymers
molecular weight anslogues of the polymer.

81 were able to identify, from frequenciles

Krimm et al.
of the several C-Cl stretching bands, the chain confor-
mations which are associlated with particular Cl ngﬁ
configurations. It was established that changes in
conformational structure accompanied certain changes in
physical state of the polymer. These changes were brought
about by solvent extraction, by heating and by stretching
of pressed and cast films.

A spectroscopic study of the effect of plasticiser
on ‘the chain conformation of pressed poly-vinyl chloride

82 Di~isobutyl adipate plasticiser

films has been made.
was chosen for the investigation, in preference to other
plasticisers, as it does not possess absorption bands
which interfere with the C-Cl stretching modes of the
polymer., It was concluded that the plasticiser decreases
the crystallinity present =nd changes the chain confor-

mation to a less favourable state.
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The infrared spectra of poly-vinyl chloride in
cyclohexanone and cycloheptanone solutions has also been
investigated.84’85 Assuming & Boltzmann distribution
between the two possible syndiotactic conformations, the
configuration of the chain, 1.e. the syndiotacticity, was
determined by measuring the temperature dependence of
the intensity ratios of these two C-Cl stretching bands.
Purthermore, the energy difference between the two
syndiotactic conformations was obtained. Krimm83 hes,
however, doubts about whether the critical assignments
for the infrared bands obtained in the abbve investigations
are correct.

Nuclear magnetic resonance spectroscopy of vinyl
polymers in solution has proved to be an effective means

86-89 Vinyl polymers

for the determination of taecticity.
give complex NMR spectra on account of the coupling of
the spins of the methylene protons with those of the
neighbouring e<-hydrogen atoms. The problem may be
simplified by using polymers prepared from monomers
deuterated on the o<~carbon atom. Careful examination

of the methylene spectrum of poly-vinyl chloride has been
87

seems

more satisfactory than that proposed earlier by Johnsen:86

made. The interpretation suggested by Tincher
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and enables the tacticity to be analysed in terms of
isotactic and syndiotactic diads.

The existence of some ordered or crystelline regions
in poly-vinyl chloride has also been indicated by dilato-

95 and calorimetric studies.96 The dependence

metric
of the specific volume and specific heat, respectively,
on temperature was measured in the region of 100%¢.

The degree of branching of poly-vinyl chloride has

been estimated by an infrared tedhnique.92’93

Polymer
prepared at —4000 was found to be essentially linear,
but samples obtained at +45°C had between one and two
branches per hundred monomer units. Increases in the
temperature of polymerisation are generally found to
increase the degree of branching. The relatively high
degree of branching in poly-vinyl chloride can be

attributed to the ease with which chlorine atoms are

removed by radical attack during polymerisation.

1.9.3% Transitions in poly-vinyl chloride

The themodynamic melting point Tm of poly-vinyl
chloride is difficult to measure experimentally by
dilatometric and calorimetric methods. As already
discussed in Section 1.9.1, degradation of the polymer

occurs before the melting temperature is reached.75’76
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Kockott,97 however, regarded stereoregular poly-vinyl
chloride as a copolymer of syndiotactic and isotactic
parts only the former being able to crystallise.
Following Flory's theory of copolymer crystallisation,gl
it is possible to determine the melting temperature T;
of completely crystallised syndiotactic poly-vinyl
chloride, the enthalpy of fusion /A H and the surface
energy s from tacticity and degree of crystallinity of
the samples as a function of temperature. Tacticity was
known from NMR and infrared experiments and degree of
crystallinity detemined by X-ray diffraction. Kockott !

obtained values of 19 = 273°C, A H = 2.7 k.cal .mole~t

2 101

amd s = 16 erg em. “. Nielsen quo tes values for poly-

vinyl chloride of Tm = 212°C and A H = 3.04 k.cal.mole'l.
A lower limit for the length of crystallised sequences
was also calcul ated to be 12 monomer units, by application
of Flory's theory91 to experimental data.

The glass temperature Tg of a polymer represents
fairly precisely the boundary between the glassy and
rubbery states. When the temperature is lowered over
the glass transition region, the segmental motions

owing to thermal energy and existence of free volume

are considered to 'freeze'!, and 'holes!' present at the
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glass temperature become immobilised.59’99 Thus the
dis tribution of chain segments and free volume at Tg,
which represents an equilibrium liquid-like distribution

at that temperature, is considered to be retained at all
temperatures below Tg. The glass transition usually

oceurs over a narrow range of temperature, and no matter

how carefully measurements are made it is not possible to
specify a point at which the properties change discon-
tinuously.

The glass transitions of poly-vinyl chloride,
unplasticised and plasticised, have been studied by both
dynamic and static measurements. The former include
principally mechanical energy asbsorption and dielectric
dispersion.74’94’99"lo1 Both these methods reveal the
existence of a number of transitions. Besides the true -
glass transition, effects are detected which may be
connected with the motions of wvery short chain segments
or undissolved plasticiser, if present. .Téylor and
Tobolsky94 investigated the time dependent relaxation
modulus of both unplasticised and plasticised poly-vinyl
chloride samples over their glass transition regions.

The general behaviour of the results suggested that poly-
vinyl chloride is semicrystalline in nature, the crystallites

being small enough to act as crosslinks. The
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diethylhexyl phthalate plasticiser, whilst reducing the
inflection and glass temperature of the polymer, was
considered not to alter the microcrystalline structure.
This was contrary to the conclusions drawn from infra-
red measurements.S2

One of the most accurate gtatic methods is the
dependence of specific volume on temperature over the
glass transition region.94'98’99 For reproducible results
the temperature of the sample in a dilatometer must be
chenged very slowly, especially when going through the
transition region. Heydemann et a1.98 detemined the
specific volume of unplasticised and plasticised poly-
vinyl chloride as a function of tempergture and hydrostatic
pressure. Besides the glass transitions secondary
transitions were observed which corresponded, however,
to dynamic secondary dispersion ranges below the glass
transition. All transition temperatures were shifted by
increases of pressure, and addition of plasticiser to the
polymer shifted the glass transition to lower and the
secondary transition to higher temperatures.

The temperature of the glass transition can also be
located by studying the shapes of NMR spectra. For
poly-vinyl chloride the)MR traneition at about 97°C

occurs near the transformation observed by refractrometric
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102

studies and by specific heat measurements. However,

this is higher than dilatometric and appropriate dynamic
values of the glass transition temperature. These are
usually quoted within the temperature range 70-85° for
unplasticised poly-vinyl chloride, and correspondingly 137
40,94,98,99,101,124,

lower values for plasticised compositions.

The differences in the quoted T_ values are probably brought

g
about by differences in microstructure and molecular weight,
and the extent of chain branching and cross linking of

the samples under test.

1.9.4 Volatility and diffusion of plasticisers

The loss of plasticisers from poly-vinyl chloride
and vinyl polymers has been measured directly from

experiments conducted in a stream of air74 and under high

105,104,107,108

vacuum. The diffusion of plasticiser

within poly-vinyl chloride samples has also been measured,

07,108

with the sample exposed to high vaouuml or in

direct contact with a second sample with a lower plasticiser

105,106,107

concentration,. The time dependence of plas-

ticiser concentration has been followed by techniques,

such as the variation of refractive index of the compos-

105-107

itions, and the change in intensity of infrared

absorption bands of plasticisers.lo8 Hellwege et al.107
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also measured the concentration gradient by splitting
samples into layers 30-40 p thick. The concentration
of plasticiser was determined for each layer, enabling
the concentration of plasticiser at the surface of the
gsamples to be calculated by extrapolation.

The diffusion of plasticiser to the surface of the
sample, and subsequent evaporation, show a dependence on
the vapour pressure and viscosity of the plasticiser,
103,104

although other factors are glso relevant. Heine

106 giugied the diffusion of diethylhexyl phthalate

et al.
plasticiser between polyvinyl chloride samples. They
came to the conclusion that at the interface there exists
a time and temperature dependent jump in plasticiser con-
contration, which acts as contact resistance for the
diffusing medium. An exact determination of the diffusion
coefficient and the magnitude of the concentration jump
can also be difficult, because of the constant shift of
the interface owing to gelling and shrinkage of the two
samples.

The plasticiser diffusion coefficient rises rapidly
with increasing plasticiser concentration,t002105-108

Because of this strong concentration dependence of the

diffusion coefficient +the materisl tends to seal itself
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against further loss as plasticiser disagppears. Al though
the concentration of diethylhexyl phthalate neaxr the sur-
faces of poly-vinyl chloride samples decreased strongly

during desorption, it was never found, however, to reach

zero.107 Thus the assumption of zero surface concen-

tration put forward by earlier workers 103,104 for the

calculation of the diffusion coefficients may need

108

revision. Luther et al. found that the diffusion co-

efficient is only a little concentration dependent- above

the glass transitions of plasticised compositions, but

shows a large concentration dependence below the transition.
The energy of activation for diffusion of plasticiser

in poly-vinyl chloride decreases with increasing concen-

tration. For example, this energy decreases from 24

1

k.cal .mole — at 10% concentration of triecctyl phosphate

1 105

to 6 k.cal.mole — at 80% concentration.
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PART 2
THEORETICAL

2.1 Diffusion in a Plane Sheet

Diffusion takes place as a result of the random
Brownian jumps of the diffusate molecules, and matter is
transferred from one part of a system to another. If
there is a gradient of chemical potential of thediffusate,
the frequencies of jumps in opposite directions across a
plane at.right angles to the gradient are not equal, and
there is a net flux across the plane.

2.1.1 Laws of diffusion

The mathematical theory of diffusion in isotropic
substances is based on the hypothesis that the isothermal
rate of transfer of diffusing matter through a unit area
of a section is proportional to the gradient of chemical
potential measured normal to the section. The vector

determining the diffusion rate can be chosen as the gradient

of concentration instead of chemical potential,lls’lQO S0
that
_ .p ¢

where R is the isothermal rate of transfer per unit area
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of section, C the concentration of diffusing substance,

x the space co-ordinate measured normal to the section,
and D is the diffusion coefficient. This coefficient is
essential for describing diffusion phenomena, and gives
information on the nature of the transport process. and

on the interaction of the molecules involved. If R and

C are both expressed in terms of the same unit of quantity,
then it is clear from (2.1) thét D is independent of this

1 e.8. cm?sec™t.  The

unit and has dimensions lengthztime"
negative sign in equation (2.1) arises because diffusion
occurs in the direction opposite to that of increasing
concentration.

FProm (2.1) the condition of conservation of mass

yields for constant D

2
oC 0°C
== = D —> , (2.2)
0 ox

which is valid for one-dimensional diffusion. Expressions
(2.1) and (2.2) are sometimes referred to as Fick's first

and second laws of diffusion respectively.

2.1.2 Solutions of diffusion equations (for constant

D).

In this section only the one dimensional problem in

2 medium, bounded by two parallel planes at x = 0 and x = {,
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will be considered for constant D. The solutions apply
to diffusion in a plane sheet membrane so thin that all
the diffusing substance enters through the membrane
surface, and a negligible amount through the edges.

The general boundary conditions for diffusion in a

membrane with thickness, & , are:

C=0at0o<x< £ for t = 0
C=20 atx =0 for t 2 0
¢ =0,atx =L for t 3 0

The relevant boundary conditions for the experimental
arrangements used here are obtained by putting C = Gl =0

or rather 02 >0 Cl.

(a) Steady-state diffusion

For steady-state flow, %% = 0, as the concentration

remains constant at all points of the membrane.

Equation (2.2) then reduces to

2
D-Q--g- = 0 (2.3)
9x

N

On integrating (2.3) twice with respect to x, and intro-
ducing the boundary conditions at x = 0 and x = £, we

have

C =0 + (C, - Cy) 2—‘ | (2.4)
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The rate, R, at which gas emerges from a unit area of

the face x = 0 of the membrane is -D(§F) _ s defined

by (2.1), so that from (2.4)
¢, - C
) = D(-?--Z—-—;l-‘-) (2.5)

X x=0

(@}

R = -D(3
(2.4) and (2.5) imply that the concentration of the pene-
trant changes linearly from 02 to Cl through the sheet,
as required for constant D.

In this practical arrangement, surface concentrations
C, and C; are not determined, but the ingoing (p2) and
the outgoing (pl) gas pressures respectively. The rate
of transfer of diffusate per unit area in the steady

state can then be written as:

- ,Po = P
R =T (-0 (2.6)
L
where P is the permeability coefficient expressed as the

vo lume (cm3) of gas at N.T,P. passing per second through
a uwnit ares (cmz) of the surface of a membrane 1 cm thick,
when the pressure difference across the membrane is 1 cm

Hg. In practice, Py >> Pys S0 that

s_o» 4
P =R -IS-E (2.7)

If D is constant, and the sorption isotherm is linear

in that Henry's law is obeyed, then (2.5) and (2.6) are
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equivalent under these circumstances. The linear

igotherm may be expressed as
¢ = op (2.8)

where the gas concentration C within the membrane is in
equilibrium with a gas pressure p, and ¢ 1s Henry's law
solubility coefficient. Since Cl, g and 02, Po in

(2.5) and (2.6) are connected by (2.8) it follows that:

P = Do (2.9)

2 1

where D is expressed in cm“sec — and o in cm3 N.T.P. per

cm3 of membrane for a pressure of 1 cm Hg.

i'm"bw Gf VO dpl
Expressing the flow rate, R, per unit area)ss g
where Vo is the outgoing gas volume, A the membrane area,

and p; the outgoing pressure, (2.7) becomes:

v dp
s _ Vo 27316 QG
P o= SIS r LT T (2.7a)

where TR is the room temperature, and Vo is expressed in
om’ at N.T.P.

The steady state diffusion coefficient DS can be
calculated from (2.9), by measurement of P from the
steady state flow using (2.7a), and by determination of
the static solubility coefficient O from an equilibrium

(static) technique.
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(v) CTransient state Aiffusion and the 'early

approximation' method

If one face of a gas-free membrane is brought into
contact with penetrent, it will take some time before
the penetrant has crossed the membrane to reach the other
face, and even more time before steady-state flow is
established. Whereas steady-state flow is used for
measuring P, the time lag before the steady state is
reached is a convenient measure of the diffusion coefficient.
An equation was found relating the extrapolated time-
lage L, after which steady-state permeation starts, with
the diffusion coefficient DL and the thickness, L s of
the membrane by solving the general equation’ for uni-

109

dimensional diffusion. For the appropriate boundary

conditions the equation reads:
{2

Dy = T (2.10)
where L, the time lag is the intercept on the time axis
of the linear extrapolation of the line of outgoing
pressure versus time representing steady-state flow.

Barrer,l in particular, has promoted the use of this

equation for calculating the diffusion coefficient DL
of gases. Since P can be calculated from steady-state

flow using (2.7a), the solubility coefficient is easily
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deduced from (2.9). Solubility coefficients determined
by this means are dynamic solubility coefficients,
denoted by Ope

Although Dy, P and op can be determined simultemeously
by the above method, the time lag does not depend on the
precise form of the permeation curve during the transient
preriod. A procedure has been developed for the deter-
mination of the diffusion and solubility coefficients
directly from transient state data, by using the 'early
approximation’ method.llo*llg

A convenient solution of the diffusion equation,
which gives the rate of permeation during the transient

110

reriod, was obtained by Holstein as a transformation

of the expression:
dp Acp D @ 2.2
1 2 n KDt
e ———Z—)El + S 2 cos Am exp §- —e===a! ] (2.,11)
m=1 { 27J .
Holstein's solution when D is constant is:
dp 2Aop
1 2 % 2
= ( >(—?> exp {- (m )(em + 1)° 4 (2.12)

dp
where E?i is the rate of increase of outgoing pressure,

and the remaining symbols have the same significance as

before.
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As t becomes larger the series in (2.11) tends
towards zero. This is the form of equation which is
used to relate the time lag to D. In equation (2.12)
the dimensionless quantity Dt/ig is inverted in the ex-
ponent, so that the series tends towards zero as t tends
towards zero. For sufficiently short times, (2.12) may
be approximated by neglecting all but the leading term in
the series of exponentials. It is convenient to multiply
by t%, and take logarithms on both sides, so that (2.12)

is converted into:

2Aop2
1

1 d 1, 2
n(# 4 = 1wl (=2 @? - &) (2.13)

(o)

Bquation (2.13) is usually referred to as the early approxi-
mation.

By plotting the quantity on the left hand side of
(2.13) against reciprocal time, a straight line should be
obtained, From the slope of this line, the diffusion
coefficient, designated as DE’ can be obtained according

to the relation:

S

slope = - o (2.14)

After Dy has been determined from (2.14), the solubility

coefficient Op can be obtained from the intercept on the

1n(f% dpl) axls which i i by
rE is given by:
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D, 1
Intercept = ln[(QAoEpz) {_7623;5i26v+ TR)% (;E)E] (2.15)
° O -

where the volume of gas is expressed in cm3 at N.T.P.
To obtain the true value of DE from the plot of
(2.13); it is necessary to obtain experimental data at

values of t which are sufficiently small, and not greater

110 This methodhas been
110-112

used to obtain DE values for gaseous diffusion in glass.

than 2.7 times the time lag L.

It was more convenient than the time lag determination,
as long periods of time were required before steady state

flow was established.

2.2 Significance of Diffusion Coefficients in a Binary

Mixture

A binary mixture of species 1 and 2 (gas, ligquid or
solid) can be characterised by five diffusion coefficients
depending on the frame of reference. These are namely,
two intrinsic diffusion coefficients Dl and D2, one mutual
diffusion coefficient Dy, (= D21)’ and two self-diffusion

*
.

coefficients DlEé and D2 The physical significance of

these diffusion coefficients has been discussed in some
de’cail'.llB"ll5

2.2.1 Intrinsic diffusion coefficients

Intrinsic diffusion coefficients, Dl and D2, are

defined in terms of the rate of transfer of species 1



- 50 -

and 2 across a section fixed so that no mass flow occurs
through it. Such a section may be impossible to determine
in practice as the coefficients refer to pure diffusion.
Considering pure diffusion of species 1 and 2 along the
x-coordinate, the origin of the x-coordinate is in a plane
normal to the flow. This section must follow the mass
flow, although this flow is not normally directly observ-
able. The flow densities Rl and 32 of species 1 and 2,
respectively, in the x-direction normal to the section are:
acl

Ry = =Dy 5= and R, = -D, == (2.16)
where Dl, D2, Cl and C2 are respectively the intrinsic
diffusion coefficients and concentrations of species 1
and 2, i weles Pvlumit*mewwi'

2.2.2 Mutual diffusion coefficients

These coefficients D12 and D21 are expressed in terms
of the rate of transfer of species across a section s0
defined that the total volume on either side of it remains
constant as diffusion proceeds. In the particular case
under consideration it is therefore fixed with respect
to the closed containing vessel. We assume that there
1s no overall change of volume of two species 1 and 2 on
mixing at constant pressure. If transport takes place

through a unit area of the section normal to the
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x-~coordinate, a compensating mass flow must occur to
maintain uniform pressure since the flow rates of
species 1 and 2 are usually not equal, The volume
transfer of species 1 and 2 per unit time across a unit

area of the section defined is therefore:

' Gy . ac,

rwakas .
where V1 and V2 are the speeific volumes of species 1 and
2 respectively. As there is no net transfer of volume

across the section, we have:

801 asz
DyoVy 35 + DoyVp 3= = 0 (2.18)
For a unit volume of solution:
V0, + Vy0, = 1 (2.19)

which, following differentiation w.r.t.x., becomes:

004 aC,
vy = + V2 = = 0 (2.20)
Vl and V2 are usually not equal to zero. Therefore,

in order to satisfy (2.18) and (2.20) it follows that
D12 = D21. A combination of mass flow and pure diffusion
can, therefore, be described by one mutual diffusion

coefficient,
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2.2.,3 PSelf-diffusion coefficients

By using radioactively-labelled molecules it is
possible to observe the rate of diffusion of one component
in a two-component system. If we consider g mixture of

=

(nl + nlx) molecules of species 1 (nl~ are labelled

molecules), and n, molecules of species 2, in solution

we have
%
dn n- + n
2 _ 1 L _

o 0 and d(”“ﬁi“"""> =0 .

. any* dnq
On condition that v and =——= are not zero, the pure

= ’ aq. =

diffusion flux R,® can be determined from R,* = -D * ~é§-

® may be determined

and DlE evaluated. It follows that D,
in a similer manner.

2.2.4 Diffusion coefficient relationships

Relationships have been derived between the five
diffusion coefficients described above, on condition that
there is no overall volume change on mixing species 1

20114115 mne mutuel and intrinsic diffusion co-

and 2.
efficients are related in the following way.

On one side of a section fixed so that no mass flow
occurs through it, there is a rate of accumulation of

volume 8V/8t which, according to (2.16) since Ry # Ry is:

20 30
v _ 1 0
5t = D17y ot DoV (2.21)
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As thus defined, %% 1s actually the rate of increase of
volume on the side of smaller x, and this must be equal
to the rate of transfer of total volume by mass flow
through a fixed cross-section. Accordingly the rate of
transfer of species 1 by mass flow is (av/at)cl, and the
total rate of transfer of species 1 is:

~D12o ;;i = -D, g§¥-+ Lo, (2.22)
by equating two expressions for the net rate of transfer
of species 1 through the fixed cross-section. On
substituting for &% from (2.21) and using (2.19) and (2.20)

we have:

Dip = V38D, + V50,0 (2.2%)

and when Vl = V2

Dyp = NyD, + N,Dy (2.24)

where Nl and N2 are mole fractions of species 1 and 2,
respectively.

The relagtion between Dl and Dlﬁ is derived as
follows, The driving force causing diffusion of species
1 is usually assumed proportional to —aul/ax where My is
its chemical potentisl. The total force on all molecules

of species 1 at a point x is then proportional to
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—Cl(aul/ax) and the flux Ry through a unit area is

therefore:

ol
_ —
Ry = ~BCy = (2.25)

As duy = RT 4 In a; substitution in (2.25) gives:

d 1n a oC
L L (2.26)

X
1l dln Cl dx

Rl = -RTB
where By is the intrinsic mobility of species 1, and aq
denotes its activity. Comparing (2.16) and (2.26) we

then have:

Dl = RTBl T (2.27)

On applying the same treatment to the diffusion of
labelled molecules we obtain:

=
d In 2y

D, * (2.28)

1~ = RIB

1 F3
d In Cl

The intrinsic mobility B, i1s the same for both labelled

and unlabelled molecules of species 1. Since

X
d(nl + 1 ) Co dn,
ax - T odax
we must have
=
d In aq o1
< =
d In C. 7

1
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so that

D.¥ = RTB (2.29)

1 1

A comparison of (2.29) and (2.27) then shows that

5 . a4 1n B

1 =D gy emd also Dy =Dyt gmy  (2.30)

which are the desired relagtions between the intrinsic and
self-diffusion coefficients.

It is now possible to derive a relationship between

D and D E, D,E. The Duhem-Margules relationship gives:
12 1 2
o 1In 8y _ ¢ 1In s (2.51)
oln Nl d In N2 )

Also, Cp = Ny/(ViNy + V,N,); Cp = W/ (VyNy + V,N,)
so that

d 1n aq d In aq val + N2V2

d In Ol d In Nl V2

with an analogous expression for species 2. Substitution

of (2.30); (2.31) and (2.32) in (2.23) then gives:

=z g, & 105
Drp = [pDy™ + W0,°) gy (2.33)

2.2.5 Measurement of diffusion coefficients

For liquid, gas or vapour diffusion in a polymer
(species 2, say)s D2 may be considered to be negligible,

so that, over nearly all the composition range, (2.23)
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reduces to:

)

_ 12
D, = ”755;" (2.34)

The steady state permeation rate Rl through a membrane

of unswollen thickness A can be shownrt2 to be:

R = & ﬂ lD (V.C.)> ac (2.35)
1=7% 14V50, 1 .
0
and
R
1 3
X’Eﬁ{ = Dy (V,C5)
o (2.36)
= Dy o(V,,0p)

on substituting
for Dy by means of (2.34). D, can thus be measured from
the slope of a plot of Rl vs. Gl. The self-diffusion
coefficient DlK has also been determined for several
polymers.6
Methods of measurement of diffusion coefficients
under different conditions have been reviewed by Crank and

co—workers}l3’115 For Qiffusion between two ligquids,

the mutusl and self-diffusion coefficients Dy,y Dy™
and sz’ respectively, can be obtained by direct meagsure-
ment. Intrinsic diffusion coefficients Dl and D, can,
however, be calculated from g knowledge of the quantities
in (2.30), as an experimental method of separating

intrinsic diffusion rate and mass flow has not been devised.
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The existence of mass flow accompanying diffusion has
been demonstrated in systems of two metals e.g. Ag-Au
by the insertion of marker particles, whose movement can
be observed. Indeed determingtion of all five diffusion

coefficients has been possible in such systems.

2.3 Classification of Polymer-penetrant Systems in

Diffusion and Solution

Barrer2 was able to classify many polymer-penetrant
systems, from the sgtandpoint of diffusion and solution,

into four main categories, as follows:

2
acl 0 Cl

(1) 55 =Dyp == s

G, = opy (Henry's law obeyed).
0X

Into this cétegory fall the diffusion and solution
of permanent and inert gases in rubber, synthetic
elastomers and often in harder polymers at temperatures
Just below the glass transition Tg. Since the volume
fraction of polymer V202 is gpproximately unity, and
Dy << Dy, it is clear from (2.23) that all measurements
of D, are in fact measurements of the %nfgigsic diffusion
coefficient Dl' Also, at equilibrium E"Tﬁfﬁi =
d ln Py

afjﬁrjzr = 1, and so Dl = Dl from (2.30).
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aCy ;5 aCy
(2) 537 = 5F(Dyp w5 Dyp = £(0)s Oy = opy

This category is well represented by 04 and 05
paraffins diffusing and dissolving in rubber.** D, is
no longer independent of Cl, but Henry's law is still wvalid,

E:3

so that Dl2 = V202D1 and Dl =Dy,

aCy 4 8¢,
(3) == = &=(Dy, 5=)5 Dy, = £(0))5 0 = F(py)

For penetrant-polymer systems in this category,
typified by the sorption and diffusion of heavier hydro-
carbon vapours or chloroform in rubber,59’116 we no
longer have a linear isotherm. Often the isotherm con-
tours can be represented, over g substantial range of
concentrations, by expressions based on the lattice
theory of polymer-penetrant mixtures. Normally
D, << D; and so from (2.23) the relationship Dy, = V0,0
still holds. Experiments of this type are, therefore,
conducted above Tg of the polymer, where there is high

chgin mobility and short relaxstion times.

2c 3¢
1 b=t -@— -—r—:!-- o = —
(4) 5= = F(Po )5 Dpp = £(:0p) ox Dyp = £ (%) x

7]
f2(01)3 Cl = F(Pl)
D12 is not only a function of concentration, but

also time dependent; and Henry's law is not obeyed.

This type of polymer~penetrant system involves the more
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rigid and internally viscous polymers with long relaxstion

105595116 mromples of this are given by the

times.
diffusion and solution of methylene chloride in poly-
styrene, and cellulose acetate; acetone and allyl
chloride in polyvinyl acetate. The process of sorption
on occasions takes place in two distinct stages in which
swelling of the polymer occurs. Taken as a vhole, it
is possible for the two stage process t be represented
as a diffusion with a complex time and concentration
dependence of Dy, (D12 = f(t,Cl)). Slow relaxation
could also take place as a result of past treatments of
the polymer which may be largely independent of the
penetrant, such that Dy, = fl(t) X fZ(CI)'

The four categories of polymer-penetrant mixture
already referred to are not the only possible cases.
Where there is a steady thermal gradient across a membrane
(as in thermo-osmosis6’l2o) or where g membrane consists
of leminae of different polymers, the following cases
may be concerned:
(5) -;%J-‘- = %;5(1)12 —g—;&); Dy, = £(x)5 C) = opy

oC cC
(6) =it = 2 L)

1o ) Dyp = £(x,0p)5 € = F(pq)

Moreover, when thermgl transients are combined with

material diffusion, Dy, in (5) and (6) may also be time
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dependent. Diffusion and solution of penetrants in
laminates have been investigated both theoretically and

42,115, 117-119 e penaviour of partially

experimentally.
oxidised rubber to the diffusion of propane could be
more closely approximated to a three layer compositey

of which the surface layers are the more heavily reacted,
than to a single layer,ll7 Crank115 has also discussed
the effect of surface skins, which form a resistance to

entry or exit from the polymer, on the sorption-desorption

kinetics of vapour-polymer systems.

2.4 Application ofthe Transition State Theory to

Diffusion

Since diffusion is & rate process, it is amenable
to treatment by the transition state theoxry, also known
as the theory of absolute reaction rates.46’121 The
theory is based on the assumption that the reactants
approach one another to form an activated complex, which
is regarded as being situated at the top of a potential
energy barrier lying between the initial and final states.
The rate of reaction is detemmined by the rate at which
these complexes travel over the top of the barrier.

This activated complex was considered by Eyring as an

ordinary molecule possessing all the normal thermodynsmic
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properties, and it is assumed to be in equilibrium with
the reactants, even when the reactants and products are
not.

An expression for the rate constant k' of any

121 in terms of the equilibrium constant

process was derived
K= between the activated complex and the reactants, such

that
k' o= %IK} (2.37)

where k and h are the Boltzman and Planck constants. It
AGF, AH® and I\ s¥ refer to the free energy, heat
content and entropy of activation, respectively, with
reactants and activated complexes in their standard

states, then:

i

AG® = -RT 1n ¥°  and AG® = AFE - 7As®  (2.38)

Substitution of (2.38) in (2.37) then gives

k' = %I'exp(~ é%%:) (2.39)
and
=
k' = %I exp(éég—)exp(— é%%f (2.40)

If A is the jump distance between successive equili-
brium positions of the diffusing molecule, then it has
been shown121 that the diffusion coefficient D is given

by
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D$'= 7\_2}{‘ (2.41)
Therefore combination of (2.40) and (2.41) gives an

expression for D which is:

2 %2 eXp(%Sz) exp (- ) (2.42)

"

D=2

Teking logarithms and differentiating w.r.t.T, (2.42)

becomes

Am*
LoD (2.43)

Similarly from the Arrhenius equation (1.3)

E
s (2.44)
RT

d1ln D
aT

=

Therefore comparing (2.43%) and (2.44) we have

E. = RT + AH® (2.45)

D
which is the relationship between the energy of activation
E, end the heat of activation A H®, By equating (1.3)
and (2.42) and substituting (2.45) we obtain:

D, = ﬁT A2 exp(£§§- ) (2.46)

From the experimentally determined quantities ED and D0
it has therefore been possible +to caloulate AS®, AF

and A G¥, assuming suitable values of the jump distance

22143948 yoiues of ASE determined in this way for

5343444450,122
polymer-penetrant systems are usually large and p051 tive,
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These high values are abttributed by Glasstone et al.lot

to the severing of bonds in the diffusion process.

50 suggested an aglternative explanation in that this

Barrex
phenomenon is due t0 a considerable disturbance of the
polymer matrix adjacent to the penetrant in the formation
of the transition state. This led to Barrer's postulstion
of the Kinetic Statistical theory, also known as the

theoxry of Zone of Activation.

2.5 Diffusion Coefficient according to the Kinetic

Statistical theory (Barrer's Theory of Zone of

Activation)

Barrert2?2025T Lostulated that for a unit diffusion
process to take place in any region of the polymer, an
activation energy must first appear in that region as a
result of thermal energy fluctuations. The chance that
there is a total energy > E in a small region or zone
surrounding the solute molecule and which, including the
solute molecule, contains n degrees of freedom is

P = ﬁgi (3 -1 TT:%TT exp(~ £r)

f=n

i
= %; Py exp(- zm) (2.47)
f=1
. _(E.yf-1 1
where Pf = (RT) -(—f—:i—j-?
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Internal vibrational degrees of freedom normally need not
be considered; because energies of activation are too
small to excite them. If Pf is plotted against £, for
any value of E/RT, a family of curves with maxima is

o7 Representing U as the average energy in the

obtained.
chosen f degrees of freedom, the locus of the maximg
corresponds to E = U = fRT. This most probableg distribution
is not the one of importance in diffusion because the rate
process would then occur with zero value of ED, since

Ehy = B~ U = 0 which is not found. Thus the value of n

in the region need not exceed fmax to include all energy
distributions likely to contribute to a successful unit
process, for all 'colder' than gverage distributions may

be excluded.

If only 'hot' distributions (E > T; Ey > 0) are
considered, the important distributions are decided by two
balancing factors: (1) By = E - U must be as concentrated
as possible to give the most energised zone compatible
with (2) belows (2) there must be an 'a priori! probability
Pr which is as large as possible, bearing (1) in mind.

This means that the optimum zone of activation will have
values of f lying between 1 and £ . (fmaX = %@). In
addition there will normally be need for synchronisation

between segmental rotations and intermolecular vibrations
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within the activated zone, if a successful unit transport
process is to occur within the lifetime of the important
energy fluctuations defined by conditions (1) and (2).
For example, the probability of each of p groups moving
simultaneously in one of m directions is (%)p. Since
various cooperations may be successful, the total probab-
ility of all individual possible chances of co-operation
is the sum of sll individual chances Ppe Pe will be
expected to depend on £, and is < 1.

In general, for different values of £, a spectrum of
terms Py may contribute to the probability of a successful
unit transport process. Therefore the expression for the

diffusion coefficient5’5’45’50’56’57 iss

) T exn(- gp) (2.48)

n
D = v')\zfglpf(%
where f is the number of degrees of freedom over which the
total energy of activation E is divided in any zone, the
summation being taken up to n, n is the number of degrees
of freedom in the largest i.e. the most diffuse zone of
activation contributing appreciably fto D; » is the mean
distance moved in a unit diffusion step; y is the mean
vibration frequency of the diffusing molecule; and Pe has

the form 2. (%‘1—)p as explained previously. If only one

term of the summation in (2.48) is assumed to be important
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(most applicable when E >> (f-1)RT), then (2.48) becomes

) retyT (- Bp) (2.49)

If f for the dominant temm is independent of temperature,

D = pfvhg(%_;

one finds on equating (2.49) to the Arrhenius equav’cion
w

D= DO exp (- -ﬁ%), and using Stirling's approximation for

the factorial, that

Ep = E - (£-1)RT (2.50)
and therefore
Dy = PV hz(%)f—l '(-f_:%—)-.- exp(1-£) (2.51)
oY
5 Ep + (f-l)Rm1
1n D, = In(ppvr9) + (£-1) 1n [ L ]
~(£-1)In(£-1) - % 1n [2x(£-1)] (2.52)

Equation (2.52) was used by Barrer and S]:cix'row‘jr3 to measure
f. By plotting the right hand side of (2.52) against £
for different values of f, one may then read off from
the curve the value of f required to give any experimental
value of 1n Do’ assuning appropriate values for Dposv
and \.

A second approach to the wvalue of £ follows from
(2.50), which shows that

dEq
T = -(£-1)R (2.53)



~ 67 -

provided that £ is independent of temperature T. B

has been regarded as the effective activation energy at
absolute zero temperature and assumed to be independent of
T, but either Do or ED or both may be temperature depen-
dent. Equation (2.53) provides a means of measuring f,
as has been done by Barrer and co--workers43’44 and by

Van Amerongen.5

The measurements of f so deduced corres-
pond to an upper limit only.

According to (2.53)ED has a negative temperature co-
efficient, although from the transition state theory using

(2.45) we haves

ar
ETQ =R + ZSCVX (2.452)

z
where A.CVEE = Qé%ﬂ; is the change of specific heat in

passing to the transition state. Therefore it can be
seen from (2.45a) that a positive temperature coefficient

is predicted for E;, whenever A §¥ is positive.

2.6 Thermodynamics of Polvmer Solutions

The ideal solution law, as embodied in Raoult's law
(i.e. the activity aq of solvent in the solution is equal
to its mole fraction Ni) provides the basis for the treat-
ment of small molecules. Although such solutions seldom
behave ideally over a wide concentration range, the corre-

lation is usuglly adequate to justify adoption of the
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classical ideal solution as a standard for comparison.
Solutions in which the solute is a high molecular weight
polymer exhibit very large deviations from ideality, and
some other relationship is therefore needed.

Considering the isothermal transfer of one mole of
ligquid from a mass of pure solvent of vapour pressure pi
to an infinite amount of solution, where the vapour pressure
of the solvent is Pys the resultant changes in the Gibbs
free energy, heat content and entropy are signified as
the Gibbs free energy of dilution ([&Eﬁ), the heat of
dilution (AH;) and the entropy of dilution (AF)). If

one 1ls justified in ignoring gas imperfections:

_ D
AT, = RT 1n-%- (2.54)
Py

and since A'G'l = Aﬁl - TA'S"l we can also obtain

AT

?‘a(-?—l-)J Az

G

™= = er g 1
AR = UL = - Pty (2.55)

and
2 AT

ATy = ~[—pr=] (2.56)

Therefore A Gy, AH, and AS, may be determined from
the variation with temperature of the vapour pressures of

polymer-penetrant mixtures.
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For solutions of polymers in non-polar liquids,
values of Z&Eﬁ are positive but abnormally large whilst
[&E& values are usually small and positive. The conditions
for ideal solution behgviour are therefore not fulfilled,
and it is now accepted that the deviation is largely due
to the entropy change rather than to the occurrence of a
non-zero heat of dilution.

2.6.1 Entropy of mixing,(l&sm) and dilution (ZSSll

according to the liguid lattice theory

Me;yerl25

suggested that the large entropy of mixing
for athermal polymer solutions was a consequence of the
great number of configurations available to a long flexible
molecule in solution. On the basis of this suggestion,

123,124 126-128 developed independently

Flory and Huggins
the first statistical treatment of the entropy of long
chain molecules. They calculated the number of possible
configurations for s mixture of solvent molecules and
polymer molecules arranged in g lattice, each cell of which
was able to accommodate one solvent molecule, or one
segment of the polymer molecule having a size approximately
equal to that of the solvent molecule. The expression

for the entropy of mixing nq solvent molecules with N,
randomly coiled polymer molecules was found by Flory to

bes
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A X ( ! ) | )
) - - T 1Y) secemeie— b 1] L1 2.57
m 1 n1 + xn2 2 nl + xn2
or

As = ~k[n11n vy + nyln v2] (2.58)

-

where X is the number of segments per polymer molecule,
or the ratio of molar volumes of polymer and solvent,
V2 and V1 respectively. \&1 and vV, are the volume
fractions of solvent and polymer respectively.

By differentiating (2.57) with respect to n, and
mul tiplying by Avogadro’s number N, the expression for

the partial molar entropy of dilution is given by

AT, = -R[1n(1-v,) + (1- L)v,] (2.59)

The result of the more precise treatment of the lattice
128

model given by Huggins iss:
= Z 1 279
AE] = -RlI1n(l-v,) - 5(1 - 2)In(l - —=)] (2.60)

where Z is the lattice coordingtion number. Millerl29

has also applied a rigorous treatment to the lattice
model, and arrived at a similar expression to (2.60).

When x is large, equation (2.59), reduces to:

AT = -R[ln(l-—v2) + v2] (2.61)

which is free from any molecul ar parameter. Therefore
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according to this theory, the entropy of dilution of any
polymer by any liguid should depend only on its volume
fraction.

2.6.2 Free energy and heat of mixing

The heat of mixing can be considered to originate
in the replacement of some of the contacts between like
species in the pure liquids with contacts between unlike
species in the solution. According to the lattice model,
three types of first neighbour contacts, represented by
the self-explanatory symbols, [1,1]1, [2,2], and [1,2]
will occur. The formation of the solution may be likened
to a chemical reaction signified by the stoichiometric

equation:

1,17 + 3[2,2] = [1,2] (2.62)

The change in energy for the formation of an unlike con-

tact pair according to (2.62) is:
- A )
Aw12 = Wy, - 2(w11 + w22) (2.63)

vhere Vi1 Woo and Wy, are the energies associated with

respective contact pairs. The heagt of mixing the two
components is found to be given by:124

AH = kT¥ngv, (2.64)
where A
ZEXWq AX
X, = Al (2.65)
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if the solvent molecule contains % segments instead
of only one. The interaction parameter Xi is a dimen-
sionless quantity characterising the interaction energy
per solvent molecule divided by kT. The quantity kTKl
represents the difference in energy of a solvent molecule
immersed in the pure polymer (v2 ¥ 1) compared with one
surrounded by molecules of its own kind, i.e. in the
pure golvent.

The free energy of mixing, A G, is obtained by

combining (2.58) and (2.64) in:

Total
Ac = AH - TASmO = AHm - TAS,

i

it

kT[nlln vy +nyln v, + Xin1v2] (2.66)

The effect of accepting the configurational entropy of

nixing £;Sm as being equal to the total, or effective,

Total

entropy of mixing ZkSm

is to neglect possible
contributions which may arise from specific interactions
between neighbouring components of the solution. (It
nay also be noted124 that the solvent molecule may consist
of a number of segments, X1 without altering the form
of equation (2.58)).

In the above treatment the interactions have been
considered to lead solely to a heat of mixing, but

130

Guggenheim emphasised that there is no justification
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in not considering a contribution to the entropy from first
neighbour interactions. ZX'W12 of equations (2.63) and

(2.65) may be represented as:
Awlz = Awh - TAWS (2.67)

where ﬁswlg acquires the character of a standard state
free energy change, and Z&wﬁl and A W represent the
changes in heat content and entropy for the process (2.62).
Consequently Xi defined by (2.65) will contain an entropy
contribution (divided by k) in addition to a heat of mixing
term (divided by kT), and the quantity kT)(lnlvz in (2.64)
should be regarded as the standard state free energy
change rather than the heat of mixing only. The form of
the free energy function as expressed by (2.66) is un-
altered by these considerstions, but the revised expressions
for the heat and entropy of mixing are:
AG
AR = T ( ] = ~kT%( Xl)n (2.68)
oT 12

and

dAG 3(¥yT)
5T m] = —k[n in vy + n21n Vo + ——5%-—n1v2] (2.69)

A Sgotal — __[

If ‘A‘le is independent of T, i.e., if A Wy, contains no
entropy contribution, Xl as given by (2.65) will be #n-
versely proportional to T, The third term in (2.69) is
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3x.
then zero, and ASIEOtal = ASm; also )(1 = "T(E'Tl') and

AHm in (2.68) reduces bo the previous expression (2.64).

2.6.3 Free energy and heat of dilution

Differentiation of (2.66) for AG with respect to
nq and multiplication of the result by Avogadro'!'s number,

gives an expression for the free energy of dilution A\.@l:
= 1 2
AT = RI[1n(1-v,) + (1- 2)v, + Xqv,“] (2.70)

If X, varies inversely with T (i.e. if the interaction
contributes an energy only), the first two terms in

(2.70) represent the entropy of dilution A-S'l from (2.59).
Since A@l = —TA§1 + Aﬁl, the last term in (2.70)

then gives an expression for the heat of dilution Aﬁlz
= 2
AHy = RIv,% (2.71)

If 7(1 contains an entropy contribution, the form of AN @1
is unaltered as given by (2.70), but its resolution into
the heat and entropy of dilution is carried out by differ-
entiating (2.68) and (2.69) w.r.t.n, and multiplying by

Avogadro's number, so that

- ax.
AT = -RTP(5t)v,° (2.72)

20, T)
and A?S"l = -R[ln(l—vz) + (1- }-J‘E)v‘2 + O;% v22] (2.73)
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For the case where only dispersiow .bbrces are sig-

nificant, Hildebrand et al.tot

expregsed the heat of
dilution A;ﬁi in terms of the cohesive energy densities
(%) of the components as:

E

- 1% E, 2
AH = [(VI - (V =) ] ViV, | (2.74)

where V, is the molar volume of component 1 (solvent).
The cohesive energy density (C.E.D.) is defined as the
ratio of the molar energy of vaporisation to its molar
volume, and is a measure of the cohesion per unit volume.
Its square root (%)% is called the solubility parameter};.

Hildebrand et a1l.l3t

have shown that the solubility
of many non-polar solutes in non-polar solvents can be
satisfactorily accounted for by this method. The C.E.D.
of a polymer can also be estimated by determining the
equilibrium swelling of a slightly cross-linked analogue
(such as lightly vulcanised rubber) in various solvents
and correlating with the C.E.D. of the solvent. 2 In
general, polymer-liquid systems do not follow (2.74)
quantitatively, in which case it has sgimply been assumed

that C&ﬁa .cvgz, Vs being the volume fraction of polymer.

2.6.4 Swelling of polymer networks

A cross-linked polymer placed in g non-polar liquid

may absorb a large quantity of the liquid, but constraints
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of the three dimensional network of chains prevent
migceibility in all proportions. Therefore, only limited
swelling will occur. The relationship of the equilibrium
swelling to the Xi value for this system has been
developed by Flory et al.153’134 When it is considered
that the network swells until the partial molar free
energy of elastic stretching is equal to the free energy
of dilution by (2.70) assuming an infinite value of x,

it is clear that at equilibrium one needs only to equate
the expression for these two quantities. The mathe-
matical formulation of this reasoning leads to the following

eq‘uation:l34

2 V1 | QMC %

~l1n(i-vy ) + v + Xqve, ) = (gﬁf)(l - ) (Vo - &) (2.75)
: c

where Vom is the volume fraction of polymer at swelling
equilibrium; v is the specific volume of pure polymer;
Mc is the average molecular weight between cross 1ink2&
M is the primary molecular weight. The factor (1 - —ﬁg)
expresses the correction for network imperfections resulting
from chain ends. For a perfect network (M = o) it
reduces to unity. The left-hand side of (2.75) represents
the lowering of the partial molar free energy owing to

dilution of polymer by the solvent; +that on the right

gives the increase from the elastic reaction of the network.
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Por networks of vexry low degrees of cross linking

in good solvents, (2.75) can be approximated and re-

arranged to give:l%’l34 1
2 ViVom
1n(1~v2m) * Vo XiVZm + ~$Ef— =0 (2.76)
c

Direct determination of M, in (2.76) is usually not
possible, but it may be determined approximately from
swelling measurements in a liquid vhose Xl value with the
non-cross-linked polymer is known from osmotic pressure
measurements. If it is assumed that Xi is the same in
both polymer systems, Mc can then be determined.

Swelling measurements in other liguids with the cross-
linked polymer, thus calibrated, leads at once to the
approximate Xi values for these systems. This method
has been used for various liquids, including plasticisers,
with slightly cross-linked polyvinyl chloride135 and
polystyrene.136

2.6.5 Limitations of the lattice treatment

The acceptance of a single lattice to characterise
both solvent and polymer and all intermediate compositions
is seldom justified by the spatial requirements of the
species involved. Compared with the physical unrealities

of the model, mathematical approximations for simplifying
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the treatment appear to be of little significance.124

Derivation of lA.Sm in (2.57) assumes random mixing,
glthough this cannot be strictly so, unless Z&Hﬁ = 0

with no specific attractions between unlike species.

Owing to the discontinuous nature of very dilute polymer
solutions the thermodynamic expressions for AsHm and

ZkSm are inapplicable in principle at high dilutions,
apart from the question of the validity of the lattice
model. These relations are appropriate in general ohly*
at concentrations where the randomly coiled molecules
overlap one another extensively. For crystalline polymers
the free energy change involved in dissolution of the
crystals by the solvent must be taken into account.

Often crystalline polymers are appreciably soluble (much
below their melting points) only in solvents which have
some specific interaction with them, other than dispersion
forces. Equation (2.70) predicts that the parameter

Xl is independent of concentration, but this is usually
found not to be the case except for the rubber-benzene

124 ARy
The quentity -——s= according to (2.74) should

V2
also be constant, but generally it increases with

system.

increasing Voo
Deviations of AH; and AT, from theory are to

some extent mutually compensating, so that the expression
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for Z&@ﬁ often affords a considerably better working
approximation than either (2.59) for Z&ﬁi or (2.71) for
[&ﬁﬁ. Only approximate values of Xi can be determined
by the convenient swelling method described in section
2.6.4, owing to limitations of the theory and the cali-
bration technique. However there is little doubt that
various solvents can be classified in order of solvent

power with respect to a given polymer by this means.

2.7 Glass Transition Relationships for Polymer-diluent

Systems

At the glass temperature chain segments of polymer
molecules begin to participate more, as units, in the
genergl kinetic agitation. The coefficient of thermal
expansion @ also increases sharply atfré. These two
facts taken together suggest a close connection between
the glass trensition end the free volume of polymer. It
is clear that any factor which controls the free volume
of a polymer at constant temperature affects the value of
Tg.

According to Meares,”? the addition of even a small
amount of liquid to a polymer has a large effect on the
total free volume in the polymer phase and T, is con-

140 €

sidergbly reduced. Jenckel and Heusch examined the
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transition behaviour of polystyrene and polymethyl
methacrylate mixed with varying proportions of a wide

range of liquids. When the diluent itself formed a glass
at a temperature TgI, the mixtures were studied over the
whole range of composition from pure polymer to pure
diluent. In such cases T _ of the mixture can be expressed

g
as:

b(T -7 ) (2.77)

7 + wngl + w2wl g2 gl

g = M27g,
where Wy and W, are the weight fractions of diluent and
polymer respectively, ng the glass temperature of pure
polymer and b an empirical parameter for each system.

By postulating that the free volumes of the separated
polymer and diluent are additive in the mixture, and that
the free volume fraction has a critical value dg which
is the same for the pure polymer, the diluent and their
mixtures at their respective glass temperatures, Kelley
and Bueche139 derived a relation between Tg and composition.
The latter is most conveniently expressed in terms of the
volume fractions of polymer 2 and diluent V-

The free volume fraction #(T) in a polymer at a
temperature T, above T_ , has been expressed in g linear

&p
form59’l4l:
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A(T) =4, + Day(T - ng) (2.78)

where ﬂé is the free volume fraction at the glass trans-
ition. Z&tmz is the difference between the coefficients

of themmal expansion above and below T,. ﬁg has been

thought to have the universal value 0.025 for all

141 According to eq.(2.78) the free volume

3

polymers.

of polymer at the glass tempera-

ture T_ of the mixture of polymer and diluent i8139:

g

%2 associated with v,om

go = vold, + A az(Tg-ng)? (2.79)

Similaxrly for vlcm3 of the diluent the free volume ﬁi is:

A = vildy + ag (T - T )] (2.80)

since for a simple liquid the whole of +the thermal
expansion Qq may to a first approximation be regarded as
contributing extra free volume. Thus for 1 cm3 of the
mixture the free volume fraction at T, 1.e. ﬁg is given
by (;51 + #,). Hence, by adding egs.(2.79) and (2.80)

and rearranging one obtains:

v2Tg Z&a2 + vng oy
T o= 2 L (2.81)
g Vo Llaé + Vl“l .

By substituting suitable values of the quantities ¢A.a2,ml
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and T, , Kelley and Bueche'®? showed that eq.(2.81)

1
gave a good representation of the variation of Tg with
composition of the systems polystyrene + diethyl benzene

and polymethyl methacrylate + diethyl phthalate.
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PART 3

EXPERIMENTAT

MATERIALS, APPARATUS AND EXPERIMENTAL TECHNIQUES

3.1 Polyvinyl Chloride sheets

Polyvinyl chloride sheets of known plasticiser content
were supplied by the Plastics Division of I.C.I. Ltd.
All sheets were prepared from the same polymer Corviq
D65/6 which was obtained by suspension polymerisation
using peroxides as free radicgl cgtalysts. The polymer,
in the form of powder, was reported to have a purity of at
least 99% after the polymerisation process. The powdered
polymer was well mixed with gppropriate smounts of
stabilisers (cadmium stearate and stearic acid) and plas-
ticiser (tricresyl phosphate), and the sheets were pre-
rared in their final form by calendering at about 120°¢.

Information supplied by I.C.I. concerning the
formulation of the sheets and other details which were

megsured or calculagted are:
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Constituents Parts by weight

Coxrvic D65/6 poly~ |

ner 100
Cadmium stearate 2
Stearic acid 0.2

Tricresyl phosphate| variable as
below

Permegtion Membranes

Polyvinyl Parts by Volume Average
chloride weight of fraction thlcknesg
sheet tricresyl vy of trid(cm x 10¢)
phosphate cresyl
phosphate

Jl 0 0.0 3.36

J2 0 0.0 ‘3.44

H 10 0.107 8.57

G 20 0.194 3.2

F 40 0.325 7.95

= 60 0.419 7.6

average density of unplasticised polyvinyl chloride mem-—
brane: 1.40 (g/cc)
average density of tricresyl phosphate plasticiser at

20°¢: 1.16 (g/cc)
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3.2 @as Samples

Hydrogen, nitrogen, helium and neon were used for
permeation, solubility and calibration work. Each gas
was supplied in a litre glass cylinder with a break-seal
from the British Oxygen Co. Litd. Hydrogen and nitrogen
were reported to be pure and helium and neon spectrally

pure .

3.3 General description of apparatus

The apparatus for permeation and for direct solubility
measvrements, shown diagramatically in Fig.3-1l, consists
of three main sections, namely, the pumping system, the
permeation system and the solubility system. Pyrex glass
was used in its construction and all taps were lubricated
with Apiezon N high vacuum grease.

3.3.1 The pumping gsystem

The pumping system is shown in the left hand side of
Fig.3-1. The apparatus was evacuated to better than
lO"6 cm of Hg by means of a two-stage mercury diffusion
pump backed with an Edward's Speedivac rotary oil pump.
Wherever practicable, large bore tubing was used in this
section in order to facilitate out-gassing of the permeation

and solubility systems. In case of a power failure, oil

sucked into the system from the rotary pump was contained
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in the oil trap. The cold trap, partielly immersed in
liquid nitrogen, served to prevent any condensable vapours
from contamingting the pumps; and also to prevent uncon-
densed mercuxy vapour from the mercury diffusion pump
entering other parts of the system. A by-pass enabled
air or other gases to be admitted to the main system
without involving the mercury diffusion pump. The buffer
volume between the o0il pump and mercury diffusion pump
enabled the latter to operate if the oil pump was other-
wise engaged.

3.3.2 The permeation system

The permeation system, shown in the central part of
Fig.3-1, consists of an ingoing buffer volume of 1-litre
capacity, a manometer, a diffusion cell (containing the
membrane) immersed in a thermostat, a McLeod gauge and
a variable outgoing volume. The stainless steel diffusion
cell (see Pig.3~2) is circular in cross section and
contains the plane sheet membrane clamped in g holder
shown in PFig.3-3. A similar arrangement was used by
Barrerl and later by other workers in this field.

(2) The membrane holder

The membrane holder and the manner in which the
membrane M was held is shown in PFig.3-3. The holder

consists of two circular steel plates,.Pl, P2, which were
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joined together by a series of screws S with the membrane
clamped between them. The screws S were tightened as

much as possible without causing the membrane to distort in .
the central hole. With the rigid membranes (generally,
the lower plasticiser contents) it was not possible to
clamp them directly between the plates as a good vacuunm
seal was not attainable. Natural rubber O-rings whose
central hole was the same as that of plates Pl’ P2 were
prepared, extracted with acetone for several hours and
thoroughly oﬁt—gassed under high vacuun. The O-rings were
then positioned on each side of the membrane and the
central holes in both the O-rings and plates P,, P, were
made to coincide before clamping together the arrangement.
With the membrane in position, the second series of screws
Sl was screwed through the top plate Pl until they lightly
touched the bottom plate P,5 thus ensuring that the
distance of separation of the plates remained constant

once the membrane had been clamped. To minimise distortion
by the high ingoing pressure, the membrane was supported
on the outgoing side by a copper gauze (lower side in
Fig.3-3) held horizontally by a steel disc D. The area
of the membrane into which the gas diffused was determined
by measuring the diameter of the aperture of the plates

Pi» P, or rubber O-rings by means of a travelling microscope.
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(b) The diffusion cell

The cell consists of four parts, namely, the outer
cup D, the flanged parts Fl and F2 between which the
plates Pl’ P2 were held, and a set of steel ball bearings
R fixed loosely on a steel ring (see Pig.3-2). Neoprene
O-rings were extracted with acetone, out-gassed and
mounted between the holder Pl’ P2 and flanges Fl, F2 of
the diffusion cell to ensure a mercury tight seal. With
the holder Pl’ P2 and flanges Fl’ F2 aligned the cell was
assembled by screwing the outer casing D until it was
sufficiently tight. Mercury poured into the holes N in
flange Fl occupied the annular space below Fl as well as
the cup above the holes, thus creating a gas-tight seal.
The entire cell was lowered into a cylindrical glass
vessel and allowed to rest fimly on a support made from
cork rings. The glass cylinder was immersed in a water
thermostat and the connection to the permeation apparatus
was made through Kovar-pyrex glass seals X, the Kovar
alloy being silver soldered to the cell at P. To
eliminate any small leakage of gas through the above seals,
the adhesive 'Araldite!' was applied at these positions.,
The space between the diffusion cell and the end of the
glass cylinder was loosely packed with cotton wool to

minimise convection currents.
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3.3.3 The solubility system

Since the solubility of permament and inert gases
in rigid polymers is frequently small it is impracticable
to measure volumetrically the gas sorbed by a small
polymer sample. The basis of the experimental method was
to establish equilibrium between the polymer sample at a
known temperature and a gas phase of known pressure, to
sweep away the gas phase by surrounding the sample with
mercury and finally to desorb the gas from the sample into
a known volume and determine its pressure and temperature.

The solubility system is similar to that used by
Meare39 and Stuart et a1.65 and is shown on the right hand
side of Pig.3-1. The solubility cell is shown in detail
in Fig.3~4., and is connected to the McLeod gauge, manometer
and gas burette by a 2-way right angled tap, T6. T6
enables the polymer sample to be connected to either the
McLeod gauge or the manometer but not both at the same
time, The polymer sample consisted of one or two polymer
sheets of approximate dimensions 2.5 cm by 6 cm. Its
volume was accurately determined from its weight and
density. The sheets were suspended on a glass rod frame-
work and tightly positioned between glass hooks to prevent
movement. The framework was placed inside the cell which

was then immersed in the thermostat as far as the cone
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and socket joint.  The mercury reservoir R (Fig.3-4)
enables the polymer sample to be immersed in mercury at
will.

3.3.4 The McLeod gauge

The McLeod gauge used in measuring the outgoing
pressure of the diffusion system and the desorption pressure
of the solubility system has a pressure range of 10"6 cm
Hg to about 2 x 1071 cem Hg. In the actual experiments
the upper 1imit of pressure was normally not greater than

10~°

cnm.Hg. The capillary stems of the gauge were made
from Veridig tubings of 2 mm. diameter. The closed stem
was so constructed that the end was at right angles to the
length of the bore.

The determmination of the cross sectional area,a of
the bore throughout the length of the closed stem was
achieved by measurement with a cathetometer of lengths of
known weights of mercury. A reference mark corresponding
to the top of the closed stem was etched on the other
capillary. The outgoing pressure was measured by raising
the mercury meniscus to the fixed reference mark and
measuring the difference in mercury heights in the two
capillary stems i.e., the length of the enclosed gas colum .Q,

Since the bore of the closed stem was sufficiently uniform;

it is then possible to apply a square root relationship
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such that the outgoing pressure p, is given by:

p, =347
where V is the total volume of the gauge and equal to
266.5 cmS. The ratio % was found to be egual to
1.184 x 10”4 om™T.

3.3.5 [Thermostat

The water thermostat was employed for work requiring
controlled temperatures between 0°c and 85°C. The bath
consisted of a large cylindrical Dewar vessel (7% inch
diameter and 144 inch height) with unsilvered strips on
opposite sides to facilitate observation of objects in
the bath. Temperature control was maintgined by means of
a 100 W heater operated by a 'Sunvic' relay, keeping bath
temperatures to * 0.05°¢C. Efficient stirring was always
maintained to ensure an even temperature throughout the
bath.

Between 0°C and room tempergture cold water was cir-
culated through a copper coil immersed in the bath contents
and temperature control was maintained as before. For
a temperature of 0°C the Dewar was partiglly filled with
smgll pieces of ice. The stirrer was enclosed in a metal
gauze which ensured a continuous circulation of the water
present, The water was maintained at constant temperature
by the ice and no other form of temperature control was

necessary.
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3.4 Calibration of Apparatus

3.4.1 The permeation system:‘ determinagtion of Vo

The outgoing wvolune, Vo’ on the low pressure side of
the apparatus is defined in Fig.3-1 by the volume enclosed
between the tap Tl and the diffusion cell with tap T4
closed. VO was capable of variation from 0.5 to 1.5
litres as determined by the flow rate. V, was calibrated
by pressure drop on expansion measurements against the
standard volume of the McLeod gauge using nitrogen gas.
Permeation through the membrane in the short period between
successive pressure readings was considered negligible,.
The error caused by the thermostat temperature varying
the feffective volume! of the outgoing system was also not
significant.

3.4,2 The solubility system: determination of Vd

It is necessary to determine the volume, Vd’ of the
desorption system as defined in Fig.3-1 by the volume
enclosed between tap Tl and the etched mark M of the
solubility cell (see Fig.3-4) with tap Ty closed. Tap Tg
was turned to connect the McLeod gauge and the solubility
cell and before calibration mercury from R was railsed to
the reference mark M. The volume Vd was determined in a
similar manner to that of V, from the standard volume of

the McLeod gauge by expansion measurements using helium
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gas. As the pressure of the helium did not exceed

10™2

e Hgy, a negligible amount of gas was sorbed by the
polymer in the short ftime it was exposed between two

guccessive pressure readings.

3.5 Experimental Technigues

3.5.1 Permeagtion experiment

Before each permeation run the membrane was maintained
at the experimental temperature for not less than 12 hours.
Normally out-gassing was carried out at this temperature
although effected more easily at a higher temperature.

The membranes were also not subjected to a rate of
temperature change of greater than 1.0°C/hour. Complete
out-gassing of the membranes with the lower plasticiser
contents was of the order of weeks, so that the out-gassing
rate sometimes became significant when measuring a low
gas permeation rate. The outgassing rate was normally
measured on the outgoing side by the McLeod gauge (with
Ty and T, closed) before commencing an experiment. This
pressure rise with time did not exceed one tenth of the
steady~-state rate of increase of outgoing pressure g%i
of permeating gas during an experiment, but warranted a
correction being applied for it.

With T, closed (see Fig.3-1) a charge of gas was
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introduced via T3 into the ingoing side of the permeation
systenm. The 1 litre buffer volume served to avoid
fluctuations in the ingoing pressure Po- Tl was then
closed and almost immediatly afterwards the permeation
experiment was started by opening T2, using a stop watch
to record the time. Outgoing pressure 123 measurements
were made at . suitable time intervals using the McLeod
gauge. The average values of the ingoing pressure Ps
and the room temperature TR in °C were determined over a
regular time interval during the permeation experiment.

A plot of outgoing pressure Py Vs time t gave, as explained
in sections 2.1.2(a) and (b), the time lag I and the

steady-state rate of increase of outgoing pressure %%l .

L and ggl can be obtained by gpplication of the method of
least squares to the Py Vs. t data, It waé then possible
to determine the permeability coefficient P, the transient-
state diffusion coefficient QL and the dynamic solubility
coefficient Sp from one and the same experiment using
equations (2.7a), (2.10) and (2.9) respectively.

The transient state data of outgoing pressure Py Vs.
time t could be treated by the early approximation method
provided that sufficient data was obtained in this region

of diffusion. As explained in section 2.1.2(b),

1 dp
following eq.(2.13) a plot of log (%3 E?l) against % gave
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a straight line from whose slope and intercept, as given

by eq.(2.14) and (2.15) respectively, Dy and oy were
deduced, Values of g%i were obtained from tangents

drawn to the Py Vs, t curve at sppropriately small t values.

' 3,5.2 Equilibrium solubility measurement

After the whole apparatus had been thoroughly out-
gassed by prolonged pumping, T6 wes connected to the
appropriate gas supply (see Fig.3-1) and equilibrium
established between the polymer and gas at a pressure Pys
measured by observing the manometer with T7 closed. By
operating T8 mergury in R was raised until its height
above the sample was greater than the equilibrating
pressure pg to prevent loss of sorbed gas under vacuo
(applied later). With Ty and T5 closed, T, was turned
to connect the cell with the McLeod gauge and the pumps
through Tl and the excess gas was pumped away. At high
equilibrating pressures tiny gas bubbles were sometimes
trapped between the mercury and the walls of the glass
cell and possibly also between the mercury and polymer
al though these were not visible. To remove this trapped
gas before commencing desorption the following procedure
was adopted. By operating tap T8 as rapidly as possible,
the mercury was lowered below the mark M and rgised again

until it was at its former height sbove the sample.
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A stop watch was started when the mercury was half way
down the polymer sample and stopped when it was half way
up ageain. This gave the mean time for which the specimen
was uncovered during this re-sweeping procedure and the
time varied between 4 and 5 seconds.

The apparatus was then set for desorption by closing
Ty and the mercury was lowered through the cell to the
mark M. The dissolved gas was allowed to desorb from the
polymer into the McLeod gauge. The rate of desorption
with time was recorded together with the room temperature
TR(OC) until the final pressure py was attained.  The
amount of gas remaining in the polymer was negligible.

The volume (NTP) V. of gas desorbed at thermostat.

temperature is given by

. 27%.16 pdVd
S T 76(273.16 + T

R)

This can be corrected for the amount of gas lost from

the specimen during the re-gsweeping procedure by appro-
priate solution of the diffusion equation given by Jost144
and applied to this situation by Meares.9 Treating the
polymer sample approximately as an infinite slab and,

if &, is the difference between unity and the ratio of

q
the amount desorbed at time t, Qi yto that at infinite
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time ,Qo ’ then144:

oo
\ 2

Q ‘ (2n+l )®
(l - -Q-;s-) = 8q = %Z r-ﬁn—i'_i_-yz exp[— z ‘& } D't]
n=0 :

where 4{ is the thickness of the sample. For short

times the abewe equation reduces to H
U Dt %
T = (1 - 8q) = F(Z)?
7, i

Using an appropriate value of the transient state diffusion
coefficient DL’ it is therefore possible to estimate the
loss of sorbed gas during the re-sweeping period +.

The static solubility coefficient Oy is given by

A
~ B . :
Oy = 5;7 where V is the volume of the sample. At a given

thermostat temperature a series of VS and Pg megsurements
was obtained and from the isothemm of ;ﬁ VS. Py the
average static solubility coefficient oy was deduced from
the slope. This procedure was repeated to obtain Oy

at various temperatures of the polymer.

5.6 Accuracy of Measurements

In order to compute the permeability, diffusion and
solubility coefficients, it is necessary to measure the
following basic variables with the accuracy stated.

Absolute accuracy is, however, difficult to determine.
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(1) Dimensions of the polymer sheet.

The thickness was measured with a micro-meter screw
gauge reading to 0.001 cm. The mean value used in the
calculation was for at least 20 measurements and was
found to have a maximum spread of ¥ 2%. The area of
the permeation membrane was assumed to be the same as that
of the opening of the membrane holder. A cathetometer
was used to measure the diameter of the opening. The
error in the area of the membrane was estimated to be
about 1%.

(2) McLeod gauge.

The spread of points giving the pressure Py in the
plots of pressure vs. time was reasonably good.

(3) Volumes V, and vd

These were determined from the known cut-off volume
of the MclLeod gauge by expansion measurements. The
reproducibility was about I 1%. Variation of the
'effective volume! with the thermostat temperature was
too small to be significant.

(4) Pressures p, and p

These were recorded to 0.02 cm by reading on a glass
scale the height of the mercury meniscus in a wide bore
nanometer. The meximum variation of the pressure was

less than 1% and average values were used.
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(5) Room temperature Tp.

The average value over the time of the experiment
was used and the temperature did not fluctuate by more
than 2%.

(6) Themostat temperature.

The required temperature was maintained within * 0.05°¢
during an experiment.

The correction for the sbrbed gas lost from the
polymer during the re-sweeping procedure (solubility
apparatus) was probably accurate to about ¥ 10%, and the
uncertainty created in the final solubility was about
I o4, ©No account has been taken of the coefficient of
thermal expansion of the polymer. It may be stated,

in conclusion, that the accuracy of the reported data is

of the order of I 5%.
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PART 4

RESULTS AND DISCUSSION

4.1 Permeability, Diffusion and Solubility Coefficients

The experimental data for permeation, diffusion and

solution are tabulated and presented in this section

(4.1).

The section is further subdivided into four, the

first two being concerned with data from permeztion

experiments and the remaining two with the static solu-

bility data. An explanation of the symbols used is as

follows:

temperature (°C) of permeation experiment.
ingoing pressure (cm Hg).

time lag (minutes).

transient-state diffusion coefficient (cmesec"l)
deduced by the time lag method.

transient-state diffusion coefficient (cmzsec‘l)

deduced by the early agpproximation method.

steady-state diffusion coefficient (cm2sec*l)

permeability coefficient in cc NTP/sec/cm> area/
cm thickness/cm Hg.
dynamic solubility coefficient (cm> NTP/em of

polymer/cm Hg gas pressure).



[0}

<§! m<§

- 104 -

dynamic solubility coefficient deduced by the

early approximation method (in same units as OD)

= static solubility coefficient (in same units as

op and OE).

= temperature (°C) of static solubility experiment.

equilibrium pressure (cm Hg) of gas in static

experiments.,

volume (NTP) of gas desorbed per unit volume of

polymer after application of equilibrium pressure

Pg

Polyvinyl chloridg J H G F E
sheet

Volume fraction
plasticiser Vy 0.0 0.107 0.194 0.325 0.419
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4,1.1 Hydrogen data from permeation exveriments
TABLE 4-1 Sheet J1
S B I 71010 | p.x107 %107 | o107 | opx10”
1| 0.0 (34.51({53.4]0.710 ; 0.587 1.21
2 114.0 {28.95 | 46.9} 1.27 0.669 0.681 1.89 1.58
3 124.0 {24.3%4 | 42,3 ] 1.83 0.741 2.47
4 134.,0 118.69 | 38.9 | 2.57 0.806 3.19
5 13%4.0 {118.26 } 36.01 2.53 0.871 0.905 2.90 2.30
6 |44.0 |15.51 | 27.5| 3.41 1.14 2.99
7 154.0 {14.01 | 17.4 1} 4.13 1.80 1.60 2.29 2.35
8 164.0 12.64 | 14.5] 5.38 2.16 2.08 2.49 2.37
9 {74.0 {11.52 {10.5| 7.20 2.99 2.76 2.41 2.33
10 184.2 {10.51 7.41 9.83 4.24 2.32
11 {54.0 |13.53 | 17.0 | 3.85 1.85 2.09
12 |44.1 {16.82 | 20.6 | 2.74 1.52 1.80
1% 134.1 {25.06 | 23.3{ 2.06 1.35 1.23 1.53 1.49
14 (24,1 |30.62 | 26.3]1.40 1.19 1.12 1.17 1.13
15 |54.0 {16.57 | 17.9 | 3.79 1.75 1.65 2.17 2.08
16 |64.0 |14.51 |15.5{ 5.01 2.02 1.91 2.48 2.48
17 |69.0 |13.26 {14.4] 5.79 2.18 2.66
18 174.2 {12.07 {11.51 6.61 2.73 2.43
19 }78.8 110.98 | 9.5 7.60 3.30 2.30
20 {84.0 |11.27}| T7.4]9.32 4.24 2.20

N.B. Runs 1-10 are for increasing temperature from 0%c¢.

The sheet was annealed at 87°C and runs 11-20 were performed.
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TABLE 4-2 Sheet H
T b, | L |Ex10'® |px10” | Dyxi0” |opx10” | ox10”
' 23.0 |32.80 [86.7 | 1.96 | 2.35 | 2.07 | 0.834 | 0.899
28.0 | 29.67 | 80.5 | 2.35 | 2.53 0.927
32,0 | 26.85 |76.1 | 2.69 | 2.68 | 2.38 | 1.00 | 1.04
37.0 | 21.82 | 73.9 | 3.17 | 2.76 1.15
37.0 | 24.20 | 72.5 | 3.30 | 2.82 | 2.56 | 1.17 | 1.12
42.0 | 19.56 | 68.8 | 3.73 | 2.97 | 2.74 | 1.26 | 1.27
47.0 |16.33 [64.1 | 4.35 | 3.18 | 3.14 | 1.37 | 1.25
53.0 | 14.76 |58.5 | 5.63 | 3.49 | 3.76 | 1.61 | 1.32
58.0 |13.31 | 46.4 | 6.62 | 4.40 1.51
63.0 |12.07 36.9 | 7.84 | 5.53 | 5.05 | 1.42 | 1.37
68.0 10.92 |29.6 | 9.30 | 6.89 | 6.12 | 1.35 | 1.36
72.0 |10.43 [25.4 | 9.78 | 8.03 | 7.07 | 1.22 | 1.36
TABLE 4-3 Sheet F1
m b, | & |Px10%0 | D x10° |oxi0%
20.0 [16.07 [ 21.6 [ 3.76 | 0.803 | 4.68
24.0 | 4.16 |19 | 4.66 | 0.912 | 5.10
24.0 |16.60 | 19.5 | 4.51 | 0.889 | 5.16
24.0 |17.02 |19.8 | 4.52 | 0.876 | 5.16
28.0 |16.43 [17.5 | 5.72 | 0.991 | 5.77
32.0 | 13.70 | 15.8 | 6.62 | 1.10 | 6.04
37.0 | 11.37 [ 11.9 | 8.04 | 1.46 | 5.52
4.0 {14.84 | 9.7 | 9.37 | 1.79 | 5.24
45.0 [11.23 | 8.2 [10.3 | 2.11 | 4.89
49.0 | 10.60 | 6.8 |11.9 | 2.55 | 4.65
53.0 [10.90 | 5.5 |13.5 | 3.15 | 4.28
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TABLE 4-4 Sheet B

T Do L Bx1010 DLX106 DEX].O6 ODX]_O4 oExlOA'
0.0 | 32.90 {40.7 1.79 0.394 0.330 4.55 4.96

6.1 |31.78 [29.4 2.94 0.546 5.40

7.5 126.46 |27.4 3.42 0.586 0.554 5.83 5.12
11.0 | 24.21 {21.5 4,28 0.746 0.667 5.74 5.92
12.0 }12%.80 }19.5 4,11 0.823 0.717 5.00 5.20
14.0 [ 20.49 |15.3 4,96 1.05 0.858 4.73 5.44
17.0 118.67 |11.6 5.72 | 1.38 1.00 4.13 5.69
20.0 {15.24 9.5 6.36 1.69 3.77
20.0°18.66 | 9.8 | 6.01 | 1.65 3.66

23.0 116.92 7.5 7.07 - 2.14 3.30

26.0 [15.38 5.9 7.98 2.72 2.93
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4.1.2 Neon data from permeation experiments

TABLE 4-5 Sheet J1
Run | T P, 1 |Px10tl §D1x108 ' opx10%
1 }34.0 {34.87 [49.0 | %.87 6.40 6.05
2 41.0 131.45 | 45.8 5.27 6.85 7.69
3 | 47.9 {33.91 {42.0 | 7.00 747 9.38
4 154.0 {30.43 |38.8 ] 8.78 8.08 110.9
5 62.2 |27.47 125.4 110.8 12.4 8.73
6 67.0 {27.97 |19.7 {12.0 15.9 7.54
7 | 71.9 126.49 |17.7 |12.2 17.7 6.91
8 75.9 [ 27.88 |16.8 | 13.4 18.7 7.18
9 79.7 125.24 {16.1 |16.0 19.5 8.22
10 8%.9 122.93 {15.2 | 19.1 20.6 9.25
11 | 66.8 129.54 {19.7 | 10.5 15.9 6.62
12 60.C [ 26.68 | 25.9 8.91 12.1 7.36
13 | 54.0 {31.04 |35.5 | 7.46 8.83 8.44
14 |48.0 128,09 |37.2 | 6.24 8.45 7.40
15 41,0 129.94 | 39.0 4.92 8.04 6.12
16 | 34.0 {34.79 | 40.9 | 3.86 7.67 5.03
17 | 34.1 |31.46 {40.9 | 3.79 7.67 4,95
18 |{51.0 [28.27 1 36.6 | 6.70 8.57 7.82
19 |63.0 |25.76 { 23,2} 9.71 [13.5 7.18
20 | 72.0 |25.68 !17.7 |12.3 17.7 6.92
21 80.0 |23.26 | 16.0 | 16.3 19.6 8.31
N.B. Runs 1-10 are for increasing temperature from 3406.

The sheet was annealed at 85°C and runs 11-21 were performed.
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TABLE 4~6 Sheet J2
Run | T D, L |Bxiott | px10° |oxi0*
No.
1 34.1 | 34.88 | 42.3 5.90 7.77 5.02
2 43 .0 | 31.53 | 40.0 5.40 8.22 6.57
5 b2.2 | 28.50 | 37.9 7.19 8.67 8.29
4 57.0 1 25.77 | 1.8 | 8.62 10.3 8.%4
5 62.1 | 27.85 | 25.0 9.81 | 13.2 7.46
6 67.0 1 25.30 | 20.3 | 11.2 16.2 6.90
7 72.2 | 28.16 | 18.6 | 13.0 17.7 | 7.37
8 | 77.1 125.48 | 17.2 {15.5 19.1 8.09
9 82.0 | 23.17 | 16.3 {19.2 20.2 9.52
N.B. Temperature increased from 34.1°C after
annealing at 86°¢.
TABLE 4-7 Sheet G
T D, L |Pxlott | Dpx107 | Dpx10 |ox10% |opx10
18.0 | 31.09 | 14.2 5.46 2.00 1.73
18.1 | 25.30 | 15.0 3.24 1.90 1.94 1.71 1.64
22.1 | 28.11 |12.9 4.12 2.21 2.12 1.87 1.90
27.0 125,59 | 11.0 5.26 2.59 2.49 2.03 2.05
32,0 | 23.16 9.3 6.92 3.06 3.06 2.26 2.16
37.1 121,04 { 7.8 9.01 3.65 5.68 2.47 2.42
42.0 {19.16 5.7 |11.7 4.99 4.67 2.35 2.29
46.1 |16.75 4.3 {14.4 6.62 6.22 2.18 2.14
49.8 115.87 3.2 118.0 8.89 2.03
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TABLE 4-8 Sheet F1
r [ p, |1 |Px0%0 nx10” | ppxi0” | opx10* |opxi0”
14.0 | 31.82 148.9 | 0.650 | 3.64 4.00 1.78 1.58
16-2 25-55 4604 00753 3084 4'21 1'96 1'72
19.1 | 26.44 {41.2 | 0.953 | 4.33 4.23% 2,20 2.19
24.0 | 21.24 | 34.3 | 1.36 5.20 4.89 2,61 2.85
28.0 |23.98 {28.3 | 1.72 6.30 6.59 2.73 2.41
32,1 | 21.65 | 20.8 | 2.06 8.57 8.51 2.40 2.36
36.1 {19.53 |16.0 | 2.28 {11.1 11.0 2.05 2.03
40.0 {17.74 111.9 | 2.77 |15.0 1.85
44.1 116,10 | 8.7 | 3.34 |20.5 1.63
TABLE 4-9 Sheet E
7 D, L [Fx10® | pxio’ |opxiot
0.0 | 30.32 {48 0.483 | 3.34 1.45
6.0 [33.63 {41.2 | 0.743 | 3.93 1.89
8.0 | 27.33 [36.,9 | 0.901 | 4.35 2.07
10.6 | 24.74 | 27.4 | 1.06 5.86 1.82
14.1123.19 {19.4 { 1.38 8.27 1.67
17.0 | 25.64 |14.4 | 1.5%3 |1l1l.1 1.37
21.1120.85 | 9.4 | 2.13 |17.1 1.25
24.9 |18.96 | 6.3 | 2.52 | 25.5 0.990
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4.1.% Hydrogen data from static solubility

experiments
TABLE 4-10 Sheet J3
TS = 26.0% Pg 2.53 4.01 5.14 7.46
VS/VX103 1.18  1.80 2.39  3.78
Ry 2.47 3.71 5.56 8.31
Iy = 36.1°C vs/vx:Lo3 1.11  1.61 2.47 3.62
o | Ts 3.39  5.43  7.01L 10.57
Ty = 46.0°C V. /VXKI0®  1.37 2.16 2.86 4.21
D 3.25 4.78 6.53 8.36
_ 0
Iy = 56.07C V_/VKL0?  1.24 1.81 2.49 3.1
o | 2g 2.97 3.88 5.66 7.94
Ty = 66.07C VAX107  1.09 1.42  2.10 2.88
TABLE 4-10A Sheet J3
7,(°C) 26.0  36.1  46.0 .56.0  66.0
osx104 4.60 4.42 4.04  3.84  3.70
szlo7 3,30  4.99  7.30 10.4  14.3
ogx10°(J1) | 1.29  1.56  1.86  2.19  2.55
Dx107(s1) | 1.19  1.39  1.60  1.83  2.08
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TABLE 4-11 Sheet F2
10100 | Ps 1.89 2,90 4.35
A = -
8 v /vx10% 5.24 7.96 12.3
D
r_ = 17.9% s . 2.50 3,94 4.94
VS/VXlO 7.45 11.9 14.8
. D, 2.85 4.28 5.26
S vV /VX10 9.16 13.5 16.9
o P 1.74 2.61 3.93
T, = 29.0% A
VS/VXlo 5.75 8.67 12.9
o D 1.77 3.44 4,67
T, = 33.9% s
VS/VXIO 6.05 11.8 15.7
. D 1.50 2.16 3.1%
VS/VXIO 5.19 7.65 10.8
DABLE 4-114 Sheet F2
TS(OC) 10.1 17.9 23.9 29.0 3%.9 39.1
o, %104 2.77 3.02 3.18 3.29 3.38 3.50
sz106 0.769 1.11 1.46 1.83 2.14 2.48
opx10% (1) 3.52 4.4 5.20 5.94 5.83 5.37
D x10°(F1) | 0.614 0.762 0.895 1.02 1.25 1.62
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4.,1.4 Neon data from static solubility experiments

TABLE 4-12 Sheet J3
o. | g 3.00  4.56 5.42 6.58
1, = 26.1°C .
VS/VXIO 6.65 10.1 12.2 14.8
o | 2, 2,96  4.42 4.98 5.99
T, = 36.1%C '
: V.,/VX10%  6.30  9.45 10.7 12.8
o | pg 3.31  4.04 4.81 5.74
T = 46.0°C .
v /VK0Y  6.55  8.06 9.55 11.7
D
1 = 56.0% | °8 2.86 3.7l  5.46
vs/vxw4 5.26 6.74 10.3
o | Py 3.03  3.47 5.19
T = 66.1°C '
VS/VXIO 5.%9 6.4% 9.25
TABLE 4-12A Sheet J3
| ms(oc) 26.1 36.1 46.0 56.0 66.1
o, x 104 2,23 2,13 2.02  1.87  1.82
D_ x 10 1.29 1.95  2.90  4.20  5.81
ODX104(J1,J2) 4.00 5.3%  7.05 8.28  6.84
D x107(J1,92) | 0.733 0.783 0.836 0.980 1.55
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DABLE 4-13 Sheet F2
o | D 1.99 3,26 4.96
T_ =10.0% L
V/VX10 2.29 3.76 5.91
o | 2o 2,31 3.19 4.86
T = 18.0% A
VS/VX1O 3.22 4.65 6.84
o D 2,14 3.43 4.65
T = 23.8° L
v /VX10 3.39 5,31 7.13
o D 2.05 3,48 5,22
r = 28.7% L
S vV /VX10 3.41 5.76 8.57
o D 1.94 3.21 4.79
v /VX10 3.45 5.82 8.45
. D 2.15 3.08 4.37
T, = 40.0°C L
vV /VX10 4.18 5.79 8.38
TABLE 4-134 Sheet F2
TS(OG) 10.0 18.0 23.8 28.7 33.9 40.0
o % 104 1.18 1.43 1.55 1.66 1.79 1.91
D, x 107 3.96 6.22 8.71 10.7 12.5 14.8
GDX104(F1) 1.54 2.10 2.61 2.64 2.21 1.83
D %10 (F1) 5.18 6.67 9.95 15.4

3.11 4.21
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4.2 XKinetic Phenomena

4.2.1 Permeability and diffusion coefficients

The permeability coefficients P and the transient-
state diffusion coefficients DL and DE for the unplasticised
and plasticised membranes have been measured at an appro-
priate number of temperatures within the range 0°C to
84.200. The permeation data for hydrogen are presented
in section 4.1.1 (Tables 4-1 to 4-4) and that for neon
presented in section 4.1.2 (Tables 4-5 to 4-9). VWhen
sufficient data of the outgoing pressure py were obtained
during the transient state of the diffusion process,
analysis by the early approximation method became more
appropriate. Therefore the transient-state diffusion
coefficients D, determined by the early approximation
method are given in Tables 4-1, 4-2 and 4-4 for hydrogen
and Tables 4-7 and 4-8 for neon.

Typical plots from which DE was deduced are showgpin
Figs.4-1 to 4-3. As explained previously, date of o=
were obtained by drawing tangents at various times, t,
to the curve of outgoing pressure by Vs. time., Despite
the obvious errors introduced by such a technique, the
agreement between DE and DL was reasonable in the cases
considered. The DE determination was facilitated by high

flow rates, which lend themselves to accurate measurement,
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and long time lags which allow a sufficient number of
pressure readings at relatively short intervals of time.
As indicated in section 2.1.2b, the early approximation
analysis is not applicable beyond a time corregponding
to about 2.7 times the time lag. This is apparent in
Fig.4-3 vhere the higher values of log (t% g%l) begin to

devigte above the line.

(a) Unplasticised polyvinyl chloride

It became agpparent during the permeation and diffusion
of hydrogen and neon that the unplasticised polymer was
exhibiting a history dependence which necessitated careful
study, the more so because such behaviour must be
eliminated or minimised for a quantitative understanding
of the diffusion processes.' For hydrogen permeation in
sheet J1 the values of P and D are tabulated in Table 4-1
and are plotted in Fig.4-4 and 4.5. The numbers
associated with the experimental runs, performed on the
unplasticised polymer Jl, represent the order in which
they were determined. The polymer was maintained at the
appropriate temperature for not less than 12 hours before
commencing an experiment. The main points of interest
are:

(1) The initial velues of F and D from 0° to 54°C corres-

ponding to runs 1-7 were not subsequently reproduced.
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Runs 8-10 were then performed and the sample was carefully
ennealed at 87°C for 12 hours.

(2) On cooling slowly at 0.5°C/heur and repeating runs
between 54.0 and 24.1°C (11 to 14), T was found to be
considerably reduced (maximum reduction: 20%) and DL
increased by up to 30% above the original values. - These
shifts are well outgide the range of experimental error.
The repeat run 15 at 54.0°C showed a good degree of
reproducibility with 11.

(3) The second series of P and D values from 69.0 to
84.0°C (17 to 20) showed reasonable agreement with the
first group of runs 9-10.

Throughout this sequence of experimemts the DE
va;ues, although not as accurate as DL’ followed a similar
pattern to the latter as shown in Fig.4-5.

The permeation results for neon in membrane J1 were
determined in a similar way to hydrogen five weeks later,
and are tabulated in Table 4-5 and graphed in Fig.4-6
and 4-7. The general similarity of the permeability
graphs Fig.4-4 and 4-6 ig apparent, although on close
inspection it is possible to represent the reproducible
runs 7-21 (runs 11-21 were determined after annealing at
8500) by 3 straight lines and 2 intersections. Despite

the anomalous nature of Fig.4-7, it is also noticeable
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that the D values from runs 11-19 (reproducible within
the time of the experiments, i.e. 3 weeks) are still above
the values from the initiél series 1-6.

So as to examine ‘the behaviour of neon in greater
detail, its permeation was observed through a second
unplasticised membrane J2. This membrane was cut from
the same sheet as J1 so as to minimise any differences
between them, annealed at 86°C for 12 hours and cooled
slowly to 34.1°C before commencing the experiments.v The
P values from the J2 membrane (see Table 4-6 and Fig.4-6)
wvere found to lie 1 to 8% above the corresponding P values
from the series 7-21 (reproducible for J1).  The Dy,
values for J2 were, however, in reasonable agreement with
the reproducible values (7-21) for J1 (see Pig.4-7).

The data indicate that, so far as the unplasticised
polymer is concerned, the permeation of hydrogen and neon
below about 70°C is governed by history - and time-
dependent effects, which may be associated with the slow
relaxation of polymer chains, On ennealing a particular
membrane above about 7000, which corresponds to the glass
transition region quoted in the literature?Cr94,98,99,101,124,
and cooling slowly below this temperature, it is possible
to obtain reasonably reproducible permeation results at

each experimental temperature. Lach 'settled' state of
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the polymer is, however, the most stable one realisable
at the appropriate temperature, after the treatment given
and within the time-scale of the experiments. In the

rubbery region above T _, where relaxation times are shorter,

g
the polymer chains attain thermodynamic equilibrium
quickly59’94’98 and thus the permeation results for the
probe molecules are reproducible.

(b) Plasticised polyvinyl chloride

Unlike the unplasticised material the permeability
and diffusion coefficients of hydrogen and neon in the
plasticised polymer membranes were reasonably reproducible
over the appropriate ranges of temperature (see Pig.4-8
to 4-14). History- and time~dependent effects were also
not apparent. For instance, the permeation of hydrogen
through sample E at 20°C was measured one year after
the initial experiments, and P and D, were found to be
in reasonable agreement with their original values (see
point [ in PFig.4-9 and 4-12). D, values are also
plotted in Pig.4-11 to 4-14. Particularly good agreement
between D and Dy was obtained for neon permeation in
membrane G (Fig.4-13).

Examingtion of Fig.4-8 to 4-14 also shows that in
no case can the data for any one gas be represented by a

single straight line. In general the experimental points
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representing P &nd D;, 1ie near two distinet straight lines
with one intersection. The significance of this will be
discussed in a later section.

4.2.2 Influence of plasticiser on the permesbility

and diffusion coefficients

Both the permeability and diffusion éoefficients of
hydrogen and neon at a given temperature are found to
increase with increasing quantity of plasticiser in the
polymer. Plots of log, P and logyo Dy, vs. volume
fraction Vi of plasticiser are shown in Fig.4-15 and 4-16,
The extrapolated values were calculated at the appropriate
temperatures by means of a statistical treatment of the
experimental data, and are shown in Fig.4-4 to Fig.4-14.
It was assumed that no further polymer transition points
were present apart from those determined experimentally.
In the case of the unplasticised material only the repro-
ducible experimental data was used in PFig.4-15 gnd Fig.
4-16, The data for hydrogen indicate g linear relgtion-
ship between logy, P and vy (Fig.4-15), although such a
relationship is not demonstrable for neon owing to the
scatter of the data. Indeed at OOC, which is below the
experimental intersection temperatures of all the membranes,

a curve 1is observed for neon.
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From the work of Brubaker et al.,23 there 1s also some
indication of an exponential relationship between the per-
meability coefficient of carbon dioxide at a given tem-
verature and the amount of dioctyl phthalate plasticiser
contained in poly-vinyl chloride membranes. Hydrogen
showed anomalous behaviour, however, as its permesbility
in the membrane containing the highest amount (16.7% by
weight) of plasticiser was unexpectedly less than a mem-
‘brane containing 4.8% plasticiser.23

Although the values of the diffusion coefficient
increase rapidly with increasing plasticiser concentration
in this work (see Pig.4-16), nevertheless, at 0°C hydrogen
shows unusual behaviour. Comparison of the magnitudes

of T for hydrogen and neon reveals that between 0°C and

75°¢ ?(H2) > F(Ne). This order is in agreement with the
5,138

23

permeagbilities of these gases through natural rubber,

silicone ru.bber48 and poly-vinyl acetate.7

Brubaker
quotes P values for hydrogen in unplasticised poly-vinyl
chloride in the range 3 to 4 x 101 vetween 20° ana 20°C.
This is in reasonable agreement with this work (see Table
4-1) considering that the membranes were obtained from

different sources. Unplasticised poly-vinyl acetate7
also shows a somewhat greater permeability to hydrogen and

neon than poly-vinyl chloride.P for these gases in
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poly-vinyl acetate lies within the range 10~
for temperatures from 4° to 44°c.

The gequence of the transient-state diffusion co-
efficients Dy, for hydrogen and neon between 0° and 50°C
is DL(HQ) > Dy (Ne) with some uncertainty of the placing
above 50°C (see Pig.4-16). This order is also in agreement
with that found in other investigations.5’7’48’138

4.2.% Separation of gases

Since polymeric membranes have a much higher permea-
bility towards some gases than towards others, they should
be quite effective as a means of gas separation. Aitken
and Barrer44 defined the separation factor S through
permegtion as S = Qlcg/chl where Q and Q, are the volumes
of species 1 and 2 permeated in time t, and Cl and 02 are
the respective concentrations in the gas phase in contact
with the ingoing side of the membrane. S can be
estimated to a first approximation in the steady state
from the ratio of the individusl permesbilities,; since, at
least in the region where Henry's Law is valid and
solubility rather small, interference effects are not likely
to be large.

Values of permeability ratios for hydrogen and neon
in poly-vinyl chloride are shown in Table 4-14 and compared

with other membranes in Table 4-15. In general the
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TABLE 4-14
Permegbility ratios for hydrogen and neon in poly-
vinyl chloride (PVC)

Vol.

fraction Permeability ratio = ?H[%ﬁf
TCP plas-

ticiser : :

V5 0°¢ 2590 50°¢ 75°¢
0.0 6 5 5.1 5.1
0.107 8 5 4 4
0.194 8 5 4 3
0.325 5 3.3 3 3
0.419 3.7 2.0 2 2

Tﬁ ?ﬁ, PNe: permeability coefficients of hydrogen
and neon determined by extrapolation and/or
interpolation from Fig.4-15.

TABLE 4-15
Permeability ratios for hydrogen and neon in various
membranes at the temperatures indicated

Membrane 1°C | Py/Pye
Unplasticised PVC 50 5.1
Plasticised PVC (v1 = 0.419) 25 3.0
Filled silicone rubber sheet™ 0 2.42
Filled silicone rubber sheet™ | =37 2.44
Filled silicone rubber tube™ 0 2.36
Filled silicone rubber tube® | -78 3.2,
Poly-vinyl ace'i;a'teT 10 3.5
Poly~-vinyl ace'ta'teT 40 3.7
'Vycor' glass 400 2.8
'Vycor! glass 450 3.6
% from ref.48 : T from ref.7

from ref.111
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separation factor decreases for increasing plasticiser
concentration and increasing temperature. Leaving
absolute rates out of consideration the most suitable
poly~vinyl chloride medium for separating hydrogen and
neon is an unplasticised membrane at a low temperature.
The separation factor for the two gases is also somewhat
higher for poly-vinyl chloride as compared with other
systems (see Table 4-15). However, the permeability of
silicone rubber to hydrogen and neon is more than one
hundred times larger than those of poly-vinyl chloride.
The low permeability in poly-vinyl chloride would therefore
be a disadvantage in large scale separation by the steady-
state method; as it would involve the use of extremely
thin membranes of large surface area.

4.2.4 Intersection temperatures

Examination of Figs.4-4; 4-5 and 4-8 to 4-14 shows
that in general the reproducible experimental data of
logyy P and log Dy, lie near two straight lines with one
intersection. For the system unplasticised poly-vinyl
chloride and neon, however, the reproducible data
apparently lie near three straight lines with two inter-
sections (see Fig.4-6 and 4-7). As there are no trans-
itions in the gases, the temperature of these intersections

mist reflect changes in the polymer medium. The
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intersection temperatures are assembled in Tables 4-16
and 4-17.
TABLE 4-16

Intersection temperatures T1°C in plasticised

voly-vinyl chloride

Volume Average Average Average
Sheet fraction o] o) o]
plasti- | 2100 7, (7¢) 7, (7¢)
ciser for for neon for
vy hydrogen hydrogen
and neon
H 0.107 53 - [53]
et 0.194 - 39 [39]
F1 0.325 30 26 28
E 0.419 9 8 9
TABLE 4-17

Intersection temperatures Tl°c and T2°C in
unplasticised poly-vinyl chloride

Average Average
upper lower
Sheet Gas inter- inter-
section section
temp. temg.‘
Tl(OC) TQ( C)
Jl H2 70 -
J1l Ne 70 54
Je Ne 69 54




It is of interest that the intersections are revealed
not only by the kinetic process of diffusion but also by
the property of solubility which will be discussed in
section 4-3. The intersection temperature in Table
4-16 falls with increasing concentration of plasticiser
and may be identified with the glass transition revealed
in polymer plasticiser systems by various experimental
techniques.59’74’94’98’139’140 The upper intersection
temperature Tl for the unplasticised polymer is the same
for hydrogen and neon, but a lower intersection point T2
was observed for neon. As already mentioned the upper
temperature Tl for the unplasticised polymer corresponds
with the normally observed glass transition temperature
for which values of between 70 and 85°C have been repo rted.
40,94,98,99,101,124,137

Simple linear correlations between the transition
temperatures and the volume or weight fraction of
plasticiser in polymers have been noted74’l42 but have
lacked a satisfactory theoretical basis. The expression
for the glass transition tempersture of a polymer-
diluent system according to the free volume theory is
given by eq.(2.81). Heydemann et al.® determined the
thermal expansion of unplasticised poly-vinyl chloride

over the glass transition region and the effect of pressure
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so that it cen be taken that QAa, = 3.8 x 107 %deg™ .
Por the tricresyl phosphate plasticiser one can assume
from data given by Me:l_lan73 that the value of @y =

5 x 10"4deg"1 is a fair gpproximation. The glass tem-
perature of tricresyl phosphate T is also quoted by

g1
142 as —50°C and this value was used here.

Boyer and Spencer
The data for the experimental intersection temperature

Tl vs. volume fraction plasticiser are illustrated in

Mg .4-17. The curve represents the theoretical relation-

1 and Tgl as indicated.

The remarkably accurate representation of the experi-

ship (2.81) with values of A Gy

mental data by the expression (2.81) points to the
applicability of the free volume approach to segmental
mobility in poly-vinyl chloride. Kelley and Beuche139
assumed the value of ay to be of the order 10"3deg":L for
all his diluents, but in this work the wvalue A =
5 x 10'4deg"1 would appear to khe more satisfactory for
tricresyl phosphate plasticiser.73
The presence of a secondary btransition temperature
T, for neon in the unplasticised polymer is difficult
to understend because of its apparent non-existence in
the other systems. Heydemsnn et al. ® during specific
volume measurements with polyvinyl chloride found that

the secondary transition below T _ is not experimentally

g



The curve 'f‘e‘oresenlfs 31;‘ (2.81) with
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observable with samples containing relatively high pro-
portions of dioctyl phthalate plasticiser. They con-
cluded that if the transition is caused by the same
molecular process it is obviously hindered by the plasticiser
molecules, However the type of molecular. process is not
completely elucidated yet. Evidence was also obtained

by Meares7’8’59 that the glass~rubber transition for poly-
vinyl acetate occurred over a short range of temperature

and was completed at the normally recorded glass tempera-
ture.

4.2.5 Temperature coefficients of permesation and

diffusion

The reproducible data for log T and log D; shown in
Figs.4~4 to 4-14 give a virtually linear relationship
with %, whether above or below the inteirsection temperatures.
It follows, therefore, that eq.(1.1l) and eq.(1.3) are
both obeyed within the temperature range investigated.
Values of the apparent activation energy for permeation
Ep and diffusion ED together with the corresponding values
of P, and D, are shown in Tables 4-18 to 4-23. The
experimental temperature range is also indicated for each
membrane. In accordance with eq.(1.1l) and eq.(1.3)
E_ and ED have been determined from the slopes, and PO

p
and DO from the intercepts on the ordinate of the linear
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TABLE 4-18
The apparent energy of activation for permeation
of hydrogen in (_Bal.mole":L
Volume Mean Ep PO Ep PO Experi~
Sheet gigz— 222%&;_b§10w b;}ow aésve agove %23;?1
plasti-|temp. 1 1 1, 1 range
ciser Tl(OC) (ocC)
v
1
71 lo.o 70 | 63506.55%x107° | 7680 |4.65%107°|24-84
o~
5 [0.107 55 | 6290|8.61x107° | 7380 |4.92x107°|23~72
F1 [0.325 28 | 9060[2.13x107° | 6560 |3.38x107°|20-53
£ [0.419 9 [12690| 2.61 |5400 |3.71x107°| 0-26
TABLE 4-19
The apparent energy of activagtion for diffusion
of hydrogen in oal.mole_l
Volume |Mean ED DO ED DO Experi-~
a frac- inter- , mental
Sheet Yion seotkm.bi%ow b;low agove agove bemp .
plati- temg. 1 1 -1 1 range
ciser Tl( C) (oC)
V1
J1 {0.0 70 | 2700(1.14x107° | 10700 | 1.50 | 24-84
H 0.107 5% 2270 1.13X10_5 10020 1.80 23-~72
F1 |0.325 28 453011.92x107° | 9700| 9.93 [ 20-53
E 0.419 9 | 7950|9.18x1071 | 14290 |7.80x10% | 0-26
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TABLE 4~20
The apparent energy of activation for permegtion
of neon in the plasticised sheets in ca'l.mole_:L
P |
Volume ;Mean E P B P Experi-
Sheet|fTaC~ |inter- be]lfow beg)_ow bgve a.bgve mental
tion section T T aT T temp.
plasti~| temp. 1 1 1 1 range
ciser Tl(OC) (°¢)
v
1
¢ 0.194 39 9280| 3.08x10™% | 11%90|9.08x10™°|18-50
F1 0.325 28 |12790|3.55x107| 7730|6.97x107°|14-44
T 10.419 9 111620/ 9.66x1072| 10300|9.18x10™°| 0-25
TABLE 4-21
The apparent energy of activation for permeation
of neon in the unplasticised sheets Jl and J2 in
cal.,mole":L
Up% er Lower Ep PO Ep PO Experi-
inter~ | inter- mental
Sheet section| seow ba:;low bglow agove a’gove temp .
temp. tion 2 2 1 1 range
Tl(OC) temp. (°c)
T2(°C)
a1 | 70 54 6660 | 2.09x107° | 9190|7.85%107° |34-84
g2 | 69 54 6710 | 2.34x1076 | 9420|1.19x10~%|34-82
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TABLE 4-22

The apparent energy of activation for diffusion

of neon in the plasticised sheets
in cal.mole"l
Volume [Mean ED D0 ED D0 Experi-
frac- inter- mental
Sheet tion Sectia bg}OW‘ bglow agove agove bemp .
plasti-|temp. 1 1 1 1 range
ciser Tl(OC) (o¢)
V1
¢ |0.194 39 |5860 |4.83x107° |15240|1.79x10% | 18-50
FL |0.325 28 |6270 |2.11x1072 |13880|7.41x10° | 1444
B 0.419 o] 4800 2.32].3:10"3 17450 1.58x107 0=25
TABLE 4-23%
The apparent energy of activation for diffusion
of neon in the unplasticised sheets J1 and J2 in
cal.mole"l
Upper Lower ED D0 ED D0 ‘Experi—
inter- {(inter- mental
Sheet section|secw b;lOW‘ b;low agove agove Semp .
temp. tion 2 2 1 -1 range
Tl(OC) temp. (¢
7,(0C)
g1 | 170 54 1370 |7.15x10" 7 |313%0 |1.70x1072 |34-84
72 | 69 54 1210 |5.60x10~ 713220 |1.93x107° |34-82
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plots illustrated in Figs.4-4 to 4-14. The slopes and
intercepts were calculated statistically from the
experimental data by the least squares method. (NOTE:
Experimental data at 72°C for the hydrogen/membrane H
system were not included in the least squares calculations).
For the unplasticised polymer/neon system values of Ep
and Ep are also not given for the interval 54°¢ o 70°0
(see Fig.4-6 and 4~7). The constancy of the lower inter-
section temperature (discussed in section 4.2.4) seems to
indicate a two phase structure, intermediate between the
glass-like and rubber-like states, for the polymer in this
region so that the Arrhenius equations are not applicablgf
A general feature of Tables 4-19, 4-22 and 4-23 is
that ED values below the intersection temperatures Tl and
T, are always less than those above Tl. Similar obser-
vations have been made for gases diffusing in polyvinyl

758

acetate, for vapours diffusing at very low concen-

trations in polyvinyl acetate, polystyrene and polymethyl

methacrylatell

and for water vapour and carbon dioxide
diffusing in polyvinyl chloride-polyvinyl acetate copolymer
films?3’54 This behaviour was also predicted by Brand+-°
who believed that the change of activation energy for
diffusion at the glass transition can be understood as a

consequence of the change of thermal expansion at this
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point.  With the exception of the unplasticised polymer/
neon system, the values of DL below Tl are always greater
than would be expec%ed from a linear extrapolation of
the D values above T, (see Pig.4-5, 4-11 to 4-14). A
resemblance between the shape of these log Dp, vs. %
plots and the specific volume vs. temperature plots is
apparent.98

For diffusion of gases in rubbers the activation
energy for diffusion approaches the activation energy for
viscous flow of the rubberi?s48 The activation energy
for self diffusion of unplasticised polyvinyl chloride has
been calculated to be about 34 K.cal.mole ™t at 25°¢.1%3
Values of ED below the intersection temperatures do not
reach a quarter of this value so that the diffusion may
not involve the movement of polymer segments of the size
contributing to viscous flow. However, on passing above
T, the activation energies Ep are at least twice as great
as those below Tl’ and the approach to the value quoted
above is closer especially at the higher plasticiser
concentrations. The activation energy for viscous flow
might also be expected to be lower for plasticised poly-
mer as compared to the unplasticised state, because the
polymer facilitates the motions of polymer chain segments
between different configurations.59"74’l43
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Notably with hydrogen the trend with increasing
concentrétion of plasticiser is for ED below the inter-
section temperatures to increase. Above the intersection
temperatures a quasi-liquid state is considered to be
present.7’8’59’98 Apart from the anomalous behaviour of
the unplasticised polymer/neon system, addition of
plasticiser to the polymer appears to have little effect
on ED above Tl except at the highest plasticiser content.
ED is considered to involve the work of separation of the
surrounding medium in order to open up a passage through
which the diffusing molecule can 'bravel.7’43 Ep is an
important factor in determining the DO value in the
Arrhenius equation (1.3). The interpretation of D, is
discussed in the following section.

4.2.6 Interpretation of Qo

Values of DO whether below the intersection temperatures
Tl and T2 or above Tl generglly increase over a wide
numerical range with increasing concentration of plasticiser
(see Tables 4-19, 4-22 and 4-23). A comparably wide
range of DO values has alsgo been obtained for daiffusion
of several gases in polyvinyl acetate over the glass -

transition region. 758

The magnitude of DO according to
the zone theory of activation may be considered as a

measure of zone size. DO depends, among other factors,
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on ED and the mean distence N\ moved by the gas molecule
in the wunit diffusion.process.

(a) Transition state theory

According to the transition state theory the expression
for DO is given by eq.(2.46). The values of the entropy
of activation, A %, associated with an Avogadro number
of unit diffusion processes together with the corresponding
heat /\ H® and the free energy A G© of activation are
shown in Tables 4-24, 4-25 and 4-26. A §F values were
calculated from values of DO above and below the inter-
section temperatures at conveniently chosen temperatures
of 900C and 0°C respectively using eq.(2.46). A value of
2 = 10—15(cm2) was assumed for all the membranes. A H
and A G* can then be determined from eg.(2.45) and (2.38).

An interesting feature of Tables 4-24 to 4-26 is that
AS® for a given composition is consistently larger above
the intersection temperatures than below them. A s* is
large and positive gbove Tl (except for neon in unplasticised
polymer) which, anglogous to many elas*tomers,6’43’44
indicates that an appreciable zone of activation is necessary
in order for a unit diffusion process to take place. Below
the intersection temperatures, it seems likely from the
largely negative A S values that the gas diffusion process

involves little disturbance in the polymer matrix



TABLE 4-24

Entropy, enthalpy and free energy of activation for diffusion of hydrogen

according to the transition state theory (calculated at 273.16°K and

363.16°K)
3Volume Mean BEIOW'Tl Above Tl
fraction|Inter- = , - =
Sheet | asti~ |section |A % AE A (a5 [aoF AT
ciser temp. (e.u.) | (cal. (cal. (e.u.) | (cal. (cal.
V1 Tl(oC) mole_l) mole_l) mole_l) mole_l)
Jl 0.0 70 -14.3% 2160 6070 8.52 8980 6880
H 0.107 53 -14.4 1730 5650 8.89 9300 6070
Fl 0.325 28 - 4.15 3990 5120 12.3 8980 4520
B 0.419 9 8.12 7410 5190 30.1 13570 2640

- ¢4T -



TABLE 4-25

Intropy, enthalpy and free energy of activation for diffusion of neon

according to the transition state theory (@lculated at 273.160K and

363 .16 °K
Volume Mean
Sheet | fraction|inter- Below Tl Above T1
plasti- [section
ciser |temp. D s* A EE A GE A % A B A ¢E
vy Tl(oc) (e.u.) (cal. (cal. (e.u.) | (cal. (cal.
mole"l) mole‘l)~ mole'l) mole‘l)
G 0.194 39 -2.31 5320 5950 27.2 14520 4650
L 0.325 28 0.62 5730 5560 25.4 13160 3920
B 0.419 9 -3.78 4260 5290 40.7 16730 1960
TABLE 4-26

Intropy, enthalpy and free energy of activation for diffusion of neon according

to the transition state theory (calculated at 273%.16°K and 363.16051

Upper Lower Below T2 Above @L
Sheet inter- inter-
section | section A SK A T A o A Sae HX ‘ Gx
%e?gé) ge%gé) (e.u.) | (cal. 1 (cal._l (e.u.) cal. ; fial._l
1 2 mole —) mole mole )| mole ™)
Jl 70 54 -19.8 830 6250 -14.1 2410 7530
Je 69 54 ~20.73 670 6220 -13.9 2500 7530

- PG4T -
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surrounding the penetrant in the formation of the trans—
ition state.o: 148

There is also a trend, notably with hydrogen diffusion,
towards increasing entropy of activation with increasing
Plasticiser concentration whether above or below the
transitions. The addition of plasticiser molecules

appears to induce an increasing disturbance of the polymer

segments around the gas probe molecule during btransition

state formation.2?7
5
A linear plot of A S¥ against Ep or TQ was predicted
by Barrer45’56 for a process in which the activation

energy 1s shared between a number of degrees of freedom
in a zone of activation. The resultant plots for
hydrogen and neon diffusion in the regions above and
below the transitions are shown in PFigs.4~18 and 4-19
respectively. Above the intersection temperatures the
line shown in Fig.4-18 may be represented bys
- E
AS* = -26.6 + 1.37 ==
and below the intersections the equation (see Fig.4~19)
is:
B
As® = -24.9 + 1.15 -2~

The slopes of corresponding equations for various gases
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43,48

diffusing in silicone and natural rubbers and in

7

polyvinyl acetate’ above its glass transition region were

in the range 0.5 to 0.7. The significance of these and
other functional relationships will be discussed in
section 4.2.7.

(b)

Zone theory

Attempts were made to deduce the number of degrees
of freedom f emong which the total activation energy is
shared in any zone by means of eq.(2.52) and the method
2.5 x 10-%(sec™1),

explasined therein. Values of V =

A2 =107 (em?) anap, =%
hil 6
of T. The values of f so obtained are shown in Table
4-27 where f is quoted at 273.16°K (corresponding to the
region below Tl) and at %63.16°K (corresponding to the

region above Tl)°

were gssumed in the calculation

TABLE 4-27
Number of degrees of freedom f sharing in the diffusion
process
oot Volum; Mean_inter- T
e e i e | %% | 55000 (o) [TV T T HRove T
1
Ji 0.0 H2 70 ' - 17
H 0.107 H2 53 - 24
F1 0.325 H2 28 2 >100
E 0.419 H, 9 15 >100
« @ 0.194 Ne 39 3 >100
Fl 0.325 Ne 28 5 >100
E 0.419 Ne 9 3 >100
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The value of f is very sensitive to the value of the

product bV hz. An interpretation of the analogous

56

problem of viscous flow suggested values of Pye of gbout

Z o about 10™°.  Also values of 1% from 1071 to 10717
(sz) have been pI'OpOSGd7’43 so that the range in p,V A2
may be appreciable. The dashes in Table 4-27 indicate
that £ is so small that the experimental value of log DO
fails to give a satisfactory value of £ for the value of
pr)hz assumed. Above Tl the method incorporating
eq.(2.52) could not be used for the satisfactory deter-
mination of £ of magnitude greater than 100. Again there
are indications that, above the transitions Tl’ the gas
diffusion process involves a considerable disbturbance in
the polymer matrix surrounding the probe molecule in the
formation of the activated zone.43 However, diffusion
of a small gas atom or molecule belOW'Tl requires a much
smaller number of chain segments to be loosened for a
successful unit diffusion process to take place.7’43’48

4.2.7 Punctional relationships

Linear relationships have been observed when A §
or log DO is plotted against ED or ;2 for a number of
diffusion systans.3’6’7’43’56’57 The fulfillment of
this condition, which is valid for viscous flow in many

kinds of liquids and diffusion in elastomers, is evidence
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for the existence of intermal mobility in the system
concermed. Barrer56 pointed out, however, that the most
general relationship is between log D, and ;2 (see also
section 1.2).

The validity of this relationship for T = 273.16°K
is shown in Fig.4-20 (representing data for hydrogen and
neon obtained in this work) and Fig.4-21 (representing
data for permanent and inert gases in polyvinyl acetate7’8

end for helium, neon and hydrogen diffusing in various

elastomersz’6’48). The equations of the lines are

respectively:

log D, = -6.78 + 0.214 w2 (Fig.4-20: polyvinyl chloride)
)

log D, = ~4.24 + 0.134 = (Fig.4-21: polyvinyl acetate,

various elastomers)
In Fig.4-20 the wide range of both Do and g@ values for
the polyvinyl chloride is apparent and the slope of the
line shown is 0.21, This is in agreement with the
predicted slope of 0.22 which is the maximum value to be
expected only if tEe range in log D is negligible compared
with that in 0.22 %2 (see section 1.2). This situation
was also gpproached in some measurements of diffusion of
paraffins in cross-linked rubbers made by Aitken and

Barrer.44
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For gaseous diffusion in numerous elastomers and
self-diffusion in liquids exhibiting a wide range of DO

values it was found that48:

Ep
log D, = =-4.20 + 0.136 7

Gaseous diffusion data over the glass transition region

of polyvinyl acetates; whose behaviour might be expected

to show some resemblance to polyvinyl chloride, is
included in Fig.4-21. The equation deduced from Fig.4-21
bears, however; a close resemblance to the above equatian48
for elastomers and liquids.

Seeing that D and A 5% are connected by eq.(2.46)
from the transition state theory, the linear relationships
demonstrated in section 4.2.6(a) between A S* and g%
are therefore a natural consequence of the log DO VSop—
relationship. Thus, while DO is a measure of the zone
size according to the zone theory, the magnitude of A §*
provides a comparable measure of the degree of disturbance

in terms of the transition state theory.



4.3 Bquilibrium Phenomena

4.3.1 The solubility coefficients

The apparent dynamic solubility coefficients Sq and
Op of hydrogen dissolving in unplasticised and plasticised
polymer are listed in section 4.1.1 (Tables 4-1 to 4-4),
and those for neon are presented in section 4.1.2 (Tables
4-5 %o 4-9). These tables also include data of P and
DL from which values of Op were deduced by means of
eq.(2.9). op was deduced by the early approximaggon
analysis from the intercepts of plots of log (t% E?l) vs.
% followgd by the use of eqg.(2.15). Typical plots of
log (t% E%l) vs. % have been shown in Figs.4-1 to 4-3 and
values of Op are given in Tables 4~l, 4~2 and 4-4 for
hydrogen and Tables 4~7 to 4-8 for neon. Agreement
between op and Op was usually reasonably good although
deviations were sometimes apparent, for example in the
Jl/H2 system (Tables 4-1 and Fig.4-24). The accuracy of
the determination of Op was largely dependent on the
accuracy of the value of the intercept.

Static solubility coefficients, Oys Of hydrogen and
neon in unplasticised J3 and plasticised F2 polymer have
also been measured over a suitable range of temperatures

(see Tables 4-10A, 4-114, 4-12A and 4-134). These

values of o, were deduced from the slopes of the plots
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v
of VE against Pg of which two examples are shown in

VlS

Figs.4-22 and 4-23. Ixperimental data of 7 and b, are
given in Tables 4-10, 4-11, 4-12 and 4-13. Measurements
were made at three or four pressures, Py at each thermo-
stat temperature, and no departures from Henry's law were
observed.

(a) Unplasticised polyvinyl chloride

The gpparent dynamic solubility coefficients Op and
Op in the unplasticised polymer J1 and J2 are given in
Tables 4-1, 4~-5 and 4~6 and their logarithms are plotted
against & (°K™1) in PFigs.4-24 to 4-27. The history and
time dependent effects, discussed in section 4.2.1(a),
are also reflected in the value of op and og (see Pigs.
4-24 and 4-26) where, as before, the numbers associated
with the experimental runs performed on J1 represent the
order in which they were determined. The fsettledt
values of op and op (runs 11-20 in Fig.4-24 and runs 7-21
in Fig.4-26), largely determined after annealing at about
85°a, were reproducible within the time of the experiments.
The reproducible OD and O values were usually below
those obtained from experiments (runs 1-7 in Fig.4-24 and
runs 1-6 in Fig.4-26) conducted on the non-equilibrium
state of the polymer below the glass transition T, of

70°¢. The intersection temperatures T, end T, (see
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section 4.2.4) are observed in plots of log op VS. % in
the form of a maximum Ty (see Pig.4-24) for the Jl/H2
reproducible data, and a maximum T, and a minimum T, (see
Fig.4-26) for the J1, J2/Ne reproducible data. These
corregpond closely with the previously observed values
of Tl and T2 from log P and log DL VS . % plots for these
systems (see Figs.4-4 to 4-7 and section 4.2.4).

The anomalous behaviour of the temperature coefficients
of oy (see section 4.3.3) brings into question the
validity of the dynamic method employed in determining
the correct values of the solubility coefficients. The
dynamically derived solubility coefficients could be
assumed to be correct only if the static and dynamic
methods of solubility measurement yielded the same results.
For this reason the static solubility coefficients Oy
of hydrogen and neon in an unplasticised sheet J3 were
determined between 26°C and 6600, corresponding to the
region below the transition Ty (70°¢), and are listed in
Tables 4-10A and 4-124. The polymer sample J3 was taken
from the same sheet as the permeation membranes J1 and
J2 to minimise any differences between them and annealed
at about 85°C under vacuum. Unfortunately o in the
temperature region above Tl (7000) could not be measured

because mercury was ligble to distil into the rest of the
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apparatus from the reservoir R below the polymer sample

% are shown 1in

Figs.4-25 and 4-27, where plots of the reproducible

(see Fig.3-4). Plots of log o, VS.

dynamic values of log o for J1 and J2 are also presented
for comparison.

By comparing the valuesg of Oy and Op given in Tables
4~10A and 4-12A, it is apparent that op is 3 to 7 times
greagter than O for hydrogen and 2-4 times greater for
neon. Allowing for the greater inaccuracy of the dynamic
values, Op? which arises fran the interdependence of P
and DL’ values of op are significantly above the equilibrium
values Oy Op may therefore be regarded only as an
apparent dynamic solubility coefficient. Oy and Op
values for the solution of H2, He and Ne in unplasticised
polyvinyl acetate were found to be in agreement within
experimental error above the transition ng. Below Tg,
however, o, was sigﬁificantly greater than op and it was
inferred from this that gas molecules, sorbed into regions
of minimum density, contribute only a little to the
diffusion flux.7’9 This relation between the solubility
coefficients isy; however, the reverse of that found in
this work.

(b) Plasticised polyvinyl chloride

The apparent dynamic solubility coefficients op and

Op for the plasticised sheets are given in Table 4-2 to
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4-4 for hydrogen and Tables 4-7 to 4-9 for neon.

Plots of 1ogloGD and Op Vs. % are shown in Figs.4-28 to
4-31. As already discussed in section 4.2.1(b) F and
D, were neither history nor time dependent so that it
follows that Ope being the ratio of these two coefficients,
was also reproducible. The plots of log Op Vs. % all
showed a distinct maximum corresponding to the inter-
section temperatures Tl’ previously observed in the other
diffusion properties (see TFigs.4~8 to 4-14 and section
4.2.4). Agreement between op and Op was particularly
good for the G/Ne system (Fig.4-30) although a smooth
curve of log Op was perceptible in the region of Tl for
the sheet H/H, system (Fig.4-28).

For a plasticised_sheet F2,values of 1ogloos, taken
from Tables 4-11A and 4-13%A, are also shown in Figs.4-29
and 4-31. 72 was taken from the ssme sheet which had
been used for the permeation membrane Fl. Compa ring
the absolute magnitudes of o and O for F2 in Tables
4-11A and 4-13A, it coan be seen that g, is 50-80% of +the
value of op for hydrogen and 60-100% for neon. This is
more satisfactory agreement than was obtained for the
unplasticised polymera Neon appears to give slightly
better agreement than hydrogen between op and Oy in both

compositions J3 and F2. A noticeagble fegture of Figs.
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4-29 and 4-31 is that the log 0y Vs. % plots do not show
a discontinuity at the intersection temperature Ty for
composition F, previously observed in the dynamic
properties P, Dy, and oy (see FPigs.4-9, 4-10, 4-12, 4-14,
4~29 and 4-31). The log o  values appear to lie on a
curve which is slightly concave towards the % axis. Once
again the discrepancies between op and Oy lead to the
conclusion that Op for the plasticised samples cannot be
correct.

The magnitudes of op and O for plasticised and
unplasticised polyvinyl chloride (see Figs.4-24 to 4~31)
are in the order op(Ne) < op(H,) and o (Ne) < o (H,).
This is in agreement with the solubilities of these gases

48 759

in silicone rubber and in polyvinyl acetate.

4.%.,2 Influence of plasticiser on the steady-state

coefficients

For both neon and hydrogen,the values of the static
solubility coefficient O for the unpiasticised polymer
are larger than for the plasticised polymer at the lower
temperatures (see Pigs.4~25, 4-27, 4-29 and 4-31). o,
values for a given gas appear to approach one anpther at
the higher temperatures.

Tricresyl phosphate plasticiser in polyvinyl chlbbride

could be non-uniformly distributed due to evaporation
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of plasticiser from external surfaces of the polymerloB"lO8
The discrepancy between Op and O might then arise from

a non-uniform distribution of plasticiser because the

di ffusion coefficient of H2 and Ne would then depend on
X. ‘Barrerl45 has considered the steady-state distri-
bution of concentragtion across a membrane when

D =D, [1+ £(x)]. Por the boundary conditions given in
section 2.1.2 the rate, R, at which gas emerges from a

unit areag of the outgoing surface of the membrane is given
by145:

D -

fir®
Masicy)

When f(x) = 0, D = D, = constant and eq.(4.1) reduces

to:

R = D. L (4.2)

which is the form obtained in eq.(2.5) for constant D.

Values of the transient-state diffusion coefficient DL
2

were calculated from L = 55; (eq.2.10) also on the

assumption that D is independent of x. If, however,

D =D, [1 + £f(x)] then the method of Frischt?? give5154:
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-~

l
J{%l + f(x)]'l‘fllf[l +-f(x)]-1 dx dx dx
0 ) X /X
Dofz[l + £(x) ] ax

L = (4.3)

and so a difference should arise between the diffusion
coefficient D  calculated from o_ using Dy = §~ (eq.2.9)
and the diffusion coefficient Dy from eq. (2.18). Al-
though a difference between Ds and DL is observed for H2
and Ne, (DS being greater than DL) the greater discrepancy
is obtained‘for the unplasticised polymer (see Tables
4-104, 4-114, 4-124 and 4-134). If D = D_ [1 + £(>9]
because of a non-uniform distribution of plasticiser, the
difference between Ds and DL would be expected only for
the plasticised sheet F2. Therefore dependence of
plasticiser concentration on x is not the factor contri-
buting to the discrepancy between DS and DL and hence
between the dynamic and static coefficients Op and Og-

x dependence of D (if it is the cause of the discrepancy)
exerts a greater effect in unplasticised poiymer. Oxi-
dation of surface lgyers has been noted in the case of

117 Time dependence

rubber as a cause of such dependence.
of D through slow relaxations could be an alternative
explanation of the behaviour that has been observed, but
seems rmled out by the reproducibility of the measurements

of D in 'settled! membranes of the PVC.
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4.3.3 Temperature dependence of the solubility

coefficients

(a) Heat of solution

The plots of log Op Vs. % of H2 and Ne in both un-
plasticised and plasticised polymer have been shown in
Figs.4-24 to 4-31, Within the 1limit of experimental
error, the reproducible data are virtuslly linear above
and below the intersection temperatures Tl and TZ‘ On
calculating apparent heats of solution from the slopes
according to eq.(l.4), a large positive value is obtained
below T, (or T, for the J1, J2/Ne system), which changes
to a large negative value above Ty (except for the J1, J2/
Ne system which exhibits a positive apparent heat above Tl).
The heats of solution of permanent gases such as hydrogen,
neon and helium in the majority of polymersl’3’5’7’48’59’64
fall within the range of 1 to 2 K.cal.mole Y. As the
apparent heats of solution calculated fronm Op fall within

the range of -7 to 7 K.cal.mole T

y the temperature depen-
dence of Op is obviously anomalous and its thermodynamic
interpretation would not be meaningful. Nevertheless
the values of Sp for the plasticised and also the un-
plasticised polymer (after ‘*annealing') were reproducible

even after g period of some weeks.
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A knowledge of the equilibrium state of the dissolved
gas molecules 1s important in understanding the diffusion
process and the static solubility coefficient o can be
anglysed in thermodynamic terms. Plots of log o4vs. %
for sheets of unplasticised (J3) and plasticised (F2)
polymer have been shown in Figs.4-25, 4-27, 4-29 and 4-3%1.
From the solubility expressed by eq.(1l.4), the heats of
solution (AH°) and the constant o, were deduced from
the statistical slopes and intercepts of these plots and
are presented in Table 4-28.

TABLE 4-28

Heats of solution A HE° ang o, in unplasticised polymer

J3 (26° 1o 66°C) and plasticised polymer F2 (10° to 40°C)

Sheet J3 ' P2

Gas H Ne H Ne

2

AT (cal .mole™t) | -1170 | -1080 | 1370 | 2770

o, x 10% 0.65| 0.36 | 32 | 166

Below the glass transition iy (previously recorded
as 70°C for unplasticised polymer in section 4.2.4) both
hydrogen and neon exhibit negative values of A T (heat
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evolved) in the unplasticised polymer J3 corresponding
with solubility coefficients Oy of these gases which
decrease with increasing temperature. Similar behaviour
has been reported for hydrogen and neon in polyvinyl
aceﬁaﬁe7’9 and for hydrogen in polyethylene terephﬁhalate65
below their glass transition temperatures. The negative
heats support the suggestibn that a polymer below this
transition temperature contains more than the equilibrium
number of fholes® for a liquid of similar cohesive density
at the same temperature.7 The heat of solution is the

sum of the work required (endothermic contribution).to
create a hole to accommodate the solute particle and the
interaction energy (exothermic contribution) between this
particle and the surrounding polymer?’59 If dissolved
gas molecules are accommodated in holes already present

in the bulk polymer structure, then the gas molecule in

a hole is in a potential minimum of depth determined by

the dispersion interaction between it and the surrounding

polymer.7’18’59

For the plasticised sample F2 hydrogen and neon both
show positive heats of solution A T (heat absorbed)
so that O increases with increasing temperature (see

Figs.4-29 and 4-31). The transition temperature Tl
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(deduced from the temperature dependence of P, DL and
on of F1 as being about 28°0¢) is no longer apparent in
the plots of log Oy VS, %. Plots of log o, Vs. % for

% and

hydrogen, neon and helium in polyvinyl acetate
hydrogen in polyethylene terephthalate65 showed, however,

a discontinuity at or near the glass transition temperature.
Kumins and Roteman54 found that log D vs. % plots, for

H2, He and Ne in polyvinyl chloride-polyvinyl acetate
copolymer, did not show any discontinuities at the tem-~
peratures where dilatometric studies indicated second

order transitions. Unfortunagtely solubility coefficients
vere not recorded 'bhere.s4 The plasticised polymer
probably consists of a liquid-like distribution of holes
and matter perhaps with some rotational freedom of the
polymer segments, especially above the glass transition
temperature. From the previous discussion, the positive
AT° values indicate that the gas molecules dissolving

now have to create their own space by separation of the
segments .of surrounding polymer chains.

(b) Free energy and entropy of solution

For a gas dissolving to give a solution obeying
Henxy¥s law, the standard partial molar free energy

(AT®), neat (AT°) and entropy (AT°) of solution may
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be expressed as:

AT® = RT In 0~ (4.4)
AT° = rr° i.li;-.mﬁa_ (4.5)
and
-0 - 0 1n csEE
AT =R 1n o ® + RT = (4.6)

Egs.(4.4), (4.5) and (4.6). are of course relafed by

AT = AT - AT )

The Bunsen solubility coefficient cs;€ is obtained from
the present data by mul tiplying O by 76. The chosen
standard states were, for the gas phase, a pressure of
76 cm and the experimental temperature and for the
solution phase, a sorbed gas concentration of 1 cm3 at

NTP per cm3

of the plasticised or unplasticised polymer.
Values of AT and AT so calculated at T = 303.16%K
are tabulated in Table 4-29,. Corresponding data for

AT° have previously been recorded in Table 4-28.
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TABLL 4~29
Free energy AT° ang entropy Zlgo of solution at
303 .16°K
Jd3 ®2
Gas ATC AT° AT° AT°
H2 2030 ~10.6 2220 -2.79
The observed values of AT, AT and AT in J3 and

F2 and those in normal hydrocarbons are shown in Tables
4-28 to 4-30 for comparison.

TABLE 4-30

Bunsen solubility coefficients, free energies and

entropies of solution at 2500 of ggses in hydrocarbons

Gas | Solvent | o™x10°9(25°) | AT | AT AT°
H, | Nonane *3.64 1450 580 ~2.92
Ne | Heptane t5 o9 1740 1220 ~1.76
¥e | Octane *4.91 1790 1530 -0.88

X Data of Thomsen et al.l47

* Datg of Clever et al.146
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The collected data in Tgble 4-30 were calculated from

146 and Thomsen et a1.147 Values

papers by Clever et al.
of A are observed to be distinctly positive for F2

and the hydrocarbons,; and the values of AT are of the
same order of magnitude in both cases.

The interstitial mechanism of solution in J3 (also
discussed in sections 4.3.3(a) and 4.3.4) corresponds more
closely with Lengmuir's isotherm,; where localised sorption
occurs in intra-polymer pre-existing 'holes', than with
the usual polymer-penetrant formula for entropy of
dilution given in eq.(2.59).

The process of solution of a gas may be considered
as made up of the condensation of the gas followed by some
5943,44

form of mixing of the condensed gas with the polymer:

The entropy of dilution of the ligquefied gas is given by:

P

AT, =3 -5, (4.8)
where §s and gi denote, respectively, the partial molar
and molar entropies of the liquid in the polymer and as
pure liquid. With a similar form for §£, the entropy §s
may be written as:

3 = Sg + S¢p (4.9)

where subscripts 'c' and 'th' denote , respectively,
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'configurgtional' and thermal'. If molecules of pene-
trant are placed only in pre-existing 'holes', one pene-—
trant molecule per hole, then the configurational entropy

is given by
S =R 1n (T) (4.10)

where © denotes the fraction of sites filled. ¥, is
positive for 0 < 8 < 0.5 and negative for 0.5 < 6 < 1.0.
Large negative values of 2539 ére found for J3 (see

Table 4-29) and some form of fhole filling' would appear
to make an important contfibutian in the solution process.
In addition to the dominant process of filling ‘holes?',
there must also be the alternative process of sorption

by mixing of penetrant with polymer by a substitutional

18 mpe

mechanism, as embodied in the lattice treatment.
lattice theory requires positive values of é&ﬁi, and
corregponds more closely to the behaviour of penetrant
molecules in F2 rather than in J3.

4.3.4 Comparison between the theoretical and

observed heats of dilution

As already noted the process of solution of gas in
a polymer may be considered as made up of condensation

followed by some process of mixing of the condensed gas
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with polymer. Therefore the standard heat AHE° may be
expressed as:

AR = A - (4.11)
where \q is the molar heat of vaporisation and ZXT%'is
the partial molar heat of mixing of the liquefied penetrant
with an infinite volume of polymer-penetrant mixture, in
which the liquid and mixture are in their standard states.
This value of CxHi evaluated from the observed value of
AT, can be compared with the theoretical A ﬁl given
by Hildebrand's equation (eq.2.74). Assuming v, = 1
the solubility parameter 62 of pure polyvinyl chloride

is given by Smalll5o

E2_:L
as 0, = <VZ)2 = 9.6.

The results are tabulated in Table 4-31. A wide
deviation is particularly noticed for J3, but the agree-
ment for the FZ/H2 system appears to be reasonable.
According to the proposed solution mechanism for J3, ﬁsﬁi
will not be given by Hildebrand's equation (eg.2.74)
which is for a substitutional not an interstitial type
of mixing. Since in the latter case the interstices
are pre-existing 'holes' no work need be expended in
making them. The solute molecules in the 'holes' react

exothermally with their surroundings and, since the

latent heat of condensation is also exothermzl, the



TABLE 4-31
Comparison between the theoretical and observed heats of dilution

3 ZXﬁo(cal.mole"l) AT (cal.mole?l)
Gas B, or A v E 5 =0
1 1 B E U 2 2 |AF°n. eq.(4.10)
(cal.mole"l) (cm%) (Vl) = 0y J> r2 (01_62) Y12 L
eq.(2.74) J3 F2
H, 217.7 | 28.8 | 2.75(2%5) | -1170 1370 1470 | =950 | 1590
Ne 414 16.72 | 4.976 -1080 | 2770 360 —670 3180

NOTE:

El or hl is the latent heat of vaporisation of 1lig.gas at n.b.p. Neon data from
Cookl48 and hydrogen data from ref.l49.

Vl is the molar volume of lig.gas calculated from Vl = atomic (or molecular weight)/

- T6T -

density of lig.gas at n.b.p.

~;02 = &, is the s0lubility parameter of the gas: = represents data from ref.5.
1

AT® is the observed heat of solution.

éﬁﬁi is the heat of dilution of the liquid gas with the polymer/plasticiser mixture.
Thecretical data in column 7 and experimental data in cols. 8 and 9.
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overall heat of solution is exothermal . In F2 on the
other hand the situation is dominated by the expenditure
of energy in megking ‘holesf. Hildebrand's substitutional
mechanism is applicable; and ASFH should be zero or
positive corresponding to endothermal dilution.

Hydrogen and neon are at the temperature of the
experiments which is far above thelir critical tempera-
tures making the hypothetical condensation process
physically unreal; hence, El has been obtained for a
much lower temperature, the n.b.p. The solubility
parameters 61 of the gases, calculated at the n.b.p.,
decrease with increasing temperature owing to decreasing
El and increasing Vl. A lower value of El would yield
better agreement between the calculated and experimental
AH, values for F2, for which this treatment is partic-
ularly applicable. The solubility parameter 62 strictly
refers to the pure polymer, but it has been necessary to
use it for F2 as well.

4.3.5 BStatistical treatment of the solubility of

gases

Barrerl5l

developed the theory of solubility of
gases in polymers using the statistical thermodynamics
of random mixing of monomer-polymer mixtures. As

already considered, the sorption process in a polymer



- 193 -

can be considered to occur in two steps, namely, con-
densation of the gas (physically unnatural process) followed
by some mechanism of mixing of the hypothetical condensed
gas in the polymer. In the gimplest case the heat of
mixing was considered to be zero. At equilibrium the
tendency of the sorbed molecules to dissolve is exactly
counteracted by the tendency of the molecules to evaporate.

152 for the partial molar con-

151

Using Miller's expression
figurational free energy of mixing, Z&@i, Barrer
obtained for the sorption isotherm of a freely rotating

gas in a polymer:

3
v
. v, Z =K = ('Q%T;)E- -l-g-eXp(Xﬁ-T-) (4.12)
[l - (l - %) 22']§nl U

where v, and v, = volume fractions of the gas and
polymer molecules respectively.

X = number of segments in the number
average molecular weight polymer
molecule.

z = co-ordination number of lattice site.

ny = number of molecules per amB.

K = solubility constant.

m = mass of the gas molecule.
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Y = mean vibration frequency for the gas
molecule in the polymer matrix.

X = the least energy required to remove a
mole of gas.from the mixture (corres-
ponding to the assumed lattice structure)

to the gas phase.

If AU is defined by:

9 1n K AU (
Lo B = _— 4,13%)
or -

we find by comparing eq.(4.13) with the logarithm of
the r.h.s. of eq. (4.12) thats

X = -AU + -g— RT (4.14)

From eq.(4.12) and (4.14) it follows that:

3 3

v 5 — AU + % RT
= £ = (5p)° &y exple——gr™) (4.15)

[1 -~ (1 - E)“E"]g ny V

At low pressures of gas, where Henry®s Law is obeyed for
gas~polymer systems, the solution is usually very dilute
so that vy <L 1 and Vo ———a ], In the case of large X,
eq.(4.15) becomes:



(1 - ""'""')-2.1’11
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2
21,

(-—AU +

3
2 RT)

5

<

(4.16)

For the condition of constant pressure, substitution

AH+ RT in eq.(4.16) gives:

of p = nqkT and AT =

1
14

.-?.exp(

-AH + 3RT

)

(4.17)

Since }) 1s not known independently, the best test

of the isotherm (eq.4.17) is to determine the value of

y Tor which the experimental and calculated v, agree.

The calculated values

of V vhich give agreement with

observed solubilities for z = 4 and z = 6 at T = %303.16°K
are shown in Table 4-32.
TABLE 4-3%2
Test of isothem (eq.4.17) for hydrogen and neon in
polyvinyl chloride
Sheet | Gas | vy X 107 Vv (sec™ 1) W, (sec™)
z = 4 z =6
R E 5.84 | 4.51 x 1020 | 4.77 x 10%°
Ne 1.64 2.06 x 10%° 2,18 x 1010
r2 | H, 4.27 1.23 x 1010 1.30 x 1010
Ne 1.27 0.27 % 1010 0.28 x 101°
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TABLE 4-%2 (continued)

NOTE:
)y has been calculated from eq.(4.17) where the volume

fraction of the sorbate is deduced fron

76 oS(OC) x mol.vol,

vy = 557700 (see Table 4-31 for

values of mol.vol.)

P =76 cmHg; T =303.16°; v, =1; k =1.04 x 107

AH is the heat of solution and is equivalent to A B

given in Table 4-28.

Eq.(4.12) is for the mechanism of solution by
substitutional mixing and therefore applicable only to
2, For membrane J3 if molecules occupy only pre-
existing 'holes’ in the polymer, an alternative form

of eq.(4.12), given by:

3
9 kT (2
o < F e G 3"—5 . exp(En) (4.18)

should from previous results come nearer to being
correct. 6 is the fraction of 'holes'! occupied by

the penetrant molecules and is unlkmown here.
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From the small differences between the 1\ values ”

2v
for g given system, one can see that the term (1 - -Eg)§

does not vary very greatly for values of z between 4 and

6. As already noted by other workers 435485151 4o

values of Y, decrease with increase of molecular or atomic

mass (from H to Ne). For elastomers43’48’151 the mean

vibration frequency is found to correspond to the infra-

12 -1)

red region (A~ 10" sec but p in this rigid polymer

is of the order 107 - 1010 sec™d for both F2 and J3.
As gas is probably sorbed by the plasticiser in F2 as
well as by the polymer, the assumption that x is large

is probably not applicable to this composition.
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