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ABSTRACT 

The sorption, permeation and steady and transient 

state diffusion of water have been measured (the latter from 

rates of sorption) in polymethylmethacrylate, polyethyl-

methacrylate, poly-n-propylmethacrylate, poly-n-butyl-

methacrylate, poly-n-propylacrylate, in polydimethylsiloxane, 

polydimethyl-methylphenylsiloxane, poly-3,3,3, trifluoro-

propylmethylsiloxane and in some salt (NaCl) - and silica 

filled samples of polydimethylsiloxane. Except for the 

silica-filled samples, satisfactory agreement is obtained 

between steady and transient state results. 

At high relative humidities the diffusion 

coefficient (D) and the activation energy for diffusion of 

water in each polymer are found to decrease and increase 

respectively with increasing sorbed water concentration (c). 

This behaviour is interpreted in terms of sorbed water 

molecules undergoing rapid association such that an 

increasing fraction becomes relatively immobile. At low 

relative humidities D is found to decrease with c for the 

polymethacrylates and poly-n-propylacrylate, to increase 

with c for the silica-filled samples of polydimethylsiloxane 

and to be constant for the unfilled and salt-filled polysiloxanes. 
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The increase in D with c is interpreted in terms of 

immobilisation of water on surface sites of the silica 

filler. The cases where D is initially constant are less 

clear and possible reasons for this behaviour are discussed. 

Shapes of equilibrium sorption isotherms and 

D vs. c curves are compared at several temperatures with 

those expected on the basis of a model which treats the 

polymer as an inert medium and considers association of 

water to take place by a polycondensation process involving 

hydrogen bond formation. The model predicts the qualitative 

features of the results although quantitative agreement is 

not found. 

Theoretical calculations have been made: 

a) concerning the determination of D-c 

relationships from sorption rate measuremen+c. 

b) indicating the extra prPf-ision required of 

"integral' measurements in systems where 

D decreases with c. 

c) illustrating the extent to which measurements 

can be complicated by water sorption on glass 

walls of vacuum apparatus. 
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CHAPTER I 

INTRODUCTION AND LITERATURE SURVEY 

The permeation of a gas or vapour through a polymer 

membrane can be regarded as a three stage process : 

a) Penetrant molecules in the gas phase are sorbed 

in the ingoing face of the membrane. 

b) The sorbed molecules undergo a series of random 

molecular displacements or diffuse. When a 

concentration gradient exists across the membrane 

this process leads to a net flux or transport of 

penetrant through the membrane. 

c) Penetrant molecules in the outgoing face of the 

membrane are desorbed into the gas phase. 

It is assumed that step (b), the diffusion process, 

is rate controlling. The rate of sorption of a penetrant by 

a membrane is governed by steps (a) and (b) only. 

Transport studies of this kind are of interest as they 

yield valuable information on the mechanism of the diffusion 

process and its dependence on variables such as temperature, 

pressure and concentration of penetrant in the membrane. In 

addition the effect of factors such as the chemical structure 

of both the polymer and penetrant, the physical state and 
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morphology of the polymer has been studied in detail. With 

this information the penetrant molecule can in turn be used as 

a probe to investigate the microstructure of the polymer. 

Much work has been done in this field and several reviews are 

now available(1-5) 

There is also strong interest of a practical nature 

in this subject. As an example many protective coatings and 

wrappings are polymer films and it is desirable to know which 

characteristics of a polymer confer on it relatively low gas 

or vapour permeabilities, in particular water vapour 

permeabilities, in addition to other attributes such as 

physical strength(6'7). On the other hand it may be desirable 

to have a polymer exhibiting a high permeability to water, as 

for example polymer membranes used in the desalination of sea 

or brackish waters. 

The interpretation and analysis of diffusion is 

generally carried out in terms of Fick's laws(8) which are 

expressed mathematically in chapter 2. At this stage a 

diffusion coefficient D may be defined, in the absence of 

other transport processes, as the amount of material passing 

across a plane of unit area in unit time under a unit 

concentration gradient. Units are usually adjusted to express 
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D in cm
2 sec-1. A solubility coefficient (T is defined as 

the concentration c of penetrant sorbed per unit volume of 

dry polymer at unit gas phase pressure and is often expressed 

in cc. s.t.p. cm-3 (cmHg)-1. The permeability coefficient 

P is defined as the amount of material passing through a 

membrane of unit area and thickness in unit time and with a 

unit pressure differential applied across the membrane. P 

is often expressed in cc. s.t.p. cm. sec.-1 cm.-2 (cmHg)-1. 

When Pt  D and (rare independent of c or in the limit 

0 _40, then 

P = D . Cr 	....(1-1) 

when the quantities are expressed in the units given. 

For permanent gases in polymers at a given 

temperature both D and Fare always constant at moderate 

pressures(9) 	This result has generally been explained in 

terms of the low solubilities of these gases in polymers 

and the negligible gas-polymer or gas-gas specific 

interactions. 

For organic vapours in polymers D generally increases 

with increasing c and very often 0- also increases with 

increasing 
c(10).  This behaviour has been interpreted in 

terms of plasticisation or loosening of the polymer matrix 

by the sorbed penetrant since organic vapours are much more 

soluble than permanent gases in polymers and polymer-penetrant 



interactions are generally more important. 

On the other hand for water in polymers the 

concentration dependence of D and (S is more varied depending 

on the type of polymer usedOa). In particular, for some of 

the more hydrophobic polymers D decreases with increasing c. 

This has been explained on the basis of clustering or 

association of water molecules inside the polymer in such a 

way that the larger, associated species have relatively small 

mobilities and are formed in proportionally larger amounts 

with increasing overall sorbed concentration c of water. 

The principal purpose of the present investigation 

was to examine, in more detail than hitherto, the aspect of 

water clustering in polymers and the effect of changes in 

the chemical and physical structure of the polymer on water 

clustering. Particular effort has therefore been made to 

determine the concentration dependence of D for water in a 

number of polymers and to examine the results in terms of 

proposed specific models or theories of water association in 

polymers. 

1.1 Factors affecting D, cr and P.  

Much of the previous work has already been reviewed
(1-5) 

and only brief mention of the effect of each variable on D, a 
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and P is made in this section. So many factors and types of 

experimental conditions are significant that reproducible 

results on different samples of the same polymer are sometimes 

difficult to achieve. The method of sample preparation can be 

very important and this point has been discussed in some detail 

by Crank and Park(12). 

1.1.1 Temperature Dependence  

Penetrant diffusion in a polymer is essentially an 

activated process and the temperature dependence of D can be 

expressed by an Arrhenius-type equation 

D = D exp (- E
D
/RT) 

 

(1-2) 

 

where E
D is the activation energy for diffusion and Do 

a 

pre-exponential factor only weakly dependent on T. For 

relatively small temperature ranges ED  is constant for many 

polymer-penetrant systems. 

The solubility coefficient varies in a similar manner 

with temperature, i.e. 

g = cr 0  exp (-6115/RT) 	(1-3) 

where 
Ali's 

is the heat of sorption which for condensable vapours 

is equivalent to the sum of the heat of condensation and heat 

of dilution. ATIs 
is generally small and positive for permanent 
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gases but negative for vapours when the heat of condensation 

is often the predominant quantity in determining the sign of 

A . 

Combination of equations (1-1), (1-2) and (1-3) yields 

P = P
o exp (E /RT) 

 

(1-4) 

 

where E
P'  the temperature coefficient of the permeability, is 

given by E = 	E
D 

and P
o =D o  ao. Thus P may increase 

or decrease with temperature depending on the relative values 

of LST
s 
and E

D
. Generally P increases with increasing 

temperature but for some silicone rubbers ED 
values are 

especially low and decreases in P with increasing temperature 

have been observed(13) 

1.1.2 The Nature of the Penetrant  

The principal differences between the concentration 

dependences of D and of Cl for permanent gases, organic vapours 

and water vapour in polymers have already been indicated. For 

water an important consideration is whether water-polymer or 

water-water interactions predominate, and this is discussed with 

reference to specific polymers in section 1.2 and to theoretical 

models in section 2.7. 

The sorptive capacity of a polymer is often greater 
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the higher the boiling point of the penetrant(9), i.e. the 

more easily a vapour condenses then, in general, the greater 

is the extent to which it is sorbed. 

Important factors in penetrant diffusion are the size 

and shape of the diffusing molecules. As a rule the larger 

the molecular diameter of the penetrant the smaller is D and 

the larger is ED
(9) as more polymer segments are disturbed in 

the diffusion process. The effect of shape is illustrated by 

the branched hydrocarbon penetrants which exhibit relatively 

low values of D compared with their straight-chain isomers(14) 

and it is considered that the latter diffuse preferentially 

with the long axes in the diffusion direction. Above a certain 

size of penetrant diffusion becomes controlled solely by 

co-operative segmental motion and further increases in penetrant 

size have little effect on either D or E
D
(15)

. 

1.1.3 The Nature of the Polymer  

The sorptive capacity of a polymer for a penetrant is 

governed principally by an extension of the "like dissolves 

like" principle usually applied to low molecular weight 

substances. For polymers of varying relative polar group 

content the uptake of benzene was found to increase with the 

relative hydrophobic, or hydrocarbon group content
(16). On 
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the other hand the largest uptakes of water are exhibited by 

polymers containing high proportions of hydrophilic groups 

such as hydroxyl, carboxyl or amide(17) 

Since diffusion involves the displacement of polymer 

chain segments values of D are generally decreased when the 

segmental mobility is decreased. This effect is observed 

when chain stiffening is brought about by the addition to the 

main chain of rigid and bulky side groups or when interchain 

cohesive forces are increased by an increase in the symmetry 

of the chain or by some types of polar side groups. Although 

polymers with low segmental mobilities usually offer most 

resistance to diffusion they are also most amenable to 

plasticisation by penetrant and as a result exhibit the more 

marked concentration dependence for penetrant diffusion. This 

effect is illustrated by benzene in a variety of polymers
(18) 

1.1.4 The Glass Transition Temperature of the Polymer (T 
 g— 
) 

Below Tg  the segmental motion of a polymer is so slow 

that the rate of transport of the larger, and more appreciably 

sorbed, penetrant molecules, i.e. organic vapours, is not 

controlled solely by diffusion but also by segmental 

relaxation processes. An alternative view is that the 

diffusion coefficient in these systems becomes time dependent 
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or the diffusion "Non-Fickian"(19). Fur water in the more 
hydrophobic polymers and for the smaller permanent gases the 

effect of Tg  is not so important(9). However some of the 

larger gas penetrants(20) exhibit changeslin the slope of 

log D vs. 1/T at T because of the relatively sudden change 

in segmental mobility. 

Values of c in glassy polymers can depend on the 

previous history of a sample(2'6) and comparisons below T g  
have to be treated with caution. 

1.1.5 The Crosslink Density and Molecular deight of  
the Polymer 

The degree of crosslinking does not appreciably affect 

the solubility of a penetrant in a polymer unless considerable 

swelling of the polymer matrix occurs in which case the 

retractive force exerted by the network tends to reduce CT . 

Usually, with increasing crosslink density, D decreases and 

E
D 
increases. This effect is more marked for larger 

penetrants(4,14) and is attributed to a decrease in the 

mobility of polymer chains. 

( 2) 
With apparently one exception 	, little effect of 

the molecular weight of a high polymer on D or (y has been 

observed. 
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1.1.6 Crystallinity 

Under normal conditions very little sorption or 

diffusion of a penetrant in crystalline regions of a polymer 

is to be expected. For gases a is generally reduced in 

proportion to the amorphous fraction of the polymer, but D 

is further reduced because of the increased tortuosity of 

diffusion paths(22). 

Analyses of the concentration and temperature 

dependences of D in partially crystalline polymers are 

complicated by the fact that the percentage crystallinity 

of a sample is often critically dependent on its history. 

The present investigation is concerned only with polymers 

which are amorphous in the temperature range of study. 

1.1.7 Incorporated Fillers  

The presence of filler particles in a polymer is 

similar in some ways to that of regions of crystallinity if 

sorption and diffusion through the filler can be considered 

negligible. However appreciable sorption of penetrant is 

often possible on surfaces of filler particles which need 

not be completely wetted by the surrounding polymer. In 

addition polymer-filler interactions are sometimes relatively 

weak and the formation of voids or air gaps, for which there 



is some evidence from density measurements(22,23) , may occur. 

The latter tend to be facilitated if penetrant-filler surface 

interactions are significant, when an interfacial diffusive 

flow of penetrant is encouraged. 

Other principal factors affecting D and a in filled 

polymers are the size, shape, distribution and degree of 

dispersion of filler particles(22). In particular, the largest 

relative decreases in D occur when lamellar fillers(4) oriented 

normally to the direction of diffusion are present. 

Filled polymers are discussed in more detail in 

chapter 3. 

1.1.8 The Presence of Other Gases or Vapours  

Generally the presence of permanent gases in a polymer 

has a negligible effect on the transport of other penetrant 

species whereas with a vapour present appreciable interaction 

of flows may be expected. The diffusion of water in several 

polymers is enhanced considerably by the presence of small 

quantities of a plasticiser such as dioctyl phthalate 
 

Conversely, in some polymers with large sorptive capacities 

for water, such as cellophane, the presence of water facilitates 

the diffusion of other penetrants 
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1.1.9 Macro-Heterogeneity of Membranes  

Membranes which are heterogeneous on a macro-scale 

can arise, for example, through progressive changes in 

structure or of concentration of a disperse phase(22) 

Membranes of this type have been prepared, some of which 

exhibited water vapour permeabilities which depended 

significantly on the direction of flow of water through 

them(24'25). 

1.2 Previous Work on dater-Polymer Systems  

Much of this subject was reviewed recently by 

Barrie 

1.2.1 The Nature of qater as a Penetrant  

Although the water molecule is relatively small in 

comparison with most organic penetrants, liquid water is 

vastly associated through hydrogen bonding and has been the 

subject of extensive study(26'27) 
	

Since the present work 

is largely concerned with the association of water inside 

polymers it seems pertinent to describe briefly the principal 

models proposed for the associated structure of liquid water. 

The "uniformist" structure model(28) postulates a 

uniform amount of hydrogen bonding and considers water 

essentially as an unstructured liquid with no local domains 
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of structure different from that of any other volume 

element in the water. However, more attention has been 

given to mixture models for water(26) which require the 

coexistence of a bulky, structured species of associated 

water with a dense species such as monomeric water molecules. 

One of these models proposes a broken-down ice type of 

structure(29) with relatively few hydrogen bonds broken. 

Another proposes monomeric water and other small entities 

contained in cavities or clathrate-like cages(30) inside 

large, associated structures, and a third requires the 

existence of monomeric water and relatively large clusters(31) 

The last-mentioned model stemmed from the strongly 

co-operative nature of hydrogen bond formation proposed in 

liquid water
(32). A resonance stabilisation effect causes 

the formation of one bond to facilitate the formation of 

others and "flickering" clusters with a lifetime of r.d10-11  

sec. were proposed
(32). This model is most amenable to 

mathematical treatment and the average cluster size has 

been calculated as decreasing from 91 to 25 in the range 

0-70
oC, being ^,50 at room temperature

(31) 

Evidence for the existence of higher order transitions 

in liquid water has been compiled(26) based on "thermal 

anomalies" or "kinks" in the temperature dependences of 



-14 - 

several physical quantities for liquid water and for aqueous 

solutions. As yet this evidence is neither conclusive nor 

universally accepted(33). It has even been suggested(34) that 

the apparent transition observed at 60°C in a study of the 

diffusion of water in vinyl acetate-vinyl chloride copolymer(35)  

is due to a transition in water itself. 

In contrast to the liquid state, there is little 

or no evidence(36) for any appreciable association of water 

in the vapour phase except possibly close to the saturation 

point. 

1.2.2 Natural Fibres, Synthetic Fibres and other 
Polymers containing Hydrophilic Groups  

The Present investigation is not directly concerned 

with polymers of the type in which water-polymer interactions 

are predominant. Nevertheless, many studies have been made 

on this type of polymer and it is of interest to compare 

the findings with those for polymers exhibiting lower 

sorptive capacities for water. 

Most of the work on natural fibres has been 

concerned with wool and cellulose(11,16) which exhibit 

water regains of 20-40;!, at saturation. Sorption isotherms 

exhibit hysteresis and diffusion is markedly "non-Fickian". 
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There are strong interactions between water and polar groups 

inside the polymer and there appears to be a rapid, initial 

diffusion of water into the fibre accompanied by an elastic 

swelling. This stage is followed by slow polymeric 

relaxation processes which allow further sorption to occur. 

Values of T), calculated from the first reversible stage, 

increase markedly with c as diffusion becomes easier in the 

more swollen polymer. 

Nylon is most widely studied of the synthetic 

fibres(11'37'38) 	D increases with c although less markedly 

than for wool or cellulose as the uptake of water by nylon 

(^a10% saturation regain), and hence the degree of swelling, 

are less. Non-Fickian behaviour was also detected s D 

measured in the transient state of diffusion from rates of 

sorption increased less with c than did the corresponding 

steady state D. 

The third category of this class of polymers includes 

polyvinylalcohol and cellulose acetate both of which have 

been studied in some detail( 17,39,40) 
	Completely amorphous 

polyvinylalcohol dissolves in water and the polymer swells 

considerably in water even when the percentage crystallinity 

is high. Both D and P increase rapidly with c but the 
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analysis is complicated by marked non-Fickian behaviour as 

a consequence of the rupture by water of strong interchain 

bonds. At low relative humidities D is exceptionally low 

because of the very strong cohesive forces between chains of 

the dry polymer. Cellulose acetate exhibits saturation water 

regains of N  20% but D does not appear to increase strongly 

with c (cf. natural fibres). Values of P are exceptionally 

high and it has been postulated
(41) that capillary pores 

are present in the polymer along which water transport can 

take place. 

1.2.3 Polymers containing no Polar Groups or only  
moderately Polar Groups  

These are considered in rather more detail since 

water-water interactions are relatively more pronounced in 

these systems. 

i) Polyethylene and Polypropylene(4°'42)  

In both these polymers P is independent of sorbed 

water concentration. Despite appreciable experimental errors 

it was established that sorption follows Henry's law so that 

cr, and hence D, are also constant. Water uptakes are 

sufficiently low (less than 0.1% at saturation) to rule out 

specific water-polymer interactions and the Henry's law 

behaviour suggests that specific water-water interactions 
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are not important either. 

ii) Polydimethylsiloxane(43)  

P was observed to decrease very slightly with c and 

sorption isotherms appeared to be of the B.E.T. class III 

t(44) ype 	, although the accuracy ,of the sorption measurements 

was rather low. The steady state D decreases as c is 

increased and this was interpreted in terms of water 

clustering inside the polymer. 

iii) Natural  Rultber(45-7)  

P is constant up to ...v0.8 relative humidity. Sorption 

isotherms are initially linear but become type 111(44) above 

relative humidities of 0.7-0.8. D is almost constant at low 

sorbed water concentrations but close to saturation it 

decreases appreciably with increasing o. Interpretation of 

the results was complicated, however, by the presence of 

water-soluble material. In particular, sorption isotherms 

appeared to be linear up to a vapour pressure corresponding 

to that of a saturated solution of the water-soluble impurities. 

iv) Polymethacrylates, Polyacrylates and Polyvinylacetate 

These polymers sorb 1-2% of water at saturation. 

For polyvinylacetate and polymethylacrylate(48)  D is 
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constant. For polymethylmethacrylate(43) and polyethyl-

methacrylate(49) the steady state D decreases with increasing 

c. Again P is constant and sorption isotherms are of type 

III. However time lag (chapter 2) results for polyethyl-

methacrylate suggest that D is constant. This discrepancy 

was tentatively ascribed(49) to the formation of clusters 

under equilibrium sorption conditions but not under time lag 

conditions. 

v) Ethyl Cellulose (5°'51)  and Rubber Hydrochloride(42)  

Both these polymers exhibit type III sorption 

isotherms. As for polyethylmethacrylate the steady state 

D decreases with increasing c but D from time lag 

measurements is apparently constant. On the other hand 

sorption rate measurements yield values of D in ethyl 

cellulose in good agreement with the steady state values. 

As yet, the discrepancies in the time lag results remain 

largely unresolved. 

vi) Other Polymers  

For water in some cellulose acetate/polystyrene 

graft copolymers(52) both Cr and P increase with c while 

D, as measured from both steady state and time lags, remains 

constant. These results were interpreted in terms of 
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relatively low degrees of water clustering in comparison with 

those in ethyl cellulose. Presumably similar behaviourwould 

result if clustering and plasticisation were to occur 

concurrently with their effects on the D - c dependence 

cancelling out to a large extent. 

In polyethyleneterephthalate(42) P, cr and D are 

all constant. 

1.3 Clustering of dater in Polymers  

As already indicated, in many of the more hydrophobic 

polymers water-water interactions are preferred to water-

polymer interactions, so producing strong tendencies for water 

clustering. 

1.3.1 Evidence for Clustering 

Evidence for clustering of water in polymers has come 

mainly from observed diffusion coefficients which decrease 

with increasing sorbed water concentration(42'4349-52). If 

clustering occurs such that the proportion of clustered 

molecules increases with increasing overall water concentration, 

then a decrease in the overall D with increasing c would be 

expected since clustered water can be assumed to be relatively 

immobile compared with monomeric water. The proportion of 

clustered molecules depends on the relative rates of clustering 
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and dissociation of water molecules. The former would be 

expected to increase with c owing to the increasing chance 

of encounter. The number of molecules dissociating from 

clusters would also be larger for higher c. However, as 

clustered water molecules are possibly stabilised to some 

extent when each is attached by two or more hydrogen bends, 

then it may be expected that the rate of dissociation 

increases less rapidly with c than does the rate of 

association. The comparative immobility of clustereu water 

has been interpreted on the basis that a water molecule 

inside a cluster would require additional energy to break 

free prior to diffusion, although it has been pointed out(42) 

that apart from energy considerations the probability of a 

H2O unit undergoing a successful diffusion jump would be 

less if the unit were part of a cluster than if it were 

free as monomeric water. Transport of complete clusters, 

especially large ones, was considered unlikely
(2) 

Additional evidence for the presence of clusters 

has come from the shape and temperature dependence of water 

sorption isotherms(42). When water does not interact 

appreciably with the polymer deviations from Henry's law 

can be interpreted in terms of clustering(53,54) 
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Thermodynamic heats of dilution
A of water in a number 

of polymers decrease with increasing c(42,55). This is 

consistent with clustering of water becoming more predominant 

with increasing c. Thus decreases in QT.] with increasing 

c could result from corresponding decreases in the degree of 

mixing of polymer and monomeric water. Clustering of water 

would tend to decrease this degree of mixing. 

The development of opacity(5°)  in ethyl cellulose 

films when exposed to high relative humidities was attributed 

to cluster formation. Presumably the clusters are of 

sufficient size to create a heterogeneous system having 

significant fluctuations in refractive index. 

Measurements of the dielectric constant E of 

water-polystyrene at various sorbed water concentrations
(56) 

showed that the relative increases E -E o/ o  E , where E is 

the value for dry polymer, are greater at high relative 

humidities than expected on the basis of a mixture with 

random molecular mixing. Since it is known that E for liquid 

(associated) water exceeds E for monomeric water (80 cf. 29 

for the latter), the discrepancy was interpreted in terms of 

association of water inside the polymer. 

In addition to studies of water in polymers, the 
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properties of water in polar and non-polar organic liquids 

have been investigated. Gordon et al(57) measured specific 

volumes, viscosities and heats of mixing of water-benzene 

and water-toluene mixtures under conditions where the water 

concentration was insufficient to cause phase separation. 

They concluded that appreciable clustering of water takes 

place. On the other hand a more recent investigation(58) in 

which the amounts of water present in organic liquids were 

measured directly by an analytical procedure indicated that 

little if any clustering of water takes place in benzene but 

that some clustering occurs in the polar liquids chloroform 

and 1,2-dichloroethane. 

1.3.2 Clustering of Methanol  

Short chain aliphatic alcohols, particularly methanol, 

are also capable of association through hydrogen bonding and 

might be expected to cluster inside polymers. However most 

hydrophobic polymers have much higher sorptive capacities for 

methanol than for water and plasticisation of polymer would 

normally mask any observable effect of clustering on diffusion 

coefficients. In the case of polydimethylsiloxane the 

segmental mobility is sufficiently high at room temperature 

to minimise any plasticisation effect and the steady state D 

for methanol in this polymer decreases with increasing c(59). 



-23- 

There is also some indirect evidence that the constant D 

obtained for methanol in ethyl cellulose(50) is a result of 

cancelling concentration dependences arising from plasticisation 

of polymer and clustering of penetrant. 

Clustering of methanol in benzene has also been 

reported(60. 

1.3.3 Sizes of Clusters  

The mean cluster size of penetrant molecules in a 

polymer-penetrant mixture can be calculated from the shape 

of the sorption isotherm by the use of equations based on 

cluster integrals(53,54) which are discussed in chapter 2. 

Mean cluster sizes of water and of methanol in relatively 

hydrophobic polymers have been calculated in this way
(42,59,61) 

and are generally in the range from 1 (i.e. no association) 

at low relative humidity to 2 - 3 at relative humidity 

0.8 - 0.9. 

Although mean cluster sizes can be established there 

is relatively little information on the distribution of 

cluster sizes. The development of opacity in ethyl cellulose
(50 

./ 

already mentioned, indicates that some clusters of water 

molecules are very large in this polymer at close to saturation. 
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Gordon et a1.(57) derived a model which postulates water 

association by hydrogen bonding in an inert medium as a 

random polycondensation with H2O as a tetrafunctional A4  

type monomer. This type of model yields an exact distribution 

of cluster sizes. Gordon et a1.(57) interpreted their 

results for water-benzene and water-toluene as consistent 

with this model. Barrie and Platt(43) applied the same 

model to the water-polydimethylsiloxane system and, with a 

number of assumptions, they found the observed D-c 

dependence to agree with that predicted by the model, 

although the experimental error was rather large. The model 

was found to be inadequate to describe the observed D-c 

dependence of the water-polymethylmethacrylate system and it 

was assumed(43) that this polymer does not match the criterion 

of an inert medium to water. 

An analogous polymerisation model for methanol gives 

reasonable agreement(59) with the experimentally determined 

sorption isotherm and D-c relation for the methanol-

polydimethylsiloxane system although a somewhat arbitrary 

adjustable parameter was used in the comparison. 

On the other hand results for water in chloroform 

and in l,2-dichloroethane(58) are consistent with water 
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association involving dimer formation only. 

1.3.4 The effect of Polymer Structure on Cluster 
Formation 

Barrer and Barrie(50)  pointed out that the ultimate 

size of clusters would be controlled by the amount of free 

space in the polymer, i.e. the physical presence of polymer 

segments would restrict further cluster expansion after a 

certain point in their growth. As a consequence of this they 

suggested that, in the case of ethyl cellulose and other 

polymers which are glassy at room temperature and contain 

voids in their structures, formation of clusters would occur 

preferentially in voids since less disturbance of the polymer 

matrix as a whole would be required. 

Yasuda and Stannett(42)  suggested that the formation 

of water clusters might be initiated by the presence of polar 

groups in the polymer. They proposed that results obtained 

previously by Rouse
(62) 

for water in polyethylene, which 

indicated considerable clustering of water, were a consequence 

of cluster initiation by polar impurities resulting from 

oxidation of the polymer. Barrie and Platt(43) considered 

that water clustering in polydimethylsiloxane might possibly 

be initiated by the presence of trace catalyst or the Si'Ni 

linkage. If the initiation process were relatively slow in 
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comparison with diffusion the anomalous time lag results, 

described in the last section, might be a consequence(51) of 

the setting up of a quasi-steady state in permeation. 

The effect of polar groups on the sorption and 

clustering of water, and the comparative immobility of 

clustered water were clearly illustrated by the addition of 

5% of an ionic emulsifier to a styrene-ethyl acrylate copolymer 

latex(42). Values of a for water increase markedly, 

particularly at higher relative humidities, but P is very 

little altered. 

1.3.5 The effect of Clusters on the Bulk Properties  
of the Polymer  

Rogers(6) pointed out that local concentrations of 

a clustered penetrant inside a polymer might be as great as 

an equivalent overall concentration of a penetrant which is 

a strong swelling agent for the polymer. This could lead to 

localised swelling and possibly stress-cracking of the polymer. 

Analysis of sorption isotherms for methanol, ethanol and 

propanol in polyethylene indicates
(6) that clustering of 

alcohols takes place only at higher relative vapour pressures. 

Polyethylene films containing sorbed alcohol crack readily 

under applied stress
(6) only in the regions of the isotherms 

where clustering is indicated. At lower vapour pressures 
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stress-cracking either takes a long time to occur or is not 

exhibited at all. 

1.4 The Present Investigation 

The principal aim of the work presented in this thesis 

is the investigation of the properties of water in a number of 

amorphous high polymers by sorption and diffusion studies. The 

polymers used are relatively hydrophobic in the sense that 

water uptakes close to saturation do not generally exceed 2% 

by weight of dry polymer, and emphasis is placed throughout 

on the study of clustering or association of water in these 

polymers. For this reason particular attention is given to 

the concentration dependences of P, 0 , D, ED  and Llijl of water 

in the polymers, as well as to their absolute magnitudes. 

Effects of structural changes in a polymer on the 

properties of imbibed water are investigated by making 

measurements on series of polymer samples which differ only 

slightly in the chemical constitutions of their monomer units. 

Polymer samples containing various proportions of 

incorporated fillers, which sorb relatively large amounts of 

water in comparison with the bulk polymer, are also examined 

briefly. Filler particles then constitute, in a sense, large 

local concentrations of relatively hydrophilic groups inside 

a polymer. 
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A few measurements with methanol as penetrant 

vapour are also made to compare concentration dependences 

of D, a and P in some of the polymers with those for water. 

This is done with a view to compaing the relative degrees, 

and possible mechanism, of clustering of the two penetrants. 

Previous theories of water (and methanol) clustering 

in polymers, in particular that of Gordon et al.(57) already 

described in section 1.3.3 and discussed in more detail in 

chapter 2, are examined critically on the basis of the 

experimental results. 

1.4.1 Polymers used in the Present Investigation 

i) Series of Polyalkylmethacrylates  

Polymethyl-, ethyl-, n-propyl- and n-butyl-

methacrylates (PMMA, PEMA, PPMA and PBMA respectively) 

were used, i.e. the polymer structure was modified by 

varying the size of the alkyl group in the side chain. A 

similar investigation has been carried out previously using 

benzene as penetrant(16) Although PMNA and PEMA have been 

studied previously in connection with water(43'49) the 

polymers are all around or below their T at room temperature 

and some discrepancies might be expected between values of 

P, cr and D obtained from different polymer samples. In 

this investigation the polymers were prepared at the same 
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time and in the same manner, and were subjected to similar 

solvent and thermal treatments in order that a serious 

comparison of sorption and diffusion of water in each is 

justified. Hence, despite the previous work, it was 

considered worthwhile to make a more comprehensive study 

of these systems, particularly with respect to an analysis 

of concentration and temperature dependence of P, CY and 

D. In addition a few comparative measurements were made on 

poly-n-propylacrylate (PPA) which is well above its T at 

room temperature. 

Diffusion measurements were generally made under 

steady state conditions although some values of D for the 

PRI,TA- and PPA- water systems were also calculated from 

sorption rate measurements to compare steady and transient 

state values. It was thus hoped to obtain information on 

the relative rates of the diffusion and clustering processes. 

ii) Polysiloxanes  

As previously indicated in section 1.2.3 the 

polydimethylsiloxane (DMS) - water system was studied by 

Barrie and Platt(43) who applied to it a specific 

polymerisation model for water association. However, the 

accuracy of their sorption measurements was not high, and 
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in the present work a more detailed investigation of this 

system is carried out using a more sensitive weighing 

procedure. In addition the effect on P, 0- and D of 

structural variations in silicone rubbers, by the introduction 

of bulky or polar substituents, was examined by a study of a 

polymethylphenylsiloxane (PMS) containing 5.4% of phenyl 

groups and of poly 3,3,3, trifluoropropylmethylsiloxane (FMS). 

A few sorption rate measurements were also made to 

compare values of D obtained from the steady and transient 

states of diffusion. 

iii) Filled Samples  

DMS was chosen as the bulk polymer since it sorbs 

relatively little water(43) and since a number of fillers 

can be incorporated rather readily into it. Two different 

types of filler were used: a fine powder of silica and 

finely ground crystals of sodium chloride. The former sorbs 

large amounts of water(44) compared with DMS and the latter 

dissolves completely if the activity of water is above 1̂/4.'0.75. 

The effect on P of incorporated fillers could conceivably be 

of some technical interest since P for water in DMS is 

relatively high(11) compared with most polymers at room 

temperature, and any increase in P due to the presence of a 

filler could possibly be utilised in membrane separation 
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processes involving water. 

A few sorption rate measurements enabled comparisons 

to be made of values of D obtained from the steady and 

transient states of diffusion. 

iv) Polymers used with Methanol  

Some equilibrium sorption and steady state diffusion 

measurements for methanol in FMS and in PEMA were made, 

together with some sorption rate measurements in the latter. 

FMS was chosen principally for comparison with an earlier 

study of the DMS-methanol system(58). PEMA was chosen to 

investigate the effect of the increased amenability of the 

polymer to plasticisation on the concentration dependence 

of D. 
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CHAPTER 2 

THEORY 

2.1 Basic Diffusion Equations  

For an isotropic medium the rate of transfer of 

material by unidirectional diffusion under a concentration 

gradient is expressed mathematically in terms of Fick's first 

law of diffusion(8), 

i.e. J = - D 
 ac  
ax ....(2 -1) 

where J is the rate of transfer across unit area of a section 

normal to the direction of flow, c is the concentration of 

diffusing material at a distance x along the direction of 

flow and D is the diffusion coefficient. The quantity of 

material is usually given the same units in c and in J so 

that D has the dimensions length2  time-1. 

From equation (2-1) the fundamental differential 

equation for unidirectional diffusion can be derived by 

considering the rate of accumulation of material in a volume 

element having faces of unit area normal to the direction of 

diffusion at x - dx and x + dx. Diffusing material enters 

and leaves the element at rates given by
"Tx - ax • dx and 

aJ 
Jx + ax 

x — . dx respectively where Jx  is the rate of transfer 

across the plane at x, i.e. the plane at the centre of the 



-33- 

element. The rate of accumulation inside the element is then 

given by 
3,1 c - 2 axx . dx = 2 . dx . 

or 0 

J
x may be substituted for using equation (2-1) so 

that for D constant 

ac 
3t 

2c  
D. 

ax 
....(2 -2) 

When D varies with c equation (2-2) becomes 

3c  
3t = 	(D(c) . -73-  ) ax ....(2 -3) 

Equations (2-2) and (2-3) are often called Fick's 

second law of diffusion. 

2.2 Alternative Diffusion Coefficients  

Equation (2-1) refers to diffusion across an arbitrarily 

chosen plane, or frame of reference. To define a diffusion 

coefficient completely in a two component system the frame of 

reference must be specified precisely. This section describes 

the more common and useful frames of reference and their 

respective diffusion coefficients(63) 

2.2.1 Total Volume of the System remains Constant  

The interdiffusion in a closed vessel of two components 
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A and B of constant volumes VA and VB, respectively, per unit 

amount of component can be expressed by 

	

(cV 	c cV  V 	A 	V JA = - DA 6x 	and JB = - DB -3-s7 

where superscript V refers to a volume-fixed frame and subscripts 

A and B to the components A and B respectively. cV  is expressed 

as the amount of component per unit volume, the amount of 

material having the same units as in J. JA and JB 
refer to a 

section such that the total volume on either side of it remains 

constant as diffusion proceeds, i.e. fixed with respect to the 

closed vessel. 

The volume transfers of A and B across unit area of 

this section are 

a cv cv 
DA VA 3 x

A and - D
B  V  VB 	

x respectively and 

since there is no net transfer of volume 

a cA 	 a cB DA VA " a x + DB VB 3 x 
 0 	....(2-4). 

An overall mass balance for the system gives 

VA aA + VB  cBV  = 1, which on differentiation with respect to x 

becomes 

	

cv 	cv 

	

A 	B vA x + VB ax 
 0 	....(2-5) 
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For non-zero VA and VB equations (2-4) and (2-5) 

— B — 
require DV

A D
V 
 = D

V 
 so that a two component system, in which 

the volume change on mixing is zero, can be described by a 

single diffusion coefficient DV  often referred to as the 

mutual diffusion coefficient. 

2.2.2 Total Mass of the System remains Constant  

When volume changes take place in a system an 

alternative frame of reference is used in which the mass of 

the system on either side of the reference section remains 

constant. By modification of the scale of length from x to 

m' where equal increments in E 
M  correspond to equal 

increments in the total mass of the components, and by using 

a procedure analogous to that in 2.2.1 it can be shown that a 

single diffusion coefficient D1  is again sufficient to 

describe interdiffusion. The superscript M refers to a total 

mass-fixed reference frame. 

2.2.3 Mass of One Component remains Constant  

The diffusion of a penetrant in a polymer is usually 

most conveniently described by a frame of reference in which 

the mass of one component (polymer) remains constant on either 

side of the reference section. By choosing EB  as the scale 

of length, where equal increments in EB  contain increments 
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in the mass of component B (polymer), theequation 

	

acB 	,cB 

DA . 	
A 

+ D
B 
 . 	B = 0 	....(2-6) a EA B 8 B  

is obtained by analogy with equation (2-4) where the 

superscript B refers to a component B-fixed frame. 

However DB
B 
 must be zero so that interdiffusion is 

again described by one diffusion coefficient DBA  with which 

most of the work in this thesis is concerned. 

2.2.4 Intrinsic Diffusion Coefficients  

If the two components diffuse independently of each 

other then in general they may be expected to do so at 

different rates. To reconcile this deduction with the fact 

that equal amounts of both components are transferred across 

a volume-fixed section it has been postulated
(64) that a 

compensating mass flow of both components occurs so as to 

equalise the total rates of transfer of each component. In 

order to correlate diffusion coefficients more closely with 

random molecular motions, intrinsic diffusion coefficients 

pA and (7).B were defined with respect to a reference section 
across which no mass flow occurs(64). For a volume-fixed 

reference section the rate of transfer of A is then given by 

) 
V 

3c
A 	

c
A 	dV 

-D 	= 	-7T- cA  • TIT  ....(2 -7) 



a cV 	cV 
= -DV ax 

A + D — • V A 
3x 

or 

cV 
....(2 -8) 
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where dV/dt is the rate of change of total volume due to mass 

flow. 

The use of intrinsic diffusion coefficients has been 

criticised on the grounds that, in condensed phases at least, 

the diffusion of one component is linked or correlated with 

the diffusion of the other and cannot be regarded as 

independent processes(65,66) 

2.2.5 Relationships between Diffusion Coefficients  

Diffusion coefficients from any two chosen frames of 

reference (X and Y say) can be related since 

X J
A 	JA 	cA UYX 

where U
YX  is the relative velocity of Y with respect to X. 

Taking the three frames considered above and considering the 

flux of A across a B-fixed section, 

	

acB 	()'cM 	a C" 

	

A 	M A M c
A -D . 	-D 	+ D . 	. B  

	

A aEB 	
1, 

c 	N Em 
B 

from which it can be deduced that 
(0/4‘2 

DA = 	D 	
(c

A 

M 	v  B' 	V 2 = D B M 	M + cB) 2 
....(2 -9) 

where °B is the volume fraction of B. 
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It can also be shown that, provided the partial 

volumes of the components are constant, then 

Dv = V
A 

c
A 
(du

B 
- j)

A
) +

A 

5)B 
is usually considered to be zero for polymer-

penetrant systems so that 

D
V 	DA 

5).ei = T 
'B 

....(2 -11) 

Although most diffusion coefficients considered in 

the present work are DA, 95A 
 is less than 0.02 in most cases 

so that to a good approximation 5)A  = DV  = DA. For this 

reason diffusion coefficients will henceforth be simply 

referred to by the symbol D unless otherwise indicated. 

2.3 Solution of the Diffusion Equations(12,67)  

Solutions to equations (2-1) and (2-2) depend on the 

initial and boundary conditions imposed. The two most 

important cases for a plane sheet of, polymer are:- 

1) Permeation through a sheet with fixed, but 

different penetrant concentrations in the 

ingoing and outgoing faces and no penetrant 

initially in the sheet. 

ii) Sorption into or desorption from a sheet, 
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with uniform initial concentration of 

-Penetrant and with the concentrations in 

each face equal and fixed at a value 

different from that initially in the interior 

of the sheet. 

2.3.1 Steady State Permeation 

i) Diffusion Coefficient Constant  

If the concentrations of penetrant in the ingoing and 

outgoing faces (x=0, x= t) of a plane sheet of polymer of 

thickness t 

(co 
	c, ), 

(2-2) gives  

are maintained at c
0 
 and ct  respectively 

then when steady state conditions hold equation 

2.2c/  ax2 	0. 

Integrating twice gives c = Ax + B where A and B 

are constants. Introduction of the conditions at x = 0 and 

x = .1 gives co  = B, c = AR- + B so that 

x (c4„ - c0) 
+ Co 	 .... (2-11a) 

or 	x/-t - 
- C 

CO  
c0  

(2-11b) 

showing that a linear concentration gradient exists across the 

sheet. From equation (2-1) the diffusion coefficient may be 

calculated since 

J = -Dac/ ax 
D(co  - ct  ) .... (2-12). 

   

c = 
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ii) Diffusion Coefficient a function of Concentration 

When D varies with c equation (2-1) is still lalid 

and can be integrated to yield an average value D of the 

diffusion coefficient. 

fc%  
Thus J D(c) do 	(c0 	ct )  ....(2-13a) 

c0 

where D is given by ro 
T -1  ....(2-13b) 

c0 - c 	
D (c4 dc 

t c I 

Comparison of equations (2-12) and (2-13a) shows that 

D is the "effective" diffusion coefficient for steady state 

permeation when D varies with c. 

2.3.2 Transient State Permeation  

i) Time Lag 

In most experimental arrangements the concentration of 

penetrant in the outgoing face of a polymer sheet is kept small 

enough to be considered negligible compared with the concentration 

in the ingoing face. If, in addition, the sheet contains no 

penetrant at zero time the boundary conditions are 

c =
CO' 	

7 = 0 	t 	0 

c = 0, 	0< X 	t = 0 

0, 	X = Q, 	t a 0 
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and the solution of equation (2-2) takes the form 

Qt 	D.t
00  

1 _ 	(-1)n  exp(,-D  n 11-
22  t  

70"  t2 - 6 	72 	2 

	

n. 	
f 2 	....(2-14) 

n=1 

where Qt  is the total amount of penetrant which has passed 

through unit area of sheet in time t. As t-3.0o equation (2-14) 

tends to the steady state straight line 

Q.b  = 
D.c a 2 0 (t 	z53— ) 

so that if a graph of Qt  vs. t is drawn, the intercept L of 

this line on the time axis is given by(68) 

t2 
L = T5— 

L is known as the time lag and a knowledge of this 

will thus enable D to be calculated. Equations (2-14) and 

(2-15) are valid only for a constant D. 

When D varies with c Frisch(69) has shown that L may 

be obtained from 

A 
x cs (x) dx 

  

....(2-16) 
c  o 

Jo D (c) dc 

where c
s 
(x) is the steady state concentration distribution 

of penetrant in the sheet. 

....(2-15) 
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ii) Permeation at Small Times  

An alternative equation to (2-14) for constant D(70) 

is 

dQt  
=  

dt 	00 

ao 

(4134)i-E 
m=0 

exp ( 	t2(2m +1)2
) 4Dt 

which, for small t, reduces to 

, dQ, 	40
2 
D ji 	0  2 

0 	) \ 

4Dt In (t-2.--- dt2') = 1  I 

 Tr 
_n k_____ 	, 	....(2-17) 

, dQt  
D may be obtained from the slope of In (t7 dt - ---) vs. 1/t. 

2.3.3 Rates of Sorption or Desorption  

For a constant D system with the following boundary 

conditions for sorption into a plane sheet, 

c = x = 0, 	x = 2. 	t > 0 Co, 	 f 

C = 0, 	 0 4- X < 1 , 	 t = 0 

the solution of equation (2-2) can take either the form 

Ht 	D t) 
4 (— Mb. 	t 2 

0.0 
1, - 2 17: 	(-1)n ierfc nk  
Tr 	n=0 	4Dt2  

 

•• .(2 -18) 

   

or Mt 
Moo  = 1 - 8 

112  

op 
1  

;El 	(2m+1)2 exp m=0 

(-D(2m+1)2  ir2t) 
• • • .(2 -19) 

where Mt 
is the uptake of penetrant by the sheet at time t and 
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Moo  is the equilibrium uptake. Equation (2-18) is useful at 

small times when the summation term tendsio zero and D can be 

obtained from 

IrI2/16 	 ..:.(2-20) 
where I is the initial slope of the reduced sorption curve, 

i .e . a plot of Mt/M., vs . t-2-/ . 

Equation (2-19) is more useful at longer times for 

which it approximates to 

In ( 1 - 	) = In (8/,r2) D. - r 2  t  
t2 ....(2 -21) 

D may be obtained from the slope of a plot of 

In (1 - Mt/M00 ) vs. t. 

In the case of desorption from a sheet with boundary 

conditions 

C =0, 	x = 0, x = , 	t 	0 
C = cO' t = 0 

equations (2-18) to (2-21) still apply with Mt  the amount of 

penetrant lost from the sheet at time t. 

When D varies with c equations (2-20) and (2-21) give 

an average value D over the concentration range 0 - co. This 

average is not the same as that for permeation (equation (2-13b)) 

and is discussed in the following section (2.4). 



s such that 

f0 s = 
J; 0 

Di  (C) dC 

D1  (C) dC 

....(2 -23) 
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2.3.4 Numerical Solutions of Diffusion Equations(71) 

When D varies with c analytical solutions of equation 

(2-3) exist only in a few specific cases and numerical methods 

generally have to be used. It is often desirable, for example, 

to be able to calculate expected reduced sorption curves from 

a known, steady state D-c dependence. This can be done by 

approximating the derivatives in equation (2-3) to finite 

difference expressions. It is usually convenient to make the 

variables dimensionless by the transformations 

, c=t) 2.t 
C = c/c0, 	X = x/ .I.  , 	T 	

D  
- 	D

1 
= D/Dc=0 

where c0 
 is the final or initial concentration of penetrant 

in the sheet and Dc=0 
is the limiting value of D at zero 

penetrant concentration. Equation (2-3) then becomes 

a T 	- I
x  (D1 

(C) 
 ()C) 
aX 

4C 

At this stage it is convenient to introduce a variable 

....(2 -22) 

when (2-22) may be expressed as 

3 c 
aT 

= sl 

D
1 (C) dC . s 

a X2  
....(2 -24) 
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The ranges in X and in T are now divided into a 

number of equal intervals AX and AT respectively. If 

penetrant concentrations at the points (m-1) AX, m AX, 

(m+1) AX are denoted by Cm-1'  Cm, Cm+, respectively at 

time n AT, and at m AX by C:, C; at times (n+1) AT and 

(n-1) AT respectively, then from Taylor's expansion the 

derivatives in equation (2-24) may be replaced, to first 

approximations, by 

(7vf)
clC  Cm 	m 

m 	AT 

and 
a23  

4)(2)m  

(sm+1 - 2sm  sm-1) 

(AX)2  

where s values are computed from corresponding C values using 

equation (2-23). The boundary conditions at the face and 

centre of the sheet are Cm=0 
= 1 and Cm+1 = Cm-1 

respectively. 

Only half the sheet need be considered due to symmetry. Hence 

equation (2-24) enables values of C at time (n+1)AT to be 

computed for various positions in the sheet from known values 

of C at time nLIT. Since values of C are known for zero time 

the concentration distribution in the sheet can therefore be 

calculated at any time. A suitable integrating procedure then 

gives Alt/M. 	ja  C dX at any instant in time. 
0 
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The above explicit procedure is usually sufficiently 

accurate as long as the ratio 0T/(AX)2  and the value of 

AX are kept small. In particular 6,T/ (AX) 2  should be less 

than 1 More accurate procedures involving 

 

2 j D1 (C) dC 
0 

implicit, iterative procedures are discussed by Crank
(71) 

2.4 Determination of Concentration-Dependent Diffusion 

Coefficients(63) 

2.4.1 From Steady State Measurements  

For steady state permeation of penetrant through a 

sheet with the concentration in the outgoing face effectively 

zero, equation (2-13) becomes 

0 
J 	= 	1/1 	D (c) dc 	....(2 -25) 

0 

In practice values of the flux J are measured for a 

series of ingoing vapour pressures p and the relationship 

between J and p obtained. The equilibrium sorption isotherm 

for the penetrant, measured in a separate experiment, gives 

c0 
 as a function of p. A combination of permeation and 

sorption measurements yields J as a function of c0. Graphical 

or analytical differentiation of the Jt - c0  curve then gives 

the required D-c relationship since from (2-25) 

Dc_c A (dVdc) c=c 	
....(2-26) 

C=C 	= 
0 	.0 
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2.4.2 From Transient Permeation Measurements  

i) Time Lag 

Equation (2-16) can be modified since under steady 

state conditions the flux of penetrant is the same at all 

points in a sheet so that 

r c. 	0 
D (c) dc = D (c) do 	....(2-27) -)cs 	SO 

where cs (x) is the steady state concentration at a distance 

x inside the sheet. Eliminating x in equation (2-16) then 

yields(69)0 
	c0 

R.
.2 	

es  D (cs) 	D (u) du des 

L = 	s 	....(2-28) 
3 

D (u) du 

where u is a dummy variable. On the other hand equation (2-27) 

can be rewritten in terms of fluxes at differing ingoing 

concentrations as 

t J 	- 	Jc 	
= x J , or x = t (1 - J /J ) c  CO 

	 s 	c0 	s CO 

Elimination of x in equation (2-16) now gives(72)  

_QV
-0co cs  (J co 

- J
cs

) d Jc s 
J3 co 

( Ico 
0 

L = ....(2 -29) 
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It is not usually possible to obtain the D-c 

relationship with a high degree of accuracy from a known 

L-c relationship but equations (2-28) and (2-29) serve as 

useful checks if D-c is already known from steady state 

measurements. If the J-c relationship is a smooth curve 

which can be fitted accurately by some mathematical function 

then (2-28) and (2-29) are simply alternative, equivalent 

expressions. On the other hand if discontinuities or 

particularly sharp curvatures arise:in the J-c plot then 

equation (2-29) is preferable since only quantities which 

are actually measured are involved and the integration may 

be performed graphically or numerically. 

ii) Permeation at Small Times  

If the mathematical form, but not the numerical 

parameters of a D-c relationship is known then Meares(73) 

has shown that the exact D-c relationship may be determined. 

First equation (2-17) is applied for very small t when 

D = Dc=0 
to a very good approximation. A knowledge of Dc.0  

together with the mathematical form of D-c can then be 

utilised to fit the L-c results using equation (2-16) or 

(2-28). Hence the best values for the unknown parameters 

of the D-c relationship can be determined. 
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2.4.3 From Sorption and Desorption Kinetic Measurements  

When D varies with c equations (2-20) and (2-21) 

become 

5 = Ir12/16 	....(2-30) 

and 
- 2 

In (1 - Mt/Moo ) = ln(8/-R2) - D "Tr t 
	....(2-31) 

If measurements very close to equilibrium can be made 

then E in equation (2-31) refers, to a good approximation, to 

the actual value of D at the equilibrium concentration co  in 

the ease of sorption and to D0=0  in the case of desorption. 

However it is often difficult to make accurate kinetic 

measurements sufficiently close to equilibrium and although 

some workers(74'75)  have utilised equation (2-31), most have 

calculated D vs. c from a knowledge of the 17 - c0  relationship 

obtained by applying equation (2-30) for a series of different 

equilibrium concentrations. 

i) Successive Approximations Procedure  

A first approximation 

1°0 1 

0 	0 

to T can be taken as(76)  

D(c) dc 	....(2-32) 

so that the first approximation to D(c) is 

D(c) = fi (0) 	c0 do 
o
_ 	....(2-33) 
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This first approximation can be used to construct 

sorption-time curves for various values of co  by a method such 

as that described in section 2.3.4. From these, 5 values are 

obtained from equation (2-30) and compared with the original 
c, 

values of 1/c0  S u  D(c) dc. From a graph of calculated 5 vs. 
S' 0 	0  1/c0 	D(c) dc improved values of the latter are obtained 

correspgnding to the experimentally observed values of D. These 

improved values are then differentiated to give a second 

approximation to D(c) and the whole process is repeated until 

the observed and calculated values of f are in agreement(77)  

This method tends to be exceedingly laborious, although 

in the specific cases when D depends linearly or exponentially 

on c correction curves giving percentage differences between 

D and 1/c0 
	0 D(c) dc have been constructed(77). The 

principal advaRtage of the method is that its use can be extended 

to cases where the initial penetrant concentration in the sheet 

is non-zero, i.e. cases of "interval" sorption. 

ii) From Mean Diffusion Coefficients for Sorption and Desorption 

If values of D
s and Dd 

are obtained from conjugate 

reduced sorption and desorption curves respectively using equation 

(2-30), then for several D-c relationships it is established 

that 1/2 (Ts 5d) is an accurate approximation to 1/c0 1 0 D(c)dc 

0 
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so that 

D(c) = 1 d 	(55s 5d).) 
2 	d c0  

This approximation can be improved in cases of 0 

with a linear or exponential concentration dependence by 

correction curves(77) showing the percentage differences 

rc 0 D (c) de. 
0 

iii) The use of Weighted Mean Diffusion Coefficients 

Calculations carried out by Crank(77)  show that 3 

obtained from equation (2-30) is much more accurately 

expressed as a weighted mean diffusion coefficient than by 

equation (2-32), i.e. for sorption 

between 1/2  (Es  + 3d) and 1/c0  

p c P 
0 

1c0 cp-1 D (c) do 

0 

....(2 -34) 

and for desorption 
0
0  

Ed = q c-01 (00•0)q"1  D(c) do 	
....(2-35) 

0 
where p and q represent the weighting values for sorption and 

desorption respectively. 

These equations are particularly useful when D 

increases strongly with increasing c. For a large variety of 

different algebraic D-c relationships in which D increases 

with increasing c, Crank(77) has established that equations 
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(2-34) and (2-35) hold accurately over large concentration 

ranges with p = 1.67 and q = 1.85. 

Equation (2-34) can be differentiated directly to 

obtain 

7 t 	CO dEs D (c) = D
s 

ke) + -- p • dc 
0 

....(2 -36) 

so that D(c) follows from a knowledge of Ds vs. co. D(c) may 

also be obtained from equation (2-35) in certain cases. 

Kishimoto and Enda(78)  illustrated the use of this when D(c) 

is assumed to be of the form 

D(c) = D 	(1 + cc c 
c2 

c=u 	
+ ...) 

which gives 15
d = Dc=0 

tic 	2(3 	2 
(1 + 1+q • CO 	(1+q)(2+q) • c0  + 000) 

Hence by curve-fitting the Da  - c0  relationship, 

D vs. c follows. . 

?Then D decreases with increasing c it can be 

considered to increase by the same function of (c0 - c) so 

that it is to be expected that p = 1.85 and q = 1.67 for these 

cases. That this is so is confirmed for a number of functions 

in the appendix (9.1) 

iv) Polynomial Expression for D. 

When D can be expressed in the form 

D(c) = Dc=0 (1 + n4c +
2 + ....) a procedure derived by 
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Lin Hwang(79)  may be used. This depends on the assumption 

that the concentration of penetrant in a sheet at any point 

and at any time can be expressed as a series of ascending 

powers of the equilibrium concentration co  

2 
i.e. 	) = c0  91(-9) + c0 e2(2)  + cg . 93(.9) 	....(2-37) 

where -9 is the reduced variable (x2/4Dc=0.t)kand 91 92 83 
etc. are functions of 1.2 which contain the polynomial 

coefficients OA, (3 etc. Assuming the sheet to act as a 

semi-infinite medium at small times gives 
CO 

• 
Is.c0 = 4 Dc=0 	

c (,) 	....(2-38) 
0 

where Is 
is the initial slope of the reduced sorption curve 

corresponding to the equilibrium concentration c0. 

Lin Hwang solved equation (2-37) and showed(79)  

that when equation (2-38) is applied Is  is given by 

4 -2' I
s 	4D c=0 A  

+ (Be) c0 	( Cl QL2 4.  C2 f ) co 

 

(Di  0( 3  + D 	a 	D3 	
) c3  

2 	0 

+ E3 oOf + E4 (E, c4 4  + E2  cx 
2 (.3  2 + E S).c4  

5 	o 

....(2-39) 

where A, B, C1  etc. are universal constants obtained by 

numerical integration with respect to 7 of various functions 
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which make up 9l'2' 93 etc. The actual functions involved, 

together with their graphs are presented in the appendix 

(9.2.1), where the calculated values of the first twelve 

constants A-E
5 
are also given. 

Practically, equation (2-39) is used as a series of 

simultaneous equations, into which are fed pairs of values 

of Is  and c0. The solution of the equations yields Dc.,0, 	, 

etc. It is generally advisable, if a high degree of 

accuracy is required, to feed in more Is, co  pairs than the 

minimum necessary and to solve the simultaneous equations 

(2-39) by a matrix technique involving minimum mean squares 

deviations (appendix 9.2.2). 

This procedure is very suitable for automatic 

computation but breaks down if the concentration dependence 

of D is too great for the series in equation (2-37) to 

converge sufficiently rapidly. If f(c0) = o(c0 	v + a3 e2 + 

then it is found (appendix 9.2.3) that for accurate work 

f(c0), (w.c0), (@ c0) etc. must all be numerically less than 

unity. This means that the method is more likely to be 

applicable when D is a decreasing function of c since f(c) 

cannot then exceed unity (numerically). 

When D takes the form of a polynomial in c equation 
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(2-34) becomes 

Ts 	= Dc=0 [1 + —— (cpec0  ) + l+p   

+ 3+p 
( c0) ....(2 -40) 

Equation (2-40) may be compared with equations (2-39) 

and (2-30) and values of p calculated when D varies but 

slightly with c. The calculations and results for a number 

of D-c relationships are given in detail in the appendix 

(9.2.4). Generally, p is found to lie between 1.75 and 1.85 

when D decreases slightly with c and between 1.75 and 1.67 

when D increases slightly with c. In a sense therefore, this 

procedure may be considered complementary to the more general 

weighted mean procedure of Crank(77)  in that it is particularly 

useful for small ranges in c whereas the latter is useful over 

larger ranges. 

v) Other Procedures  

Although several other procedures exist for the 

determination of D(c) from sorption kinetic data
(63) methods 

i) to iii) have been used most widely. One other alternative 

which is convenient for automatic computation is due to 

Prager(80). It consists of approximating D(c) to a step 

function in c by a successive approximations procedure, 

followed by a smoothing or averaging process. Although its 
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accuracy is limited to a small number of steps, it is used 

occasionally in the present work for comparison with other 

methods. 

2.5 Molecular Interpretations of Diffusion in Polymers  

2.5.1 Hydrodynamic Theories  

One interpretation of diffusion is that diffusive 

flow can be regarded as a balance between a driving force 

supplied by a gradient in the chemical potential of the 

diffusing species, and a resistance to flow which leads to 

a constant average diffusion velocity(81) 

For spherical molecules of radius r diffusing in a 

continuous medium of viscosity -9 Stokes calculated the 

viscous resistance per molecule to be 

1+ 2 7)/(3r 6 Ti r 	+ 

where 
	

is the coefficient of sliding friction between the 

diffusing molecule and its surroundings. For an ideal 

system and for @= oa the Stokes-Einstein equation 

kT D - _  ;,-;77157,- 

can be derived. Other theories of viscosity(81)  replace the 

factor 6 in equation (2-41) by different constants (K). 

....(2 -41) 
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An "apparent viscosity" -9 of a medium defined(82)  

as kT/KirDr is approximately constant for many liquids. 

However for crosslinked rubbery polymers *9 increases with 

the molecular size of the penetrant and with the degree of 

crosslinking. For glassy polymers -7, increases extremely 

rapidly with penetrant size for penetrants larger than neon. 

It is obvious therefore that simple hydrodynamic 

models such as those leading to the Stokes-Einstein and 

related equations, which refer to diffusion in continuous 

media, are not suitable to describe diffusion in polymers. 

More refined treatments which take into account interactions 

between diffusing molecules and their environment by means 

of phenomenological resistance coefficients have been 

considered by Tyrrell(81) 

2.5.2 Transition State Theory  

When investigations are carried out over a wide 

range of temperature it is quite often found that the energy 

of activation for diffusion ED varies appreciably with 

temperature. Two principal theories take account of this, 

both depending on the existence of an activated state. Thus 

a unimolecular reaction A 	B can be represented in a 

stepwise manner as 

Al 	A*  A 	B ....(2 -42) 
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where A and B are initial and final states. Stet) I corres,ionds to the 

acquisition of the necessary activation energy, step II to the 

distribution of this energy within the system to give state A*  

and step III to the actual passage over the energy barrier down 

to the equilibrium state B. 

Step I is generally assumed to be relatively rapid. 

The transition state theory(83) requires step III to be rate 

controlling and leads to the expression 

D = ,T 	.2 X Y) A exp  (-LGA/RT) ....(2 -43) 

where k and h are the Boltzmann and Planck constants, )4, is 

a probability or "transmission" coefficient and X is the 

average distance of a unit diffusion jump. 	ZSG/  is the free 

energy of activation given by 61.I - TZNS/  where 	and 

AS are the enthalpy and entropy of activation. A comparison 

of equation (2-43) with 

D = Do exp (- ED
/RT) yields 

ED 	= 	pH#  + RT 	....(2 -44) 

and 
	

D 	= e . () . 	2 exp (AS//R) ....(2-45) 

since X is generally close to unity. Equation (2-44) thus 

predicts variations in E
D 
with temperature. 

AS can be evaluated from experimental determinations 
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of D
o if reasonable values for X are assumed. Large and 

positive values of CS? found by Barrer were attributed by 

Glasstone et al.(83)  to breaking of chemical bonds in the 

diffusion process. 

2.5.3 Kinetic Statistical or Activated Zone Theory  

As an alternative explanation for the observed large 

values of 6? Barrer(84,85)  proposed that a considerable 

disturbance of the polymer matrix occurs in the formation of 

the transition state. He postulated that penetrant diffusion 

in polymers takes place due to the prior formation of 

activated zones and that step II in (2-42) is rate controlling. 

The activation energy is distributed among all the degrees of 

freedom, i.e. of both the chain segments and the diffusing 

molecule, in a particular zone, and co-operation of several 

chain segments is considered necessary to promote a unit 

diffusion jump. 

An activated zone containing n degrees of freedom 

has to acquire an energy 	some value E before a diffusion 

jump can occur. The probability W that an energy 	E is 

distributed among the n degrees of freedom is 

f=1 

	((E,RT)fl, (f-1)!) exp (-E/RT) 	....(2-46) 



and from this the expression 

f=f 
pA2  
2 f=1 

exp (- E/RT) (E/RT)f-1  

Cf (f-1)! 

dT 
or 	dED - (f -1) R ....(2-49b) 

-6o- 

can be derived for the diffusion coefficient where 1) is the 

penetrant vibration frequency and of  is the probability that 

f degrees of freedom will co-operate with sufficient 

synchronisation to promote a unit diffusion jump. f
t is the 

is the value of f corresponding to the maximum value of the 

term inside the summation and it replaces n in equation (2-47) 

as Barrer showed that the significant activated zones are 

those having f between 1 and f . Further, it was proposed(84) 

that the summation can be replaced by its maximum term, to 

a reasonable approximation, so that equation (2-47) becomes 

.1) 	( E/RT)f  -1 	....(2-48) D = 	 exp (- E/RT) 
(f'..1)! 

A comparison of equation (2-48) with D = Do exp 

(-ED
/RT) gives 

E = ED + (f -1) RT 
	....(2-49a) 

assuming that f does not vary with temperature. 

The value of f may thus be estimated from the 

temperature dependence of ED 
although this estimate would 



- 61 - 

be an upper limiting value as some variation of f with 

temperature is to be expected. Values for f have also been 

calculated from measurements of D
o assuming reasonable values 

for X and )) . Values between 10 and 25 were found(85) for 

diffusion of simple gases in rubbers. 

2.5.4 Free Volume Theory(86). 

Not all the volume of a polymer is occupied physically 

by its segments due to steric restrictions and random thermal 

motions. Free volume or holes, created by local fluctuations 

of thermal energy, exist in a polymer. The free volume theory 

for diffusion of small molecules in polymers postulates that 

the principal energy barrier to diffusion is that of hole 

formation and that the probability of the occurrence of a 

successful unit diffusion jump is proportional to the 

probability that a hole of sufficient size is adjacent to the 

molecule. If the critical hole size for diffusion to occur 

is V', the jump frequency is proportional to the total number 

of holes multiplied by the fraction having a volume 	V. 

In the simplest possible model for a liquid, where holes are 

assumed to be discrete entities, the latter quantity is given 

exp (- Eh/kT) dVh  

exp (- Eh/kT) dVh 

by 00 

14°  0 
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where E
h 
refers to the energy associated with the creation 

of a hole of size Vh
. 

In reality however, and particularly in the case 

of polymers, the co-operative motion of several segments 

may allow two or more holes to come together to form one 

hole large enough for a diffusion jump to take place even if 

the individual holes are not large enough. This feature of 

co-operative participation of several segments is thus 

common to both the activated zone and free volume theories. 

Free volume and other postulated theories
(86) are 

not considered in detail in the present work as water is 

such a small penetrant molecule that diffusion of water in 

polymers can be considered, to a first approximation, to be 

independent of the proportion of free volume present in a 

polymer. 

2.6 Thermodynamics of Vapour Sorption by Polymers.  

2.6.1 Free Energy, Heat and Entropy of Dilution  

Information regarding a sorption process can often be 

obtained from the magnitudes of the heat and entropy of 

dilution together with their dependence on concentration 

and temperature. The free energy of dilution LS A  is defined 

as the change in free energy on transferring, isothermally and 



[ (A6A/T)  .L11,1 	= 	a (1/T) 
ain(p/p0)]  
a (irp) 

P,c 	P,c 

R ..(2-51) 
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reversibly, one mole of penetrant from pure liquid to an 

infinite amount of polymer-7enetrant mixture at a given 

composition. If the vapour pressure in equilibrium with 

the mixture is p and the saturation vapour pressure at the 

same temperature is p0  then !,I GA is given by 

A4A  = RT ln (p/p0) 	....(2-50) 

The corresponding heat of dilution QUA  and entropy 

of dilution LIS
A are given respectively by 

[6(AVair 
and 

AdA P,c 

-R [ln (p/p0) + 
a ln (p/P0) 
a ln (T) 

P,c 

000 .(2 -52) 

  

P is the hydrostatic pressure in the mixture phase. In our 

experiments P = p, the pressure of vapour in equilibrium with 

the mixture which will vary with temperature if c is constant. 

However, the effect of this variation in P on the activity 

of the sorbed component is negligible as large changes in P 
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are required to change significantly the activities of 

components in condensed phases. 

Variations in LSEA and (..sEA with sorbed penetrant 

concentration c are thus sensitive measures of changes in 

isotherm shape with temperature. 

2.6.2 Polymer Solution Theory 

By postulating a lattice theory in which a cell of 

a lattice network is occupied by a polymer segment or by a 

solvent molecule, Flory(87) deduced that 

GSSm 	-k (nA  In SA  + nB  In OB) 	....(2 -53) 
where ASm is the entropy of mixing of nA molecules of 

solvent and n
B 

molecules of polymer, k is the Boltzmann 

constant and 0 and 
0B 

are the volume fractions of solvent 

and polymer respectively. If each polymer molecule contains 

x segments then from equation (2-53) the entropy of dilution 

can be calculated as 

ASA 	-R [in (1-03) 	(1- 1) BJ ....(2-54) 

Huggins
(88) using a similar lattice model to Flory 

obtained 

20 
ATA  = -R In 	

16 2 	

B 
(l- t) in (1 	)] ...(2-55) 

where z is the coordination number of the lattice. 



• 4"AB 
= 	kT 

where Aw
AB = wAB 1/2(wAA  WBB

) ....(2 -58) 
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Further refinements 	using the same lattice 

model lead to considerably more complicated expressions but 

for many systems the improvement in the agreement with 

experiment is not greatly marked. 

For the heat of mixing of polymer and solvent 

Flory(91) deduced that 

IS m 	= kT nA  ;4BX 
	....(2 -56) 

where X , the interaction parameter, is a dimensionless 

quantity given by 

Values of w refer to energies associated with 

particular types of bond e.g. wAB  refers to a solvent-polymer 

bond. If the total entropy change on mixing is given by 

equation (2-53) then the free energy of mixing is given by 

6Gra  = kT (nA  In 0A  + nB  In SB  + 1CnA  OB) 	....(2 -59) 

In addition, contributions to the entropy of mixing 

arising from polymer-solvent interactions may have to be 

considered(90). In this case equation (2-59) still holds 



a 
is free energy parameter then 

-RT (ax/aT) • IS ]23  ....(2-65) 
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but X is now a free energy parameter rather than an 

interaction parameter. LI-1m and aSm are obtained from 8 (AVT) 
m (1/T) -  	and LSSm  = 	(AGinva T, and are 

given by 

LNH 	= - kT2  ( 	T) . nA °B 
	....(2 -60) 

and QS
m 	-k [nA  In 	+ nB  In foB  + aerx) 

T 	. nA 0B] 

....(2-61) 

AZA, /.0A and &dA are obtained by differentiating 

m1 m and ASm with respect to nA and multiplying by 

the Avogadro number. A5A  is given by 

.0.5A = RT [ In (1-0B) + (1- 1) 0B  + X9S/32 	....(2-62) 

When X is considered simply as an interaction parameter 

then 

and 

ZST1A  = RT 0B2X 	(2-63) 

LEA = -R [in (1-0B) + (1- I) 0B] 	(2-64) 

When X 

.ATIA  

1 
[ 	

7c 	a ('(T ) 	....(2-66) = 	-R In (1-0B) + (1- ) OB  + a  T and 6sA 
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In theory an isotherm can be predicted from a 

knowledge of x  by comparing equations (2-50) and (2-62), 

but in practice it is found that 7C has to be treated as a 

somewhat arbitrary adjustable parameter in order to match 

experimental data. With the exception of benzene in natural 

rubber marked deviations from the lattice theory have 

generally been observed for polymer solutions, although 

the free energy expressions are sometimes reasonable models 

in that errors arising in expressions for W
m and LSSm tend 

to cancel to a large extent. 

2.6.3 Swelling of Crosslinked Polymers on Sorption  
of Vapour  

In the case of a crosslinked polymer the driving 

force for sorption of penetrant vapour from the free energy 

of dilution is opposed by the retractive force exerted by 

the polymer network. When equilibrium sorption is attained, 

a state of swelling is reached at which these two forces 

are in balance. An expression for the elastic contribution 

to the free energy was derived by Flory and Rehner(92) and 

the overall expression for the resultant free energy ZSGc  is 

Gc 	RT In (1-/B) + gSB  + 	91/32  + ( 
M 	

) gSl/3 	( 2-67 ) 
c 

where subscript c refers to a crosslinked system. M
c 
is the 
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average molecular weight between crosslinks, e is the 

density of swollen polymer and V
A 
is the molar volume of 

the solvent. At equilibrium AGc is zero and equation (2-67) 

is often used to calculate a value for M
c. On the other hand, 

if M
c can be measured or estimated in some other manner, then 

equation (2-67) can be used in conjunction with equations 

(2-50) and (2-62) to predict a sorption isotherm. 

2.6.4 Clusterin& Theory of Vapour Sorption  

The Flory-Huggins lattice theory is reasonable for 

hydrocarbon vapour-polymer systems but breaks down for more 

polar components and particularly so in the case of water 

vapour. An alternative, more exact treatment was proposed by 

Zimm and Lundberg(54). This is based on the statistical 

mechanics of fluctuations and does not predict isotherms, 

as does the lattice theory, but interprets their shapes in 

terms of molecular distributions in the mixture. 

The molecular pair distribution function F2(i,j) 

is defined by the statement that 

(1/V2) F2  (i,j) d(i) d(j) 

is the probability that the molecules i and j are each at the 

positions specified by the co-ordinates (i,j) in the ranges 

d(i) and d(j), where V is the total volume of the mixture. 
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The penetrant cluster integral GAA  is defined by 

GAA = (1/V) 5$[F2 (i,j) - 1] d(i) d(j) 	....(2-68) 

where i and j now refer to penetrant molecules. 

GAA/vA can be taken as a measure of the tendency 

of the penetrant to cluster in a given mixture and 

OA GAA/vA is the mean number of penetrant molecules, in the 

neighbourhood of a given penetrant molecule.
A 
and v

A 
are 

the volume fraction and partial molecular volume respectively 

of penetrant. 

Zimm(53)  derived the expression [a (a /SA ) 
GAA/vA = -(1 - SA) 	-1 	....(2-69) a aA P , T 

where aA is the activity of the penetrant vapour and P is 

the hydrostatic pressure in the mixture phase (see section 

2.6.1). Equation (2-69) actually neglects a small term 

involving the isothermal compressibility of the system, i.e. 

it is exact for an incompressible system. Since for a vapour 

aA  is given by (p/p0), GAA/vA  may be calculated at various 

points on a sorption isotherm from equation (2-69). 

If sorption is governed by Henry's law so that aA  

is proportional to SA  then GAA  is minus one molecular volume 
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so that any particular penetrant molecule excludes its own 

volume to other molecules but does not otherwise affect their 

distribution i.e. the behaviour expected of an ideal solution. 

Equation (2-69) can be re-arranged to read 

[ ln (0A)] 
= (1- 0A) 	1 	....(2-70) SA GAA/vA 	()in (aA) 

P,T 

Starkweather(61) obtained a similar expression for 

the mean number of penetrant molecules in the neighbourhood 

of a polymer molecule in excess of the mean concentration of 

penetrant molecules, namely 

....(2 -71) 

P,T 

A tendency for penetrant molecules to cluster is 

indicated by GAA/vA  > - 1. From equation (2-69) this is 

expected of any system where sorption isotherms are 

continuously convex towards the pressure axis. Equations 

(2-69) and (2-70) are thus useful for comparisons of the 

overall degrees of penetrant clustering in different polymers. 

Equation (2-71) is correspondingly useful when polymer-

penetrant interactions are relatively important such as in 

cases of specific site sorption. These three equations can 

also be considered to be complementary to equations (2-51) 

SAGAB 
vA 

[ 1n (0A) 

(aA) 
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and (2-52) in an analysis of the temperature dependence of 

polymer-penetrant sorption isotherms as the clustering 

functions GAA/v
A' 

'f6
AGAA/vA 

and
A
G
AB
/v

A can be determined 

for a given activity or sorbed concentration of penetrant at 

a number of different temperatures. 

Completely random mixing of polymer segments and 

penetrant molecules cannot generally be obtained since 

segments are necessarily attached to one another, i.e. some 

degree of clustering is inherent in the system. 

Starkweather(61) applied equations (2-69), (2-70) 

and (2-71) to several water-polymer systems. For cellulose 

and proteins 0AGAA/vA  at low relative humidities is about 

- 0.5 and half the volume of a water molecule is excluded 

from water in the neighbourhood of a point occupied by a 

polymer segment. These results imply that water-polymer 

contacts are favoured at low relative humidities. On 

increasing the relative humidity above ^40.85 'A
GAA/vA 

increases very rapidly, becoming positive, showing that 

water clustering is dominant at close to saturation. 

For nylon, polymethylmethacrylate and polyvinylacetate 

water clustering was also found to be very important at close 

to saturation. A
GAA/v

A for water in the latter two polymers 

appeared to exhibit minima close to 0.5 relative humidity. 
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2.7 Models for the Concentration Dependence of A,  
and P for water in Polymers  

The diffusion coefficient of water can follow a 

variety of types of concentration dependence depending on 

the polymer under consideration and it is this aspect which 

tends to distinguish the diffusion behaviour of water from 

that of most other penetrants in polymers(11) 

The thermodynamic formulation of the diffusion 

equation is 

J 	= 	-Bc • a ).1•/ax 	....(2-72) 

where c is the concentration and y. the chemical potential 

of the penetrant at the point x. B is termed the intrinsic 

mobility of the sorbed penetrant. Equation (2-72) may be 

rewritten as 

BRT calm a/f)ln c). 	a c/ ax 	....(2-73) 

where a is the activity of sorbed penetrant. Comparison of 

equation (2-73) with Fick's first law, equation (2-1), gives 

D (c) = BRT a in a/ a In c ) 	....(2-74) 

so that the concentration dependence of D can arise through 

that of the intrinsic mobility B or that of the term 

(aln a/a in c) which is a measure of the thermodynamic 

non-ideality of the system. 
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Some of the models which lead to various types 

of D-c relationships for water are considered in the 

following sections. 

2.7.1 Plasticisation of Polymer  

Concentration dependences of D arising from 

penetrant plasticising action are contained in the term B 

in equation (2-74) which increases with increasing c due 

to a loosening of the polymer structure. The resultant 

increase in segmental mobility increases the ease of hole 

formation which, in accord with free volume theories(86) 

increases the diffusion flow. One free volume model due 

to Wilkens and Long(93) postulates that the amount of free 

volume in a system depends linearly on the mole fraction of 

each component, and fluctuation theory has been used to 

derive 

2 log D = log Dc.0  + A SA  - B' A ....(2-75) 

where
A is the sorbed volume fraction of penetrant and A 

and B are constants characteristic of a particular system. 

Equation (2-75) often agrees well with experimental results(93)  

for organic vapours in rubbery polymers. 

It is not proposed to discuss free volume theories 

in any detail because the diffusion of small molecules such 
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as water requires co-operative motion of only two or three 

polymer segments and the probability of this event, to a 

first approximation, is independent of the free volume of 

a system. For this reason the main factor contributing to 

the concentration dependence of D for water in polymers is 

in general not that of a simple plasticising action, as is 

often the case for organic vapours. One principal exception 

appears to be that of polyvinylalcohol for which there is 

little evidence(11) for localised water sorption on specific 

sites. This polymer has a very compact structure with 

strong interchain interactions and plasticisation is significant 

even for a small penetrant such as water. D increases rapidly 

with c in this system but as bond scission also tends to 

take place(17), the concentration dependence of D is 

complicated by non-Fickian behaviour. 

2.7.2 Immobilisation of Water Molecules  

In several water-polymer systems some of the sorbed 

water molecules become either immobile or at least suffer a 

decreasse in mobility(11). In polymers containing strongly 

polar groups, water molecules may exhibit such strong 

interactions with these groups that they become relatively 

"fixed" after sorption, i.e. a specific site mechanism is 

operative. On the other hand, in some of the more hydrophobic 



f J = - Bf RT ( 	 a ln c 
a c

f  ( 6c ) . a c/ a x ....(2-77) 
a in a 

) 
f 
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polymers, water molecules prefer. to cluster together which 

also results in a decrease in mobility. 

The simplest case to consider is that where only 

two forms of water, mobile and immobile, are present in a 

system. These forms are given subscripts f and b denoting 

"free" and "bound" water respectively. The diffusion flux 

of water can then be written 

a tAT 

. 	- Bf  RT ( a in af/a In cf) . 3 cf /ac 	....(2-76) 

since Bb
, the intrinsic mobility of bound water is zero. 

Equation (2-76) can be rewritten as 

J = - B c . Bf f a x 

which on comparison with equation (2-1) yields 

D(c) = Bf RT . ( a in af/ 8 In cf) . a cf / a c 
.... ( 2-78) 

where c refers to the total water concentration, i.e. 

4- c cf 	
b.  

From equation (2-78) it can be seen that there may 

be three separate contributions to the concentration 

dependence of D, i.e. from the terms Bf, (a In af/ a In Of) 
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and ( a f/8c). To study the concentration dependence due 

solely to immobilisation, either the concentration dependence 

of B
f must be known, or Bf must be independent of c as in a 

system where negligible plasticisation or swelling of the 

polymer takes place. 

An alternative view of immobilisation is that it 

may be regarded as a case of diffusion with simultaneous 

chemical reaction(94). The simplest case arises when the 

product (immobilised molecules) is in equilibrium with the 

diffusing species at any instant in time i.e. the "reaction" 

or immobilisation is considered instantaneous in comparison 

with the diffusion process. The diffusion equation becomes 

a cf a 	a c
f  

a t 	ax 	 ) - acb/ot Df a x ....(2-79) 

or 	c3 c/ at 
	

(31 a x (Df 	acf /ax) 	....(2 -80) 

A comparison of equations (2-80) and (2-3) yields 

D(c) ac/ax 	= 	Df  . c cf,/ ax 	....(2-81) 

or 	D(c) = D
f 

. 	cf /dc 	 ....(2 -82) 

Equations (2-78) and (2-82) are identical since from 

equation (2-74) Df  = Bf RT (a in af/ a ln cf). 
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2.7.3 Immobilisation on Specific Sites in a Polymer 

The D-c dependence may be predicted by the use of 

simple models. For example, if it is assumed that immobilised 

molecules are sorbed according to a Langmuir isotherm and 

mobile molecules according to Henry's law(95) then 

c
b 
 = 

( Ok + e  cf ) 
,cf 

where oi. and @ are constants. Again if cb >> c
f 

then c
b 

may 

be replaced by c and 

ck  cf a c _  
(1 - 	c )2 

Hence from equation (2-82) 

If Df 

D(c) = Df . 	
SA  

(1 - 	c)
2 

is independent of c equation (2-84) 

....(2 -84) 

shows that 

D will increase with c. This type of equation has been used 

satisfactorily(11) to describe D-c for water in some of the 

more polar polymers such as wool or cellulose, with Df  

equated to 
Dc=0' In this case equation (2-84) is of the 

form for which an explicit solution of equation (2-3) was 

found by Fujita(95)  . 

If specific site sorption occurs together with some 

degree of plasticisation of polymer then Df  itself increases 

with c and the overall concentration dependence of n is 

....(2-83) 



-78- 

correspondingly greater. 

2.7.4 Random Polycondensation of Water in an Inert  
Medium 

This treatment considers an idealised situation where 

no specific polymer-water interactions exist. The model was 

derived and applied to the water-benzene and water-toluene 

systems by Gordon et al.(57), and later applied to the water-

polydimethylsiloxane system by Barrie and Platt(43) 

The water molecule is treated as a tetrafunctional 

monomer of the A
4 type and hydrogen bond formation between 

water molecules is considered as a random polycondensation 

process with the formation of any hydrogen bond being 

independent of the formation of any other. The gel point 

of the system is identified with the saturation point, i.e. 

unit relative humidity. The weight fraction distribution 

(96) formula for such a system was derived by Flory - 	and is 

c
n 	4

00.-1 
(1-042n+2 (3n)! 

c 	(n-1)! 	(2n + 2)! ....(2 -85) 

where c
n/c is the weight fraction of n-mer and cc is the 

overall fraction of hydrogen bonds formed. The equilibrium 

constant K for the breaking of a hydrogen bond is given by 

c (1-0( )2  
rz5( 

where c is the total water concentration. The value of 

K = ....(2 -86) 
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at the gel point(96)  , s1 
 is 1/3  and so 

4 cs  
3 	 ....(2-87) 

where c is the total concentration of sorbed water at 

saturation. A Combination of equations (2-85) and (2-86) gives 

k)n-1 (k_402n+2 
cn 

(3n)! 	(2c + K -  
- (n-1)! (2n + 2)!' 23n-1  c3n 

....(2 -88) 

where 
	

k = (K2 + 4 Kc) 

The concentration of monomeric water c1 
is therefore 

given by 

cl  (k - K)4  
16 03  

....(2 -89) 

Since no water-polymer interactions exist, it is 

reasonable to assume that sorption of monomeric water follows 

Henry's law i.e. 

(k-K)4  
16 -C7 1  c3  

where for1 is the solubility coefficient for monomeric water and 

p is the external vapour pressure. At the saturation point 

(k-K)4  
0 	

which with equation (2-87) reduces to 
16x1  c3  

4K  
p0 	cr1 27 6l

....(2-91) 

....(2 -90) 

16 c 
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Division of equation (2-90) by equation (2-91) 

yields the equilibrium sorption isotherm equation for the 

random polycondensation model which is 

(P/P0) 
27 (k-K)4  

64 K c3  
.. ...(2-92) 

The concentration dependence of the overall diffusion 

coefficient for water is obtained if to a first approximation 

it is assumed that monomeric water is the only mobile species 

so that, from equation (2-82), 

aci  D(c) = D . 1 	dc 

The term ac
1 
 /ac can be obtained from equation 

(2-89) and equation (2-93) becomes 

D(c) = (k-K)3 
 e 

- L8K 	3(k-K) j 
....(2-94) . D1 	16 c3 	k 	c 

Barrie and Platt(43) assumed D1  the diffusion 

coefficient of monomeric water to be constant and equal to 

Dc=0. This is in fact justified because the application of 

L'H8pital's rule shows that 

n 	(k-K)3  (8K 	3(k-K)  
c 0 16 c3 	k 

The D-c relationship given by equation (2-94) can 

then be calculated for a given value of K. 

1. 
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If dimer and higher polymeric species of water 

contribute appreciably to the overall diffusion flux, and 

if interaction of flows between species is neglected, then 

equation (2-93) can be generalised to 

acl 	act 
	

a c3  
D(c) = D1  . 	+ D

2 . ac 	
+ D . 	+ 

3 ac 

....(2-95) 

where subscript 2 refers to dimer, etc. The terms ac
2/ac' 

ac3/i5c etc. are obtained from equation (2-88) and the D-c 

relationship calculated for given values of D2, D
3 

etc. 

Barrie and Platt(43) used a simple analogy with results 

obtained(97)  for relative values of D for methane, ethane 

and propane diffusion in natural rubber to estimate values 

for D2  and D3. However their experimental data were not 

sufficiently accurate to establish whether or not polymeric 

water species do contribute significantly to the diffusion 

process. 

Rogers(2)  pointed out that when the activation 

energy for the diffusion of a cluster of water molecules 

exceeds the energy required for a water molecule to break 

free from the cluster then cluster diffusion is unlikely to 

occur to any appreciable extent. This would seem to suggest 

that only the smallest associated water species contribute 
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appreciably to the transport process. It appears reasonable 

therefore, to extend the simplest situation considered in 

2.7.2 of this section to one where three forms of water are 

considered i.e. mobile, less mobile (lower diffusion 

coefficient) and immobile. 

The case of diffusion with instantaneous chemical 

reaction was extended by Standing et al.(98) to include the 

case where the product diffuses concurrently with the 

reactant but has a different diffusion coefficient. They 

derived the equation 

6C1 
(D1 - D2) - 	c 	

+ D2 
....(2 -96) 

where subscript 1 refers to reactant and subscript 2 refers 

to product. If this treatment is applied to the case of the 

three forms of water mentioned above then equation (2-96) is 

equivalent to equation (2-95) with D3, D4  etc. equal to zero 

and with D2 
an average diffusion coefficient describing the 

diffusion of all the clustered species which are mobile. 

One immediate limitation of this simple 
c 

d en polycondensation model arises since at the gel point 	is 

zero for all finite values of n. The model therefore predicts 

a zero overall diffusion coefficient at the saturation point 

(e.g. Figure 2-2) whether or not polymeric water species 
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contribute to diffusion. In a practical sense, however, 

this does not constitute a serious drawback because although 

D becomes zero, the corresponding diffusive flux J = -D 

%; o 
is non-zero as 7-1--c  goes to infinity at the saturation point. 

Since the unassociated water molecule contains two 

hydrogen atoms and two lone pairs of electrons it is strictly 

a monomer of the A215,2  type, where A-B bond formation only 

is possible, rather than of the A
4 

type as exemplified by 

pentaerithrytol. However the probabilities that a lone pair 

of electrons and a hydrogen atom have undergone reaction at 

any time are identical because of the stoichiometry of the 

reaction so that all the four "functionalities" of a water 

molecule may be considered identical in this sense. The 

equilibrium constant K considered above would be changed in 

the case of a A
2 B2 type monomer, but the weight fraction 

distribution and the shapes of the sorption isotherm and 

D-c curve remain identical to those expressed above 

(Y. Gordon, private communication). 

2.7.5 Non-Random Polycondensation of Water  

The random case discussed above neglects two main 

effects. Firstly ring formation may occur during the 

polycondensation process. It is assumed that the effect of 
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this is small except at close to the gel point, and so is 

neglected in the present analysis. The other possibility 

is the co-operative effect whereby formation of one 

hydrogen bond facilitates the formation of others. This 

effect is extremely important in liquid water and is perhaps 

unlikely to be negligible for water sorbed in a polymer. 

Since the effect is a consequence of the resonance stabilisation 

of associated species due to the partial covalent character 

of the hydrogen bond(32), the chance of a particular species 

growing by further hydrogen bond formation will depend on 

the number of hydrogen bonds already present in the whole 

of that species. However as a first approximation, the 

chance of further hydrogen bond formation can be considered 

to depend only on the number of hydrogen bonded links 

already present on the monomer unit of water to which the 

new bond is to be attached. This is termed a first shell 

substitution effect. 

Gordon and Scantlebury(99) have treated 

mathematically the particular case of a linear first shell 

substitution effect i.e. when the free energy of hydrogen 

bond formation is a linear function of the total degree of 

substitution of the two monomer units to be bonded or 

AG° 	= A G
o* 

+ i 	Gi 
	....(2-97) 
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where AG0  is the standard free energy for the formation of 

one mole of hydrogen bonds of a particular type, AGo*  is 

the corresponding standard free energy in the case of the 

random reaction, ZSG- is the change in free energy brought 

about by each link that the two participating units already 

carry and i is the degree of substitution of the pair of 

participating units. 

When AG/  is small in comparison with &GO*  i.e. 

the system is given a small perturbation from the equilibrium 

situation for the random polycondensation, an average free 

energy AGo  is given by 

 

= de*  + 6 ce... Q G/  

 

 

....(2 -98) 

since 6 04. is the average degree of substitution of all pairs 

of bondable units throughout the system. 

A quantity E may be defined(99) by the relation 

exp ( - A G//2 RT) = 1 + E 	....(2-99) 

where E , which must remain small in comparison with unity, 

is a convenient measure of the free energy change due to the 

substitution effect and is expressed in units of -2RT (if 

higher terms in E. are neglected). For random hydrogen bond 

formation 	is zero. Rewriting equations (2-98) and (2-99) 

in terms of the equilibrium constants fcr hydrogen bond breaking 
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gives 

+ RT In K = 	+ RT in K - 12 0.4.-RT In (1+ & ) 

where K is an average equilibrium constant for the system 

at fractional conversion 04, and K is the equilibrium constant 

in the random case. Substitution for K using equation (2-86) 

gives 

7 	c (1-0()2  
c4(1+1204E ) 

again neglecting higher powers of E. 

The weight fraction distribution equation was 

derived by Gordon and Scantlebury(99) and is 

cn 0 
= 	4(3n)! 	0.01-1  

(n-1)! (2n+2)! [ 1 

(n-1)(14n-18)  
(3n-1) 	

+ (n-1)(12 0(2 - 12 04 	2) + 120c 

....(2-101) 

where 	is a normalisation factor='.1. 

Hence for the concentration of monomeric water 

c1 	c(1-cc )4  (1 + 12t 	 ,...(2-102) 

Gordon and Scantlebury(99) also computed oats 
the 

value of of at saturation as functions of E . From their 
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curve for a tetrafunctional monomer, when E. is small the 

relation 

1 o(s  = 3 — (1 -6) ....(2-103) 

appears to hold a good approximation. A combination of 

equations (2-100) and (2-103) yields 

4c 	(1 - 2E) s 3 ....(2-104) 

again neglecting powers of E higher than the first. 

Assuming that monomer sorption follows Henry's 

law, the relations 

16c 
2-  (1-04)4  (1+1204;) and p - 0 	81 6- (1 + 6E ) GI 

hold, the latter resulting from substitution for C s  using 

equation (2-103). The equilibrium sorption isotherm 

equation is then given by 

81 	lc 	(1-CA)4  (1 + 120.E )  
(13/130)  = 7 'c ) • 	(1 + 6E ) 	....(2-105) 

From equation (2-98), AG°  and hence K are 

strictly functions of 0< . However, to enable equilibrium 

sorption isotherms to be constructed, it is assumed as a 

further approximation that K remains constant. As for the 
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the previous assumptions this is a reasonable approximation 

only if 4. remains.  small. 

Equations (2-100), (2-104) and (2-105) can then be 

combined to yield 

( P/Po ) = 11 
 .CK(1-(Y.)2  

4 
(1-8E) (1 + 

....(2-106) 

Sorption isotherms can be constructed for given values 

of E by first calculating values for or using equations 

(2-100) and (2-104) for particular values of c and then 

substituting into equation (2-106). Some isotherms plotted 

for various values of E are illustrated in Figure 2.1. 

The D-c relation can also be obtained assuming 

monomeric water diffusion only, since from equations (2-100) 

and (2-102) 

c
1 	(1-c)

4  (1-3N. + 48c5cE. - 96 c(2S)  
(1 + 	+ 24 c.c. E. ) 

....(2-107) 

The D-c relationship follows from equations (2-100), 

(2-104), (2-107) and (2-93). D-c curves for various values 

of £ are illustrated in Figure 2.2. 

cl 
As c -* 0, to4 -4. 0 andac 	

1 so that D1 
 is again 

identified with D c=u 
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Although the above treatment is only very 

approximate it is useful in the sense that it provides a 

limiting, ideal model which can be compared with the 

corresponding model for random polycondensation and used 

to predict qualitatively the effect on water sorption and 

diffusion of a stronger co-operative effect in hydrogen 

bonding. 

2.7.6 Influence of Polymer Structure and total  
Water Concentration  

Parts 2.7.4 and 2.7.5 of this section were 

concerned with situations where no specific interactions 

between water and polymer exist, and part 2.7.3 with 

situations where very strong water-polymer interactions are 

present. In intermediate cases where a polymer contains 

moderately polar groups such as ester linkages, water 

clustering may still be the predominant factor in determining 

the D-c relationship but smaller contributions might also 

occur from mechanisms involving specific site interactions 

e.g. equation (2-84) with C4 close to unity and 	very 

small. In addition the overall sorbed water concentration 

might be sufficient to cause slight plasticisation, 

especially in the more glassy polymers. Under these 

circumstances equations (2-94) and (2-95) would tend to 
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overestimate the decreases in D with increasing c as was 

found for the water-polymethylmethacrylate system(43). 

If the polymer structure is a significant factor 

in initiating or in physically terminating the growth of 

clusters then further deviation from the simple models is 

to be expected. 

TH6 rate of water migration inside a cluster may 

be very rapid(2) but in general is virtually random in 

direction owing to the absence of a concentration gradient 

inside a cluster. However small differences in chemical 

potential must still exist between different water -lolecules 

in a cluster if these are in equilibrium with free water 

molecules. Although an isolated cluster might not diffuse 

it would be unlikely to act as a significant geometric 

impedance to the diffusion of free water molecules. If the 

total water concentration inside a polymer is sufficiently 

high an effective "continuum of clusters" through a membrane 

may exist resulting in very rapid transport of water. This 

appears to be the case for water in certain polyelectrolyte 

membranes(100) 
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2.7.7 Methanol as a comparative monomer for  
Random Polycondensation in an Inert Medium  

Methanol has been considered(59) as a 

polycondensation monomer of type AB2 
corresponding to one 

hydrogen atom and two lone pairs of electrons available 

for hydrogen bonding. The equation for the weight fraction 

of n-mer is(96) 

en 	
00-1 . (i_oon+1 

(1-204) . 	(2n)! 
c 	= (n-1)! (n+1)! ....(2-108) 

and the equilibrium constant for the breaking of a hydrogen 

bond is given by 

c(1-t)c) (1-2100  
e4 ....(2-109) 

However in this type of polycondensation gelation 

does not occur until the polymerisation is complete when 

f3.4 s = 
1/2, and so K cannot be determined independently. 

For monomeric methanol equation (2-108) yields 

ci = 	c(1-o02  (1-200 	....(2-110) 

Assuming that the sorption of monomeric methanol 

follows Henry's law the isotherm equation is 

Q_ 	( 1- 00
2 (1-2c4) 

1 
 ....(2-111) 

Barrie(59)  adopted the practical procedure of 
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calculating cr, from the initial slope (ok-0 0) of the 
experimental isotherm for polydimethylsiloxane-methanol and 

choosing a suitable value of the parameter K for the best 

fit to the experimental curve. The overall isotherm shape 

was then in quite good agreement with that obtained from 

equation (2-111). 

From equations (2-109), (2-110) and (2-93) 

	

[ 	K 	ac C(1-0024-(1-204)(1- c<)) 
D = D1 	

+(1-cK)2  
2c 	

(1-2144.)] 
0( - 1/4  (3 + K/c) 

....(2-112) 

As for the water polycondensation scheme when c -* 0, 

	

c4 -"PO and D1 	Dc=0 
so that the D-c relation can be 

obtained from equation (2-112) if a suitable value for K is 

selected. This treatment, as that for water, assumes monomer 

diffusion only. For the polydimethylsiloxane-methanol system 

permeation rates depend linearly on the ingoing pressure(59)7  

and so because of equation (2-26), the experimental D-c 

curves for this system are well represented by equation 

(2-112) assuming the same value for K as in the isotherm 

fit. 

2.7.8 The Concentration Dependence of the Permeability 
Coefficient  

The permeability coefficient for water in the more 



- 95 - 

hydrophilic polymers such as polyvinylalcoho1(39) increases 

markedly with sorbed water concentration since both D and 

er increase with c. However for water in several relatively 

hydrophobic polymers(42'43'49)  P is constant even though D 

and et each vary with c. This behaviour was also observed 

for methanol in polydimethylsiloxane(59). Three main 

explanations have been put forward to account for these 

observations(51,59, 101-3). 

i) Stannett et al.(42,49,51) proposed that 

association of water takes place under 

equilibrium sorption but not under permeation 

conditions, and further that monomeric water 

has constant D1  and Cll. The physical reason 

for the different behaviour under sorption and 

permeation conditions was assumed to be a slow 

nucleation time for cluster growth leading to 

the establishment of a quasi-steady state in 

permeation. 

ii) Barrie(59)  pointed out that if the monomeric 

water sorption obeyed Henry's law and if the 

diffusion coefficient for monomeric water were 

constant then provided that only this species 
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by 

ac + D2 77-  ) • 
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contributes io'the total flux the permeability 

coefficient would be constant whether or not 

association takes place. This explanation could 

possibly be extended to cover the case where 

small polymeric water species also diffuse, each 

having a constant value of D. 

For example, if only monomer and dimer 

diffusion is considered then the flux J is given 

assuming negligible interaction of flows. 

Figure 2-3 shows J plotted vs. p/p0  for various 

values of D2/D1. The random polycondensation 

model, as outlined in part 2.7.4 of this section, 

was used together with equation (2-113). For 

the J - p/p0  plot to appear linear within a 

normal experimental scatter it would seem that 

D
2
/D1 

should be less than 	0.2. 

iii) Some authors have proposed(101-3) that diffusion 

is dependent on a gradient of activity rather 

than of concentration of the diffusing species. 
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If this is expressed mathematically as 

- BRT .(2) a/ x ) 

then this is equivalent to 

- B . a .6* / 6 x) 
i.e. to equation (2-72) with concentration 

replaced by activity. Since the relative 

....(2-115) 

humidity (p/p0) is a measure of activity it 

follows that J vs. p would be linear, and hence 

P constant, for constant B. 

Equation (2-114) has been proposed in 

general when osmotic mechanisms were being 

considered(101'132). Kuppers and Reid(103)  

however, proposed it as an expedient to maintain 

a constant diffusion coefficient, i.e. 

D ( c ) . 7c  x 
becomes 

 

J = - D . --- 

 

....(2-118) 

where D is constant and a was defined as a 

"diffusive activity" not necessarily equal to 

the thermodynamic activity. This procedure is 

in fact rather similar to that discussed in ii) 

above since "diffusive activity" could be termed 

"effective concentration for diffusion" - i.e. 

monomer concentration in the simplest case. 
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There is little evidence for hydrogen bonding in 

the vapour phase for water. However, if dimers are postulated 

then two separate Henry's law sorptions may occur 

Cl 
= 	p 

1 

c2 =CT  2 P2 

....(2-119) 

where subscript 2 refers to dimer and pl  + p2  = p the ingoing 

pressure. If now it is assumed that D2  o'2  is close in 

magnitude to D1  Cr i  then a linear J-p dependence, i.e. constant 

P, results from the equations (2-119). 

2.7.9 Concentration and Temperature Dependence of 

ED, LSTIA  and LEA. 

In systems where D increases with increasing c as a 

result of plasticisation, the activation energy for diffusion 

E
D 

generally decreases with increasing c as the progressive 

loosening of the polymer structure enables more segments to 

play a part in a unit diffusion step, thus facilitating the 

process. 

On the other hand when clustering of water occurs 

with only monomer diffusing then since D = D
o 
exp (- E

D
/RT), 

the temperature dependence of equation (2-93) can be written 
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as 

     

      

 

- E
D 	-E

D(c-0) 

 

a ci a ln ac ) 
a (1/T) ....(2-120) 

    

      

F. 
When D decreases with c it can be argued 

qualitatively(59)  that for a given concentration ()ci/ac 

will increase with increasing temperature because of the 

increasing ease of hydrogen bond rupture. Hence E
D will 

exceed ED(c-0) for all finite values of c. Since the 

proportion of hydrogen bonds available for breaking becomes 

greater for higher c, it can be predicted that E
D 

will 

increase continuously with c for a given temperature range. 

For the random polycondensation model the 

concentration dependence of ED  has not previously been 

formulated quantitatively, but may be derived as follows. 

The temperature dependence of equation .(2-94) can 

be written 

(  a In (k-16  
3R ,)

ED 	E
D(c=0) 	a (1/T) 

a in [8K 3(k-K)J 

	(1/T) 

....(2-121) 

Although ED  will be a function of both c and T the 

concentration dependence may be established for a mean value 

ED over a given temperature range (T-T0) by the use of a 

reference temperature (T0), where T
0 
 is most conveniently 
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identified with the lowest temperature of the range. 

Since 

In K 

 

R 
- AH 

....(2-122a) a (1/T) 

where LSH is the energy required to break a hydrogen bond 

in an inert continuum(57) then on integration 

In (K/K0) - 	1...) 
R T To  ....(2-122b) 

where K0  is the value of K at temperature T0. It is also 

convenient to define a reduced concentration C as 

C = 4c 	 ....(2-123) 3K0  

so that C cannot exceed unity if the whole temperature range 

is to be included. k is now given by 

k = K (1 + 
3 K0  C 	....(2-124) 

From equations (2-121) to (2-124) it can be deduced 

(appendix 9.3) that 

ED 	
E
D(c=0) 	

zsH 	(X-
X
1) [) 	( + 

77741)  

 

....(2-125) 

 

where 	X = (1 + 3C exp 	LSH 	1 ] 1 

	

R (T -) / 	....(2-126) 
0 

so that X -.1 as C-4.0. 

Hence values for ED can be calculated if PH 
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is known. Literature values(11) for AH span the range 

3.4-6.6 kcal.mole-1. Calculated values of ED for various 

values of C over different temperature ranges using the 

maximum and minimum values for AH are given in Table 2-1. 

The value chosen for AH appears to be of less significance 

than the temperature range considered. It can be seen that 

ED increases continuously with C as expected. 

A similar procedure can be carried out to calculate 

the concentration dependence of the heat of dilution. A 

combination of equations (2-51) and (2-92) yields 

ln(k-K) 	a In K HA = 4R (  a (1/T) ) 	R  ( 	( 1/T ) 

It follows (see appendix 9.3) that 

....(2-127) 

  

Q HA  = LsH 2-X ....(2-128) 

     

where A HA is an average value of AllA over a given 

temperature range and X is defined by equation (2-126). 

As C -4.0, X 1 and 	so that AHA  is very 

dependent on the value taken for AH. Computed values of 

AHA are given for two different temperature ranges in 

Table 2-1. They are more dependent on the value of AH than 

on the temperature range, and decrease continuously with 

increasing C. 
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TABLE 2-1  

Random Polycondensation of Water : Theoretical Values  

for QED  ( = ED  - E -D(c=0))' LOA  and 

Temp. 

Range 
C QED kcal.molel  LSHA kcal.molel  L8A cal.degl molei  

AH-3.4 AH.6.6 AH=3.4 AH=6.6 AH=3.4 All. 6.6 

0 0 0 3.40 6.60 00 040 

0.1 0.93 0.97 2.94 6.12 11.9 22.6 

0.2 1.74 1.86 2.57 5.69 9.6 20.0 

0.3 2.46 2.69 2.25 5.30 8.1 18.2 

0.4 _3.14 3.47 1.98 4.94 6.9 16.7 

20-60°C 0.5 3.79 4.21 1.75 4.62 6.0 15.4 

0.6 4.43 4.92 1.54 4.32 5.2 14.2 

0.7 5.08 5.60 1.36 4.04 4.5 13.2 

0.8 5.77 6.27 1.19 3.78 3.9 12.3 

0.9 6.50 6.92 1.04 3.54 3.4 11.4 

1.0 7.31 7.57 0.91 3.32 2.9 10.7 

0 0 0 3.40 6.60 olo CAgb 

0.1 1.28 1.85 2.78 5.70 11.0 20.6 

0.2 2.35 3.44 2.30 4.96 8.5 17.2 

0.3 3.31 4.88 1.92 4.33 6.8 14.7 

0.4 4.23 6.21 1.60 3.80 5.6 12.7 

30-50°C 0.5 5.15 7.50 1.34 3.34 4.6 11.1 

0.6 6.14 8.77 1.11 2.94 3.7 9.6 

0.7 7.26 10.1 0.92 2.58 3.0 8.4 

0.8 8.60 11.4 0.74 2.26 2.4 7.3 

0.9 10.3 12.9 0.59 1.97 1.9 6.3 

1.0 12.8 14.6 0.45 1.71 1.4 5.5 
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The entropy of dilution Aall  is given by equation 

(2:52). It is shown in appendix 9.3 that 

QS 
A 

= -3AH 	2AH (X + 1) 
- 4R In (X-1) + 3R In (C) • X 0 

where A§
A is an average value of Q§11.  over a given temperature 

range. As C —00 it can be shown by the use of L'H8pital's 

        

rule that zoA -0.0.:21 . Values of AgA are included in Table 

        

2-1 and decrease with increasing C. AS
A 

is also much more 

dependent on the value of AH than on the temperature range. 

2.7.10 Rates of Immobilisation of Water Molecules  

Parts 2.7.2 - 2.7.9 of this section have been concerned 

with situations where the rate of immobilisation of penetrant 

is very rapid in comparison with the rate of diffusion. It 

has not been established that this is always the case for the 

immobilisation of water molecules and so more general 

situations in which the rates of diffusion and immobilisation 

are comparable have to be considered. 

Crank(94) investigated the case of diffusion with a 

concurrent, reversible chemical reaction which is first order 

in that the forward reaction goes at a rate proportional to 

the concentration of mobile penetrant and the backward 

reaction at a rate proportional to the concentration of 

immobile penetrant, i.e. 
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b 
Tr Xcf  - 	cb  ....(2-129) 

where X and )4. are the forward and backward rate constants. 

Equation (2-79) then becomes 

a f 	a o
f ) . at 	ax 	D f ax - fr.! Ob ) ....(2-13o) 

With Df constant Crank(94)  obtained a solution to 

equation (2-130) for sorption into or desorption from a plane 

sheet in the form of expressions for Mt/M60  which involve 

series solutions. A number of reduced sorption curves were 

computed for various values of the ratios (X/k4.) and 

(y412/Df) where 4 is the thickness of the sheet. The latter 
ratio is a measure of the relative rates of immobilisation 

and diffusion. It was found(94)  that when (). I2  /Df) is small 

(0.01), plots of 1':4t/M00  vs. tl-// display "shoulders" the 

heights of which increase as (ik/p4) is decreased. For 

(141.2/Df) about unity, sigmoid shaped curves are obtained, 

and when ()(12/Df) exceels .41  10, the curves differ very 

little from those expected for a purely diffusion-controlled 

system. 

In the case of water clustering, as an oversimplification 

the equilibria 

--s (H20)f  + [(1120)b 	c---- 	(1120)b  n n+1 

2 (H20)f 	[ (H20)0 2 
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can be considered, where monomeric water only is mobile, 

so that 

a c
b 

t 	(X  -f " -f C )‘1) cla ) 	?-1) cb 

where VI)  and IA b  represent some sort of average rate I  

constants for the clustered water. 

Unfortunately, this type of equation in conjunction 

with equation (2-79) has not been solved either analytically 

or numerically, although it is presumed that the principal 

features of reduced sorption curves would not be too 

different from those for the case of the unimolecular 

reaction. For non-random hydrogen bonding the situation 

would be further complicated in that ()‘/).A.) would depend 

on cf  and cb. 

No solution for permeation with non-instantaneous 

immobilisation has been formulated as yet. It has been 

pointed out
(51) that for very slow rates of immobilisation 

an apparent or quasi-steady state could be set up giving a 

measured time lag independent of c even though the true 

steady state D decreases with increasing c. 
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CHAPTER 3  

SORPTION DIFFUSION AND 

PERMEATION IN FILLED POLYMERS 

Fillers are generally introduced into elastomers 

for the purpose of improving their tensile strength. This 

reinforcing effect of a filler is due largely to strong 

interactions between polymer chain segments and filler 

particles and most reinforcing fillers are therefore wetted 

to some degree by bulk polymer. The solubilities of gases 

and vapours in filled polymers are often significantly 

increased(4)  in comparison with those in the corresponding 

unfilled polymers illustrating that the filler surface need 

not be completely wetted by the polymer. The nature of 

polymer-filler interactions is not always clear'
(104)  and 

for a given system may include chemical bonding, van der 

Waals interactions or both. Bueche(105) deduced that 

relatively non-porous fillers are more efficient than the 

porous type in their reinforcing action. 

A uniform dispersion of filler in a polymer is 

difficult to achieve and aggregation of filler particles is 

often encountered. As the number of polymer-filler 

interactions depends on the interfacial area presented, the 

degree of aggregation can be an important factor in determining 
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the sorptive capacity of a filled polymer for a penetrant. 

For fine silica fillers incorporated into silicone 

rubber, with which this present work is partly concerned, 

surface hydroxyl groups on the filler appear to play an 

important role(106). The effect of milling the filler prior 

to incorporation in the gum is to reduce the interaction 

between filler and polymer. It was suggested(106) that 

some aggregated structure of silica particles is created 

during this process which is not destroyed on subsequent 

milling with the rubber. 

3.1 Effect of Fillers on the Sorption of Permanent Gases  

Different types of filler can affect the sorption 

process in a number of ways(4,22) . If sorption on or in 

the filler is negligible then the overall solubility cr of 

a gas is proportional to the fraction of bulk polymer, i.e. 

a 	= 	G- 13 0B 
	 ....(3 -1) 

where $ is volume fraction and subscript B refers to bulk 

polymer. When sorption by the filler is important 

Cr 	= CYB  OB  + CYF  OF 	....(3 -2) 

where subscript F refers to filler. If air gaps are also 

present the overall solubility is increased, and 

CT 	= CY B 0B + a F 0
F 

+ C7G  OG 	....(3-3) 
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where subscript G refers to air gaps. 

Partial agreement with equations (3-1) and (3-2) 

has been obtained in some filled polymer-gas systems(23,107) 

3,2 Effect of Fillers on the Diffusion and Permeation of 
Gases 

In the strictest sense, Fick's laws cannot be applied 

to diffusion in heterogeneous media which include dispersed 

phases. However a procedure which has often been adopted 

is to modify the equations of flow for corresponding 

homogeneous media (unfilled polymers) by means of structure 

factors
(23,107, 108)

. Thus the flux per unit cross-sectional 

area of filled polymer is 

21 cB J 	-DB 	. X . a x  ....(3-4) 
provided that no transport through the filler or along 

interfaces occurs. )14 is termed the structure factor for 

the system and allows for, amongst other factors, the increase 

in the average diffusion path length due to the presence of 

the filler. From equation (3-4) 

9S
B 

c
B 

D
B ax 	 . x ....(3-5) 

where D is the experimentally observed diffusion coefficient 

cf gas in the filled polymer. When sorption on or in the 
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filler occurs then equation (3-2) may be applied so that 

SP.  D = 	X DB ....(3-6) 
(115B + SF • a  ElaB )  

For zero sorption on filler, crF  = 0 and 

D = 	X DB 	 ....(3-7) 
The permeation flux per unit area of unfilled 

polymer is given by JB  = -DB  • a eB/ax, so that 

J = 	TSB JB 

or 	P = "B PB 	 ....(3-8) 

where P and PB 
are the permeability coefficients of gas in 

filled and unfilled polymer respectively. Equation (3-8) 

applies whether or not sorption by the filler occurs provided 

that any sorbed gas is immobile. 

3.2.1 The Structure Factor  

Expressions relating X to /
B 
and the dimensions 

of filler particles have been derived from the electrical 

analogue of heterogeneous conductors, i.e. dispersions of 

particles with a conductivity different from that of the 

bulk phase. Maxwell(109) deduced that for a random array 

of non-conducting spheres sufficiently dilute so as to neglect 



2 - 20
F - 0.394 Or

10/3 

2 4. op 	0.394 $1,10/3 

considered X  simply as a tortuosity 

1 
= 

PB 

Nielsen(114) 

) ....(3-10) 

interference effects between spheres, 

Y. 	
2  

More sophisticated treatments by Rayleigh(110)1  Fricke(1
11)1 

Runge(112) and Meredith and Tobias(113)  amongst others 

allowed for interference effects and also for various shapes 

of the dispersed particles. For example, Rayleigh obtained 

for non-conducting spheres(110) 

factor, defined as 

film thickness  
average distance travelled to get through the film 

For simple non-interacting square plates of bid- L 	thickness W 

uniformly oriented perpendicular to the direction of flow, 

then 

A- 	- 	1 + (L/2w) OF 
	....(3 -11) 

For oriented lamellar fillers, 1,:i> W and )4 is 

relatively small. In the case of cubes, L=W and equation 

(3-11) reduces to equation (3-9), the same expression as for 

spheres(109) 
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3.3 Sorption and Diffusion of Water in Filled Polymers  

3.3.1 Sorption and Diffusion in the Filler  

The affinity of many inorganic fillers for water 

is often much greater than that of the polymer itself. When 

incorporated in the polymer the resulting sorptive capacity 

of the medium will be greatly influenced by the degree of 

wetting of the filler surface by the polymer. This degree 

of wetting could depend on the overall filler content of a 

sample due to, amongst other factors, changes in the degree 

of aggregation of the filler particles. Equation (3-2) might 

be rewritten as 

CV = CFB 0B crF (1 - fF) OF 	1 ...(3-12) 

where 0"F refers to the solubility in pure, bulk filler and 

fF is a factor representing the degree of wetting of the 

filler surface inside the polymer. Since CYB  and CYF  are 

generally functions of the water concentration c, and f
F 
can 

depend both on c and on
FP 
 the sorption of water by filled 

polymers is generally expected to be a complex process. 

Although diffusion through or around the filler per se 

is often neglected, the possibility of this arises when 

continuous interfacial channels are formed through a film, 

when filler particles form porous aggregates containing 

amounts of free volume, or when the individual filler particles 
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are porous. For any of these situations, quantitative 

treatments for the diffusion and permeation of vapours and 

liquids through filled polymers would be extremely difficult 

to apply. The application of some simple models for vapour 

and liquid permeability through filled polymers in such cases 

has been examined in some detail by Nielsen(114) who 

illustrated that a great variety of P /
F 

relationships can 

be obtained depending on the precise properties and distribution 

of the filler in the polymer. 

3.3.2 Water-Soluble Fillers  

If a filler is water-soluble and the external water 

activity is higher than that corresponding to a saturated, 

aqueous solution of the filler, then sorption of water by 

the filled polymer can be very large and is usually controlled 

by an osmotic mechanism 	
101, 115, 116) whereby water 

enters the polymer to dilute the pockets of internal solution. 

Eventually, equilibrium would be attained when the vapour 

pressure developed by the internal solution becomes equal to 

the external vapour pressure, although the restraining action 

of the polymer matrix may be significant
(116),  especially 

if crosslinks are present. Overall sorptive capacities for 

water are therefore governed largely by the solute concentration 

and by the degree of crosslinking of a sample. 
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CHAPTER 4  

THE MEASUREMENT OF SOLUBILITY, PERMEABILITY 

AND DIFFUSION COEFFICIENTS FOR WATER VAPOUR  

Particular difficulties are often experienced when 

attempting to measure 0.1  P or D for water vapour because 

of the possibility of the vapour being sorbed or condensing 

on the walls of the apparatus. In this chapter some of the 

procedures used to overcome these difficulties are discussed. 

4.1 Measurement of P  

4.1.1 The "Cup" or "Dish" Method  

In this the polymer membrane is sealed across the 

mouth of the thermostatted vessel containing either liquid 

water or a strong dessicant and placed accordingly in a 

dry environment or one of known relative humidity. When the 

rate of change of the weight of the vessel and contents 

becomes steady, this is measured and P for water through the 

membrane calculated. The method is not especially accurate 

but is useful for some types of routine permeability 

measurements. 

Problems associated with this technique have been 

discussed by Newns
(117) A more accurate modification of 

the same procedure was used by Wendisch and Plumer
(118) 
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4.1.2 The Partition ae7.1 Method 

A partition cell apparatus has often been used(12'97) 

for accurate measurements of permeation rates and time lags. 

Essentially it consists of some kind of diffusion cell in 

which a sheet of polymer is clamped so as to separate an 

"upstream" compartment in which the pressure of penetrant 

is constant from a "downstream" one in which the pressure is 

initially zero. The downstream pressure is kept sufficiently 

small so as to be negligible in comparison with the upstream 

or ingoing pressure at all times. In the case of water 

vapour the upstream compartment of the apparatus is connected 

to a thermostatted liquid water reservoir(50). When the 

reservoir is above room temperature heating tape is wound 

round the apparatus connecting the reservoir and the diffusion 

cell to prevent condensation of water vapour. 

For permanent gases a McLeod gauge is often used 

to follow the pressure increase on the downstream side of the 

membrane, but for water vapour this is ruled out because of 

condensation problems and sorption on the glass walls of 

the apparatus. Yasuda and Stannett
(42) have used a modified 

McLeod gauge system for water permeability and time lag 

measurements. The compression capillary was jacketed with 
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water at ..-490°C to prevent vapour from condensing. Further, 

the glass surfaces of their receiving apparatus were 

pretreated with water vapour prior to the start of a run 

by the introduction of an initial vapour pressure of 

mm.Hg. to the downstream section. During a run, 

vapour was kept away from the membrane face by the use of 

a mercury diffusion pump in the downstream compartment. 

It is questionable whether further sorption of 

water on the glass walls after pretreatment could be 

considered negligible in this procedure
(119),  and this 

point is discussed more fully when the time lag is considered. 

For very accurate measurements of water permeation rates it 

is generally preferable to use a system similar to that of 

Barrer and Barrie(50)  in which effluent water vapour is 

rapidly sorbed on a suitably powerful dessicant thus 

maintaining the downstream pressure close to zero. In this 

way the amount of water in the vapour phase remains 

negligible in comparison with the total amount which has 

permeated the membrane. The latter is measured from the 

rate of the increase in weight of the dessicant. 

4.2 Measurement of the Time Lag L.  

4.2.1 Modified McLeod Gauge Procedure, 

The procedure adopted by Yasuda and Stannett and 
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described in section 4.1 appears to be the only one used 

to date to measure time lags for water vapour. In a 

"typical" permeation run which lasted about three times the 

time lag, the downstream pressure increased from 0.02 to 

NO.40 mm.Hg(42). Studies by Frank(120) and by Barrett and 

Gauger(121) of water vapour sorption on pyrex glass surfaces 

at low pressures indicate that this pressure rise would 

lead to further relatively rapid and significant sorption 

on the glass walls of the apparatus. Some effects of this 

on measured permeation curves have been analysed(119) (see 

appendix 9.4) on the basis of the data of Frank and of 

Barrett and Gauge r. This analysis indicates that in general 

P would be affected only slightly, but that L could, in 

certain circumstances, be increased very significantly. 

Also, the sorption effect would, for constant D, lead in 

most cases to a time lag which decreased with increasing c. 

Thus it would tend to mask to some extent the concentration 

dependence of L when D is a decreasing function of c. At 

best this analysis was only semi-quantitative, nevertheless 

it would seem to question the reliability of the modified 

McLeod gauge procedure which cannot therefore be considered 

to be very satisfactory, at least from the point of view of 

analysing the L-c dependence of a system. This is particularly 
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the case for systems where D decreases with increasing c 

since L, given by equation (2.28), is very dependent on 

f 0 the term 	D (c) dc. The relative variation of this 
0 

term from Dc
0  (the same term for constant D) is often small 

when D decreases with c. This is discussed in detail, with 

a number of 	in the published note(122) submitted 

with this thesis. If only a small relative variation in 

L is expected then any effect which tends to oancel it out 

could, in principle at least, be very serious. 

4.2.2 Dessicant Method  

The method of Barrer and Barrie(50) described in 

section 4.1 is very suitable for the determination of P, but 

its use for measuring water vapour time lags is questionable. 

This is because only small water uptakes by the dessicant 

would generally be expected during the relatively short 

period of a time lag run, thus increasing the ratio of water 

in the vapour phase to that sorbed in the dessicant. The 

effect of this would be to increase the importance of water 

sorption on the glass walls of the apparatus. 

4.2.3 Other Methods  

A better solution to the problem of measuring 

water vapour time lags would seem to lie in the use of an 
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all-metal receiving section incorporating a very sensitive 

diaphragm-type transducer, when sorption on the walls 

would be minimised. However such measuring instruments 

are expensive and a possible arrangement using a modified 

McLeod gauge or dessicant with more conventional glass 

apparatus might be to have the receiving volume in several 

sections such that its geometrical surface area A could be 

varied appreciably while keeping its overall volume constant. 

A series of time lags, for the same ingoing pressure of 

water, measured for various values of A could then in 

principle be extrapolated to zero A to obtain the "true" 

time lag each time. This would be tedious and time-

consuming practically and for this reason no time lag 

measurements are made in the present work. 

4.3 Differential Permeation 

Although the expected relative variation of L 

with c is generally small in systems where D decreases with 

c(122) 
it could be increased if only a small pressure 

differential across the polymer membrane were used. The 

term 	0 D (c) dc would then become D= c 	
to a good 

co  

approximation, where co  and c are the water concentrations 

in the ingoing and outgoing faces respectively of the membrane, 

c 
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Kishimoto and Kitahara(123) successfully applied 

this technique to the permeation of water through 

polyacrylamide membranes, but as yet it has not been applied 

to a system in which D decreases with increasing c. 

4.4 Equilibrium and Kinetic Sorption Measurements  

For permanent gases, for which the sorptive 

capacity of a polymer is generally very small, volumetric 

procedures have been used extensively for sorption studies(124)  

One of two procedures is usually adopted: 

a) A known amount of gas is introduced into 

the space, of known volume, which surrounds 

the polymer sample. The amount of gas still 

in the gas phase is obtained each time from 

pressure and volume measurements and hence 

the remainder, which has been taken up by 

the polymer, can be calculated. 

b) Equilibrium is established between gas sorbed 

by the polymer and the gas phase at a known 

pressure. The gas phase is then displaced by 

mercury after which the sorbed gas is allowed 

to desorb into a known, large volume, the 

pressure in which is measured on a suitable gauge, 
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When measuring small uptakes of water, it is 

generally advantageous to use a gravimetric procedure, the 

main reasons being :- 

i) With a sufficiently sensitive balance direct, 

gravimetric measurements are more accurate and 

convenient than indirect pressure and volume 

determinations. In connection with the terms 

"direct" and "indirect", it is emphasised that 

the unit of co.s.t.p., in which quantities of 

sorbed water are usually expressed in this 

thesis, is a hypothetical unit obtained by 

conversion of a weight of water on the assumption 

that water vapour behaves as an ideal gas. 

Pressure and volume determinations would involve 

tedious calculations if rates of sorption were 

to be studied, and would normally require the 

use of a mercury-filled gas burette. 

ii) Sorption and desorption can be recorded instantly 

and the attainment of equilibrium easily 

recognised by the condition of constant weight. 

iii) No correction of pressure for temperature 

differences in different parts of the apparatus 

is required. 
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iv) 	There are no complications resulting from 

water sorption on the glass walls of the 

apparatus, so long as the vapour pressure is 

known accurately and can be kept constant. 

This last point can be very important. The effect 

of water sorption on glass walls on a volumetric determination 

of sorption can be illustrated by a rough calculation. 

McHaffie and Lenher
(125) 

found that at 25°C and PY 0.96 

relative humidity the water uptake by soft duroglass is 

^d6 x 1016 molecules cm-2. For a small, exposed surface 

area of glass of 100 cm2, the total amount sorbed would 

therefore be ..^40.2 cc.s.t.p. For a sample of a hydrophobic 

polymer weighing only a fraction of a gram, the total uptake 

of water might only be of the same order as this. For example, 

Barrie and Platt(43) found polydimethylsiloxane to sorb 

4̂0.9 cc.s.t.p. of water per gram at 35°C and ^-0 0.96 relative 

humidity. 

Hence the use of some type of vacuum microbalance 

is clearly desirable. The theory and some applications of 

vacuum microbalances have recently been reviewed
(126) 	Two 

of the most commonly used types are:- 
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a) The quartz spiral(127)  which attains high 

sensitivity only at the expense of reduced 

capacity since its extension is proportional 

to the load. Its main disadvantage is its 

fragility. 

b) Beam types of balance(128)  which can be 

converted to null point instruments by the 

use of electromagnetic equipment. Since 

these are symmetrical, buoyancy corrections 

can be minimised, in theory, by the choice 

of an inert counterweight of a suitable density. 

However, for water vapour, it is probably 

safest to use an inert metal as a counterweight. 

That the microbalance should be as sensitive as 

possible is particularly important when sorption kinetics 

are to be measured for a system in which D is a decreasing 

function of c. For such systems it is shown in appendix 

9.5 that much smaller relative variations of the slopes of 

reduced sorption curves with c are to be expected in 

comparison with systems where D is an increasing function 

of c. This is analogous to the situation for concentration- 
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dependent time lags already discussed
(122)

, since both 

Is and L are dependent on "integral" diffusion coefficients 

and hence on terms similar to 
Sc  

° D (c) dc. 0  
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CHAPTER 5 

EXPERIMENT 

5.1 Materials  

5.1.1 Methacrylate and Acrylate Polymers  

Sheets of polymethylmethacrylate (PMMA), polyethyl-

methacrylate (PEMA), poly-n-propylmethacrylate (PPMA) and 

poly-n-butylmethacrylate (PBMA) were obtained from Imperial 

Chemical Industries Ltd. (Plastics Division) and were 

prepared by radical bulk polymerisation of the respective 

monomers. Evaporation of chloroform solutions of the polymers 

on clean mercury surfaces yielded thin films which were then 

outgassed under high vacuum at the highest temperature of the 

proposed study for at least two days (two weeks at 95°C in 

the case of PMMA) and used in permeation and sorption 

experiments. 

Poly-n-propylacrylate (PPA) was obtained from Rohm 

and Haas Co., U.S.A. as a 40% solution in toluene and was 

prepared by refluxing solutions of the monomer for 16 hours 

in the presence of 0.3% benzoyl peroxide and 0.1% di-t-butyl 

peroxide. Thin films were made by allowing the toluene to 

evaporate "in situ" (see sections 5.2.2, 5.3.2 and 5.3.3) 

followed by outgassing at,v50°C under high vacuum for two 

days. 
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Some physical properties of the methacrylate polymers 

and PPA are given in table 5-1. 

TABLE 5-1 

Density (c), Number Average Molecular Weight (MN) 

and Glass Transition Temperature (Tg) for Methacrylate 

and Acrylate Polymers 

Polymer e(g.cm-3) MN  Tg  (°C) 

PMMA 1.17 319,000 92 

PEMA 1.17 70 

PPMA 1.16 41 

PBMA 1.19 435,00o 24 

PPA 1.2 -58  

Densities were measured by the water displacement 

method except that of PPA which was estimated from mass and 

volume measurements. Values of MN and Tg  given in tables 5-1 

and 5-2 were determined by Mr. H. McLean of the Polymer 

Characterisation Laboratory in this Department using a 

Mechrolab osmometer and a du Pont scanning differential thermal 

analyser respectively. 

5.1.2 Polysiloxanes  

Three separate samples of unfilled polydimethylsiloxane 

(DMS) were used. 

Sample I - was obtained in sheet form from Midland 
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Silicones Ltd. and was press-cured with 2,4 dichlorobenzoyl 

peroxide for 5 minutes at 115°C followed by a post cure at 

2000C for 2-3 days in an air-circulating furnace. The sample 

was then refluxed with acetone in a Soxhlet apparatus for 24 

hours to extract last traces of low molecular weight 

impurities and outgassed under high vacuum for a day. 

Sample II - was obtained in sheet form from I.C.I. 

Ltd. and was prepared by crosslinking a gumstock with 1% 

of 2,4-dichlorobenzoyl peroxide followed by a post cure at 

high temperature. The sheets were refluxed with acetone 

and outgassed. 

Sample III - was supplied by Midland Silioones Ltd. 

as an uncrosslinked gum. It was purified by passing a benzene 

solution through a millipore filter followed by evaporation 

of the benzene. The purified gum was moulded into sheet 

form between glass plates• One plate was removed and the 

gum outgassed for 2 days under high vacuum. Membranes 2-4mm 

thick were crosslinked by exposure to X-radiation from a 

Co60 source for about 30 hours followed by extraction with 

acetone and outgassing. 

Two different types of filled DMS were studied. 

i) Sodium chloride filled. 

Analar grade sodium chloride was finely ground 

and dried in an oven at 0̂ 130°0 for 3 days, The salt was 
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then mixed with the purified gum sample III in a fine 

rubber mill for about 15 minutes. 	The filled gum was 

moulded, outgassed, crosslinked, extracted with acetone 

and outgassed again. Three samples A, B and C were prepared 

in this way and contained 0.44, 1.32 and 4.19% by weight 

respectively of sodium chloride. 

ii) Silica filled 

Filled sheets obtained from Midland Silicones Ltd. 

were press-cured and came from the same polymer gumstock as 

the unfilled sample I. The silica filler was Aerosil 200B, 

an extremely fine powder. The sheets were given postcures, 

extracted and outgassed in the same manner as sample I. 

Samples D, E and F contained 20, 30 and 40% by weight 

respectively of silica. In addition, sample F contained 

about 1% by weight of ground quartz, and vasopaque and 

rather brittle. 

Other siloxane polymers studied were:- 

A copolymer of dimethylsiloxane and methylphenyl 

siloxane (PMS), containing 7.5 mole % of methylphenyl groups, 

which was obtained from Midland Silicones Ltd. in sheet form, 

and was prepared in a similar manner to that of the DMS 

sample I. Sheets were postcured, extracted and outgassed 

as DMS sample I. 

Poly 3,5,5-trifluoropropylmethyl siloxane (FMS) 
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which was obtained in sheet form from Dow-Corning Corporation, 

U.S.A. and was crosslinked with 2,5-bis (t-butylperoxy) 

2,5-dimethylhexane and postcured for 1 hour at 150°C." The 

sheets were extracted with benzene and then methanol, each 

for 24 hours, and outgassed under high vacuum. 

Some physical properties of the siloxane polymers 

used are given in table 5-2. 

TABLE 5-2  

Density (e), Number Average Molecular Weight (IT) and 
Glass Transition Temperature (T g) for Polysiloxanes, 

Filled and Unfilled 

Polymer Q (g.cm-3) 
MN 

T (°C) 

DMS (I) 

DMS (II) 

0.97 

0.97 

- -127 

-127 

DMS (III) 0.97 250,000 -123 

DMS (A) 0.97 250,000 -127 

DMS (B) 0.98 250,000 -125 

DMS (C) 0.99 250,000 -125 

DMS (D) 1.13 - -125 

DMS (E) 1.20 - -127 

DMS (F) 1.26 - -125 

PMS 1.02 - -114 

FMS 1.33 - - 70 
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5.1.3 	Penetrant Vapours  

i) Water Vapour  

Distilled water was introduced into a small, 

pear-shaped vessel and connected to vacuum momentarily to 

remove the surrounding atmosphere. The sample was then 

frozen by surrounding the vessel with liquid nitrogen, 

connected to high vacuum and pumped on for several hours to 

remove most of the trapped air, and finally allowed to thaw, 

being connected to vacuum occasionally to remove air bubbles. 

This procedure was repeated several times and was considered 

sufficient to remove all dissolved air. The liquid water 

sample was then ready for supplying vapour to the experimental 

system under consideration. 

ii) Methanol Vapour  

Liquid methanol was also outgassed by the "freeze- 

pump-thaw" procedure, in a manner identical to that for 

water, and subsequently used as a source of vapour. 

5.2 Apparatus  

5.2.1 The Pumping Systems 

Two separate but similar pumping systems were used. 

One was used with both the permeability apparatus and the 

sorption apparatus concerned with the larger uptakes of 

penetrant (system 1) and the other with the sorption apparatus 

concerned with relatively small uptakes of penetrant (syStIto..2)“ 
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The essential features of both systems are shown in figure 

A one-stage mercury diffusion pump (B) backed by 

an Edwards two-stage rotary oil pump (A) produced an ultimate: 

vacuum of about lo-6 mm.Hg. A large buffer volume (C) was 

'attached to the low pressure side of the diffusion pump. 

The latter could be by-passed so as to introduce air into the 

vacuum lines without stopping the mercury pump. The pump (A) 

had a non-return valve to prevent oil from being sucked back 

into the pumping system in the event of a power failure. 

A liquid nitrogen trap (D) condensed out any vapours 

present in the hyvac (E) section of the system, in which the 

pressure was measured using an Edwards Pirani gauge head (F). 

The Pirani gauge in system 1 was also included in the 

permeability section during a run. Also in system 1 were a 

mercury manometer (G) for the purpose of calibrating pressure 

transducers and a vessel (H) for outgassing polymer samples. 

System 2 had no mercury manometer in order to keep the amount 

of mercury vapour in the system to a minimum. In addition, 

a small piece of gold foil (I) was included in the hyvac 

line of system 2 to prevent traces of mercury vapour from 

entering the microbalance. 

The apparatus for both systems was constructed of 

pyrex glass and, apart from the Pirani gauge heads whicl, 
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were connected in using Piecen wax seals, all taps and joints 

were lubricated with Apiezon N high vacuum grease. Underwater 

taps in the systems to be described in sections 5.2.2 and 5.2.3 

were lubricated either with Apiezon T or a Silicone high 

vacuum grease. 

5.2.2. The Permeability System 

The system is illustrated in Figure 5-2. 

i) The High Pressure (Ingoing) Section  

Vapour at a known pressure was supplied from a liquid 

reservoir, accurately thermostatted by means of a water bath 

containing a mercury contact thermometer and a Sunvic 

electronic relay. The water bath was heated by two 300 W 

"red-rod" heaters and cooled, when necessary, by circulating 

tap water through a metal tubular mil immersed in the bath. 

The temperature of the reservoir could be controlled to 

within about + 0.05°C. Also in the water bath and connected 

to the reservoir was a 500 cc. buffer volume which served to 

minimise any pressure fluctuations. An underwater three-way 

tap (T1
) enabled the reservoir to be connected either to the 

polymer membrane (M) or to the hyvac line via (T2). Then the 

membrane and reservoir were above room temperature the 

connecting glass tubing was heated with heating tape (H) to 

prevent condensation of the vapour. 

Vapour pressures were taken from tables (129,130) 
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but were checked periodically by means of the pressure 

transducer described in section 5.2.3. 

ii) The Low Pressure (Downstream) Section  

During a run, vapour which passed through the membrane 

(M) was sorbed in the zeolite (Z) (sodium faujasite, 13X) 

contained in a glass bucket suspended from a quartz spiral (S). 

The sorption of water by 13X is extremely rapid and, up to 

about 0.2 parts by weight of water to 1 part of zeolite, the 

equilibrium pressure in the vapour phase is extremely small at 

30C
(131)

so that the effect of water sorption on the glass 

walls of the apparatus, as mentioned in section 4.1.2, was 

minimised. Sorption isotherms for methanol in 13X have been 

found to be somewhat irreproducible
(131)but the amounts sorbed 

at very low pressures are comparable with those for water. 

The sensitivity under vacuum of the spiral (S), which 

was obtained from the Thermal Syndicate Ltd., was determined 

at various temperatures between 20 and 50°C as described in 

section 5.2.3. This enabled the amount of penetrant passing 

through (M) in a given time to be determined by observing the 

extension of (S) to 0.001 cm with a cathetometer and 

applying a correction for any variation in room temperature. 

Effluent vapour could also be condensed in the liquid 

nitrogen trap (N) or pumped away through the hyvac line by 
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means of taps (T3), (T4) and (T5). The "downstream" pressure 

could be measured by means of the Pirani gauge (P). When 

necessary, the zeolite was outgassed by connecting it to 

high vacuum and surrounding it by a furnace at "J300°C for 

about 6 hours. 

iii) The Membrane Holder and Diffusion Cell  

The membrane holder is illustrated in Figure 5-3(a). 

The membrane (M) was gripped between two circular 

steel plates (P) each with a central circular hole of the 

same, well-defined diameter. One of the plates had a slight 

rim for improved clamping. The plates were screwed together 

by the six screws (S1). Then (M) was a hard plastic 

(polyalkylmethacrylates) the plates were screwed together 

hard. When (M) was rubbery, however, the plates were only 

screwed together moderately tightly to prevent bulging of 

(M) and six spacing screws (S2) introduced to minimise any 

distortion of (M) when under pressure in the diffusion cell. 

The membrane was supported on its "downstream" side by a 

thin wire gauze (G) resting on a metal ring (H) screwed into 

the hole of one of the plates (P). 

The membrane holder was held in the diffusion cell 

shown in Figure 5-3(b).. Thin rubber gaskets (R), with 

circular holes cut to the same diameter as the holes in the 

plates (P), separated the plates from the flanges of the 
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steel tubes (3). The two flanges were screwed together by 

means of screw threads on the upper flange and the cup (C). 

A ball race (B) between the lower flange and the bottom of 

(C) prevented distortion of (M). The upper flange contained 

a number of small holes through which mercury was poured to 

ensure a gas-tight seal for the cell.. The tubes (3) were 

connected to the glass apparatus by copper-glass seals (T) 

and the whole cell supported vertically in a copper cylinder 

which was immersed in a water bath thermostatted to within 

+ 0.05o . C 	a similar manner to that described in i) of this 

section. 

This type of cell has been used and modified 

extensively in this Department by Barrer and co-workers (132)  

iv) The Diffusion Cell for PPA 

This polymer was studied in the form of a viscous 

gum and the simple, if rather crude, cell used is illustrated 

in Figure 5-3(c). A circle of strengthened filter paper (G) 

(4hatman grade 540) was attached by means of Araldite adhesive 

to a flange (F) on a vertical piece of glass tubing. PPA was 

introduced on top of the filter paper as a 40% toluene 

solution and the toluene pumped off. More solution was then 

added, pumping off the toluene each time until the resultant 

PPA gum had a level surface and formed the membrane (M). The 

glass tubing was contained in a vertical glass cylinder (C) 
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immersed in a water bath thermostatted to + 0.05°C. The 

paper (G) was on the "downstream" side of (M) partly for 

support and partly to avoid any spurious penetrant 

concentrations at the ingoing interface. 

Although of a somewhat crude design this apparatus 

was useful for measuring relative permeation rates at 

various ingoing pressures. 

5.2.3 The Sorption Systems  

i) The System for relatively large uptakes of Penetrant  

When the uptake of penetrant was greater than about 

0.2% of the dry weight of the polymer, a quartz spiral balance 

of the McBain and Bakr
(127)  type was used. The apparatus is 

illustrated in Figure 5-4. A thin sheet of polymer (P) was 

suspended, by a small piece of platinum wire, from the quartz 

spiral (S) obtained from the Thermal Syndicate Ltd. The 

spiral was suspended inside a vertical, cylindrical glass 

envelope (0) immersed in a waterAank (W) which was 

thermostatted to + 0.05o . C 	a manner similar to that 

described in section 5.2.2. The tank had two plate glass 

sides so that the spring extension could be measured with a 

cathetometer. The spring was calibrated under vacuum and 

also under atmospheric pressure, at several temperatures, by 

hanging on known glass weights. To obtain penetrant uptakes 
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from the corresponding spring extensions, small buoyancy 

corrections were necessary. 

The vapour pressure in the system was measured with 

a strain-gauge pressure transducer (T) (0-15 p.s.i. absolute, 

obtained from Bell and Howell Ltd.) operated from a stable 

10 volts D.C. supply. The voltage signal from the transducer 

was measured by a sensitive potentiometer and was directly 

proportional to the applied pressure. The transducer was 

calibrated against a mercury manometer and the calibration 

checked about once a year. Pressures were measured to within 

about + 0.02 cm.Hg. 

An underwater three-way tap (T1) connected the 

balance system either to the hyvac line via (T2) or to a 

liquid reservoir (R). The glass tubing connecting (R) with 

(W) and (T) with (w) was jacketed with heating tape to prevent 

condensation of vapour. 

ii) The System for relatively small Uptakes of Penetrant  

For water uptakes less than ,v0.2% of the weight of 

dry polymer a Sartorius 4102 electronic vacuum microbalance 

was used. The uptake was usually measured to within 1 yLg. 

The balance was of the beam type and is illustrated 

pictorially in Figure 5-5(a). The beam was suspended inside 

a case (H) constructed from a massive block of stainless 

steel. On each end of the beam were diamond-tipped points 



SARTORIUS MICROBALANCE: 
	

OVERALL AND BEAM ARRANGEMENTS 
5.5 (a) 5-5(b) 
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on which aluminium stirrups were fitted by means of sapphire 

oups. Platinum wires (W1,W2) hung from the stirrups inside 

the glass tubes (T) which were connected to (H) by the 

cone-socket joints (J). The polymer sample (3) was hung from 

(W1) and a metal counterweight (M) of known density from (W2). 

The tubes (T) were covered with fine copper mesh, earthed to 

facilitate the removal of static electrical charges from the 

system. A metal flange (F) connected the balance to the 

remainder of the apparatus via a flexible, bellows-type metal 

coupling. 

The weighing prinoiple depended on automatic electrical 

compensation of a torque moment induced by the load. 

Figure 5-5(b) shows the beam (B), which was a quartz tube, 

attached to a moving coil (C) supported by a torsion wire 

suspension (T). A permanent magnet (not shown) inside (C) 

supported an oscillated coil (0) through which a high 

frequency A.C. was passed. At equilibrium (C) was exposed 

only to the constant field of the permanent magnet, but when 

the beam deviated from the horizontal position the high 

frequency field from the coil (0) induced a B.F. signal into 

the coil (C) which was rectified, phase-adjusted, amplified 

and returned to (C) in the form of a compensating current. 

The counter-torque thus induced was made almost identical 

to the applied force and returned the beam to its rest 



- 139 - 

position so that the balance was a continuous, null-point 

instrument. The counter-torque moment was proportional to 

the field intensity of the permanent magnet and the 

compensating direct current. Since the former was constant, 

the D.C. produced, which was measured either on a meter or a 

Honeywell strip chart recorder, was a direct measure of -'he 

weight applied. 

The baseline of the balance output shifted slightly 

with changing air pressure (^410)4g. for 1 atmosphere change). 

With water vapour, significant shifts in the baseline were 

obtained during blank runs with similar weights of an inert 

material suspended from each end of the beam. Experiments 

in which the water vapour pressure, balance head temperature 

and temperature of the suspended imaighte were varied 

systematically shcmodthat only the first two variables were 

significant. Also, since the shifts observed were not 

instantaneous but took about 10 minutes to reach equilibrium 

it seemed likely that they were due to sorption of water in 

or on some part of the weighing system inside the balance 

head. Accordingly, a "blank sorption isotherm" was measured 

and found to be almost independent of temperature when 

changes in weight were plotted against relative humidity. 

The single isotherm, which is illustrated in Figure 5-6, 

thus sufficed as a blank correction for all sorption 
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measurements. The "blank sorption isotherm" was found to be 

reproducible after periods of several months. Water uptakes 

could thus be measured by applying buoyancy and blank 

corrections to the weight changes recorded by the balance. 

The balance was supported on a wall bracket and 

enclosed in a large air thermostat, (A) in Figure 5-5(a), 

constructed of "Syndanio" board with a plate glass window 

for viewing. A circulating air channel (C) contained five 

500W heaters some or all of which were controlled by a Sunvic 

relay with a contact thermometer in the main section of (A). 

Air circulation was provided by fans in (C) and the main 

section of (A). It was found that, above room temperature, 

a temperature gradient existed in (A), in the vertical 

direction only, and amounted to 8-10°C when the average 

temperature was ^d60°C. This was not disadvantageous, 

however, since it ensured that the balance head was at a 

slightly higher temperature than other parts of the system 

and prevented condensation of water vapour on the beam. 4hen 

in use the balance head was always kept above room temperature 

as a further precaution against the entry, by thermal diffusion, 

of corrosive mercury vapour. 

The lower portions of the two tubes (T) in Figure 5-5(a) 

were immersed in a water bath (B) which was connected to an 

external thermocirculator (Churchill Instrument Co.) comprising 
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a 250W heater, pump, cooling coil and solid state sensing 

relay. The polymer sample was thus thermostatted over the 

range 20-50°C to within + 0.1°C. 

Vapour pressures were measured to + 0.01 cm.Hg with 

a pressure transducer (0-10 p.s.i. absolute) similar to that 

described in i) of this section except that the output was 

recorded on a Honeywell strip chart recorder. 

The remainder of the apparatus was similar to that 

in Figure 5-4 but the tap (T1) and reservoir (R) were 

immersed in an external water bath, thermostatted to + 0.05°C 

as described in section 5.2.2. A buffer volume of 1 litre 

was connected to (R). When the water bath was above ambient 

temperature, heating tape wound round the glass tubing 

connecting the water bath with the balance thermostat was 

used to prevent condensation of water vapour. 

5.3 Procedure  

5.3.1. Determination of  Steady State Permeabilities (Figure 5-2)  

The diffusion cell containing a membrane, after assembly, 

was tested for vacuum-tightness and joined to the apparatus. 

The cell was brought slowly to the highest proposed temperature 

of study, when both sides of the membrane were evacuated to 

about 10-5 mm.Hg, and then brought slowly to the required 

temperature. 
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Vapour was admitted to the high pressure side of 

the membrane via tap (T1), whilst the outgoing side was 

evacuated. When a steady pressure was recorded on the Pirani 

gauge tap (T
5
) was opened and, after a few minutes, (T4) 

closed, so isolating the system from the hyvac line. When 

the Pirani gauge reading became steady the initial length of 

the spiral (S) was measured with a cathetometer and the room 

temperature noted. After penetrant had been sorbed by the 13X 

sufficient to cause an extension of (S) of at least 0.2 cm, 

the final length and hence extension of (S) after a time t 

(sec.) were measured. The room temperature at the end of the 

run was also noted and the spiral extension corrected 

accordingly. The permeation rate was calculated from the 

temperature-corrected extension Ah (cm.) using 

J - Ah x 2.24 x104  
MxkxAxt 

 

(5-1) 

 

where J = permeation rate in cc • s.t.p. cm
-2 
 sec

-1
,  

k = sensitivity of (S) in cm.g.-1, 

 

A = cross sectional area of membrane in cm2 

and M = molecular weight of penetrant. 

The area A was calculated from the diameter of the 

holes in the membrane holder which had been measured with a 

cathetometer. The permeability coefficient was then calculated 
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from 

J x 
p 

  

(5-2) 

  

where P = permeability coefficient in 

1 = membrane thickness in cm. 

cc. R t 	x cm.  

cm2  x sec. x (cm.Hg)'  

and 	p = ingoing vapour pressure in cm.Hg 

The pressure, p, was read from tables and the 

thickness, t, measured using a micrometer with the membrane 

already clamped in the holder. For PPA, k was measured 
using a vertical glass pointer as described in section 5.3.3. 

Occasional checks that permeation rates were 

measured in the steady state were carried out by taking 

several readings of All at different times during a run. 

The ratio (Q h/t) was always found to be constant to within 

+ 1%. 

An average run for a permeation rate determination 

lasted about 20 hours, for both types of polymer used. The 

Pirani gauge was used to check that the "downstream" pressure 

did not increase excessively (in general not above ''2 x 10
-2 

mm.Hg). 

5.3.2 Determination of Equilibrium Sorption Uztakes  

i) Quartz Spiral Balance (Figure 5-4)  

After outgassing the sample (P) at the highest 

temperature, some vapour (PJ3-12 cm.Hg) was admitted to the 
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balance chamber to effect thermal contact of (P) with (w). 

The system was then brought to the required temperature and 

outgassed until the length of the epiral (3) was constant 

and a vacuum of "410-5  mm.Hg obtained. Next (T2) was closed 

and (T1) adjusted to isolate the section containing the sample 

and pressure transducer (T). When the output from (T) was 

steady the reservoir (R) was brought to its required 

temperature by surrounding it with water in a Dewar flask and 

then connected to (P) and (T) via tap (T1). After a few 

minutes the section containing (P) and (T) was isolated again. 

When the output from (T) and the length of (S) were both 

steady, equilibrium had been attained and the amount of 

penetrant sorbed was calculated from 

x 2.24 x 104 Q - 	 M 	+ B k x  

 

(5-3) 

 

where Q = amount sorbed in cc. s.t.p. of penetrant vapour, 

Ah = extension of (S) in cm., 

k = sensitivity of (S) at the appropriate temperature 

in cm.g.-1, 

M = molecular weight of penetrant 

and 	B = buoyancy correction in cc. s.t.p. obtained from 

tables of vapour densities 

The concentration c (cc.s.t.p. cm-3) of sorbed 

penetrant was obtained from c = Q/V (5-4) 
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where V = volume of polymer sample in cm3, and the solubility 

coefficient CY (cc. s.t.p. cm-3. (cmHg)-1) from 

CY = o/P   (5-5) 

where p = surrounding vapour pressure in cm.Hg. 

The reservoir was then brought to the next required 

temperature and the process repeated until the complete sorption 

isotherm had been constructed. 

ii) Sartorius Balance (Figure,5-5(a)) 

The sample (S) and counterweight (M) were outgassed 

at the highest temperature and brought slowly to the required 

temperature. The balance head (H) was maintained at a 

temperature 10-15°C higher than that of (S) and (M) to 

reduce the magnitude of the blank correction (section 5.2.4). 

Uater vapour (,̂3 cm.Hg) was introduced to improve thermal 

equilibration and facilitate the removal of static electrical 

charges from the system. Next (S) and (M) were evacuated to 

Pa10-5  mm.Hg until the output from the balance was steady. 

The thermostatted reservoir (R) was connected to the 

balance via (T1). llhen steady outputs from the balance and 

pressure transducer indicated that equilibrium had been 

attained, the weight change AW(kAg.) and vapour pressure 

were noted. The balance was connected to vacuum via (T1) in 

order to check that the final and initial outputs from the 
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balance were consistent. Sorption experiments were thus 

essentially of the "integral" type as opposed to the "interval" 

type when using the quartz spiral balance. The amount Q 

(cc. s.t.p.) of water sorbed was obtained from 

-2 2.24 x 10  
18.02 	(6w + B + B1) 	....(5-6) 

where B = buoyancy correction in)Ag., obtained from tables 

and 	B1= blank correction in ),t,g., obtained from Figure 5-6. 

The sorbed concentration (c) and solubility coefficient 

(CY) of water in the polymer were calculated from equations 

(5-4) and (5-5). 

During desorption the temperature of (R) was 

adjusted to the next required value and the process repeated 

to obtain the complete isotherm. 

The counterweight (M) was a piece of metal alloy of 

density 8.1 g.cm-3, which did not sorb water, and consequently 

the value of B could not be made negligible through symmetry. 

When PPA was being studied the polymer was suspended in a 

quartz bucket with the metal counterweight suspended in a 

similar bucket. 

5.3.3. Measurement of Sorption and Desorption Kinetics  

i) Using the Quartz Spiral Balance (Figure 5-4) 

Only a few kinetic measurements, using methanol, were 

carried out and, since the reservoir had no large buffer 
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volume, these were confined to lower relative pressure regions 

of sorption isotherms to minimise the time required for the 

pressure to build up to its equilibrium value. 

The sample was outgassed as for equilibrium sorption, 

connected to the thermostatted reservoir and the time noted. 

The sample was isolated by (T1) again as quickly as possible. 

The length of the spiral was measured at various times until 

equilibrium was reached and the pressure transducer output 

checked frequently. Next the sample was connected to vacuum 

via (T1) and (T2
) and the spring length measured at various 

times until equilibrium was again reached. Spiral extensions 

Et 
(cm.) at times t(sec.) were calculated and Et/E00

) plotted 

versus (-Oft ) for both sorption and desorption, where 4', (cm) 

was the sample thickness measured with a micrometer and Ey. 

(cm) the equilibrium extension. 

Mean diffusion coefficients 5 (cm2. sec-1) were 

obtained from 	D = -rI2/16, 

where I = initial slope (cm.sec-7) of (Et/Ea,) vs t7/4L). 

Buoyancy corrections were generally negligible. D was 

analysed for concentration-dependence as described in section 

2.4. 

ii) Using the Sartorius Balance (Figure 5-5(a))  

The system was brought to equilibrium as described 

in section 5.3.2 and the reservoir connected to the balance 
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via (T1). From the recorder trace of weight increase vs. 

time obtained the curve of(M
t/M00) vs. t71-t. was constructed, 

where Mt' M 04 
()kg.) were the weight increases at time t (sec.) 

and equilibrium, being the membrane thickness. Mt and M., 

also included equilibrium buoyancy and blank corrections. The 

reduced desorption curve was obtained from the trace of weight 

decrease versus time in a similar manner. 

In the case of PPA the quartz bucket and sample 

were levelled carefully to obtain a uniform thickness of 

polymer. The thickness was measured using a vertical glass 

pointer on which a reference mark was made. The point was 

adjusted to touch the top and bottom of the sample in turn 

and the descent of the reference mark measured with a 

cathetometer. The thickness obtained was doubled to obtain 

since water entered the sample from one side only. 

D was obtained as in part i) of this section. 

The output from the pressure transducer served as a 

check on the consistency of the boundary conditions during 

each run. 

5.4 Accuracy of Measurements  

5.4.1. Permeability Measurements  

The permeability coefficient P is given, from a 

combination of equations (5-1) and (5-2), by 
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Ah x x 2.24 x 104 
MxkxAxtxp 

with symbols as in section 5.3.1. The accuracy of 

measurement of the individual quantities in the expression 

for P are discussed below. 

	

Ah:- 	The cathetometer was read to 0.001 cm. so that 

each extension (Ah) was measured to within 

+ 0.002 cm. As most extensions were at least 

0.2 cm. the maximum error involved was + 1%. 

A further source of error, due to changes in 

room temperature, was allowed for to some extent 

by applying correction factors, but the temperature 

of the spiral itself may have differed slightly 

from room temperature. However, this would not 

have introduced an error greater than ^d+ 0.5% 

so that the maximum error in Ah was ̂...+ 1.5%. 

	

k:- 	A good straight line of spiral extension vs. load 

was obtained. The error in the slope (k) was 

estimated to be not greater than + 1%. 

	

A:- 	Since the membrane diameter was measured with a 

cathetometer, the error involved in A was probably 

less than ^.0.5%. However, the presence of the 

supporting gauze may have diminished the effective 

area. 



- 150 - 

Thicknesses ( 4L) of polymethacrylates and press-

cured polysiloxanes were consistent to within + 2% 

and of radiation-crosslinked DNS to within + 4% as 

measured in several places with a micrometer. The 

maximum error in Z, for PPA was estimated at r"+ 10%. 

p:- 	Values of pressure (p) read from tables were 

occasionally checked against a pressure transducer 

or mercury manometer when agreement to within 

,v+ 1.5% was obtained. 

Others: When the thickness of a membrane becomes appreciable 

compared with its diameter some distortion of 

diffusive flow lines occurs
(133) This effect was 

negligible for polymethacrylate membranes. From 

curves relating percentage correction to the 

thickness/diameter ratio
(133it was deduced that 

errors less than 4̂4% were introduced for polysiloxane 

membranes. 

The maximum absolute error involved in a determination 

of P was estimated to be about + 7-10% (15% for PPA) and the 

maximum error in relative measurements on the same membrane 

104 + 3%. However, it was unlikely that all the individual errors 

augmented each other and, in fact, permeability coefficients 

were generally found to be reproducible to within + 1-2%. 
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5.4.2. Equilibrium Sorption Measurements  

i) Quartz Spiral Balance  

The solubility coefficient cr is given, from a 

combination of equations (5-3), (5-4) and (5-5), by 

x 2.24 x 104  
kxMx,pxV 	-1- pxV 

with symbols as in section 5.3.2. Accuracies of individual 

quantities in this expression are discussed below. 

	

Ah:- 	The cathetometer was read to 0.001 cm. so that 

LS11 was measured to + 0.002 cm. For polymethacrylates 

maximum values of Qh were of the order 0.1 (cm.) 

for water sorption so that errors ranged from 

2% to + 30% at the upper and lower ends of 

sorption isotherms, but were only about a fifth of 

these values for methanol sorption. 

	

k:- 	As for the permeability spiral, k was estimated 

to within + 1%. 

	

B:- 	The volumes of sample, spiral and platinum wire 

were accurately known and so, since B itself was 

only a small correction, errors in buoyancy were 

considered negligible. 

	

V:- 	Negligible error was incurred in weighing the sample. 

The density was measured to within + 1% which was 

thus the error involved in V. 
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p:- 	The transducer output was measured to within + 1% 

and its sensitivity, as obtained from a calibration 

graph, was known to within 1%. The maximum error 

in any value of p was thus less than + 2%. 

Others:- Errors involved through temperature fluctuations of 

the sample were estimated as less than + 0.5% except 

at vapour pressures close to saturation where small 

fluctuations in (p/po) gave rise to larger 

fluctuations in uptake. 

From the above discussion, the maximum possible error 

in each value of CY obtained from one isotherm point was large, 

especially at low pressures. However, a minimum mean squares 

deviation technique was used to fit non-linear isotherms and 

the maximum scatter generally observed to be 	Isotherms 

were generally reproducible to within + 3% over their whole 

ranges. 

ii) Sartorius Balance 

In this case 

a _ 	2.24 x 10
-2 

18.02xpxV (Llw + B + B1) 

with symbols as in section 5.3.2. Individual errors were :-

Aw:- Minimum values of Ow were -20 ).g. and were 

measured to within + 1)Lg. The error was thus 

less than ± 5%. 
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B:- 	Considered negligible, as for the quartz spiral. 

1 B 	Blank corrections were estimated to + 11.4.g. thus 

introducing errors of less than + 5%. 

p:- 	Errors totalled ,..4 + 2% as for the quartz spiral. 

V:- 	Errors totalled". + 1% as for the quartz spiral. 

Others:- Errors in (p/po) involved through temperature 

fluctuations of the sample were estimated as less 

than + 1%. 

The maximum total error in any isotherm point was 

thus less than + 15%. This was considerably reduced on drawing 

an isotherm through several points, and isotherms were generally 

found to be reproducible to within + 2% over most of their 

ranges. 

5.4.3. Rates of Sorption Measurements  

i) Quartz Spiral Balance (PEMA-MeOH)  

Errors in individual quantities were as follows 

(symbols as section 5.3.3.). 

t:- 	Significant errors were involved at early times 

since the balance and reservoir were connected for 

periods of '4..20 sec. to allow the pressure to build 

up in the system. 

The thickness (A.) was measured to within + 2% 
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E
t, E :- Extensions were difficult to measure accurately 

and quickly leading to further appreciable errors 

at short times. 

Pressure:- As the transducer output was not continuously 

recorded, the accuracy of the assumed boundary 

conditions, at short times, was not known with 

certainty. 

Heats of Sorption:- As quite large amounts of methanol were 

sorbed by PEMA the sample temperature may have 

increased for a short time, decreasing (p/po) and 

hence the rate of sorption. 

It was difficult to estimate quantitatively the above 

errors, but the total absolute errors involved in calculating 

the initial slope (I) of a reduced sorption curve was 

estimated as less than + 20%. Relative errors in a series of 

runs were much less than this and the observed reproducibility 

to within + 2% was sufficient to justify a comparison of steady 

and transient state data. 

ii) Sartorius Balance (PPA and PEMA-H20) 

Errors in individual quantities were as follows 

(symbols as in section 5.3.3.). 

t:- The early time error in t was negligible since 

the balance response was rapid in comparison with 

rates of sorption. 



-155- 
M
t' 	' 

M 	Uptakes were continuously recorded and had maximum ow  

estimated errors of + 2% during the early stages of 

a run. Blank corrections were negligible except, 

perhaps, for very early times. 

Errors were as for permeability measurements. 

Pressure:- Pressure increases were very rapid in comparison 

with sorption rates so that, in general, boundary 

conditions were consistent throughout a run. 

Heats of Sorption:- Small errors may have been introduced 

at very early times but these probably died away 

relatively rapidly and were considered negligible. 

Others:- For PPA, runs lasted P.424h. during which time 

baseline shifts caused uncertainties of "1 1-2% in 

M. 

The absolute errors involved in calculating the slope 

of a reduced sorption curve were estimated as + 5% and + 15% 

for PBMA and PPA. Relative errors between runs were estimated 

as + 1% so that concentration dependences could be accurately 

established. 

iii) Sartorius Balance (Polysiloxanes - H20) 

As before, individual errors are considered separately. 

t:- 	Significant early time errors were introduced 

since the balance response time was comparable 

with the smaller values of t. 
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Mt' M 	Values of Mbo  were generally in the range 

20-200)Ag. and maximum errors in Mt  at early times 

in the range + 5-50%. Rates of water sorption on 

the balance itself were similar to rates of uptake 

by the polysiloxane samples. The assumption was 

made that each value of M
t 
was affected by the 

same relative amount and therefore that the reduced 

sorption curve did not change. This may have 

introduced appreciable errors. 

Thicknesses were measured to within + 4%. 

Pressure:- Times taken for vapour pressures to increase to 

their equilibrium values were comparable with the 

smaller values of t so that apt)reciable errors were 

introduced by the assumption of constant boundary 

conditions. 

Heats of Sorption:- Heats of sorption were very small, but 

may have introduced significant errors since sorption 

rates were so rapid. 

Others:- Typical sample dimensions were 2 x 1 x 0.3 (cm) so 

that the plane sheet assumption probably introduced 

further appreciable errors. 

Overall errors were obviously large and values of D 

obtained were only suitable for use as rough checks on the 

accuracy of values obtained from steady state measurements. 
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CHAPTER 6 

RESULTS AND DISCUSSION  

POLYMETHACRYLATES AND PPA 

6.1 Equilibrium Sorption Results  

Equilibrium sorption isotherms for water in PMMA, 

PEMA, PPMA, PBMA and PPA are shown in Figures 6-1 to 6-5 

respectively. Data leading to their construction are 

presented in appendix 9.6 and a sample calculation is also 

given in 9.9. No appreciable hysteresis was observed in 

any of the isotherms. 

6.1.1 Sorptive Capacities of the Polymers  

There is no linear region to the sorption isotherms 

and the solubility coefficients were determined from the 

limiting, initial slopes. Values of(T c=0  = lim (c/p) 
c •-ai0 

are given in Table 6-1 and for PITA and PEMA at ..--050
oC agree 

to within 20 and 3% respectively of previous results
(43'

42) 

For a given temperature cr c=u  , decreases in the order 

PMMA 	PEMA > PPMA > PBMA 

with the value for PPA close to that for PEMA at A-• 49°C- 

This order is consistent with the water molecule having the 

strongest affinity for the ester grouping in the polymer. 
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FIG. 6.1 
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FIG. 6.2 
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FIG. 6.3 
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FIG. 6.4 
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FIG. 6-5 
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TABLE 6-1  

Limiting Henry's Law Solubility Coefficients CFe=0  

for Water 

Polymer 	Temperature °C Cr  c=0 

cc.s.t.p. • cm-3(cmHg)-1  

PMIdIA 

PEMA 
al 

PPMA 

/I 

al 

PBMA 

It 

PPA  

40.5 	2.82 

50.2 	1.71 
59.8 	1,08 
70:0 	0.68 

30.0 	2.59 

39.9 	1.73 

49.5 	1.12 

60.2 	0.74 

70.0 	0.54 

79.7 	0,43 

32.0 
	1.12 

37.1 
	

0.87 

41.9 
	

0.79 

49.6 
	

0.67 

55.6 
	

0.53 

64.4 
	

0.43 

27.0 
	

1.06 

34.1 
	

0.87 

40.4 
	0.75 

49.6 
	

0.56 
55.6 
	

0.47 

48.9 	1.18 
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The structure of a polyalkylmethacrylate (-acrylate) repeat 

unit is 

 

?H
3 
(H) 

  

  

....(6-1) 

    

 

CO2 — R 

  

   

where R is the appropriate alkyl group. Apart from the ester 

(— CO
2 

— ) link, the unit is completely hydrophobic. The 

sorptive capacity for water therefore decreases with the 

ratio Z, 	no. no. of ester links defined as 	 , in each 
of hydrophobic groups 

repeat unit, where each methyl or methylene group is termed 

hydrophobic. The addition to or removal from R of a 

methylene group has less effect on water sorption as R 

becomes larger. Figure 6-6 shown an approximate log-log 

relationship to hold between LT c=0 
 and Z at ,-45000. It is 

also of interest that the values of ac=0 for PEMA and PPA 

are so close since these polymers have the same Z value. 

However such comparisons have to be treated with caution 

since values of cr can vary slightly between different 

samples of the same polymer, particularly so if the polymer 

is below T as was PEMA in this instance. 

Newns
(16) found cr c=v  for benzene in a series of 

polyalkylmethacrylates to decrease with increasing Z. In 

this case the penetrant had a stronger affinity for the more 
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FIG. 6-6 
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hydrophobic groups in the polymer. 

Sorption isotherms for methanol in PEMA, 

measured at two temperatures only, are shown in Figure 6-7. 

The values of er e.°  are 2.08 and 1.45 at 29.8°C and 40.6°C 

respectively. These are rather less than the corresponding 

values for water and indicate therefore that the larger 

sorptive capacity of PEMA for methanol at a given relative  

vapour pressure is principally a consequence of the lower 

boiling point of methanol compared with that of water. 

6.1.2 Isotherm Shapes  

i) Clustering Functions  

All the isotherms are convex to the pressure 

axis. Clustering tendencies (GAA/vA) and mean cluster 

sizes (1 + A 
GAA/v

A
) were calculated from equations (2- 69 

and (2- 70) and are presented in Table 6-2 together with a 

few values for other systems taken from the literature. 

Typical plots of aA/SA  vs. aA  and of log (SA) vs. log (aA) 

are shown in Figure 6-8. Since both clustering functions 

were determined from the slopes of such curves their 

accuracy is somewhat limited. 

Table 6-2 indicates that mean cluster sizes for 

water for a given temperature are approximately equal in 
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FIG. 6.7 

PEMA - Me0H 



- 168 - 
FIG. 6.8 
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TABLE 6-2  

Clustering Functions  

System o 
TC 

a 	= 0.3 
A 

a
A 

= 0.5 a
A 

= 0.7 

G
A
A 

$AGAA 1+ G.AA 	
pl
A
G
AA 1+ 

G
AA 	A

G 
 AA 

1+ -- VA  v
A 

v
A 

v
A 

v
A 

v
A 

PKtiA 40.5 24 1.09 34 1.22 42 1.43 
- H2O 50.2 24 1.09 34 1.22 42 1.43 

59.8  24 1.09 34 1.22 42 1.43 
II 70.o 24 1.09 34 1.22 42 1.43 

PEMA 30.o 55 1.12 80 1.32 102 1.66 
-H20 39.9 36 1.11 43 1.20 53 1.34 . 

49.5 45 1.01 51 1.24 59 1.52 
,, 
it 

60.2 
70.0 

31 
19 

1.08 
1.07 

50 
36 

1.25 
1.21 

65 
54 

1.54 
1.46 

.1 79.7 14 1.05 25 1.17 35 1.38 

PPMA 32.0 145 1.10 166 1.33 183 1.62 
-H 0 37.1 197 1.23 181 1.34 142 1.51 
.2 

41.9 145 1.19 158 1.37 146 1.59 
., 49.6 87 1.13 89 1.24 73 1.34 
,, 
it 

55.6 
64.4 

110 
53 

1.18 
1.10 

105 
63 

1.30 
1.24 

108 
78 

1.53 
1.44 

PBMA 27.0 287 1.27 287 1.50 238 1.73 
-H 0 34.1 211 1.21 269 1.48 276 1.87 
.2 

40.4 147 1.18 149 1.32 162 1.56 
.. 49.6 113 1.14 106 1.26 103 1.39 
,, 55.6 7o 1.12 80 1.21 102 1.43 

PPA-H
2
0 48.9 41 1.10 57 1.22 85 1.53 

PEMA 29.8 14 1.30 13 1.53 
-Me0H 40.6 4 1.08 8 1.34 14 2.06 

RHC,42) 
2
0l 

25  69 1.18 98 1.50 197 2.92 

H
2
0
(42) 

EH O(42)  25 1.12 - 1.32 - 1.94 

PAc(61) 40 - 1.7 - 1.25 - 1.5 
H20 

* Rubber hydrochloride # Ethyl cellulose ** Po yv ny ace a e 
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each polymer, and therefore that the clustering tendency 

increases with the size of R (equation (6-1)) since 96.A.  

correspondingly decreases. Mean cluster sizes for 

methanol in PEMA are slightly larger than those for water 

but values of G
AA  ivA  are considerably less as methanol is 

sorbed to a much greater extent. This is possibly 

indicative of the fact that hydrogen bond formation occurs 

more readily for water than for methanol. 

At lower relative vapour pressures the mean 

cluster sizes for water in ethylcellulose
(42)

, rubber 

hydrochloride(42) and the polymers studied here are 

similar, but at 0.7 relative humidity larger values of 

(1 + 0GAAivii) occur for rubber hydrochloride. Mean 

cluster sizes invariably increase with sorbed water 

concentration in the polymers investigated here and no 

evidence for any minimum value, as found for water in 

polyvinylacetate(61), can be detected. 

ii) Comparison with Theoretical Isotherms  

Reliable estimates of sorbed water concentrations 

at saturation could not be made so a reduced concentration 

is defined as C
• 	

c/c
* 

rather than c/c
s
, where c

* 
 is the 

value of c at 0.9 relative humidity. Reduced isotherms 

for PEMA-H2
0 at 30.0 and 79.7°C are shown in Figure 6-9 
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FIG. 6.9 
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together with the corresponding theoretical reduced 

isotherms for random polycondensation and for non-random 

polycondensation with E = 0.05 (section 2.7.5). The 

agreement between theory and experiment is rather poor 

and suggests that these simple clustering models are not 

adequate descriptions of this system. As suggested 

previously(43), these polymers are not representative of 

inert media to water, and this point is illustrated further 

in part 6.1.1 of this section by the effect of the ester 

grouping on sorptive capacities. The introduction of a 

co-operative effect into hydrogen bonding improves the 

agreement marginally but as the perturbation treatment 

holds only for small E the effect of a stronger 

co-operative effect cannot be tested quantitatively here. 

The applicability of Flory's lattice theory(87) 

to the system PEMk-Me0H was tested for the sorption isotherm 

at 40.6°C. At lower relative vapour pressures calculations 

indicated that the interaction parameter ")( varies 

appreciably with concentration. However, when p/po  is above 

2 i a plot of in (a11/$A)- 0B vs. 0 i s approximately linear, 

the slope X  being ^J3.6 (equation (2-62)). Since the 

criterion of a good solvent(91)  is X olose to 0.5, this 

can be taken as an indication of the poor solvent power of 

methanol for PEMA. 
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6.1.3 Temperature Dependence of Isotherms  

i) Heats of Sorption and Heats and Entropies  
of Dilution  

Heats of sorption Ai as c 0 were determined 

from cr = 	exp(-61-1s/ilT). Graphs of log Cr 
c=0 

cr
0 	

c=u vs. 1/T 

are presented in Figure 6-10 and values of LSEs  are given 
in Table 6-3. 

TABLE 6-3  

Heats of Sorption LSH
s 
as 0—'0 (kcal.mole-1) 

System Ails System 6,17is 

WITA - H2O - 10.4 PBDA-H20 - 5.5 
PEMA - H2O - 	8.4 PEMA-MeoH "- 1 

PPEA-H
2
0 - 	6.0 

ATI
s 

becomes less exothermic as the size of R 

in equation (6-1) is increased and the polymer becomes more 

hydrophobic. However LS%  can be treated as a composite 

quantity, i.e. as the sum of the heats of condensation and 

dilution. For water the heat of condensation is ^,- 10.4 

kcal& mole
-1. Heats AUA 

and entropies LS A 
of dilution 

were calculated for various sorbed water concentrations 

using equations (2-51) and (2- 52). Typical plots of log 

(p/po) vs. 1/T are shown in Figure 6-11. The corresponding 
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plots of log (pip()) vs. - log (T), used to determine 

LSS are similar. Mean values LSTIA and LISA over the 

temperature ranges investigated are given in Table 6-4. 

TABLE 6-4  

Mean Heats GOA  and Entropies LSSA of Dilution 

System 
cc.s.t.p.cm 3  

LS% AHA  
kcal.mole-1 	cal.mole-1  deg.-1  

PEMA 

30-80°C 

PPMA - 

30-65°C 

PBMA - 

25-60°C 

H2O 

H2O 

H2O 

0 
2 
4 
6 
8 
10 

0 
1 
1.5 
2 
3 
5 

0 
1 
1.5 
2 
3 
4 

+ 2.0 
2.0 
1.6 
1.4 
1.2 
0.9 

	

+ 4.4 	(4.4) 

	

4.1 	(4.0) 

	

3.8 	(3.8) 

	

3.5 	(3.7) 

	

2.9 	(3.4) 

	

2.3 	(2.8) 

	

+ 4.9 	(4.9) 

	

3.7 	(4.5) 

	

3.3 	(4.3) 

	

2.9 	(4.1) 

	

2.3 	(3.8) 

	

1.7 	(3.5) 

00 
10.3 
7.2 
5.8 
4.5 
3.6 

CO 

	

+ 16.1 	(15.1) 

	

14.5 	(14.4) 

	

13.1 	(13.4) 

	

10.5 	(11.9) 

	

8.1 	( 	9.6) 

o.c) 

	

+ 15.5 	(22.4) 

	

13.5 	(21.1) 

	

10.5 	(20.0) 

	

8.7 	(18.4) 

	

6.6 	(17.1) 

MIA is zero for PI TA since the sorption isotherms 

plotted as c vs. p/po  for water in this polymer are 

superposable. As the alkyl group R is made larger PHA 
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becomes increasingly endothermic. There are at least two 

effects to consider here. Firstly, the decreasing affinity 

of the polymer for water as the size of R is increased 

progressively inhibits the overall degree of mixing. 

Secondly, the larger R the more rubbery is the polymer and 

so the smaller is the proportion of voids or cavities 

present. PUMA was well below T over the whole range and 

its structure presumably included "frozen-in" voids. If 

most of the sorbed water were present in voids then relatively 

little disturbance of the polymer matrix would occur(50) 

and it would be expected that the change 

H2O (bulk liquid) 	H2O (liquid in cavities) 

would contribute little to LSTIA  or LS§A. Similar behaviour 

was observed previously for small gas molecules in 

polyethyleneterephthalate(129) and for water in PEMA(49) 

when the polymers were below T . 

Values of AllA 
(with the exception of PMMA) and 

of LSS
A 
all decrease with increasing c. This is in 

qualitative accord with the behaviour expected of systems 

in which penetrant-penetrant interactions assume increasing 

importance as c is increased. Theoretical values of A 

and 40
A 
from the random polycondensation model are included, 

in parentheses, in Table 6-4 in the cases of PPMA and PBMA. 
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Values of AH for hydrogen bond rupture were taken as 

lim 	/SE
A in each case. Even after allowing for c 

experimental uncertainties the values do not compare well 

with experiment, except those for PPMA at lower values of 

c, and indicate that such a simple model is inadequate to 

describe the temperature dependence of sorption for these 

systems. 

ii) Temperature Dependence of Clustering Functions  

For a given water activity, although some scatter 

due to experimental uncertainties was observed, both 

clustering functions (Table 6-2) generally decrease with 

increasing temperature. Some decrease is to be expected 

since additional thermal energy must break some fraction 

of the hydrogen bonds present in a system. 

The case of PLIa is less clear since the clustering 

functions are independent of temperature. If water sorbed 

in this polymer exists mainly in pre-existing cavities, then 

to explain the results obtained it would have to be 

postulated that for a given water activity the water content 

of the cavities depends only on the volume fraction and 

mean size of cavities and not on the temperature. Perhaps 

the effect of the surrounding polymer structure is to 
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stabilise the occluded water and to minimise any tendency 

for associated water in voids to dissociate with increases 

in the thermal energy of the system. 

6.2 Steady State Permeability Results  

Data leading to permeability results and a sample 

calculation are presented in the appendix (9.7 and 9.9 

respectively). Graphs of permeation rate vs. relative 

vapour pressure for water and methanol in PENA are 

illustrated in Figure 6-12. 

6.2.1 Concentration Dependence of P  

For water, graphs of the permeation rate Jt vs. 

p/po are linear at temperatures up to 41600C so that P is 

constant in each case. This feature was also observed 

previously for other polymers(59) (section 2.7.8). If it 

is assumed that monomeric water has a constant diffusion 

coefficient and is sorbed according to Henry's law then 

the results indicate that the associated water does not 

contribute appreciably to the flux. Above ."v 60°C (PMMA 

and PEMA only studied in this region) P increases slightly 

with c at the higher concentrations, Possibly because of 

slight plasticisation of the polymer so that in this region 

the term B
f 

of equation (2-78) increases slightly with c. 
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FIG. 6-12 
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Barrie and Platt(43) actually observed a slight decrease 

in P with increasing c for the system PMMA-H20, although 

this may have been an experimental effect caused by the 

supporting gauze decreasing the effective surface area of 

the membrane at the higher ingoing pressures. 

P increases markedly with c for methanol in 

PEMA (Figure 6-12). As methanol is sorbed to a much greater 

extent than water, considerable plasticisation of the polymer 

most likely takes place. 

6.2.2 Absolute Magnitudes of P  

Values of P are given in Table 6-5. Where P 

varies with c, values in the limit (c -ii0) were taken. 

The permeabilities for water in PMMA and PEMA of this 

investigation are within 5 and 25% respectively of results 

of previous workers(135, 49) although the value for PMMA 

agrees only to within 50% with that of Barrie and Platt(43). 

Differences of this order are perhaps to be expected between 

different samples of a glassy polymer. PPMA films of two 

different thicknesses give almost identical values for P. 

Sample (A) (Table 6-5) was 1.76 x 10-2  cm and sample (B) 

9.6 x 10-3  cm in thickness. Wendisch and Plumer( 118) found 

P for water in PBMA to increase slightly with increasing 
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TABLE 6-5  

Permeability Coefficients P (cc. s.t.p. cm. cm.-2  sec.-1  (cmHg)-1  )  

System T°C P x 107 System T°C P x 107 

PMMA - H2O 39.8 1.39 PMMA - H2O 41.9 5.35 (A) n 50.0 1.44 42.2 5.35 	(B) 
I/ 59.8 1.50 I/ 49.6 5.24 (A) 
n 70.7 1.59 n 49.8 5.22 	(B) 

PEMA - H20 n 
30.9 
40.7 

5.11 
4.73 

PBMA - H20 n 
26.4 
33.6 

4.40 
4.54 n 51.0 4.44 n 40.5 4.76 

n 60.7 4.30 n 47.5 4.99 n 70.7 4.20 n 55.5 5.21 
n 80.6 4.09 

PPA - H2O 48.9 29.6 

PPMA - H2O 26.9 5.75 (A) 
IR 31.8 5.55 (A)  PEMA-Me0H 29.8 0.05 
II  31.9 5.44 (B)  n 40.6 0.12 
n 37.1 5.50 (A)  
n 37.4 5.48 (B)  

membrane thickness. However their membranes were two orders 

of magnitude thinner than the ones used in this investigation 

and accurate measurements were correspondingly more difficult 

to make. Their value for P at 50°C is within 40% of the 

corresponding value obtained here. 

At ^w 50°C, P for water increases in the order 

PMMA 	PEMA < PPMA 	PBMA 	PPA 

i.e. with increasing rubbery character of the polymer. 
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Since P depends on both D and cr, a more detailed 

discussion of this observation is postponed until the 

diffusion coefficient results are discussed. For the 

same reason a discussion of the lower P values for 

methanol in the limit (c--- 0) is left for a later section 

(6.3.1). 

6.2.3 Temperature Dependence of P 

Values for the temperature coefficient of the 

permeability EP  were calculated from P = Po  exp (-Ep/RT) 

and are presented in Table 6-6. Graphs of log P vs. 1/T 

are shown in Figure 6-13. 

TABLE 6-6  

Temperature Coefficients of the Permeabilities  Ep(kcal.mole
-1
)  

System E System EPP   

PMMA - H2O + 0.9 PBMA - H2O + 1.2 

PEMA - H2O - 0.9 PEMA-Me0H ^-,+14 (0-Pc) 

PPMA - H2O - 0.6 

The values of E for water are small in comparison 

with those for most other polymers(1a). They are close to 

zero indicating that Pris  is (numerically) similar to ED, 

with CHs slightly exceeding ED for PEMA and PPMA. This 
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contrasts slightly with results of Stannett and Williams(49)  

who found virtually zero EP  for PEMA - H20. 

The temperature ranges used were too small to 

enable accurate values for Po to be determined. 

6.3 Diffusion Coefficients  

6.3.1 Steady State Diffusion  

Diffusion coefficients for water were calculated 

from a combination of steady state permeability and 

equilibrium sorption results as described in section 2.4.1. 

A curve-fitting procedure was used to describe the sorption 

isotherms by expressing the relative vapour pressure as 

three and four term polynomials in c, i.e. as 

(p/p0) = 3  04 C 2 + 	c + & c4 = c.c + 	'02 
+ )(

I 
 

....(6-2) 

In general JZ is a linear function of p/p0. 

Denoting the slope of the straight line by g, then 

= 	g(x c + 	02 ÷ )503  + E c4) 

2 	r 3 = 	g( ‘=.4 c + 	c + ZS c ) 

Analytical differentiation gives D(c) in the form 

D(c) = tkg + 2 egc + 316gc
2 
+ 4 Egc3  = cc 'g + 2 	go + 3ISgc

2 
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or 

D(c) = Dc=0(1 + Ac + Bc
2 
+ Cc

3 ) = Dc=0(1 + Ar c + B
'c2) ...(6-3) 

where A = 2 /tx , B = 3 '6/cx  etc. The polynomial 
1 

coefficients tt, eh. etc. were computed using a minimum mean 

squares deviation technique. From Figure 6-14 it is clear 

that both the three and four term polynomials provide good 

fits to an experimental isotherm. Values of the computed 

polynomial coefficients are given in Table 6-7. In practice 

limiting values of D at zero water concentration were obtained 

by averaging Dc.0  and D c=u _ of equation (6-3) and will now 

be referred to for convenience as D
c=0
. 

Graphs of seA 
vs p/po and J{ vs. p/p

o 
for methanol 

in PEMA were combined to give J--t as a function of 0
A' 

where 

is the volume fraction of methanol. Slopes of the PIA 

J1
- SA curves were measured graphically at various 

points to obtain the mutual diffusion coefficient 

DV(SA) = d (Jt )/d$A, the unit of material quantity in J 

being cc. of liquid methanol. 

i) Values of Dc=0 

Values of Dc-0 are given in Table 6-8. The values 

for PEMA-H
2
0 are within 20% of previous results(49) . 



- 187 - 
FIG. 6.14 

THREE AND FOUR TERM POLYNOMIALS 
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TABLE 6-7  

Values of Polynomial Coefficients in equation (6-2)  

System T°C 0;3E10 €x102  Sxl03  Sx104  o. x10 li x102  ix103  

PPMA-H20 

PEMA-H20 II 

II  

If 

I/ 

,, 

PPMA-H20 ,, 
II 
1, 
If 

if 

PBMA-H20 ,, 
n 

I. 
II  

PPA-H20 

40.5to 
70.0 

30.0 
39.9 
49.5 
60.2 
70.0 
79.7 

32.0 
37.1 
41.9 
49.6 
55.6 
64.4 

27.0 
34.1 
40.4 

49.6 
55.6 

48.9 

0.645 

1.28 
1.09 
1.04 
0.933 
0.806 
0.667 

2.60 
2.6o 
2.21 
1.76 
1.68 
1.33 

3.56 
3.10 
2.49 

2.13 
1.78 

0.999 

-0.067 

-0.460 
-0.260 
-0.346 
-0.089 
+0.029 
-0.012 

-2.76 
-3.95 
-2.35 
-1.24 
-1.55 
-0.42 

-7.52 
-4.32 
-2.77 

-1.95 
-0.943 

-0.190 

-0.053 

-0.101 
-0.048 
+0.038 
-0.258 
-0.253 
-0.092 

1.54 
4.6o 
1.49 
0.622 
1.28 
-0.170 

11.2 
1.82 
2.15 

1.54 
0.262 

-0.116 

0.017 

0.086 
0.033 
0.00681.04 
0.117 
0.089 
0.025 

-0.122 
-2.23 
-0.229 
-0.039 
-0.548 
+0.147 

-7.26 
1.60 	13.15 
-0.819 

-0.592 
-0.131 

0.045 

0.665 

1,31 
1.10 

0.992 
0.873 
0.689 

2.60 
2.48 
2.20 
1.76 
1.62 
1.35 

3.35 

2.46 

2.10 
1.77 

1.01 

-0.133 

-0.595 
-0.321 
-0.360 
-0.343 
-0.224 
-0.090 

-2.70 
-2.88 
-2.23 
-1.21 
-1.10 
-0.53 

-5.16 
-4.84 
-2.40 
-1.67 
-0.878 

-0.243 

0.0082 

0.095 
0.033 
0.056 
0.056 
0.021 
-0.011 

1.39 
1.78 
1.18 
0.563 
0.376 
0.061 

3.68 
3.49 
1.15 
0.799 
0.093 

-0.027 

A comparison of the values for water at ^J50°C 

reveals that 

PIMA < PEMA < PPMA 	PBMA < PPA 

i.e. virtually the same order as for the permeability 

coefficients indicating that the trend in the latter is 
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TABLE 6-8 

DcT0  in cm2 sec.-1  (Mean Values from 3 and 4 term polynomials) 

System o T C Dc=0x 107 System T°C D 0  x 10
7 

c= 

PMMA - H20 ti, 
40.5 
50.2 

0.52 
0.89 

PPMA - H 0 n 	2 49.6 
55.6 

8.3 
10.3 

It  

rt 
59.8 
70.0 

1.5 
2.4 

,, 64.4 12.2 

PBMA - H20 27.0 4.0 
PEMA - H2O 30.0 2.1 ,t 34.1 5.8 

I, 39.9 2.9 “ 40.4 6.7 
II  49.5 4.2 It  49.6 9.7 
tt 60.2 6.3 es 55.6 11.2 
II  70.0 8.2 

79.7 9.8 PPA - H2O 48.9 26 

PPMA - H2O 32.0 5.1 PEMA-MeOH 29.8 0.039 
11  37.1 6.5 9 40.6 0.093 
ii, 41.9 7.2 

mainly determined by the values of the diffusion coefficients. 

The order in this series can be readily explained in terms 

of the relative segmental mobilities of the polymers(136) 

and is in the order of decreasing T . Returning again to 

the monomeric repeat unit 

  

CH
3 
(H) 

  

CO2 - R 

if the hydrogen atom in parentheses is replaced by the 
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starred methyl group then the latter introduces both mass 

and rigidity and so decreases the chain mobility. 

Polyacrylates therefore have lower T is than the corresponding 

polymethacrylates and this is reflected in the relatively 

high value of De.0  for PPA. On the other hand the 

introduction of a methylene group into R, where R remains a 

n-alkyl group, increases not only the mass of the side chain 

but also its flexibility and hence increases the value of 

D0=0 for water. Similar observations were made by Newns
(16) 

with benzene as penetrant. 

The lower values of D
c=0 

(and of P) for methanol 

compared with those for water in PEMA are simply a 

consequence of the larger size of the methanol molecule, 

since complicating effects of polymer plasticisation and 

of penetrant-penetrant interactions are minimised as c--) 0. 

ii) Concentration Dependence of D  

For water, D decreases with increasing c in each 

polymer. Values at a relative humidity of 0.8 - 0.9 are 

between 1/2  and 1/6 of those at zero water concentration. 

In general the relative decrease from D cwu  is greater the 

lower the temperature. On the other hand DV  for methanol 

in PEMA increases with c or 0A until, at a relative vapour 
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pressure of 1'40.7, it is about three times its value at 

c=0. The concentration dependence of the relative diffusion 

coefficient D , defined as D = D/D
c=0' 

for water in each 

polymer is illustrated in Figures 6-15 to 6-19. 

1 

The D -0 curves for water in PMMA and PBMA at 

A*50oC are compared in Figures 6-15 and 6-18 with theoretical 

curves calculated on the basis of the polycondensation models 

assuming that only monomeric water diffuses. As expected 

from the corresponding sorption isotherm analysis (section 

6.1.2 part ii)) the agreement is poor although slightly 

better for E = 0.05 than for random polycondensation with 

€ = 0. If the polycondensation theory were to hold for 

water in a truly inert medium then it would seem that PBMA 

does not constitute any better an approximation to such an 

idealised medium than does PHU, despite the larger value 

of Z (section 6.1.1) and increased glassy nature of the 

latter. As D decreases with increasing c, some form of 

water association is still the dominant factor in 

determining the observed D - c dependences. It was pointed 

out by Barrie and Platt(43) that in the case of PM1tA some 

degree of specific interaction between water and polymer 

and of polymer plasticisation may occur concurrently with 

water association. 
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FIG. 6.19 
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Methanol is sorbed to a much greater extent than 

water in PEMA and clustering, as evidenced from the sorption 

isotherm analysis, is significant. Even so, plasticisation 

of polymer is much more marked than in,the case of water 

and sufficiently so as to cause D to increase with c or 

0A. In fact the sorption of methanol is large enough to 

lead to appreciable differences between the various types 

of diffusion coefficient as discussed in section 2.2.5. 

Thus, 

5)A
B 3 DV/1$B= DA SB 

Since the J1 - S
A and not the JR, c curve 

was differentiated, 

d(Ji ) 	d(Jt ) 	dc 	
- 	03 	

dc 
(ISA 	dc 	• (ISA - 	A B • dOA 

where c is expressed in cc. of liquid methanol per cc. of 

2 dry polymer so that dc/d0A  = 1/0B. Hence 

d(J-Z) _CN 
duA 0B = DV  (ISA 	- 

In Figure 6-20 Ai  and DV  are plotted vs. 

29.8°C. 

6.3.2 Transient State Diffusion 

Of the several systems investigated three only 

were subjected to a transient state analysis, viz. PPA-H20 

at 
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at 48.9°C, PBMA-H20 at 39.8°C and PEMA-MeOH at 40.6°C. The 

object was to compare D0.0  values and D -c relationships 

with those obtained from the steady state. 

i) Reduced Sorption and Desorption Curves  

Reduced curves for each system are linear 

initially, becoming concave to the t-2-/-t axis at longer 

times. The linear portions of all the curves for water 

pass on extrapolation through the origin whereas those of 

the desorption curves corresponding to the higher volume 

fractions of methanol sorbed at equilibrium cut the zero 

time axis at positive values of M
t  /M 	

In addition 

these desorption curves cross beneath the conjugate sorption 

curves at longer times suggesting that sorption is faster 

than desorption. The latter is also indicated at lower 

volume fractions of sorbed methanol when Is slightly exceeds 

Id. The reason for the desorption behaviour at higher 
0A 

is not clear. The latter may have been an experimental 

effect (see section 5.4.3) rather than a true effect of 

the system. Only the sorption curves were analysed 

quantitatively for PEMA-MeOH. 

Typical conjugate curves for each system are 

shown in Figure 6-21. Data used for plotting all reduced 

curves are presented in appendix 9.8. 
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ii) Determination of Diffusion Coefficients  

Mean diffusion coefficients D
s and Dd were 

calculated from 1 = it 
2 /16 and Dd  = it Id /16, where 

Is and Id are the corresponding initial slopes of reduced 

sorption and desorption curves respectively. Values of 

I
s' Id's and Dd are given in Table 6-9. Differential 

diffusion coefficients D were calculated from D for each 

system by four (three for PEMA-MeOH) separate procedures 

which were considered in section 2.4.3. 

a) 	Graphical differentiation of 5Av  = 1/2(Es  + Ed) 

vs. c gave D using 

b) Graphs of Ds  vs. c were plotted and D 

obtained from equation (2-36) using p = 1.67 

for PEMA-Me0H and p = 1.85 for PPA and 

PBMA-H20. As before, differentiation was 

performed graphically. 

c) I was plotted vs. c and smooth curves drawn 

through the points. From these curves 

numerous points were read off and fed into 

the simultaneous equations (2-39) which were 

solved using a minimum mean squares deviation 

technique to obtain D(c) (see also appendix 9.2). 
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TABLE 6-9 (a)  

Initial Slopes Is, Id (cm.sec
-T  ) of Reduced Sorption Curves 

and Mean Diffusion Coefficients Es' E;c1. (cm2  sec.
-1) 

System c -3 cc.s.t.p.cm 
Isx103  Idx103  Ismi07  Ex107  

PPA-H20 
" 

PBMA-H20 

ff 

fi 

ft 

If 

it 

fl 

0.73 
1.89 
3.51 
6.43 
9.58 

0.76 
3.24 
4.68 
5.51 
4.74 
0.95 
1.90 
2.53 
2.33 
1.23 
1.49 
2.11 
3.47 
3.28 

3'96 
3.84 
3.74 
3.61 

3'31 

1.70 
1.47 
1.31 
1.27 
1.34 
1.68 
1.59 
1.53 
1.54 
1.64 
1.62 
1.56 
1.44 
1.45 

4.01  
3.95 
3'92 
3'78 
3.63 

1.73 
1.58 

- 

- 
1.72 
1.65 
1.62 
1.62 
1.69 
1.69 
1.64 
1.58 
1.57 

31 
29 
27.5 
26 
21.5 

5.7 
4.2 
3.4 
3.1 

3.5 
5.6 

4.9 
4.6 
4.7 
5.3 
5.1 

4.8 
4.1 
4.1 

31.5 

31 
30 
28 
26 

5.9 
4.9 

5.8 

5.4 
5.2 
5.2 
5.6 
5.6 

5.3 
4.9 
4.9 
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TABLE 6-9 (b)  

I and s for PEMA - Me0H 40.6°C 

cc.s.t.p. cm-3  

Isx10
4. 	. 

cm.sec. 

Dx108 

cm2.sec.-1 

0.40 0.0072 2.2 0.95 
0.50 0.0090 2.2 0.97 
0.65 0.0117 2.2 0.98 
1.18 0.0212 2.2 0.99 
1.40 0.0250 2.3 1.05 
1.80 0.0319 2.5 1.2 

2.31 0.0405 2.7 1.4 

d) A procedure involving a step function 

approximation to D vs. c was carried out 

only to act as a rough check on the other 

methods. The details of the calculations are 

not given here but followed exactly those in 

the original paper by Prager(ao). Five equal 

concentration steps were used for each system. 

Thediffusioncoefficientp.for the i-th step 

was calculated and a smoothing out process was 
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performed using 

....(6 -4) 
K 

 ck E(c)  = D(c)dc 	• Y. 	Di  1 

i=1 

where ck is the concentration corresponding to 

the k-th step. D(c) was obtained from D in a 

manner analogous to that from EAv  in a) above. 

Values of D., D and D for each system are given 

in Table 6-10. 

iii) Comparison of Dc=0  with Steady State Values 

Values of Dc=0 
obtained from each transient state 

analysis and from the steady state analysis are given in 

Table 6-11. 

Agreement between these values is good, with 

respect to both the various transient state analyses and 

the transient/steady state comparison, and is within the 

experimental error. Thus the larger relative difference 

between steady and transient state Dc=0 
for water in PPA 

can be ascribed to the relatively crude measurements of 

membrane thickness that were made in this case. 

0 
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TABLE 6-10  

Values of D., D and D (cm? sec.-1) from Prager's 

Step Function Procedure(80). Equation (6-4)  

System 
Concentration 

Step 
cc.s.t.p.cm-3  

i D.x107  D xio7  D x107 

PPA-H2  0 ,  
ft  

n 
n 

0-2 
2-4 
4-6 
6-8 
8-10 

1 
2 
3 
4 
5 

29 
26.5 
23 
20 
16.5 

29 
28 
26 
25 
23 

28 
25 
22 
17.5 
14 

PBMA-H20 0-1 1 5.5 5.5 5.o 
" 1-2 2 4.6 5.1 4.1 

2.3 n 3 3.7 4.6 3.2 
n 3-4 4 2.7 4.1 2.3 
so 4-5 5 2.0 3.7 1.6 

PEiA-Me0H 0 	-0.0075
*  1 0.095 0.095 0.096 

n 0.0075-0.015 2 0.097 0.096 0.10 
If 0.015 -0.0225 3 0.11 0.10 0.12 
n 0.0225-0.03 4 0.13 0.11 0.13 
n 0.03 	-0.0375 5 0.13 0.11 

* Volume Fractions 

TABLE 6-11  

Comparison of Dc.0  (cm2.sec-1): Steady and Transient States 

D0=0 	x 	107 

System 	To  C 

From 

- DAV 

From 
Weighted 
Mean 5

s  

From Lin 
Hwang's 
Procedure 
(9.2) 

From 
Prager's 
Step 
Function 
Procedure 

From 
the 
Steady 
State 

PPA-H00 	48.9 
PBMA-R20 	39.8 
PENA-Me0H 	40.6 

3.1 
6.3 
- 

31 
6.3 
0.095 

31.5 
6.3 
0.094 

30.5 
6.1 
0.094 

26 
6.5 
0.093 
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iv) Concentration Dependence of D : Comparison with  
Steady State.  

a) Water 

Relative diffusion coefficients D (= D/D c=u  „) for 

water in PPA and PBMA, calculated from both steady and 

transient states, are plotted vs. c in Figures 6-22 and 

6-23. The figures illustrate that the agreement between 

the D -c curves calculated from the steady state and from 

the various transient state procedures is good. This 

indicates that diffusion in these systems is "Fickian" and 

not complicated by any time-dependent features. Similar 

agreement was previously obtained
(51) for the ethyl 

cellulose - H2O system. 

It is of interest at this stage to consider the 

time lag results of Stannett et al.(42'49'51)  and the 

nature of the sorption-kinetic analysis. Stannett found 

the time lag for water to be constant for a number of 

polymers in which the steady state D decreased with 

increasing c, and suggested that water does not cluster 

under permeation conditions
(51). On this basis, no 

clustering of water would be expected to occur in the first 

stages of sorption when the water concentration at the 

centre of the sheet is negligible. However, diffusion 



Continuous line a Steady State 

Circles • Transient State 
0.8 

I 
D 

0 
PPA — H2 O 48•9 C 

D - C FROM STEADY AND TRANSIENT STATES 

1.0 

0.6 

0 
O Weighted Mean analysis 

• From 1/2  (15s  + 54) 

• Lin Hwang/s analysis 

• Step Function " 	

e 	

0 

C 	 /cc. 
2 
	

4 
	

6 	' 	 8 
1  



O Weighted Mean analysis 

O From 1/2  ( s 5d) 

e Lin Hwang/3 analysis 

• Step Function " 
0 

—0.4 

I 2 3 0 

Continuous line '. Steady State 

Circles s Transient State 

C cc.s.t.p. /cc. 

D
i 

PBMA — H2O 3 9. 8
o

C 

DI  — C FROM STEADY AND TRANSIENT STATES 



- 209 - 

coefficients calculated from initial sorption rates 

depend on the ratio MtN0  and even if M
t 

did not include 

any contribution from clustering nevertheless Mca  would 

be affected as the latter is an equilibrium parameter. 

For a system in which penetrant association becomes more 

pronounced at higher c and in which D decreases with 

increasing c, it follows that if there is an induction 

period to the clustering process such that in the early 

stages of sorption associated species do not contribute 

to M
t' then as c is increased Mt would become an 

increasingly smaller fraction of the corresponding value 

of M
t which would have been obtained had the clustering 

process been instantaneous. Hence the concentration 

dependence of D as measured from initial sorption rates 

would be exaggerated in comparison with that obtained 

from steady state measurements. On the other hand rates 

of desorption would remain unaffected but these vary 

relatively little with c in any case(137)  (appendix 9.5). 

To examine more quantitatively the expected 

differences between the steady and transient states when 

clusters are not formed in the initial stages of sorption, 

it can be assumed that the absolute initial sorption rates 

are governed by Df  = Dc.0  where subscript f refers to 
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"free" water. The following procedure is carried out to 

obtain an expression, involving quantities which can all 

be measured experimentally, for the transient state Is-e 

relationship in terms of the steady state D-c relationship. 

Considering first the case of a system with 

constant D = Df, then 

M oo  = k . (ef)0 	where k is a constant 

and 
d(M . 4 /t7) 	d(Ik(of)60 ) 	dI 

d(cf)oo 	7177;70 	
- k s  + (cf  ) 	s 	) 

ocr d(cf)00  

= 	k . Is 
	....(6-5) 

since dI
s/d(cf )00  = 0 for a system with constant D. 

For concentration-dependent D, M cc  = 

As p/po 0, c 	f oo ->(c ) 	0 and the value of I
s 
referred 

c,c)  

to above in the case of constant D can be identified with 

Is(e 	=0). Hence when D decreases with c, equation (6-5) 
00 

becomes 

d(m
t 4L/ti-) 

d (cf)00  

d (k c oo  Is) 

oo 
	  = k Is(coo = 0) d (of) 

or 
d (k c 	Is) a(cdoo  

= kIs(c=0) • a co. de co 



D(c) = D 	f 
e

. 
=0 73- 

ac 
or D 

r 
= 
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If only "free" water diffuses, then the steady state D is 

given (equation (2- 82)) by 

Using square brackets to denote steady state 

quantities, equation (6-6) then becomes 

dIs r 1 Is + c 
	 I . . 	deco = Is (c=0) . 0 lc  

a* 	c=c am 
....(6-7)  

All the terms involved in equation (6-7) can be 

determined experimentally, and for PPA-H20 and PBMA-H20 

these are listed in Table 6-12. The R.H.S. of equation 

(6-7) decreases much more markedly with increasing c 

than does the L.H.S., the difference between the two 

relative decreases being of the order of 50% at the highest 

values of c oo  • This discrepancy is well outside the 

experimental error involved in determining Is  - 0 orb)1 - 0 

relationships. Hence it can be inferred that even if the 

clustering process is not instantaneous in these systems, 

it must contribute appreciably to Mt  in the early stages of 

sorption and therefore must be comparatively rapid. The 

effect of a slow immobiliisation process on the measured D-c 

relationship is discussed further in Chapter 7. 
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TABLE 6-12  

Quantities involved in Equation (6-7)  

System 

c 
0o 

cc.stp 
3 cm-  . 

Is(c.,=0) 
. , 3 x . . 

- cm.sec.7  

0o [D3(6-7) (6-7) 
103  

7' cm.sec 

dIs  

c=coo  

Equationquation 

(L.H.S.) 
x 103  

Equation 

(R.H.S.) 
x 103  

dc oo  

x 103 

PPA-H20 1 9.8 -0.17 9.6 0.96 9.4 9.4 
11  2 II " 9.4 0.91 9.1 8.9 
u 3 I. u 9.3 0.86 8.8 8.4 
u 4 II " 9.1 0.80 8.4 7.8 
ti 5 H " 8.9 0.74 8.1 7.3 
ill 6 u.. " 8.8 0.68 7.7 6.7 
I/ 7 u " 8.6 0.62 7.4 6.1 
11  

u 
8 

9 

1, 
u 

" 
" 

8.4 
8.25 

0.565 
0.505 

7.1 
6.7 

5.5 
4.9 

u 10 " " 8.1 0.44 6.4 4.3 

PBMA-H20 0.5 1.8 -0.12 1.73 0.89 1.7 1.6 
11  1.0 1 -0.11 1.68 0.80 1.6 1.4 
11  1.5 II  -0.10 1.62 0.72 1.5 1.3 
If  2.0 it -0.10 1.57 0.65 1.4 1.2 
f, 
u 

2.5 
3.0 

,, 
11  

-0.10 
-0.09 

1.52 
1.48 

0.58 
0.53 

1.3 
1.2 

1.0 
0.9 

u 3.5 u -0.09 1.44 0.48 1.1 0.9 
11  4.0 11  -0.08 1.40 0.43 1.1 0.8 
tt  4.5 u -0.08 1.35 0.38 1.0 0.7 
II 5.0 u -0.08 1.31 0.35 0.9 0.6 
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b) Methanol 

The plot of D (= DV/D4  - 0) vs. clA 
for methanol 

PA 
in PEMA is shown in Figure 6-24. The dependence of D on 

A 
is much more pronounced in the steady state than in the 

transient state although the various transient state 

analyses give results in reasonable agreement with each 

other. This type of discrepancy was observed in other 

polymer-organic penetrant systems in which the polymer was 

below or close to T (5'10) and was attributed to time-

dependent effects arising from slow relaxation processes 

occurring in the polymer. In this case the PEMA sample was 

r4300C below its measured Tg  (Chapter 5) and so slow 

relaxation processes might well have been expected to 

interfere with the transient state diffusion measurements. 

The steady state results are therefore considered to be 

the more reliable for the PEMA-MeOH system. 

6.3.3 Temperature Dependence of D.  

Graphs of log D vs. 1/T, shown in Figures 6-25 to 

6-28, were plotted to obtain ED 
from D(c) = Do 

exp (-ED
/RT). 

Mean values of ED 
for the temperature ranges of the 

investigation are given in Table 6-13, and are accurate to 

Apo + 0.5 kcal.mole
-1  . The temperature ranges used were 

too small to enable accurate values for Do 
to be determined. 
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FIG. 6-27 
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FIG. 6-28 
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TABLE 6-13 

Mean Values of E
D (kcal.mole

-1) 

System 
Temperature 

Rana.e 
in bC 

c 
cc.stp. 

-3 cm 

ED 

(measured) 

-__ 
ED 	(theory)  

AH = 6.6 
(kcal.mole ) 

AH = 3.4 
 -1 

(kcal.mole-1) 

PMMA-H20 40-70 0-20 11.9 11.9-17.1 11.9-15.8 

PEMA-H20  30-00 0 7.0 7.0 7.0 
I/ /I 5.0 OA 8.3 8.4 
II ti 10.0 10.1 9.5 9.5 

PPMA-H20  32-64 0 5.3 5.3 5.3 
II II  2.5 7.6 7.5 7.0 
II It 5.0 9.o 9.3 8.5 

PBMA-H20 27-56 0 6.6 6.6 6.6 
,, " 2.0 10.5 8.6 8.4 
II It  4.0 11.9 10.3 9.4 

PEMA-MeOH 29-40 0 3; - - 

i) Values of ED at c=0. 

At c=0, ED  decreases as the n-alkyl group in the 

side chain is lengthened, except for PPMA and PBMA where the 

order is reversed. The decrease is a reflection of the 

increasing segmental mobility as the side chain becomes 

more flexible, as discussed in part 6.3.1 of this section. 
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Although the experimental points (Figure 6-27) for the 

PPMA-H20 system exhibit a rather larger degree of scatter 

than do those for the other systems, the low value of 

E
D for this system is apparently outside the experimental 

uncertainty and is somewhat puzzling. It was suspected, 

although unfortunately insufficient sample was available 

for investigation, that the molecular weight of the PPMA 

sample may have been especially low. Thus on dissolving 

the original material in chloroform a large proportion of 

insoluble gel was observed which was removed to leave a 

soluble fraction from which the membranes were cast. 

In interpreting ED  measured close to Tg  some 

care must be exercised since the polymer is essentially 

heterogeneous and consists of a mixture of glassy and 

rubbery material(138).  For water in PEMA, Stannett and 

Williams(49)  observed a discontinuity at Tg  in a plot of 

log D vs. 1/T. No changes of this nature were observed 

for the systems of this investigation. It may be that the 

temperature ranges used did not extend far enough away 

from Tg  to establish the effect with any degree of 

certainty. 

The value of E
D 

for water in PEMA lies between 
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the values for neon and oxygen in this polymer(49) although 

water has a larger molecular diameter than either. A 

similar comparison by Stannett and Williams(49) was carried 

out not at c=0 but at ~0.2 relative humidity. The 

corresponding value of ED  obtained here (~7.8 kcal. mole-1) 

is reasonably close to that (8.7) of Stannett and Williams(49)  

Kumins and Roteman(139) observed a similar anomaly for 

water diffusion in a vinyl chloride-vinyl acetate copolymer, 

although these measurements also did not refer to 0=0. 

Both sets of investigators interpreted their results in 

terms of plasticisation of the polymer by water. In the 

limit (c--, 0) water molecules cannot have any bulk 

plasticising effect on the polymer. However, to explain 

the relatively low values of ED  at c=0, it must be assumed 

that individual water molecules exhibit some kind of 

interaction with the -heroical structure of the polymer 

(presumably ester links) in their immediate vicinity and 

that this interaction tends in some way to facilitate the 

diffusion process. 

The approximate value of 15 kcal. mole
-1 for 

E
D 
for the PEMA-MOH system is in reasonable agreement with 

that (14.7 kcal. mole-1) obtained by Zhurkoff and Ryskin(74). 
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ii) Concentration Dependence of ED. 

With the exception of PMMA, ED  for water 

increases with increasing c in accord with the clustering 

concept (section 2.7.9). Values of E
D are compared in 

Table 6-13 with theoretical values calculated from the 

random polycondensation model, assuming that only monomeric 

water diffuses. The agreement is reasonable for PEMA and 

PPMA although the experimental uncertainties involved 

detract to some extent from the value of any interpretation 

put on this agreement. The discrepancy for PBMA is 

outside the experimental error. 

The constant ED 
for PMMA remains to be 

explained. If, for a given water activity, most of the 

clustered water were present in voids and relatively stable 

over the whole temperature range as suggested in an earlier 

section (6.1.3), then the term ac1/6c, where subscript 1 

refers to monomeric water, would not vary appreciably with 

temperature and the principal factor determining the 

increase in D with temperature would simply be the 

activation energy for the diffusion of monomeric water in 

the bulk polymer. Hence, following equation (2-120), ED  

would not be expected to increase appreciably with c. 
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CHAPTER 7 

RESULTS AND DISCUSSION 

POLYSILOXANES  

A 	UNFILLED POLYMERS  

7.1 Equilibrium Sorption Results  

Equilibrium sorption isotherms for water in 

DMS (samples I and II), PMS and FMS are shown in Figures 

7-1 to 7-4 respectively. Data incorporating the blank 

corrections for water sorbed on the Sartorius balance and 

leading to the construction of the isotherms are presented 

in appendix 9.6. No hysteresis was observed in the 

sorption isotherms for water in these rubbery polymers. 

7.1.1 Sorptive Capacities of the Polymers  

As the sorption isotherms for water are initially 

linear, values of cr c=v in each polymer were determined 

accurately and are given in Table 7-1. Accurate comparisons 

of crc=0 with earlier work could not be made, but the 

magnitudes of the uptake of water by DMS at high relative 

humidities agree to withiri 5% with results obtained by Barrie 

and Platt(43). 
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FIG. 7.1 
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FIG.7.2 
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FIG. 7.3 
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FIG. 7-4 



- 228 - 

TABLE 7-1  

Limiting Henry's Law Solubility Coefficients c r  -c=0 
(cc. s.t.p. cm:3  (cmHg)-1  ) for water 

Polymer T°C CFc.0x10 Polymer T°C 
1 

Cre.0x10 

DMS (I) 26.3 1.34 DMS (III) 30.3 1.36 
It  30.7 1.20 If  50.0 0.70 " 35.4 1.04 
in 44.3 0.89 PMS 25.9 1.58 
n 44.7 0.81 II  31.2 1.33 
'I 50.7 0.73 II  40.8 1.00 

,, 48.8 0.77 
DMS (II) 30.3 1.34 

ft  35.5 1.13 FMS 20.4 2.33 
tf  40.7 0.94 If  30.1 1.75 
ft  45.4 0.81 ,ii 41.1 1.29 
il 50.0 0.69 to 50.3 1.04 

For a given temperature, values of cro=0 for the 

different samples of DMS and for PMS are all very close 

whereas the corresponding value for FMS is 30-50% higher. 

This is consistent with the principle that the affinity of 

a polymer for water is governed by the proportion and type 

of polar groups present in the polymer. Thus PMS differs 

from DMS only in that a relatively small proportion of the 

methyl groups are replaced by phenyl groups. Both these 

types of group are essentially hydrophobic. On the other 

hand FMS contains the relatively polar trifluoropropyl group 



- 229 - 

in its repeat unit, the structure of which is 

CH
3 

Si 
(CH2)2

-CF 

The presence of the fluorine atoms in the 

trifluoropropyl group must confer on it sufficient affinity 

for water to account for the increased values of CS 	for 
c=0 

FMS compared with those for DMS. These values of 6c=0 for 

the silicones are about an order of magnitude lower than the 

corresponding values for the polymethacrylates (Table 6-1), 

illustrating the influence of the ester linkage on water 

sorption in the latter group of polymers. On the other hand 

at high relative humidities DMS has a sorptive capacity for 

water of the order of three times larger than that of 

polyethylene or polypropylene
(11) when allowance is made for 

the crystalline regions in the two polyolefins. This might 

possibly be a consequence of water clustering in this region 

being initiated by the Si-0 bond or by trace amounts of 

polar impurities, which could not be removed by refluxing 

(see part 7.1.2 of this section). The partial ionic 

character (51%) of the Si-0 bond acts so as to protect the 

methyl groups in DES from oxidative degradation or other 

forms of chemical attack
(140) and so water sorption by 

impurities introduced through oxidation is perhaps unlikely. 
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The Si-0 bonds are shielded to some extent by the methyl 

groups and so presumably only present a relatively small 

number of sites for water sorption at low relative humidities. 

CT c=0 is similar for water in DIMS and in the amorphous 

fractions of polyethylene and polypropylene(11). 

Equilibrium sorption isotherms for methanol in FMS 

are illustrated in Figure 7-5. Values of CJ 
c-0 

were calculated 

as 0.33 and 0.23 cc. s.t.p. cm-3. (cmHg)
-1 

at 30.0 and 40.0°C 

respectively and are approximately twice as large as the 

corresponding values for water. In contrast to PEMA therefore 

(section 6.1.1), FMS has a stronger inherent affinity for 

methanol than for water in addition to the increased sorptive 

capacity resulting from the lower boiling point of methanol 

compared with that of water. Uptakes of methanol by FMS 

at high relative vapour pressures at 300C are almost identical 

with those found in the case of DMS(59), illustrating that 

the introduction of polar groups has less effect on methanol 

sorption than on water sorption. 

7.1.2 Isotherm Shapes  

The major difference between the isotherm shapes 

for water and methanol in the polymethacrylates and in the 

silicone rubbers is that the latter are virtually linear in 

the region of lower relative vapour pressures. 
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FIG.7.5 
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i) Clustering Functions  

Although isotherms are linear at lower pressures, 

curvature becomes more and more pronounced the higher the 

relative pressure such that the isotherms are convex to the 

pressure axis. The clustering functions G
AA 

 /v
A 
 and 

+ SAGAA/vA), which will now be referred to for convenience 

as Y and Z respectively, were calculated for various 

activities of penetrant. Plots of aA/$A  vs. aA  and of 

log (0A) vs. log (aA) are similar to those for the 

polymethacrylates (e.g. Figure 6-8) except that for small 

aA, corresponding to the linear regions of the isotherms, 

aA"A is  constant and log (4A) is linear with log (aA). 

Typical plots are shown in Figure 7-6. Values of the 

clustering functions Y and Z are given in Table 7-2 

together with some values(59) for the DMS-MeOH system. The 

values of -1 and +1 respectively for Y and Z correspond to 

the linear regions of the isotherms. 

A comparison of the clustering functions for 

water in a variety of polymers is complicated because at 

least two effects have to be considered. Firstly, the 

intrinsic tendency for water molecules to cluster inside 

any medium will depend on the activity of the water so 

that a true comparison should be carried out at the same 
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TABLE 7-2  

Clustering Functions. Y = 
GAA/vAt 	= (1 /AGAA/vA)  

System To  C 

a
A 

= 0.3 a
A 
 = 0.5 a

A 
 = 0.7 

Y Z Y Z Y Z 

DMS(I)- 35.4 -1 1 -1 1 1500 1.5 

H2O 44.7 -1 1 -1 1 1300 1.5 

Dms(II) 30.3 -1 1 -1 1 960 1.3 

-H
20 35.5 -1 1 -1 1 740 1.2 
If 40.7 -1 1 -1 1 660 1.2 
If  45.4 -1 1 -1 1 930 1.3 
fl  50.0 -1 1 200 1.05 370 1.2 

PMS- 25.9 -1 1 -1 1 780 1.2 

H2O 31.2 -1 1 -1 1 700 1.2 
I. 40.8 -1 1 -1 1 840 1.3 
1, 48.8 -1 1 -1 1 440 1.1 

FMS- 20.4 -1 1.0 510 1.1 3400 2.0 

H2O 30.1 -1 1 -1 1 2800 1.9 
It 41.1 -1 1 -1 1 760 1.4 
/I 50.3 -1 1 -1 1 1300 1.8 

FMS- 30.0 3.0 1.0 51 1.3 93 1.7 

Me0H 40.0 14 1.1 65 1.4 110 2.2 

DMS 10.0 100 1.15 140 1.4 - - 

-Me0H(59) 30.0 54 1.1 62 1.3 120 1.9 
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water activity in each polymer. On the other hand the 

effeci of the polymer matrix on water clustering will be 

dependent on the sorbed concentration rather than the 

activity of the water. Practically it is more convenient 

to make comparisons at constant activity, especially when 

comparing polymers which have widely differing sorptive 

capacities for water, and this is done in the present case. 

At relative humidity 0.7 both the clustering 

functions for water are similar for DMS and for PMS but 

significantly larger for FMS. In this region therefore, 

FMS appears to promote more water clustering in addition 

to exhibiting a higher overall sorptive capacity for 

water. Comparisons carried out at a given water concentration 

yield relatively small differences between Y for water in 

DMS and in FMS. For example, for water in FMS at At 30°C 

and p/p
o = 0.7, c = 1-v0.43 cc.s.t.p. cm 3 which corresponds 

to p/po = ,..40.83 in the case of the DMS-H2
0 system. It 

was calculated that 

Y (DMS-H20, 	aA  = 0.83, 	T = 30.3°C) 	= 2800 

and 	Y (FMS-H20, 	aA  = 0.7, 	T = 30.1°C) 	= 2800. 

The trend, at constant water activity, of an 

increase in Y with the relative polar group content of the 
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polymer is opposite to that observed for the polymethacrylate 

series (Table 6-2). However, comparisons of water clustering 

within the series of the methacrylate polymers, and of that 

series with the silicone rubbers, are further complicated 

by differences in the physical states of the polymers and 

in the overall sorptive capacities for water. Thus it is 

expected that a rubbery polymer matrix can accommodate 

clusters, especially large ones, more readily than can a 

rigid matrix in which the degree of clustering may depend 

primarily on the proportion of microvoids frozen into the 

structure. In addition, the higher the sorptive capacity 

of a polymer for water the greater is the overall 

restriction imposed by the matrix on further cluster 

formation, for a given proportion of clustered molecules 

present. 

Consider then the polymethacrylate series from 

PMMA —4PBMA in which the flexibility or rubbery character 

of the polymer increases while the sorptive capacity for 0 
water decreases by a factor of 3-4. The first effect would 

be expected to increase Z while the second would be expected 

to increase Y, quite apart from any specific effect of the 

polar ester group on clustering. An increase in Y is, in 

fact, observed (Table 6-2) while Z remains approximately 
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constant. This behaviour indicates that, for this series, 

the rigidity of the matrix exhibits relatively little effect 

on water clustering. In addition, little evidence is 

offered for increased clustering resulting from an increase 

in the ratio of ester linkages to hydrophobic units present 

(section 6.1.1). The effect of the sorptive capacity for 

water of the polymer on Y is more marked when the poly-

methacrylates and the silicone rubbers are compared at 0.7 

relative humidity. Y is about an order of magnitude higher 

for the silicone rubbers, which sorb correspondingly less 

water, whereas in general Z is marginally higher for the 

polymethacrylates. 

In connection with the effect of polymer rigidity, 

it is of interest that the sorption of water by 

polyethyleneterephthalate(42) follows Henry's law although 

the sorptive capacity of this polymer for water is roughly 

equivalent to that of PEMA. Polyethyleneterephthalate is 

an exceptionally rigid polymer at room temperature and is 

partly crystalline so that cluster formation would be 

discouraged if it were to require significant perturbation 

of the matrix. 

At higher relative vapour pressures, both Y and 

Z for methanol in FMS are similar in magnitude to the 
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corresponding values in DMS(59). The differences observed 

between the two systems at p/po  = 0.3 arise from the 

different curve-fitting procedures adopted in the two 

cases. For the DMS-MeOH system, the experimental isotherm 

points in the region of low pressures exhibited a degree 

of scatter and Barrie (59)  drew a smooth curve through the 

points although they could equally well have been represented 

by a linear isotherm. The isotherm measured for FMS-MeOH 

in the present investigation is apparently linear (Figure 

7-5) in the low pressure region, although the experimental 

uncertainty was such that curvature could not be ruled out. 

ii) Comparison with Theoretical Isotherms: Water 

There is a major difference between the DMS-H20 

isotherms of this investigation and those of Barrie and 

Platt(43). The agreement at higher relative humidities is 

reasonable but Barrie and Platt were not able to determine 

their isotherms with the same degree of precision. This 

was particularly the case at the lower relative humidities 

where the errors were large. These investigators, in the 

absence of more accurate measurements, represented the 

isotherms by smoothed curves over the whole range of 

relative pressure. The more sensitive weighing procedure 

of this investigation reveals an initial linearity in the 
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isotherms which cannot be explained on the basis of the 

simple polycondensation models for water association. The 

discrepancy with theory is illustrated in Figure 7-7 in 

which an experimental sorption isotherm for DMS-H20 is 

compared with theoretical isotherms constructed for E = 0 

and E = 0.05 (section 2.7.5). Again, a reduced 
concentration C = c/c

* 
was employed where c

* 
is the value 

of c corresponding to p/p
0  = 0.9. 

Interpretation of the isotherm shapes is, in fact, 

somewhat difficult. Some possible explanations are 

discussed below but as yet these remain somewhat speculative. 

a) The simplest explanation for the linear region 

of the isotherms is in terms of an ideal 

solution of monomeric water in the rubber, since 

the sorption of monomeric water is generally 

assumed to follow Henry's law. This explanation 

would require the existence of a critical 

concentration for the formation of clusters 

corresponding to the point where the isotherm 

starts to deviate from linearity. However, if 

clustering is regarded as a purely statistical 

process, an example of which is the random 

polycondensation model, then clustering should 

occur at all finite concentrations. 
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b) 	In principle, an initial linear region to 

the isotherms would obtain if both clustering 

of water molecules and immobilisation of water 

molecules by sorption on specific sites in the 

polymer were to occur simultaneously. At first 

sight this would require what would appear to 

be an extremely fortuitous combination of a 

Langmuir type and a clustering type of isotherm, 

particularly as the isotherms for water in DMS 

and in FMS exhibit linearity for all the 

temperatures of the investigation. However, in 

the region of low relative pressures the curvature 

resulting from clustering need not be very marked 

(e.g. see Figure 2-1) and only a weak Langmuir-

type of sorption would be required to yield a 

resultant linear isotherm. 

A relatively small number of specific sites 

in the polymer may be provided by trace catalyst. 

If, in addition, these sites were to act so as 

to provide centres for the initiation or 

nucleation of a stronger clustering process, then 

when the sites were occupied clustering would 

become more marked. This behaviour would then 
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lead to an apparent "critical" concentration 

for cluster formation, as is observed 

experimentally for these systems. 

For water sorption in a polyurethane 

elastomer the initial regions of the isotherms 

are almost linear, with small, but definite 

"knees" (141).  This polymer contains polar 

groups and it may well be that both specific 

site sorption and clustering of water determine 

the isotherm shape in this system. 

c) 	The existence of an appreciable fraction 

of (H
2
0)
2 

dimers in the gas phase does not 

appear very likely on the available evidence
(36) 

If dimerization were to occur to a small extent, 

and if the associated water in the rubber were 

present mainly in the form of dimers up to 

p/po  = .NO0.5 (the observed range of linearity), 

then assuming Henry's law is obeyed for each 

species 

ci  = cri  pi  and 02  = C72  p2  

where subscripts 1 and 2 refer to monomeric 

and dimeric water respectively. Hence 
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ccl 	c2 + 	61 p1 + cr2 P2 

or c = p( 61 xl 	62 x2)  = 1)(01 + x2(62 -(3.1))  

....(7-1) 

where x is mole fraction and p is the total 

gas phase pressure. Equation (7-1) indicates 

that a linear isotherm would be obtained if 

crl 	cr2 • 

For the random clustering model, the 

concentrations of dimer and of trimer at 

p/po  = 0.5 are about 30% and 10% respectively of 

the monomeric water concentration. There is 

no evidence for association of water to this 

extent in the vapour phase. 

d) 	If small amounts of water-soluble impurities, 

particularly salts, were present in the rubber, 

then specific site sorption of water on these 

would be so low as to have little effect on the 

isotherm shape. In effect an ideal solution of 

monomeric water in the rubber would exist until 

the relative humidity exceeded that of a 

saturated aqueous solution of the impurities, 

when "clusters" or pockets of solution would form. 
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For the specific case of sodium chloride 

as an impurity it was calculated from Figure 

7-23 (to be discussed in part B of this chapter) 

that only 0.002-0.005% by weight of salt would 

need to be present in the rubber to explain the 

observed deviation of the DMS-H20 isotherms from 

linearity at p/po  = 0.8. 

3) 
	

The simple perturbation treatment of section 

2.7.5 does not lead to appreciable changes in 

the initial curvature of the sorption isotherm 

(Figure 2-1) from that of the random 

polycondensation model. Nevertheless, it is 

conceivable that with a stronger co-operative 

effect, not necessarily confined to the first 

shell substitution effect of section 2.7.5, the 

initial region of the theoretical isotherm would 

approach more closely to linearity. This 

possibility in particular can only be considered 

as speculative at present. 

iii) Comparison with Theoretical Isotherms : Methanol  

The sorption isotherm for methanol in FMS at 40.0°C 

is compared in Figure 7-7 with a theoretical isotherm 
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calculated from the random polycondensation model for 

methanol. cr c=u was equated with the experimental value 

and a suitable value was chosen for the parameter K in 

equation (2-109). For convenience, reduced variables 

* 
C = C/C

* 

and K = K/c
* 

are used, where c is the value of 

c corresponding to p/p
0  = 0.9. The closest fit to the 

experimental isotherm is obtained with K'  g'4 and the 

comparison between theory and experiment is closer for 

methanol than for water. Barrie(59) obtained a reasonable 

fit to the DMS-MeOH sorption isotherm at 30°C with 

K = 2.5 x 10-2 g. cm-3, which corresponds to K = 2. 

This procedure, in which K is regarded as a 

purely arbitrary adjustable parameter, can be qualified a 

little. Thus equations (2-109) and (2-110) are 

c(1-2o0(1-004)  
and c

1 
 = c(1-04 )2(1-20(). 

  

If these equations are combined they yield 

Cl 
....(7 -2) 

 

(1-cA) 

A first approximation to K would be to assume that 

the gel point of the polycondensation could be identified 

with the saturation point of the system, as for the case of 

water, when c4 would be 1/2
(96)

. Hence from equation (7-2), 
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K = 4  (cl)s 
	....(7-3) 

where (c1)s is the concentration of monomeric methanol at 

saturation. The gel point cannot strictly be identified 

with the saturation point (section 2.7.7 ), and sot5G 

becomes the adjustable parameter. However, equation (7-2) 

shows that 4(c
1
)
s is, in fact, a minimum value for K. Hence 

a lower limit is placed on the value chosen for K. Moreover, 

the value of K is relatively insensitive tc the value chosen 

for cis. For example, if v(s  = 1/8 then K = "•9(cl)s• 

Hence if the minimum value of
s 
were estimated as 1/8, 

a practical range, from which K should be chosen, would be 

defined, i.e. 

4(ci)s < K AZ 9 (ys  

The value of (c1)s can be estimated from the experimental 

isotherm, so that K can be guessed to within a factor of 

about two. For the FMS-MeOH isotherm at 4000, (c1)s 
= A01/2 c

* 

so that the range from which the corresponding value of K 

should be chosen is 2 < K < 4.5. Hence the actual value 

(4) for K which gives the closest fit to the experimental 

isotherm is at least of the correct order of magnitude, and 

the agreement is perhaps as close as can be expected for such 

a simple model. 
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7.1.3 Temperature Dependence of Isotherms  

i) Heats of Sorption and Heats and Entropies of Dilution  

Heats of sorption LSIT
s 

in the limit (c 	0) were 

calculated and are given in Table 7-3. Plots of log cr 
c=u 

vs. 1/T for water in each polymer are shown in Figure 7-8. 

TABLE 7-3  

Heats of Sorption ISffs  in the limit (c 	0) (kcal.mole-1)  

System 
	

A Hs  

DMS (I) - H2O 	- 5.0 
DMS (II) - H2O 	- 6.5 
PMS - H2O 	- 5.9 
FMS - H2O 	- 5.1 
FMS - Me0H 
	7 

The values of LST1 exhibit quite a large scatter 

about 	5.5 kcal.mole-1. A more exothermic value for 

FMS might have been expected as this polymer contains polar 

groups and sorbs more water. However, the scatter in the 

values of LSH
s 
for the DMS and the PMS samples is probably 

sufficiently great to attribute the relatively low value for 

FMS to experimental error. As expected, the values of LOs  

are lower than the corresponding values for PMMA and PEMA 
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(Table 6-3). They approach closely to those for PPMA and 

PBMA where the effect of the polar ester group on water 

sorption is relatively diminished. 

Heats and entropies of dilution were calculated 

for various values of c using equations (2-51) and (2-52). 

Mean values 	LSHA 
and LSS

A over the temperature ranges 

of study are given in Table 7-4. For FMS-H20, LOA  and 

LS% vary appreciably with temperature. Plots of log (p/po) 

vs. 1/T for this system are illustrated in Figure 7-9. For 

FMS, the curvature in the isotherms at higher relative 

pressures is more marked than that for DOTS. The marked 

curvature observed in the plots of log (p/po) vs. 1/T 

for c = 0.30 - 0.75 cc.s.t.p.cm-3  arises because this 

concentration range corresponds to the regions of the 

isotherms where departure from linearity is first observed 

(Figure 7-4). The plot of log (p/Po) vs. 1/T for c = 0.15 

cc.s.t.p.cm-3 is linear because this concentration corresponds 

to the linear regions of the isotherms over the whole 

temperature range. 

As for water in the polymethacrylates, L, HA and 

LS% decrease with increasing c, which again is qualitatively 

consistent with clustering of water becoming more pronounced 

at higher c. The concentration dependences of QHA  and A 
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TABLE 7-4  
--= 

Mean Heats (AH
A) and Entropies (A  SA)of Dilution 

System and 	Concentration
A 	A SA  

Temperature of sorbed watv 
Range 	cc.s.t.p. cm 	kcal.mole-1 cal.deg.-1  mole-1 

o 3.9 (3.9) 	ao 

	

0.12 	3.9 (3.1) 	15 (11.8) 

Dms(II)-H20 	0.24 	3.8 (2.5) 	14 ( 8.9) 

30-50°C 	0.36 	3.4 (2.0) 	12 ( 7.0) 

	

0.48 	2.2 (1.6) 	8 ( 5.6) 

	

0.60 	1.3 (1.3) 	4 ( 4.4) 

O 4.5 (4.5) 	oo 

	

0.08 	4.3 (3.9) 	17 (14.8) 

PPM-H20 	0.16 	4.3 (3.3) 	16 (12.1) 

25-50°C 	0.24 	4.3 (2.9) 	15 (10.2) 

	

0.32 	3.8 (2.5) 	13 ( 8.7) 

	

0.40 	3.o (2.2) 	10 ( 7.5) 

O 5.3 (5.3) 	eo 

	

0.15 	5.3 (4.6) 	20 (17.5) 
FMS-H

2
0 	0.30 	3.8 (4.1) 	14 (14.7) 

20-50°C 	0.45 	3.4 (3.6) 	12 (12.7) 

	

0.60 	3.4 (3.2) 	11 (11.0) 

	

0.75 	2.3 (2.9) 	lo ( 9.7) 

are compared in Table 7-4 with those expected on the basis 

of the random polycondensation model for water (in parentheses). 
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lim 
LH for hydrogen bond rupture was taken as 	(

Ls.
g A) in 

each case. In general the agreement is poor, particularly 

at the lower values of c corresponding to the linear regions 

of the isotherms, and serves to illustrate the limitations 

of the simple model. 

ii) Temperature Dependence of Clustering Functions.  

Table 7-2 shows that, despite some scatter, both 

the clustering functions show a tendency to decrease with 

increasing temperature for a given water activity 

corresponding to the non-linear regions of the isotherms. 

The reverse tendency observed for the FMS-MeOH system is 

probably due to experimental error since this system was 

studied at two temperatures only. 

7.2 Steady State Permeability Results  

Data used for the calculation of permeability 

coefficients are presented in appendix 9.7. Permeation rates 

for water and methanol in FMS at various relative pressures 

are shown in Figure 7-10. 

7.2.1 Concentration Dependence of P. 

For water in each polymer, P is constant as plots 

of J-t, vs. p/po  are all linear over the whole of the range 

of p/po. The slight decrease in P with increasing c 
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previously observed(43) for DMS-H20 was possibly a 

consequence of a decrease in the effective area of the 

membrane at higher ingoing pressures due to the presence 

of a supporting gauze. 

For methanol in FMS P increases slightly with 

increasing c, whereas for methanol in DMS P was found to 

be constant(59). This Ix probably a reflection of the 

increased amenability to plasticisation of FMS which contains 

bulkier side groups than DMS. At room temperature DMS is 

so rubbery that very little plasticisation is to be 

expected. 

7.2.2 Absolute Magnitudes of P 

lim 
Values of P for each system (c 

0 
 P for methanol 

in FMS) are given in Table 7-5. For water at ^/40°C, P 

increases in the order 

FMS 	FMS < DMS (I and III) < DMS (II). 

This order is not consistent with that for the sorptive 

capacities for water (FMS > DMS) so that the principal 

effect is the decrease in D with the addition of bulky side 

groups. This point is discussed more fully in section 7.3. 

The higher values of P for sample II of DMS are rather 

surprising. Although samples I and II came from different 



- 255 - 

TABLE 7-5  

Permeability Coefficients P (cc. s.t.p. cm.cm.-2  sec.-1  (cmHg)-1  )  

System Temperature °C P x 106 

DMS (I)-H20 

ff 

If 

26.0 
35.7 
43.0 
50.2 

4.77 
4.34 
4.05 
3.79 

DMS (II)-H20 ft 
30.7 
40.0 

6.57 
5.66 

50.1 4.84 

DMS (III)-H20 
ft 

35.8 
49.8 

4.59 
4.12 

PMS - H2O 
ft 

22.8 
31.9 

4.27 
3.77 

40.9 3.53 
50.8 3.18 

FMS - H2O 20.4 2.19 
30.8 2.07 
40.0 1.95 
50.0 1.84 

FMS-Me0H 30.8 0.86 
40.8 0.85 

sources, they sorb similar quantities of water (Figures 7-1 

and 7-2) and discrepancies of 30-50% in P are not normally 

to be expected between different samples of such a rubbery 

polymer. P for sample I of DMS agrees to within about 7% 

of previous results for DMS-H20(43) 
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Barrie(59)  found P = 3.7 and 5.5 x 10-6 cc. s.t.p. 

cm. cm.2  .sec-1  . (cmHg) -1  at 30 and 10°C respectively for 

methanol in DMS. These values are a factor of 4-5 higher 

than those obtained here for FMS-MeOH (Table 7-5) and again 

the difference can be attributed to the effect of the more 

bulky trifluoropropyl group on the diffusion coefficient. 

7.2.3 Temperature Dependence of P  

Values for E calculated from P = Po exp (-E /RT) 

are given in Table 7-6. The corresponding graphs of log P 

vs. 1/12 for water are shown in Figure 7-11. Accurate 

values for P
o could not be determined on account of the 

relatively small temperature ranges used. 

TABLE 7-6 

Values of  E  (kcal.mole-1)  

System EP  

DMS(I) - H2O - 1.8 

DMS (II)-H20 - 3.1 

PMS - H2O - 2.1 

FMS - H2O - 1.1 

FMS - Me0H - 0.3 

The negative values obtained for E show that 

CH
s 

is numerically larger than ED for these systems. This 
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behaviour was also found for other small penetrant molecules 

in polysiloxanes(13 ,108,142) 

7.3 Diffusion Coefficients 

7.3.1 Steady State Diffusion  

Steady state diffusion coefficients were 

determined as described in section 2.4. Since the sorption 

isotherms include linear regions they could not be expressed 

in polynomial form (cf. section 6.3.1) over the whole range. 

Moreover, difficulty was experienced in curve-fitting the 

regions where the isotherms first deviate from linearity. 

For this reason, JR. vs. c curves were constructed and 

differentiated graphically to obtain the D-c relationships. 

i) Values of D 
c=0— 

Values of D
c=0 

are given in Table 7-7. For 

DMS-H20 they are lower than those given by Barrie and Platt
(43), 

but may be considered as being the more accurate as the 

corresponding sorption isotherms were determined with greater 

precision. The high values of Dc=0  for water in sample II 

of DMS, compared with samples I and III, are shown up in 

Table 7-7 and are responsible for the higher values of P 

observed for this sample. No appreciable distortion of any 

of the membranes was apparent on their removal f om the 
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TABLE 7-7  

Values of  Dc-0  (cm
2. sec.-1)  

System ToCDc=ox 105 System T°C D c=u  ,x 10
5 

DNS (I)- 26.3 3.5 PMS- 25.9 2.6 

H2O 35.4 4.1 H2O 31.2 2.9 
t. 

f f 

44.7 
50.7 

5.0 
5.2 

1, 
,, 

40.8 

48.8 
3.6 

4.2 

DMS (II) 30.3 4.9 FMS- 20.4 0.94 
-H20 35.5 5.4 H2O 30.1 1.2 
IT 40.7 5.9 ,, 41.1 1.5 
" 45.4 6.4 If  50.3 1.8 
1. 50.0 6.9 

FMS- 30.4 0.28 

DMS(III) 30.3 4.4 Me0H 40.4 0.39 

-H20 50.0 5.9 

diffusion cell and this discrepancy in the results is largely 

unaccounted for. 

A comparison of Dc=u  for water at 4̂30°C reveals 

that 

FMS d  PMS < DMS 

This order also determines that for P, and is a consequence 

of the introduction of a bulky side group, in going from DMS 

to PMS or FMS, which decreases the segmental mobility. This 
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is further illustrated by the T values which are in the 

reverse order (Table 5-2) to that for 
Dc=0. 

 In fact, the 

phenyl group is more rigid than the trifluoropropyl group, 

but the proportion of phenyl groups present in the PMS 

copolymer is small ('N'5.4%) and so less overall restriction 

on segmental mobility is incurred in going from DMS to PMS 

than from DMS to FMS. Similar behaviour was observed for 

permanent gas diffusion in these three polymers(142,143) 

The lower values of D
c=0 

for methanol compared 

with those for water in FMS are a consequence of the larger 

size of methanol as a penetrant molecule. 

The values of D observed here for water in 

DMS, PMS and FMS are all high on comparison with corresponding 

values in most other polymers. For example, they are two 

orders of magnitude higher than those for the polymethacrylates. 

High values of D were observed for several other penetrants 

in silicone rubbers and have been attributed(13) to the 

exceptionally high degree of freedom for rotation about 

the sid.°--ai chain linkage. 

ii) Concentration Dependence of D  

At higher relative vapour pressures D decreases 

with increasing c for each system. For relative vapour 
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pressures in the region 0.8 - 0.95, values of D are only 

1/2 - 1/6 of the values at c = 0 and the relative decreases 

are greater the lower the temperature. The overall 

decreases for water are thus comparable with those for 

water in the polymethacrylates (section 6.3.1). However, 

a major difference in the case of the silicone rubbers is 

that D does not vary initially with c, as a consequence of 

the linear regions of the sorption isotherms. For methanol 

in FMS, D decreases to ~1/3 of its value at c=0, for a 

relative pressure of ~0.9 although again D is constant 

initially. This behaviour contrasts sharply with that of 

the PEMA-MeOH system. The concentration dependence of 

D = D/Dc=0  for each system is illustrated in Figures 7-12 

to 7-16. 

The apparent existence of a "critical" 

concentration for penetrant clustering is shown up more 

clearly in the D -c plots than in the sorption isotherms 

as D starts to decrease at some finite value of c. The 

precise shape of the D -c curve in the region where D first 

starts to decrease is open to some doubt since the shape in 

this region is rather sensitive to small changes in the 

shape of the sorption isotherm. 
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FIG.7-13 
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FIG. 7.15 
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For corresponding ranges in water activity, 

decreases in D are greater for FMS than for DMS as a 

consequence of the higher degrees of clustering in the 

former polymer (section 7.1.2). However, for corresponding 

ranges in c, D decreases rather less in FMS than in DMS. 

The D -0 curves obviously do not correspond 

well with the simple polycondensation models for water and 

methanol on account of the initial region of constant D. 

In Figure 7-13 the curve for the DES (II) - H2O system at 

40.7°C is compared with the theory for 8 = 0 and E = 0.05 

and assuming diffusion of monomeric water only. The 

discrepancy, as expected, is large except for the higher 

values of c. In Figure 7-16 the D -0 curve for methanol 

in FMS at 40°C is compared with that calculated from the 

random polycondensation model. Monomeric methanol diffusion 

only is assumed and K is taken as 4, the same value as 

for the isotherm fit. The agreement between theory and 

experiment is better than in the case of water but not quite 

so good as obtained by Barrie(59) for methanol in DMS. 

7.3.2 Transient State Diffusion  

The take up of water by the silicone rubbers is 

considerably less than by the polymethacrylates and in 

addition occurs more rapidly. Consequently, the accuracy 
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of diffusion coefficients determined from rates of sorption 

and desorption is very much less in the case of the 

polysiloxanes, as indicated in section 5.4. Sorption 

kinetic measurements for water in the polysiloxanes were 

made principally for the purpose of providing rough 

comparisons with the corresponding steady state results. 

i) Reduced Sorption and Desorption Curves  

Typical pairs of conjugate reduced sorption/ 

desorption curves for water in DMS, PMS and FMS are shown 

in Figure 7-17. The initial stages could not be followed 

with any degree of certainty and only small portions of what 

appeared to be the linear regions of the curves were 

available for analysis. Back extrapolations rarely went 

through the origin, which was not entirely unexpected in 

view of the errors involved and the difficulties encountered 

in establishing stable boundary conditions quickly. As 

expected(137),  curves always become concave to the t+/ -Z, 

axis at longer times..  

Data used for the construction of typical reduced 

curves are presented in appendix 9.8. 

ii) Determination of Diffusion Coefficients  
7r

2 
s(d) D

s 
and Y;c1 were calculated from 5's(d) 
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- — 
and values of D

s' 
D
d 
and of the initial slopes I

s and Id 

are given in Table 7-9. 

For each system the scatter in D
s and Dd is large 

and apparently random for smaller values of c. Values of 

D
s' Dd for concentrations corresponding to the linear 

regions of the sorption isotherms were averaged and are 

compared in Table 7-10 with the steady state D
c=0 values. 

_ — 
iii) Comparison of  Ds.L Dd  for small c with teady State Do_o. 

Considering the experimental errors involved, 

Table 7-10 shows that the transient state diffusion 

coefficients agree reasonably well with the corresponding 

steady state values. In general the agreement is better for 

FMS than for DMS and in turn is better for DMS than for P?IS. 

This is probably due largely to the relative numbers of 

measurements made for each system and hence to the relative 

reliabilities of the averaged values for Ds  and Dd. The 

particularly close agreement observed in the case of FMS 

must be considered to some extent fortuitous in view of all 

the possible sources of error. 

The higher values of D for water in sample II of 

DMS compared with sample I are also observed by this transient 

state analysis. There appears therefore to be a real 

difference between the two samples, the reason for which 

remains obscure. 
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TABLE 7-9  

Mean Diffusion Coefficients Es d (cm
2. sec.-1 )  and  

Initial Slopes  Isj_Id  (cm.sec k) of Reduced Curves  

System T
o
C 

c 
cc.stp 
cm-3 

Is 

x 102 

Id 

x 102 

Is  

x 105  

5.d. 

x 105  

17s+5cl. 
2 

x 105  

DMS (I) 26.3 0.20 1.4 - 3.8 - - 
-H20 50.7 0.27 1.6 - 5.0 - - 

DMS (II) 30.3 0.21 1.5 1.55 4.5 4.7 4.6 
- H2O " 0.25 1.45 - 4.1 - - " " 0.23*  1.5 1.5 4.3 4.4 4.4 

ft " 0.88 0.8 - 1.3 - - 
" 30.7 0.16 1.5 1.5 4.5 4.5 4.5 
" " 0.14*  1.5 - 4.6 -- - 
" " 0.47*  1.35 - 3.6 - - 
ti " 0.40*  1.4 - 4.1 - - 
I? " 0.34*  1.4 1.5 4.0 4.4 4.2 
II " 0.30 1.45 1.4 4.1 3.8 4.0 
„ " 0.24 1.5 - 4.4 - 
“ " 0.20 1.5 - 4.3 - - 
,. 35.5 0.18 1.6 1.5 4.8 4.6 4.7 
it " 0.21 1.6 	. 1.55 4.8 4.7 4.8 
t. " 0.24 1.5 1.5 4.5 4.2 4.4 
,I 40.7 0.17 1.8 1.8 6.1 6.1 6.1 

11 " 0.20 1.7 - 5.7 - - 
« " 0.24 1.7 - 5.4 - - 
" 45.4 0.14 1.7 1.75 5.9 6.o 5.9 
" " 0.17 1.7 1.8 5.8 6.7 6.2 
It " 0.21 1.7 1.7 5.7 5.7 5.7 

DMS (II) 50.0 0.13 1.85 1.9 6.7 7.0 6.9 
- H2O " 0.16 1.8 - 6.5 - - 
" 
ft 

" 
" 

0.20 
0.25*  

1.75 
1.8 

- 
- 

6.0 
6.o 

- 
- 

- 
- 

If " 0.32_,„ 1.6 - 5.3 - - 
" " 0.39; 1.7 - 5.5 - - 
II " 0.50, 1.6 - 5.0 - - 
I/ " 0.56 1.5 - 4.5 - - 
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System ToC cc.
c 
 stp 

cm-3 

Is 

x 102 

Id 

x 102 
Ds 

x 105  

Ed 

x 105 

Es+1'd 
2 

x 105  

PISS 
-H20 

If 

,, 
If 

" 
i, 

FMS 
-H20 n  

I, 
,, 
1, 
it 
ei 
I, 
IR 

,, 
IF 

 
ii  
1, 
It 
"I, 
,, 
ft 

,, 
,, 
II  

It 

,, 
IR 
It 

II 

It 
 

n 

25.9 
" 

31.2 
" 

40.8 
" 

48.8 
" 

20.4 
" 
" 
" 
" 
" 
" 

30.1 
" 
" 

" 
" 
" 

" 
" 
" 
" 
" 

" 
" 

41.1 
" 

" 
" 
" 

" 

" 

0.16 
0.21 
0.18 
0.27 
0.16 
0.26 
0.22 
0.29 

0.25 
0.28,, 
0.42' 
0.16 
0.19 
0.20 
0.13 
0.17 
0.22 
0.26 
0.31 
0.35*  
0.64*  
0.64*  
0.41, 
0.56' 
0.28 
0.34 
0.35 
0036*  

0.80 
0.37*  
0.14 
0.17 
0.21 
0.24 
0.30 
0.36 
0.42„, 
0.52 

1.3 
1.3 
1.4 
1.4 
1.5 
1.4 
1.5 
1.5 

0.64 
0.61 
0.47 
0.70 
0.70 
0.70 
0.73 
0.77 
0.77 
0.76 
0.75 
0.75 
0.47 
0.45 
0.79 
0.49 
0.79 
0.77 
0.75 
0.76 
0.37 
0.78 
0.92 
0.89 
0.87 
0.90 
0.86 
0.86 
0.90 
0.85 

1.2 
1.25 
1.3 
1.3 
1.45 
- 
1.5 
1.5 

0.67 
0.66 
0.53 
0.62 
0.60 
0.61 
0.58 
0.75 
0.75 
0.77 
0.73 
0.75 
0.66 
0.64 
0.79 
0.64 
0.74 
0.77 
0.79 
0.79 
- 
0.79 
0.84 
0.84 
0.86 
0.85 
0.84 
0.86 
- 
- 

3.2 
3.5 
3.7 
3.9 
4.4 
4.0 
4.5 
4.3 

0.81 
0.73 
0.44 
0.97 
0.96 
0.96 
1.0 
1.2 
1.2 
1.1 
1.1 
1.1 
0.44 
0.39 
1.2 
0.48 
1.2 
1.2 
1.1 
1.1 
0.28 
1.2 
1.6 
1.6 
1.5 
1.6 
1.4 
1.5 
1.6 
1.4 

2.7 
3.1 
3.4 
3.3 
4.1 
- 
4.6 
4.3 

0.88 
0.86 
0.55 
0.75 
0.70 
0.73 
0.67 
1.1 
1.1 
1.1 
1.1 
1.1 
0.86 
0.81 
1.2 
0.80 
1.1 
1.1 
1.2 
1.2 
- 
1.2 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
- 
- 

3.0 
3.3 
3.6 
3.6 
4.3 
- 
4.5 
4.3 

0.85 
0.79 
0.49 
0.86 
0.83 
0.84 
0.86 
1.1 
1.1 
1.1 
1.1 
1.1 
0.65 
0.60 
1.2 
0.64 
1.2 
1.2 
1.2 
1.2 
- 
1.2 
1.5 
1.5 
1.5 
1.5 
1.4 
1.5 
- 
- 

--- 
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TABLE 7-9 (contd.) 

System T°C 
c 

cc.stp  
cm-3 

I s 

x 102 
Id 

x 102 
3s  
x 105 

Ed 

x 105 
15s+Ed 

x 10 5 

FMS 50.3 0.14 0.94 0.90 1.7 1.6 1.7 
-H20 " 0.17 0.96 0.93 1.8 1.7 1.7 
n " 0.21 0.98 0.90 1.9 1.6 1.7 
n " 0.26 0.94 0.92 1.7 1.7 1.7 
II " 0.30 0.95 0.91 1.8 1.6 1.7 
n " 0.36 0.94 - 1.7 
n " 0.42 0.93 0.88 1.7 1.5 1.6 
n " 0.50 0.94 0.90 1.7 1.6 1.7 
n " 0.57 0.96 - 1.8 

* Denotes value in non-linear region of isotherm. 
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TABLE 7-10 

Steady and Transient State Diffusion Coefficients (cm. sec
-1).  

System Temperature 

°C 

Averaged 
Es 
• 

,s 

x 10 

Averaged 
Es41)d s 

Steady
* 

State 
D c=u 
x 105 x 10' 

DMS (I) 26.3 3.8 - 3.5 
-H20 50.7 5.0 - 5.2 

DMS (II) 30.3 4.3 4.4 4.9 
-H2  0 ,  30.7 

35.5 
4.5 
4.7 

4.5 
4.6 

- 
5.4 

If  40.7 5.7 5.8 5.9 
It 45.4 5.8 6.0 6.4 
ii 50.0 6.4 6.6 6.9 

PMS- 25.9 3.4 3.1 2.6 
H2O 31.2 3.8 3.6 2.9 

40.8 4.2 4.2 3.6 
n 48.8 4.4 4.4 4.2 

FL:S- 20.4 0.91 0.84 0.94 
H2O .  30.1 

41.1 
1.1 
1.5 

1.1 
1.5 

1.2 
1.5 

ft 50.3 1.8 1.7 1.8 

* Some values interpolated, 
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iv) Concentration Dependence of D : Comparison with the 

Steady State  

Since such large errors were involved, D-c 

relationships could not be determined with sufficient 

quantitative accuracy. However, Tables 7-9 and 7-10 indicate 

that values of D
s and DAV when c corresponds to the non-

linear regions of the sorption isotherms (starred values in 

Table 7-9) are smaller in general than the corresponding 

averaged values of 17s, AV (Table 7-10) calculated in the 

linear regions of the isotherms. This is in qualitative 

agreement with the steady state results. 

For FMS-H
20 at 30.1

°C, curves of Ds 
and D

d vs. c, 

where D
s 
= D

s
/D

c=0 
and D

d 
= D

d
/D

c=0' 
are compared in 

Figure 7-18 with those expected from the steady state 

results on the basis of equations (2- 34) and (2-35 ). The 

agreement is perhaps as good as can be expected considering 

the experimental errors. 

Despite the initial scatter, no trend of Ts  or 

Dd with c is apparent for any of the systems at lower values 

of c. 

7.3.3 Temperature Dependence of D. 

Plots of log D vs. 1/T at various values of c for 

each system are shown in Figures 7-19 to 7-22. Values of 
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ED calculated from the steady state results are given in 

Table 7-11 and from the transient state results in Table 

7-12. Results were not obtained over a sufficiently wide 

temperature range to calculate accurate values for D. 

TABLE 7-11 

Values of  ED (kcal.mole-,  ) from the Steady State  

System Temperature 
Range 

c 
cc.stp 

- 	cm-3 
ED 

Theoretical ED 
(polycondensation model) 

LSH . 6.6 Ali = 3.4 

DMS (I) 0 3.1 3.1 3.1 
-H 0 n2 25 - 50°C 0.4 

0.5 
8.6 
13 

8.9 
10.1 

7.3 
8.3 

DMS (II) - 0 3.4 3.4 3.4 
-H20 30 - 50°C 0.45 11 8.2 8.2 . 

0.6 18 12.3 9.6 

PMS- 0 3.8 3.8 3.8 
H2O 25 - 50°C 0.36 7.8 9.6 8.0 n  

0.4 9.4 10.1 8.5 

FMS 0 4.0 4.0 4.0 
-H20 20 - 50°C 0.7 12 9.4 8.3 

FMS- 0 6 - _ 
Me0H 30-- 40°C 4 7 - - 
'I 8 9 - _ 

TABLE 7-12  

Values of  ED (kcal.mole
-1) from the Transient State (small c) 

System ED 

DMS (II)-H20 3.9 
PMS-H20 3.0 
FMS-H20 4.5 
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i) Values of  E at c=0 

For water at c=0, ED  increases in the order 

DMS < PPS G. FMS 

which is consistent with the order of increasing hindrance 

to segmental motion due to bulky side groups in the polymer. 

If water is compared with small permanent gas 

penetrants in DMS(9) then E
D 
is slightly higher than the 

value found for krypton, which is in accordance with the 

relative diameter of the water molecule. The higher E
D 

observed for methanol compared with water in FMS can be 

attributed to the larger molecular diameter of methanol. 

Values for E
D 

calculated from the transient state 

are fairly consistent with the corresponding steady state 

values in view of the limited accuracy of the former. The 

scatter involved in plots of log D
AV 

vs. 1/T for small c 

is illustrated in Figures 7-20 to 7-22. 

ii) Concentration Dependence of ED  

In the linear regions of the sorption isotherms 

E
D 

is constant, whereas at higher values of c ED  increases 

with increasing c in qualitative accord with clustering 

theories. The observed values of ED 
for water are compared 

in Table 7-11 with theoretical values calculated from the 
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random polycondensation model. As expected, the agreement 

is poor. In general the observed values increase more 

markedly than do the theoretical values, illustrating the 

relatively strong tendency at higher relative humidities 

for water to cluster in these systems. 
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B SODIUM CHLORIDE - FILLED SAMPLES OF DMS. 

In order to interpret more fully the sorption 

results for water in the samples of filled polymer, a few 

measurements were made of water sorption by pure NaCl. 

7.4 Water Sorption by pure NaCl. 

Measured concentrations of water sorbed by finely 

ground crystals of NaC1 at relative humidities below 0.65 

are given in Table 7-13. Their order of magnitude is such 

that they were just detectable with the Sartorius balance, 

i.e. 	1-5 jug. for a 0.5 g. sample of NaCl. The negative 

value obtained reveals a small uncertainty (",1)4g.) in 

the magnitude of the blank correction (section 5.2.3). As 

the errors involved in measuring these small uptakes of 

water probably exceeded ^4100% of their absolute values, 

the shape of a sorption isotherm could not be established. 

The quantity of water sorbed by NaC1 presumably 

depends on the available surface area presented by the NaC1 

crystals and on the number of defects or cracks present in 

the crystal structure, since these would constitute the 

most likely "sites" at which sorption would take place. 

Although the crystals used were finely crushed with a pestle 

and mortar, the mixing of the salt with DMS involved the use 
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of a fine mill so that the state of subdivision of the salt 

was probably somewhat higher when incorporated into the 

rubber. 

TABLE 7-13  

Concentration c (cc.s.t.p. cm-3) of Water sorbed by NaC1,  

Water Activity 4i 0.65  

Sample at 35.7°C Sample at 44.4°C 

Relative Relative 
Humidity (p/p°) c x 103 Humidity (p/po) c x 103 

0.21 3 0.11 0 
0.27 0 0.15 -0.5 
0.34 4 0.20 1 
0.44 7 0.25 3 
0.55 5 0.33 6 
0.62 5 0.42 10 

0.52 16 
0.58 11 

At 30-50°C and for water activities above 0.73-0.75, 

NaC1 dissolves in water. A "sorption isotherm", which is 

approximately independent of temperature in the range of 

interest here, was obtained from standard thermodynamic 

tables(144) for aqueous NaC1 solutions and is shown in 

Figure 7-23. 

At relative humidities between 0.65 and 0.75 a few 

sorption measurements were made with the quartz spiral balance. 
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These are given in Table 7-14 and are intermediate between 

those given in Table 7-13 and the values taken from the 

tables for NaCl solutions. The NaCl-H20 system over the 

whole range of water activity (0-1.0) is illustrated in 

Figure 7-23, which reveals the rapid increase in water 

concentration from virtually dry salt at a water activity 

of ^J0.70 to a saturated aqueous solution of salt at a 

water activity of es-g0.73.
** 

TABLE 7-14  

Concentration c (cc.s.t.p.cm-3.) of Water sorbed by NaC1 

at 49.9°C, 0.65 -al: Water Activity 	0.75.  

Relative Humidity 
(P/P0) 

	

0.70 	61 

	

0.71 	370 

	

0.73 	4500 

c 

7.5 Equilibrium Sorption Results  

Samples A, B and C of DES contain 0.44,  1.32 and 

4.19% by weight respectively of NaCl. 

7.5.1 Sorption in the range 0- P4 0.75 Relative Humidity 

Equilibrium sorption isotherms for water in samples 

A, B and C of DABS and in the unfilled sample I are shown in 

**Footnote This point was first brought to the author's 
notice during a discussion with Mr. A. G. Thomas and 
Er. E. Southern of the Natural Rubber Producers Research 
Association. 
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Figure 7-24. The primary measurements from which these 

isotherms were constructed are presented in appendix 9.6. 

Below ^.0'0.65 relative humidity very little difference 

is observed between the isotherms for the filled and unfilled 

samples of DMS. This is consistent with the fact that the 

salt filler sorbs such small quantities of water in this 

range. Between ^."0.65 and ,̂0.75 relative humidity the 

filled samples sorb slightly more water than the unfilled so 

that the isotherms for the former exhibit more pronounced 

curvature in this range. 

Values of ('r c=0 for water in samples A, B and C 

at •-s..35°C and ^..,50°C are compared in Table 7-15 with the 

corresponding values in the unfilled samples I and III. 

TABLE 7-15  

Values of Cr  c=0 
 (cc.s.t.p. cm:3  (cmHg)-1) for Water in 

Unfilled and Salt-Filled DMS 

Sample of DMS Temperature °C cr c=0 

I 35.4 1.04 
I 50.7 0.73 

III 30.3 1.36 
III 50.0 0.70 

A 35.2 1.12 
A 50.0 0.71 

B 35.7 1.06 
B 50.8 0.70 

C 35.6 1.13 
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F IG. 7.24 
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7.5.2 Sorption in the range ^►0.75 - 1.0 Relative 
Humidity  

In this region uptakes of water by samples, A, B 

and C are considerably greater than for any other system 

studied in this investigation. Although a few isotherm 

measurements were made using the vacuum microbalances, in 

general it was found to be more convenient to immerse 

weighed samples of filled polymer in aqueous NaC1 solutions 

of known water activity(144).  After immersion for a week 

there was usually little further change in weight, even so 

samples were left for about a month to ensure that 

equilibrium was, in fact, attained. In addition, measurements 

were made on samples crosslinked to different extents by 

exposure for different lengths of time to the Co60 source. 

These samples were compared to examine the effect of changes 

in crosslink density on water sorption. 

Results, expressed both as water concentrations 

and as percentage uptakes of water relative to the weight 

of the dry, filled polymer, are given in Table 7-16. The 

principal features are : 

a) 	Results obtained using the vacuum balances 

are fairly consistent with those obtained 

from the immersion measurements. 
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TABLE 7-16 

Uptakes of Water by Salt-Filled DMS above 	0.75 Relative 
Humidity 

Sample 

Time of 
Exposure 
to C060 
Source 

Temperature 

°C 

Water 
Activity 
(Relative 
Humidity) 
aA, 

Concentration 
of sorbed 
water 

cc.stp.cm-3 

Weight 
% water 
uptake 

A 
II 

fl 

ff 

n 
II 

VI 

II 

B 
ft 

It 

n 
n 
n 
n 
n 
If 

II 

C 
fl 

fl 

If 

If 

n 
11 

fl 

If 

30h. 
If 

ft 

If 

90h. 
If 

II 

II 

30h. 
If 

II 

I/ 

it 
II 

90h. 
n 
II 

fl 

30h. 
If 

II 

If 

fl 

n 
II 

6oh. 
If 

20 
If  

If 
 

If 

t, 
II  

II 

If 

20 
II  

fl 

tf 

35 
II 

20 
n 
/I 

II 

20 
H  

35 
ft 

50 
n 
II 

35 
If 

0.75 
0.845 
0.95 
1.o 
0.75 
0.845 
0.95 
1.0 

0.75 
0.845 
0.95 
1.0 
0.77 
0.81 
0.75 
0.83 
0.95 
1.0 

0.845 
0.95 
0.81 
0.87 

(0.67) 
(0.72) 
0.75 
0.82 
0.85 

3 
22 
58 
740 
15 
22 
55 
160 

4 
62 
150 
1000 	„ 

245' 
19 
19 
65 
130 
140 

210 
530, 
46' 
140 
(3.5
„
) 

(6.7**) 
11 0.8** 
83 

 

190**  

0.2'  

0.2 
1.7 
4.6 
57 
1.2 
1.7 
4.3 
12 

0.3 
4.9 
12 
78 	, 

1.5*  
1.5 
5.1 
10 
11 

16 
42 	_ 
3.6-  
11*  
(0.3:

*
) 

(0.5**) 

64 
15 

* Denotes Sartorius balance measurement. 
** Denotes quartz spiral measurement. 
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For the most lightly crosslinked ("-P3Oh. exposure 

to the Co6o source) samples, uptakes of water 

for activities of water below unity are 

approximately proportional to the salt content 

of the sample. 

c) For the most heavily crosslinked (0.090h. exposure 

to the Co6o source) samples, uptakes of water for 

activities of water below unity are similar to 

those in the more lightly crosslinked samples, 

with the exception of the largest uptake (sample 

B, a
A = 0.95) which is somewhat less for the 

former samples. 

d) Uptakes of water at unit water activity are 

reduced by factors of 5-8 when the time of 

exposure of the sample to the Co60 source is 

increased from rJ30h. to mi90h. 

e) The ratio of sorbed water concentrations 

corresponding to water activities of 0.95 and 

0.845 respectively is approximately constant at 

^-.2.5 for each sample. This value is low 

compared with the ratio ("03.1) of the amounts 

of water present per unit amount of salt for 

aqueous NaC1 solutions at the same two water 

(144) activities- 
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The above features indicate that for water 

activities of less than unity, water uptakes at equilibrium 

depend chiefly on the salt content rather than on the 

crosslink density of the sample, until either reaches some 

critical value above which both variables become significant. 

At unit water activity, both the salt content and the cross-

link density would seem to be important. However, the 

quantitative effect on water sorption of variations in the 

crosslink density of the sample is not readily ascertained 

because of uncertainties in the exact does of -radiation 

received by each sample. Moreover, the possibility that a 

proportion of the salt diffuses out of the polymer and 

lowers the external water activity cannot be ruled out with 

certainty. 

The above results are consistent with a sorption 

mechanism in which water diffuses into the rubber to dilute 

internal "pockets" of salt solution. In a sense this is a 

similar situation to the clustering of sorbed water molecules 

observed for the unfilled rubbers in that relatively high 

local concentrations of water are created inside the rubber. 

Equilibrium is attained when the internal and external water 

activities are equal, or when the driving force for sorption 

is equalised by the retractive force exerted by the polymer 

network. 
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To test whether the polymer network does influence 

water sorption in the most lightly crosslinked samples below 

unit activity of water, the observed percentage uptakes of 

water are compared in Table 7-17 with those expected from 

the amounts of salt present
(144),assuming no network effects. 

TABLE 7-17  

Theoretical and Observed Uptakes of Water by Salt-

Filled DMS (w 30h. exposure to Co
60  source).  

	

Percentage Theoretical % 	Observed 
Water 	NaCl 	Uptake of Water % Uptake 
Activity in sample. 	(no effect of 	of water 

network) 

0.845 
0.95 
0.845 
0.95 
0.845 
0.95 

0.44 
ft 

1.32 
4.19 

IT 

1.8 
5.5 
5.4 
17 
17 
53 

1.7 
4.6 
4.9 
12 
16 
42 

Only for the smallest equilibrium uptake is good 

agreement obtained between theory and experiment. As the 

salt content or the water activity is increased, the observed 

uptakes fall increasingly short of the theoretical values 

indicating that the polymer network does exert a significant 

pressure on the internal pockets of salt solution. This 

observation is further supported by a comparison of the 
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increases in water activity and in the salt content of the 

polymer sample which yield the same theoretical increase 

in uptake from that of the lowest uptake (Table 7-17). 

The discrepancy between theory and experiment is greater 

for the increase in water activity than for the increase in 

salt content. This behaviour can be attributed to the fact 

that in the former case, where the number of internal 

"pockets" of salt solution is smaller, the polymer network 

immediately surrounding the pockets of solution would need 

to be disturbed to a greater extent than in the latter case 

to accommodate the same overall amount of sorbed water. 

7.6 Steady State Permeability Results  

Within the experimental error, permeation rates 

increase linearly with pressure over the whole range in 

relative humidity. Values of P are therefore constant and 

are compared iv Table 7-18 with values of P for water in 

unfilled DMS. The observed linearity of JA with pressure 

is illustrated in Figure 7-25. 

Values of P differ but little from the corresponding 

values in unfilled DMS. This is to be expected at low 

relative humidities since the incorporated salt particles 

sorb little water in this region and are not present in 
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sufficient amount to increase appreciably the tortuosity 

of the diffusion paths through the polymer. Above ev 0.75 

relative humidity it appears surprising at first sight that 

J{ should remain the same linear function of p/po  since 

such large quantities of water are present that the membrane 

must swell. However the sorbed water does not swell the 

rubber in the same sense as would a penetrant which were a 

solvent for the rubber since the water remains associated 

with the salt.
* 

In fact the water present in the pockets 

of salt solution can be regarded as being equivalent to 

clustered water, where the "clusters" are very large compared 

with those which form in the unfilled rubber. 

TABLE 7-18  

Permeability Coefficients P (cc.s.t.p.cm. cm:2  sec:I  (cmHg)-1  )  

For Water in Unfilled and Salt-Filled DIES  

Sample of DMS 	Temperature °C 
	

P x 106  

III 	35.8 	4.59 
III 	49.8 	4.12 

A 	35.5 	4.69 
A 	49.8 	4.08 

B 	35.9 	4.52 
B 	49.7 	4.15 
C 	35.7 	4.69 
c 	50.0 	4.15 

*Footnote: The author wishes to acknowledge the particularly 
helpful discussion of this point with Mr. A. G. Thomas and 
Mr. E. Southern. 
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Daynes(101) proposed that for rubbers containing 

water-soluble material, the diffusion of water is controlled 

by a gradient of osmotic pressure. The difference in the 

osmotic pressures of two solutions is proportional to the 

difference in the relative vapour pressures which would be 

in equilibrium with the two solutions so that 

a 2(moo ) 
a 0/ at = DP/  .  	....(7-4 ) 

x2  

would then replace Fick's second law, where I)/  is a constant 

depending on the rubber. Equation (7- 4 ) leads in fact 

to a linear J-R, - p/po  dependence since 

J = -DJ 
d (P/P0 ) 
Cx 	....(7-5 ) 

Equation (7- 5 ) applies above 	0.75 relative 

humidity. At lower relative humidities, assuming diffusion 

of monomeric water only, J = -D1 . 1/ax which can 

be re-written as 

-D1 cr1 po . 	ax ....(7- 6 ) 

 

if it is further assumed that the sorption of monomeric water 

follows Henry's law. Since the experimental results indicate 

that the J-k - p/po  relation is linear over the whole range 

in relative humidity, the quantity D/  for water in these 

salt-filled samples of DIES is given from equations (7- 5 ) 
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and (7- 6 ) by 

D/ 	== D
1 cr1 po 	....(7- 7 )• 

7.7 Diffusion Coefficients  

Below ̂ -1 0.7 relative humidity, diffusion 

coefficients for water calculated both from the steady state 

and from sorption rate measurements are compared in Table 7-19 

with the corresponding values for water in unfilled DMS. 

The differences between the values of D in the salt-filled 

and unfilled samples are very small. 

TABLE 7-19  

2 
Diffusion Coefficients D (cm. sec.

-1  ) for Water in  
Unfilled and Salt-Filled DMS at low Relative Humidity 

Sample 
of 

DMS °C 

Temperature Steady 
State 
D x 105  

Temperature 

°C 

Transient 
State 
D x 105  

I 35.4 4.1 26.3 3.8 
I 50.7 5.2 50.7 5.0 

III 30.3 4.4 
III 50.0 5.9 
A 35.2 4.3 35.5 3.9 
A 50.0 5.7 50.7 4.8 
B 35.7 4.3 
B 50.8 5.6 OM. 

C 35.6 4.2 
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Above "r.,  0.75 relative humidity, D decreases 

extremely rapidly with increasing c. In this region the 

transport process depends both on the diffusion of water 

through the bulk rubber phase and on the equilibrium 

between water in the rubber and the pockets of salt solution. 

A reduced sorption curve measured at 35.6°C and for P/Po = 

0.81 for water in sample C is virtually linear initially, 

as shown in Figure 7-26, indicating that the system can be 

described by some sort of average diffusion coefficient. 

The curve yields E = ̂ . 7 x 10-8  cm. sec.-1  for c = 46 cc. 
s.t.p. cm:3. This value represents a decrease of almost 

three orders of magnitude from Dc=0. An approximate steady 

state analysis at the same value of c yields for the 

differential diffusion coefficient, D(c) = "0- 2 x 10-8  cm?  

sec.
-1. This value is at least in semiquantitative accord 

with that expected from the value of Ts  since the latter 

would be expected to decrease by a factor less than the 

decrease in the differential D. 
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C 	SILICA-FILLED SAMPLES OF DMS 

7.8 Water Sorption by the Silica Filler  

Difficulty was experienced in obtaining 

reproducible equilibrium sorption isotherms for water in 

the pure Aerosil. At first, water uptakes for a given 

relative humidity decreased with each successive isotherm 

determination regardless of the temperature of the sample. 

Eventually, after about seven or eight complete isotherm 

sorption-desorption cycles, more settled isotherms were 

obtained. However the scatter in the experimental points 

Was still too great to establish with any certainty whether 

the sorbed water concentration for a given relative 

humidity increases or decreases with increasing temperature. 

These isotherms are illustrated in Figure 7-27 and appear 

to be of the BET type II classification with very slight 

"knees" at low relative humidities. 

The variation in water uptake with the number of 

isotherm determinations is possibly associated with 

progressive aggregation of the very fine particles of 

silica. Presumably for the earlier isotherms the silica 

was still relatively loosely packed allowing more scope for 

inter-particle capillary condensation. Increasing the 
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temperature of outgassing from room temperature up to 

"060
o
C did not appear to have any marked influence on 

water sorption. In general the weights of the sample of 

Aerosil before and after an isotherm determination agreed 

to within 1-2% of the largest uptake of water observed for 

that isotherm. Hence the observed variations in uptake 

do not appear to have been caused by water being irreversibly 

sorbed on particularly active surface sites of the silica. 

The Aerosil is porous and its bulk density is not 

readily determined with any precision, so that water 

concentrations in Figure 7-27 are expressed in cc.s.t.p. g.
-1
. 

The conventional specific gravity bottle procedure yielded 

for the bulk density of the Aerosil, 

e 
	

1.16, 1.10 g. cm.-3  using water 

and 
	

1.53, 1.53 g. cm-3  using liquid paraffin. 

To explain the higher latter two values it is 

assumed that the degree of dispersion of the Aerosil particles 

was greater in the hydrocarbon than in water. 

7.9 Equilibrium Sorption Results  

Samples D, E and F contain 20, 30 and 40% by 

weight respectively of Aerosil. Equilibrium sorption 

isotherms for water in these samples are illustrated in 
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Figures 7-28 and 7-29. The experimental data used for 

their construction are presented in appendix 9.6. 

"Integral" sorption experiments were carried out. 

For the first experimentally determined isotherm point the 

amount of water sorbed exceeded that which was desorbed 

again, i.e. a proportion of the water was apparently 

irreversibly sorbed. For the subsequent isotherm points, 

the difference between corresponding amounts of water sorbed 

and desorbed did not exceed"-,  2% of the total amounts sorbed. 

7.9.1 Magnitudes of Water Sorption  

The isotherms exhibit no linear region and, for 

very small c, could not be determined with sufficient 

accuracy to obtain values of 6e=0. 

Although the uptakes of water by samples D, E and 

F are considerably higher than the corresponding uptakes by 

the unfilled sample I of DES (Figure 7-28), surprisingly 

little difference is observed at35°C between the samples 

D, E and F by themselves. A possible reason for this lies 

in the method of manufacture of the filled polymer sheets 

(J. Ross, Midland Silicones Ltd., private communication). 

The procedure yields two forms of Aerosil filler inside the 

polymer. One form is bound very strongly, through its surface 



- 306 - 

FIG. 7-28 
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hydroxyl groups, to the polymer and the other is bound 

only through van der Waal's type interactions. For 

convenience these forms of silica are henceforth termed 

"bound" and "unbound" filler respectively. For optimum 

commercial properties of the rubbers, the unbound filler 

is not scaled up in the same ratio as that of the total 

filler but remains approximately constant. Unfortunately, 

no further information could be obtained regarding the 

exact nature of the two incorporated forms of silica or 

the ratio of the two forms in each sample. 

If water is sorbed appreciably only by the 

unbound filler, then little variation in water uptake with 

the total filler content of the sample is to be expected. 

However, since the Aerosil is porous, the greater part of 

the internal surface of the bound silica would still be 

expected to be available to water, unless the entrances to 

the pores were blocked by polymer or unless water is 

contained "permanently" in the pores. That the latter may 

be so is suggested by the fact that a proportion of water 

appears to be irreversibly sorbed when a filled sample of 

DMS is first brought into contact with water vapour at the 

start of an isotherm determination. Presumably this water 

is desorbed again on prolonged outgassing between successive 

isotherm determinations. 
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7..9.2 Degree of Wetting of the Filler Surface  

Degrees of wetting of the filler by polymer fF, 

as defined by equation (3-12), were calculated for the 

Aerosil incorporated in samples D, E and F. Since the 

proportions of filler are known with accuracy only as 

weight fractions, the concentrations of sorbed water can 

be related by 

c
B
wR c

F 
w
F 
(1-f

F) eB 
• • • • (77 8 ) 

where c, cB  and cF are the concentrations of water in filled 

polymer (cc.s.t.p. cm:3) unfilled polymer (cc.s.t.p. crat3) 

and pure filler (cc.s.t.p. g.1) respectively. e  and V 

refer to density and weight fraction respectively. A 

rearrangement of equation (7- 8 ) yields 

c - 	.w cB B 

	

1f B 	 	....(7- 9 ) 
F 	 e  cF  WF 

Values of f
F 
for the Aerosil in each sample at 

various relative humidities and calculated from equation 

(7- 9 ) are given in Table 7-20. 

The principal features are: 

i) f
F 

increases with increasing relative humidity 

and sorbed water concentration. 
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ii) fF 
increases with the overall filler content 

of the sample. 

iii) fF 
varies relatively little with temperature 

over the small range studied. 

iv) Values for fF 
are relatively high in all the 

samples. 

TABLE 7-20 

Degrees of Wetting of Aerosil Filler by DMS 

Relative 
Humidity 

fF  
Sample D 35oc Sample E 

35°C 
Sample F 
35°C 

Sample E 
50°C 

0.1 0.67 0.77 0.84 0.85 
0.2 0.71 0.80 0.85 0.84 
0.3 0.73 0.82 0.86 0.83 
0.4 0.75 0.83 0.87 0.83 
0.5 0.77 0.85 0.88 0.84 
0.6 0.80 0.87 0.90 0.86 
0.7 0.83 0.89 0.91 0.88 
0.8 0.86 0.91 0.92 0.88 

The above features serve to illustrate the 

complexities involved in studies of heterophase solid systems 

such as filled polymers. This subject has been reviewed by 

Barrer(22), Holliday(145) and Corte
(146) amongst others. At 

present there are no clear explanations of the features 
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listed above and it is stressed that the possibilities 

discussed below are purely speculative. 

Three possible explanations for i) are: 

a) If most of the initial water sorption were 

to occur on the internal surfaces of the 

Aerosil then the effect of the polymer blocking 

a proportion of the external surface sites 

would become increasingly important at higher 

water concentrations and f
F would increase with 

c. 

b) If most of the water sorption were confined to 

the unbound filler and only the water sorbed 

on the most active sites were to disrupt 

van der qaal's interactions between the filler 

and the polymer then the polymer-filler 

interactions would assume increasing importance 

as sorption proceeded. Again therefore, f 

would increase with c. 

c)If the effect of the sorbed water were to expand 

the aggregated structure of the filler then the 

physical presence of the polymer would tend to 

exert a greater retractive force or pressure on 

the filler and sorbed water at higher values of 

c and again fF  would increase with c. 
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If most of the sorption takes place on the 

unbound filler, the proportion of which remains approximately 

constant then the bound ratio increases with the total 
unbound 

filler content w and f
F 

would increase with w
F 

as observed 

in ii) above. 

Little temperature dependence (point iii)) of fp  

is perhaps to be expected over such a relatively small 

range. A decrease in the degree of filler-water interaction 

at higher temperatures would result in a smaller variation 

of f with p/p
o 
at higher temperatures if changes in the 

degree of filler-polymer interaction are neglected. 

The point iv) is particularly difficult to 

interpret because the state of aggregation of the filler 

may have been appreciably different when incorporated in 

the polymer from that of the bulk powder. That the degree 

of aggregation affects the sorption of water is suggested 

by the variable results obtained initially for water in the 

pure Aerosil at various "degrees of aggregation" of the 

silica particles. 

7.9.3 Isotherm Shapes 

The isotherms are of the BET type II classification 

becoming convex to the pressure axis above ^i0.6 relative 

humidity. This behaviour indicates that filled polymer-water 
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interactions are important initially with water-water 

interactions becoming more pronounced at higher sorbed 

water concentrations. 

i) Clustering Functions  

The clustering functions GAA/vA, (1 + /AGAA/vA), 

G
AB
/v

A and ifA
G
AB
/v

A' henceforth termed Y, Z, Y and Z 

respectively for convenience, were calculated for water in 

samples D, E and F of DMS and are given in Table 7-21. 

At low relative humidities Y and Y are both negative, Y 

becoming less negative and Y more negative with increasing 

c. This behaviour indicates relatively strong filled 

polymer-water interactions which become less important as 

the sorbed water concentration is increased and is 

consistent with a mechanism involving the sorption of water 

on specific sites. Although the subscript B refers here 

to the filled polymer, the specific site sorption occurs 

almost entirely on the filler. Hence it is principally the 

filler-water interactions which decrease with increasing c. 

At high relative humidities Y becomes positive as 

is illustrated by the typical plot of aA/0A  vs. aA  shown in 

Figure 7-30. For example, at 0.85 relative humidity Y for 

water in sample F at 35.5°C is +800 and Z is 1.9 indicating 

the strong tendency for water to cluster in this region. 
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TABLE 7-21  

Clustering Functions for Water in Silica-Filled DMS 

Sample 
of 

DMS 
T°C 

aA  = 	0.3 aA  . 0.5 

YZY" Zx104 YZY" Zx104  

D 35.7 -600 0.79 -10 -3.0 -610 0.63 -22 -3.6 

E 28.5 -680 0.72 -11 -2.8 -450 0.73 -24 -4.0 
E 35.7 -730 0.69 -12 -2.8 -440 0.73 -25 -4.1 

E 38.1 -670 0.68 -15 -3.1 -530 0.65 -29 -4.4 
E 41.8 -640 0.70 -16 -3.4 -380 0.73 -35 -5.0 
E 43.5 -530 0.74 -20 -4.0 -330 0.75 -41 -5.4 
E 50.4 -500 0.73 -21 -3.9 -300 0.78 -44 -6.0 
F 35.5 -610 0.75 -12 -3.0 -370 0.75 -29 -4.3 

Sample 
of 

DMS 
T°C 

aA 	= 	0.7 

YZYZ"x104  

D 35.7 - 57 0.93 -82 -6.7 

E 28.5 -190 0.88 -43 -6.8 

E 35.7 -160.0.90 -44 -7.1 

E 38.1 -150 0.92 -47 -8.9 

E 41.8 -120 0.89 -74 -8.1 

E 43.5 -150 0.87 -74 -8.6 

E 50.4 - 47 0.97 -66 -10 

F 35.5 -140 0.93 -39 -7.8 
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FIG. 7.30 
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A comparison of samples D, E and F at r,J35°C 

indicates no apparent trends in the clustering functions 

with wFf although the experimental error involved is rather 

large. If water sorption occurs mainly on the unbound 

Aerosil then little difference is to be expected between 

the different samples. 

ii) Comparison with Theory 

In principle a theoretical isotherm equation for 

a model involving both clustering and specific site sorption 

could be constructed from a combination of equations such 

as (2-83) and (2-89). However, this would require the use 

of at least two adjustable parameters and a close fit to 

the experimental isotherm would not necessarily indicate the 

model to be a reasonable one. The physical interpretation 

of the adjustable parameters would tend to be somewhat 

difficult and no attempt is made here to derive an isotherm 

equation. 

7.9.4 Temperature Dependence of Isotherms  

Only for sample E was the water sorption measured 

at several temperatures. Despite an appreciable scatter 

in the results, Table 7-21 shows that Y at low relative 

humidities becomes less negative with increasing temperature. 
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This behaviour is to be expected because the effect in 

general of an increase in temperature is to disrupt 

interactions and filler -H20 interactions are predominant 

at lower relative humidities. 

Mean heats LO
A and entropies LOA 

of dilution 

were calculated and are given in Table 7-22. 

TABLE 7-22  

Mean Heats ATIA   (kcal.mole-1) and Entropies 65.A  (cal.deg:1  
mole-1) of Dilution for Water in Sample E of DMS  

cc.s.t.p. cm:3  ATI
A 

LSE
A 

0.25 + 2.6 + 13 

0.50 3.4 14 
0.75 3.6 13 
1.00 3.2 11 

1.25 2.6 9 

Both LSTIA and LSSA 
increase initially then decrease 

with increasing c. The initial increase in LOA corresponds 

to the filling by water of the surface sites of the Aerosil 

in that LO
A 
becomes increasingly endothermic as the more 

active sites are used up or occupied. The Langmuir model(147) 

for sorption on specific sites predicts that the configurational 
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contribution to LO
A 
would decrease with increasing c. The 

initial increase observed for ZI
A 
is probably due to 

experimental error although it may be partly a consequence 

of the variation in the thermal entropy with increasing 

coverage of the available sites for sorption. 

At higher values of c, the decrease in CO
A 
and 4S§

A 

with increasing c are in accord with water clustering, as 

for the unfilled samples of DMS. 

7.10 Steady State Permeability Results  

The experimental data leading to the permeability 

results are presented in appendix 9.7. 

7.10.1 Concentration Dependence of P  

For water in each sample plots of Jt vs. p/p
o 
are 

linear right up to saturation at all temperatures. Once 

again therefore P is not a function of c. Values of P for 

water in samples D, E and F are given in Table 7-23 together 

with the corresponding values for the unfilled sample I. 

The fact that P is constant suggests that neither 

clustered water nor water sorbed by the filler contribute 

appreciably to the diffusive flux, i.e. both forms are 

virtually immobilised. 
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TABLE 7-23 

Permeability Coefficients P (cc.s.t.p. cm. cm.-2  sec.-1,  cmHg)-1) 

for Water in Unfilled and Silica-Filled DMS  

Sample 
of DMS T°C P x 106 Sample 

of DMS T
o
C P x 106 

I 35.7 4.34 E 50.2 2.93 
I 50.2 3.79 E 28.1 3.67 

E 44.1 3.17 
D 35.6 3.94 
D 50.0 3.28 F 36.2 3.05 

F 49.7 2.70 

E 36.0 3.39 

7.10.2 Variation of P with Filler Content  

Volume fractions SF 
of filler were calculated 

assuming a bulk density of 1.53 (section 7.8) for the Aerosil. 

P decreases approximately linearly with increasing SF  as 

illustrated in Figure 7-31. Assuming that the water sorbed 

by the filler is immobile, then by equation (3-8) 

X 5413 PB.  Values for the structure factor 	were 

calculated and are given in Table 7-24. 

The values of X are not particularly sensitive 

to changes in the value taken for the density of the Aerosil 

and may be considered fairly reliable. For all samples 	is 
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TABLE 7-24  

Values of the Structure Factor )< from Permeability 
Measurements  

Temperature Sample 

of DUS 
o

C B Pi% 

50.0 
” 

35.9 
tl 

D 
E 
F 

D 
E 
F 

0.86 
0.79 
0.70 

0.86 
0.79 
0.70 

0.91 
0.78 
0.70 

0.86 
0.77 
0.71 

1.05 
0.99 
1.00 

1.00 
0.98 
1.01 

close to unity which suggests that whereas P is reduced by 

a reduction in 
B' the filler offers little if any geometric 

impedance to diffusion. This contrasts with the behaviour 

of some isomeric hydrocarbons in a similar series of filled 

samples(23) where )< decreases with increasing Or. A 

possible explanation in the case of water is that the 

external surfaces of the filler become covered by a 

monolayer or more of water and that some sort of exchange 

mechanism allows water transport round or between the filler 

particles and dispels the need for diffusion around an 

aggregate of filler particles, As water is apparently not 

sorbed appreciably by the bound filler (section 7.9.1), this 
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possibly suggests that some water is "permanently" 

incorporated in the pores of the bound filler. However, 

an alternative possibility is that air gaps exist around 

the filler particles. 

7.10.3 Temperature Dependence of P  

A plot of log P vs. 1/T for water in sample E is 

illustrated in Figure 7-32. From this it was calculated 

that E = -2.0 kcal.mole-1  , i.e. close to the value (-1.8) 

for unfilled DMS (sample I). 

7.11 Diffusion Coefficients  

7.11.1 Steady State Diffusion  

Sorption isotherms were curve-fitted by expressing 

p/po  as a polynomial in c. It was found that at. least four 

term polynomials were necessary to fit accurately the 

isotherm data, i.e. 

2 + 	c3  + 	c4  (P/P0) 	114 c 	Eqc 	....(7-10 ) 

and 
	

Dc=0 (1 + Ac + Bc
2  + Cc3) 	....(7-11 ) 

A fit to an experimental isotherm using a four term 

polynomial is shown in Figure 7-33. Values of the polynomial 

coefficients for each system are given in Table 7-25. At 

low values of c where few experimental points were obtained 
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FIG; 7.33 
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the use of the polynomials was rather dubious and D-c 

curves were extrapolated back graphically to obtain values 

for Dc=0. 

TABLE 7-25 

Values of Polynomial Coefficients for Curve-Fitting 

Isotherms. 	Equations (7-10 ) and (7-11 )  

Sample 
of DMS ToC 

D c=06  x 10 

D 35.7 0.468 -0.096 1.02 -0.623 8.06 
E 28.5 0.301 0.692 -0.050 -0.179 3.15 
E 35.7 0.202 0.958 -0.361 -0.060 3.07- 

38.1 0.408 E -0.229 0.976 -0.515 6.79 
E 41.8 0.293 0.257 0.266 -0.208 5.73 
E 43.5 0.359 0.021 0.400 -0.218 7.54 
E 50.4 0.294 0.183 0.203 -0.149 8.18 
F 35.5 0.334 0.474 0.089 -0.197 4.58 

Units : 	Dc=0 in cm. sec.
-1  , 	c in cc.s.t.p. cm:3  

ac. in c-1, 	q. in c-2, 	in o-3 	& in c-4.  

i) Values of Dc-0 

Values of Dc=0 are given in Table 7-26 together 

with the corresponding values for water in unfilled DNS 

(sample I). 
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TABLE 7-26  

Values of  D
c-0  (cm. sec.

-1 
 ) for Water in Unfilled and  

Sample 
of DMS T 

x

o
C 	DC

10
6 
' 	Sample 

of DMS 

	

x
=0 	 c=

10
u6 T 

o
C D 	, 

I 35.4 41 E 38.1 4.8 
I 50.7 52 E 41.8 5.6 

E 43.5 6.4 
D 35.7 5.4 E 50.4 8.1 

E 28.5 3.2 F 35.5 3.9 
E 35.7 4.2 

These values are not particularly accurate owing 

to the somewhat uncertain extrapolations which had to be 

employed. However, they are probably sufficiently accurate 

to indicate that D
C=0 

decreases slightly with increasing 

filler content of the sample at 0%035°C. In addition, D0=0  

values for all the filled samples are about an order of 

magnitude lower than those for water in unfilled DMS. These 

lower values are to be expected because as c 	0 an 

increasing fraction of the sorbed water is immobilised on 

the surface of the filler and consequently the overall 

mobility of water is relatively small and decreases with 

increasing filler content. However, since the decrease in 

Dc=0 
observed on increasing the filler content from 20 to 

Silica-Filled DMS 
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40% by weight is very much less than that observed in going 

from 0 to 20% filler, it is again indicated that the unbound 

filler rather than the total filler provides most of the 

specific sites on which water is sorbed and immobilised. 

ii) Concentration Dependence of D.  
• 

D for water in each filled sample increases 

initially with increasing c up to a maximum, at p/po  = 0.5, 

of 2-3 times its value at c=0 and then decreases with 

further increase in c. The concentration dependence of the 

relative diffusion coefficient D = D/D
c=0 for each system 

is illustrated in Figures 7-34 and 7-35. 

The shapes of the D -c curves are qualitatively 

consistent with sorption of water occurring initially on 

specific sites and with water clustering becoming predominant 

at relatively high values of c. Thus initially a large 

proportion of the water is immobilised on specific sites 

and the sorbed water has a low overall D. As the more active 

sites become filled the proportion of strongly bound, i.e. 

immobilised, water decreases and D increases with c. For 

higher values of c, water-water interactions begin to 

predominate so that clusters are formed and D decreases 

with increasing c. 
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FIG.7-34 
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FIG. 7-35 
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In principle the D -c relationships could be 

compared with those expected from a theoretical model 

involving immobilisation both on specific sites and by 

cluster formation, involving equations such as (2-84) and 

(2-94). However, as for the sorption isotherm analysis 

this was not carried out because of the difficulty in 

interpreting the adjustable parameters involved. 

7.11.2 Transient State Diffusion 

Reduced sorption and desorption curves are 

initially linear becoming concave to the -Oft axis at 

longer times. On back extrap:Aation they did not pass 

through the origin but had positive intercepts for Mt/M00  

at zero time. In general sorption curves lie above the 

conjugate desorption curves. A typical example of a 

conjugate pair of reduced curves is shown in Figure 7-36. 

As for the unfilled silicone rubbers, considerable error 

was involved in determining the initial slopes of reduced 

curves since only the latter stages of what appeared to be 

the linear regions of these curves were available for 

accurate measurement. 

Values of Is 
and I

d' 
and of Ts  and Ed  calculated 

from equation (2-30) are given in Table 7-27. Typical data 

from which the reduced curves were plotted are presented in 

appendix 9.8. 
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TABLE 7-27  

Values of  Is=-Id 
(cm.sec.--i) and f . Fd 	sec:1) for 

Water in Silica-Filled DMS  

Sample 
of DNS 

T°C c 
cc.stp 
cm-3 

I
s 
 x103 dx10 3 

- 	6 
D
s
x10 

- 	6 
Ddx10 

-# 	6 
D
AV
x10 

D 

11 

11/ 

it 

if 

E 

II 

I/ 

ft 

" 
ft 

11 

" 

II 

H 

II 

,, 

II 

I, 

11 

II 

It 

35.7 

It 

tO 

11 

11 

1/ 

28.5 

II 

It  

,, 
35.7 

II 

11  

n 

11 

11 

II  

,, 
43.5 

If  

" 

II  

/I 

11 

II 

0.42 
0.46 
0.51 
0.62 
0.70 
0.77 
0.93 
1.03 
1.25 

0.50 
o.66 
0.76 
0.94 
1.15 
1.59* 
0.41 
0.46 
0.51 
0.62 
0.68 
0.76  

0.94 
0.99 
1.80* 
0.26 
0.35 
0.42 
0.52 
0.65 
0.75 
0.92 
1.13 
1.27 
1.83* 

5.4 
5.6 
5.4 
5.1 
5.2 
5.8 
5.8 
5.8 
5.6 

4.7 
5.0 
4.7 
4.7 
4.7 
3.7 
5.4 
5.3 
5.2 
5.4 
5.7 
5.4 
5.1 
5.4 
3.7 
5.5 
5.7 
5.5 
5.9 
5.3 
5.5 
5.7 
5.1 
5.5 
4.1 

11 

 

4.3 
3.9 

4.8 
4.8 

5.2 

4.3 
4.o 
4.4 
- 
4.2 
4.4 
4.4 
- 
4.5 
4.7 
- 
4.2 
4.o 
- 
5.2 
4.2 
- 
4.3 
4.9 
5.3 
- 
5.0 
5.3 
- 

5.7 
6.1 
5.7 
5.1 
5.4 
6.5 
6.6 
6.6 
6.2 

4.4 
4.8 
4.3 
4.4 
4.4 
2.6 
5.8 
5.6 
5.2 
5.8 
6.4 
5.7 
5.1 
5.7 
2.7 
6.o 
6.5 
5.9 
6.9 
5.5 
5.9 
6.3 
5.2 
5.9 
3.4 

3.6 
3.1 

4.5 
4.6 

5.3 

3.6 
3.2 
3.7 
- 

3.4 
3.9 
3.9 
- 
4.o 
4.3 
- 
3.5 
3.1 
- 
5.3 
3.5 
- 
3.7 
4.7 
5.6 
- 
5.0 
5.6 
- 

4.7 
4.6 

4.8 
5.0 

5.9 

- 
4.2 
3.7 
4.1 
- 
3.0 
4.8 
4.7 
- 
4.9 
5.4 
- 
4.2 
4.4 
- 

5.7 
5.0 
_ 

5.3 
5.1 
5.7 

5.1 
5.7 
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TABLE 7-27 (cont.)  

Sample 
of DMS 

Toc 
cc.stp 
cm-3 

I
s 
 x103 dx10

3  - 	6 Dsx10 
- Ddx10

6  = DAvx106 

E 50.4 0.22 6.2 5.7 7.5 6.4 6.8 
It  0.28 6.1 5.5 7.3 5.9 6.6 

0.48 5.9 6.7 
It  0.63 6.1 7.3 

009 5.8 5.3 6.6 5.6 6.1 
1.19 6.3 7.9 
1.56* 6.5 8.3 

F 35.5 0.40 4.8 4.3 4.5 3.6 4.1 • 
0.45 4.9 4.3 4.6 3.7 4.2 
0.49 4.9 4.7 
0.40 4.6 4.o 4.1 3.1 3.6 
0.62 4.7 4.2 4.3 3.5 3.9 
0.66 5.0 4.8 4.9 4.4 4.7 
0.73 4.8 4.6 
0.76 5.1 5.0 
1.474 4.3 3.6 

Ag 	Av = 1/2 (5s 75d) 

i) Comparison with the Steady State 

From the results in Table 7-27 no trend in the 

variation of Is or Dd with c can be ascertained except that 

in general they both decrease with increasing c for the 

highest values (starred) of c. For this reason, values of 

Ds and DAy (excluding those at the starred concentrations) 

were averaged. The averaged values of 5s  and DAy  are 
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compared in Table 7-28 both with values of 1/c S D dc 
0 

and of Dc=0 obtained from the steady state results. 

TABLE 7-28 

Comparison of Diffusion Coefficients (cm. sec.
-1  ) from 

Transient and Steady States : Silica-Filled DMS - H2O 

Transient State Steady State 

Sample 
of DNS T°C 1 	x 106 s 3AVx 106  E* x 106  D 	_x106  c=u 

D 35.7 6.o 5.0 13 5.4 
E 28.5 4.5 4.o 7.5 3.2 
E 35.7 5.7 4.7 12 4.2 
E 43.5 6.o 5.4 13 6.4 
E 50.4 7.2 6.5 16 8.1 
F 35.5 4.6 4.1 8.7 3.9 

D 0  = 1/c \ 
D.dc 

0 

The apparent lack of concentration dependence for 

the transient state Ds 
and DAV 

is surprising and Table 7-28 

indicates that these values are more in agreement with steady 

state values of Dc.0  than with 1/c S D do calculated from 
0 

the steady state D-c relationships. 	Although the 

experimental errors involved, especially in the transient 

state measurements, were large, discrepancies of this 

magnitude were not expected. In addition, the fact that in 

general E exceeds Ed is qualitatively consistent with a D 
which increases with increasing c. 



- 335 - 

Comparisons of steady and transient states are 

complicated in systems such as these because the problem 

has to be considered in terms of diffusion with concurrent, 

reversible immobilisation on sites offered by the filler 

surface. Three possible situations arise and these are 

considered in turn: 

a) Immobilisation is very rapid in comparison 

with diffusion. If this were the case then 

no discrepancy between the steady and transient 

state D-c dependences would be expected. 

b) Immobilisation is very slow in comparison 

with diffusion. This would correspond to no 

immobilisation taking place in the initial 

stages of a sorption curve, i.e. immobilised 

water would contribute to M but not to Mt 

in this region. Hence for each sorption curve 

I is decreased by an amount iSIs  from the 

value of I
s 
for the curve corresponding to 

infinitely rapid immobilisation. As c is 

increased, it follows from the shape of the 

equilibrium sorption isotherm that the relative  

decrease LSI /I would become smaller. 
s s 	

Hence 

the true concentration dependence of D would 
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be enhanced when determined from sorption 

rate measurements. However, Crank(94) has 

shown that the analysis of such systems by 

sorption rate measurements is further complicated 

because "shoulders" are exhibited in reduced 

sorption curves. 

c) 	Immobilisation and diffusion occur at comparable 

rates. The argument still holds concerning 

the concentration dependence of D, which would 

be enhanced although to a lesser extent than in 

b). Depending on whether immobilisation were 

relatively slow or relatively rapid in comparison 

with diffusion, reduced sorption curves would 

exhibit shoulders or points of inflection 

respectively(94). Relative rates of sorption 

and desorption would depend on the relative 

rates of immobilisation and of immobilised 

molecules breaking free from sites. 

The comparison of steady and transient state D-c 

relationships reveals that situation a) cannot hold for 

these systems, so that some time-dependent process appears 

to be occurring in addition to diffusion. 
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Situations b) or c) then seem the more likely. 

The accuracy of the sorption rate measurements was such that 

the existence of shoulders, especially small shoulders, in 

the reduced sorption curves could not be ruled out with 

certainty. Small shoulders tend to occur when the forward 

rate constant for immobilisation (assuming a first order 

"reaction") is greater than the corresponding backward rate 

constant(94). This would also be consistent with the 

observation that in general sorption is faster than desorption. 

The slow rates of immobilisation could perhaps arise if water 

has to diffuse slowly through the pores of the Aerosil to 

reach some of the active sites. Rates of desorption from 

sites would be even lower perhaps because water molecules 

become relatively "trapped" inside the pores of the filler, 

especially when sorbed on the more active or energetic 

sites. However, such an explanation can only be speculative 

at the present time and as yet the reason for the observed 

discrepancies between the steady and transient state results 

cannot be considered to be clear. 

The point b) above is of general interest because, 

together with the treatment of section 6.3.2, it illustrates 

the fact that when immobilisation of penetrant is relatively 

slow, then whether A increases or decreases with c the 
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concentration dependence of D is enhanced, when determined 

from initial sorption rate measurements, compared with that 

measured in the steady state. This is the opposite 

situation to that where slow relaxation processes in the 

polymer exist and D increases with c, e.g. for the PEMA-Me0H 

system (section 6.3.2). 

At high sorbed water concentrations the observed 

decrease in D
s and Dd from the averaged values at lower 

concentrations is consistent with water clustering and in 

a qualitative sense with the steady state results. 

7.11.3 Temperature Dependence of D  

Plots of log D vs. 1/T for water in sample E are 

shown in Figure 7-37. Values of E
D 
for various c are given 

in Table 7-29 and are compared with the value obtained from 

the transient state by plotting (Figure 7-37) log DAV  vs. 

1/T, where Eliv  refers to the averaged values given in 

Table 7-28. All these values of E
D 

are subject to appreciable 

uncertainty. 

The initial decrease in E
D 

with increasing c is 

qualitatively consistent with a specific site mechanism for 

sorption in that extra energy is required for a water molecule 

to break free from a site and that the proportion of water 

sorbed on active sites decreases with increasing c. 
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TABLE 7-29  

ED (kcal.mole-1) for Water in Sample E of DMS  

cc.s.t.p. 	cm:3  
E
D 

0 

0.25 

0.50 

0.75 

1.00 

Transient State 
(small c) 

8.2 
5'2 
4.a 
4.9 
7.3 
4.7 

The increase in E
D 

with c for higher values of c 

is consistent with water clustering, as for water in the 

unfilled polymers. 

The values of ED 
for small c are appreciably higher 

than the corresponding values for unfilled DMS. This can be 

attributed to the change from diffusion to diffusion 

immobilisation in going from unfilled to filled DMS. It 

seems unlikely that chain-stiffening by the incorporated 

Aerosil is significant as the measured Tg  is similar for 

the filled as for the unfilled samples (Table 5-2). 



-341- 

CHAPTER 8 

CONCLUSIONS  

8.1 Summary and Reappraisal of Results  

A number of interesting features concerning the 

sorption and diffusion of water in polymers has come to 

light during the course of this work and the principal points 

are discussed in this section. 

8.1.1 Water Clustering.  and Immobilisation :  
A••licabilit of Sim le Models for Clusterin • 

This investigation has clearly demonstrated further 

the tendency of water molecules to cluster inside a relatively 

hydrophobic polymer, particularly at relative vapour pressures 

close to saturation. Thus in this region the diffusion 

coefficient for water decreases with increasing sorbed water 

concentration for all of the water-polymer systems studied. 

In some respects the sorbed water seems to be well represented 

by considering it as comprised of a mobile fraction and an 

immobile fraction. The immobile fraction may be clustered 

water, water sorbed on sites or water present in "pockets" 

of salt solution. 

The fact that P is constant for almost all the 

water-polymer systems studied suggests in addition that the 

mobile fraction of water has a constant diffusion coefficient 
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and is sorbed according to Henry's law. It seems that 

similar behaviour is exhibited by methanol and the fact that 

P increases with c for methanol in PEMA and FMS is attributed 

to plasticisation of the polymer. With water as penetrant 

the amount sorbed is usually so small that plasticisation 

is negligible. The slight increase in P with c observed for 

water in PVNA and PEMA occurs under conditions when the sorbed 

water concentration is highest so that some small degree 

of plasticisation may well be operative in these cases. 

The difficulty of determining the effects of polymer 

structure on water clustering by comparing series of polymers 

has been illustrated. For example, harder and more 

crystalline polymers will tend to expand less readily to 

accommodate clusters (which may then tend to form in voids). 

However, the overall degree of perturbation required of a 

polymer matrix will depend on the overall sorbed water 

concentration which in turn will depend on the number and 

type of polar groups present in the polymer. Despite these 

difficulties, some progress has been made and it appears that 

for high relative vapour pressures the clustering tendency 

(GAA/vA
) of water is in general higher the more hydrophobic 

and the more rubbery is the polymer. An exception is water 

in FMS at a relative vapour pressure of 0.7 in that GAA/vA 
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is higher than for water in DMS, which indicates that 

polar groups may in fact play some part in the initiation 

of clustering. In addition, the possibility that water 

clustering is initiated by polar impurities present in all 

the silicone rubbers studied cannot be ruled out. 

The use of polycondensation theory for the 

description of water and methanol association in the polymers 

investigated has proved to be a useful reference model 

(except for PEMA-Me0H where plasticisation of polymer is the 

Predominant feature) for explaining the shapes and temperature 

dependence of the equilibrium sorption isotherms and of the 

D-c curves, even though the quantitative agreement is rather 

poor in the case of water. It is hardly surprising that the 

random polycondensation model for water should fail to give 

quantitative agreement with experiment since such a strong 

co-operative effect is present for hydrogen bond formation 

in liquid water(32). The nature of this co-operative effect 

is such that relevant statistical models would be complex and 

difficult to apply. The model applied here assumes a) that 

the co-operative effect is confined to the first shell, 

b) that a linear free energy relationship (equation (2-97)) 

exists and c) that the effect is sufficiently small to apply 

perturbation theory. Again, therefore, it is hardly surprising 
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that the agreement with experiment is only slightly 

improved on that obtained with the random model. 

The assumption that a polymer approximates to 

an inert medium for water is an oversimplification and 

has been discussed several times in the thesis and by 

previous authors(42,43,50).  In particular, the investigation 

has illustrated the desirability and importance of obtaining 

the polymer free from even minute amounts of polar 

impurities, particularly if these are water-soluble. 

Unfortunately, it would be very difficult both to prepare 

such a "pure" polymer and to identify such a polymer when 

prepared. 

An attempt to apply a more general clustering 

theory would almost certainly involve the use of further 

adjustable parameters, as would a model involving a 

combination of water clustering and sorption on specific 

sites inside a polymer. The accurate fitting of isotherm 

or D-c data would then be somewhat ambiguous unless the 

adjustable parameters could be interpreted physically. It 

would be useful to be able to use some other technique for 

investigating the association and structure of water sorbed 

inside a polymer. Unfortunately, for the polymers used in 

this investigation, sorbed water concentrations are so low 
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that conventional probe techniques such as infra-red or 

NMR spectroscopy would be difficult to apply. 

The results indicate that the rate of immobilisation 

of water molecules by clustering or by the dilution of 

salt solution contained in the polymer is very rapid in 

comparison with the rate of the diffusion process. On the 

other hand it seems likely thrt the immobilisation of water 

on specific surface sites of the silica filler is a 

relatively slow process, although this can only be considered 

as a tentative explanation of the results at the present 

time. 

8.1.2 Interpretation of Measurements on Silica-
Fille Rubbers  

There are several difficulties accompanying a 

study of transport in heterogeneous media which are comprised 

of one phase dispersed in another, and this point has been 

particularly illustrated in this investigation. 

Firstly there is the inherent difficulty that the 

mathematics describing the transport process become complex 

when the dispersed particles are not sufficiently dilute for 

interactions between them to be neglected
(22). 

rubbers often present additional difficulties. In this 

investigation the particle shape and the state of aggregation 
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of the Aerosil filler were not known, althoueh the filler 

apparently offers little geometric impedance to water 

diffusion and it seems likely that some sort of interfacial 

transport mechanism is operative. A study of water sor'Ition 

in filled polymers is additionally complicated because of 

the particular importance of the degree to which the filler 

surface is we'.ted by the polymer. A further complication 

with the silica-filled DMS samples of this investigation is 

the fact that the filler is present in two different bound 

forms. 

It is not surprising therefore that an 

interpretation of some facets of the results has proved to 

be difficult, and as yet no general quantitative theory h" 

been applied to systems such as these. 

8.1.3 Practical Implications of the Results 

In none of the series of samples studied is an 

increase in the sorptive capacity of the polymer fur water 

associated with an increase in P. For the silicone rubbers 

this is of technical interest in a negative sense, i.e. in 

this sense it is perhaps disappointing that the increases in 

water solubility achieved through the addition of polar 

groups or fillers to DMS are compensated for by decreases 
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in D. Thus the polar, fluorine-containing groups are 

introduced as bulky side chains which reduce the segmental 

mobility (of FMS) in comparison with that of DMS. Again, 

the increased sorption gained by the polar Aerosil and the 

water-soluble sodium chloride fillers appears to be in the 

form of immobile water. 

It seems unlikely then that a polysiloxane material 

could be prepared which would exhibit a permeability to 

water higher than that of pure DMS, unless a "continuum of 

clustered water" were to be created by the introduction of 

sufficient ionic groups. 

8.1.4 New Aspects of the Determination of 
Concentration-Dependent Diffusion Coefficients  

Incidental to this investigation (see appendix 9.2) 

is the numerical integration which was carried out to give 

practical value to the method of Lin Hwang(79) for obtaining 

the D-c relationship from the initial slopes of reduced 

sorption curves. For most systems in which D decreases with 

increasing c, this method is at least comparable with others 

such as the procedure of Crank(77) involving weighted mean 

diffusion coefficients. For D increasing with c the 

Lin Hwang procedure is of little use in general as it holds 

only for relatively small increases in D of the order of 

50-100%. 
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This method was also used to examine the behaviour 

at low concentrations of the empirical weighting values 

1.67 and 1.85, found by Crank(77) to apply to mean diffusion 

coefficients during sorption when D is respectively an 

increasing and a decreasing function of c. It turns out 

that the transition from 1.67-4 1.85 is not abrupt in the 

limit of zero concentration dependence of D but changes more 

gradually and depends on the precise mathematical form of 

the D-c relationship. 

It has also been sho7n (appendix 9.5 and the 
accompanying published note) that if D decreases with 

increasing c then relatively small variations with concen-

tration of measured "integral" quantities are to be 

expected, whether these are time lags or the initial slopes 

of reduced sorption curves. For systems in which D decreases 

with c therefore, measurements involving "integral" type 

experiments must be made with a correspondingly greater 

degree of accuracy. A similar analysis would also apply 

to steady state "integral" quantities, i.e. to the shapes 

of the J-c curves, although in this case the limiting 

factor is probably more often the degree of accuracy with 

which c can be measured. In the case of water vapour time 

lags a further complication arises through the possibility 
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of sorption on the glass walls of the receiving vessel, 

and it has been demonstrated(122) (appendix 9.4) that when, 

in addition, D decreases with c then very little variation 

in L with c may occur. 

Finally, it has been pointed out that when 

immobilisation of penetrant molecules is relatively slow, 

then sorption kinetic measurements tend to enhance the 

"true" or steady state concentration dependence of D. 
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CHAPTER 9  

APPENDIX 

9.1 Weighting Values for Weighted Mean Diffusion  
Coefficients  

The weighting values p for sorption and q for 

desorption are defined by equations (2-34) and (2-35) 

respectively as 

p co-p o cp-1 D (c) dc 

o 
q co

-q   
(co-0)(1-1  D (c) dc. 

0 

Crank(77)  found that for D as severcl increasing 

functions of c, p = 1.67 and q = 1.85. The ccnverse is 

expected when D is a decreasing function of c. This is 

most conveniently tested for sorption by determining p for 

D as various increasing and corresponding decreasing 

functions of c. 

(A)  

The following functions 

D = Dc=0(1+ 0.009c
3
) 	(A') D = Dc=0

(1 - 0.0009c3) 

(B)  D = D 	 (1+ 0.0902) c=u (B') D = Dc=0(1 - 0.009c2) 

(C)  D = Dc=0(1 + 0.9c) (C 	) D = Dc=0(1 - 0.09c) 

(TO D = D
c=0(1+1.8c-0.090

2) (D
'
) D = Dc=0(1-0.18c +0.0090

2) 

and 
	

Dd  
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were used, where c is dimensionless and lies in the range 

0-10. 

For each of the above D-c functions, reduced 

sorption curves for various values of c0  were constructed 

by the use of the explicit finite difference scheme outlined 

in section 2.3.4. Values of 5s were obtained from the 

initial slopes Is  of these curves using D
s 
= IrI

s
2 
 /16. 

Graphs of c . dEs/dc vs. D(c) -(c) were plotted and 

are illustrated in Figure 9-1. The slopes of these graphs 

equal p following equation (2-36). For D increasing with 

c the points corresponding to the functions (A) to (D) all 

fall close to a straight line as do those for functions 

(A') to (D') when D decreases with c. The slopes of these 

lines were obtained using the minimum mean squares 

deviation procedure and yielded p = 1.67 for the functions 

(A) to (D) and p = 1.84 for the functions (A') to (D ), i.e. 

very close to the values expected. It is therefore 

reasonable tc suppose that a converse relationship exists 

for q. 

9.2 Lin Hwang's Procedure for the Calculation of D  

9.2.1 Calculation of the unknown Functions and  
Universal Constants  

Lin Hwang obtained the solution to equation (2-37) 



-n 
...• 

0 
4, • 
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c(T)) = c0. 91(77 ) + c2 . 92 	CO(7?) + 3 • e3  (7) ) + 0  

in the form 

91  = erfc 	e2 = o4.1"(), 

93 
	

c5(  • X  1 
	• x 2 ( ) , 

94 	= oc 3  . 111( -) ) + a 	. 512(1) ) + 	• 513  (12 , 

95 0,4 
2( 

 

+ act • 	( 	) + 2 

e6 

 

etc, 

  

   

where erfc(-9 ) is the error function complement of I? given 

by erfc() = 1 - erf(-7) ) = 1 - (2/71-1) • 	exp 	x2) an 
y 

is given by 

( -9 ) = (4- . exp( - i  2) -rizr 
+ 1 	1 + -2- . erf(,) )) (1 - erf(-9 )) 

 

exp (-27) 2 )  ....(9-1) IT 

 

and CY. , 	etc. are the polynomial coefficients which are 

to be determined eventually. The remaining functions 

(X1 etc.) can all be expressed in the form 

z 	0 	0  exp (-X2) 
11 

) f (s) exp (s2) ds dX 

ao 
- erf(-9 ) S exp 

0 
(_ x2)  So> f„ 

(s) exp (s2) ds dX/ 

....(9-2) 

= 
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where X and s are dummy variables, f
If 
 (s) represents the 

second derivative with respect to s of some function f(s) 

and z is a constant. These functions are summarised in 

Table 9-1. No functions beyond ,E5  were considered. 

If 

For some of the functions, f (s) exp(s2) is not 

given as an analytical function of s because the 

determination of such analytical functions would be 

exceedingly complicated. Instead, the same functions 
fr 

f (s) exp(s2) were obtained from tables of i(1 vs. s, 

X2  vs. s, etc. For example, the function _31_1(*-7) has 

f(s) = (1-erf(s)) .)C1(s) + 1/2 (1(s))2  

so that 

If 4 	d-)C f (s) 	* ( a )2 ÷ 	d 2  r --T exp(-s2). ds ds 	Ti ds 	T  

4s 
d2 

exp (-s2  ) t1(s) + (1-erf(s)).  2 ds  

....(9-3) 

By differentiation with respect to s of the appropriate 

equation (9-2) for X1(s) it follows that 

d

ds

X1  

2 • exp(-s2) is d2[*(s)(1-erf(sq  
JO 	ds  

- 	exp(-s
2
) j: 

d2[ 	(s
2
)(1-erf(s)  . 

ds 

. exp(s2)ds 

)exp(s2)ds 	....(9-4) 
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TABLE 9-1  

Constituents which make up the Lin Hwang Functions  

f(-7) )  z f (s) f
/1 
 (s) 	exp 	(s

2
) 

X
1  

1 * (s) 	(1-erf(s)) 4s U2-27-)+3/rerf(si.-erf(4 T3 /2 

8s2 4. 	
exp(-s2)(1-erf(s)} 

4s
3 

+ --T (1-erf(s))2  
1T7 

4(2-3-0 + 	 exp ( _32)  
-rr 2 

16 4. 	ex_l' (_32) 
	erf(s) V  

12s - ..777  exp (-25
2
) 

7C2 1/3 (1-erf(s))3 1 2s 
(1-erf(s))

2 --T  
1r7 

.1.  24 	
exp(-s2).(1-erf(s)) 17 

_FL
1  

1 (1-erf(s)). X
1  (s) 

+ 1/2  ( Yi (s))2  
___ 

in_2  1 (1_erf(s))..)(2(s) 

+ (1-erf(s))2.*(s) 

_SZ
3 1/4  (1-erf(s))4 48 — exp(-s2)(1-erf(s))2 11 

+ I  (1-erf(s))3  

:"7. 
1 erf(s) 	. S1  (s) 

+ 
%l (s)

.)(1(s) 

__- 



+ 2 ds  
d2 (..* (s)(1-erf(s))3  
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TABLE 9-1 (cont.)  

f(-9 ) z f 	(s) f
r 	

(s) 	exp 	(s2 ) 

6 2  1 erf(s).fl2(s) 

+ (erf(s))2.-X1(s) 

+ erf(s).(t (s))2  

+ Y" (s). X2  (s) 

_ 

e 3  1 erf (s) 	..13  (s) 

+ (erf(s))3 	. ? (s) 

6 4 1 (erf(s))2. X 2(s) ... 

6 5  1/5 (1-erf (s))3  12  exp(-s2 )(1-erf(s))3  
IT 

20 +--1 	(1-erf (s))4 
liT 

and 

d2X , 

	

' 	 Ss d2[ I' (s)
2
(1-erf(s))3 . exp(s2 )ds 

, 

ds2 	= 	-2s exp(-s-,  1 
0 	ds  

exp(-s2) 
(12E* (s)(1-erf(s))1  

ds2 exp(s2) ds ...(9-5) 
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Hence in the overall expression for f
11 
 (s) exp(s2), 

which can be obtained from equation (9-3) and which has to 

be integrated in equation (9-2) to obtain SI 1(11), every 
term can be expressed analytically except for the integral 

S = S
s d2[1' (s)(1-erf(s)  exp (s2) ds which occurs in 
0 	ds2 

equations (9-4) and (9-5), and the function X 1. S and X 
1 

were therefore tabulated as subsidiary functions of s and 

the tables used in the course of the numerical integration 

involved in equation (9-2). 

Hence, by the use of equation (9-2) together with 

equations equivalent to (9-3), (9-4) and (9-5),  all the 

functions from . 3.(-9) to €5( ) could be calculated. 

These, together with t-p op are plotted vs.)? in Figure 9-2. 

The function erfc(-9) has been tabulated extensively and 

is not given here. 

The universal constants A, B, Cl, etc. of equation 

(2-39) could then be obtained by the infinite integration 

with respect to 71 of erfc(T) ), l'(7), etc. i.e. 

)0 Ob 	 0  

	

A
j 
	 -9 erfc( ) 	, B = 	y, 	) 	, 01  = op )d 

	

0 	0 	0 

etc. 

Lin Hwang himself lacked the computing facilities 

to calculate these constants, but the first twelve from 
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F IG. 

LI N HWANG FUNCTIONS 

0i6 	 1.2 I•13 
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A to E 5  have now been determined using the University of 

London's Atlas Computer and are given in Table 9-2. The 

total computing time involved was about 1 hour. 

TABLE 9-2 

Lin Hwang's Procedure : Values of Universal Constants  

Constant Value Constant Value 

A 0.5642 (=17.4) D3  0.1070 

B 0.1796 (=7-3/2) E1 -0.006476 

C 1 -0.03083 E2 0.02908 

C2 0.1337 E
3  

-0.03880 

D1 
0.01168 E

4 
-0.01888 

D2 -0.04763 E
5 

0.08938 

9.2.2 Determination of D-c relationships from the  
known Universal Constants  

The series of siflultaneous equations represented 

by equation (2-39) can be expressed in the form 

(Is)n = an xl + bn x2 + cn 
x
3 
+ 	+ n x12 	....(9-6) 

where the subscript n refers to the n-th experimental 

measurement (of Is and c0
). The unknowns x1 - x12 to be 

calculated and the known coefficients an 
- n, which include 

the universal constants, are listed in Table 9-3. 
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TABLE 9-3  

Coefficients and Unknowns. Equation (9-6) 

Unknown Coefficient Unknown 	1 Coefficient 

x 	= Di 1 	c=0 

x2 = Dc _O.°4 

1 
x 	if 	0.0? 3 	= 	. c=0 

i 
x4  = D2  0.0 

1 

	

-T 	3 x5  = Dc=0.,bt  

'N = Dc =0°q 

an = 2.257 

bn  = 0.7183(c0)n  

cn= -0.1253(c 
)2 

0 n 

2 dn= 0.5348(c0)n  

en= 0.04673(c0)131  

3 
fn=  - 0.1905(c0)n  

1. 
x7  = DLo  4 

x8  = I) =.0.c.:4 

x 	= Di- 	.0422  
9 	c=0 	T 

i x10= Dc=0.0c 

3 - 	
2 

- 	• o  x11 	DL 	( 

-i-  x12= Dc=0  .S 

3 
gn  = 0.4280(co)n  

hn  = -0.0259(c0)n
4  

i  n = 0.1165(- ) n "0
4  

jn. -0.1552(c0)4/1 

kn= -0.07552(c0) 4 r  

/n= 0.3575(c0)4  

The simultaneous equations (9-6) cannot be solved 

directly using a 12 x 12 square mtrix because a singular 

matrix would result. Instead, terms in (c0)121, (c0)131  and 

(c0  )n  ) have to be combined to yield a 5 x 5 square matrix, 

the unknowns and coefficients of which are 

X1 = x 
	

X2  = x2, X3  = (-0.1233 x3  + 0.5348 x4), 

X4  = (0.04673 x5  - 0.1905 x6  + 0.4280 x7) 

x5  = (-0.02590 x8  + 0.1163 x9  - 0.1552 x10  -0.07552 x11 

1.3575 x12 



....(9-7) 
AI  B1 Cl D1 

1 	I 
I  

A
5  B5  C5  D5 

 E 

=1 An 
An 

ID 

37 	An En h=1 

n=1 Bn 
An 	n=1 Cn 

An 

n=1 Bn 
En Zn=1 

Cn En 

D A 
n=1 n n  

DnEn  
n=1 

II 
E A 

m 
EnEn  

n=1 

/ E' n
=1 

II 

X5 	\ n=1 

(1s)n An 

(Is)n En/ 

X1 

4 ....(9-8) 
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and 

An = an, Bn = bn, Cn
4  = (c0 n )2'

n = (cO)n
3 
 , E0 = (cO)n 

respectively. 

If five sets of measurements only of Is  and co  

are made then the matrix equation is 

However, it is preferable that many more than five 

sets of measurements should be made in order that the best 

Is - c0  relationship may be obtained from the minimum mean 

squares deviation technique. If in sets of measurements are 

made, or if m points are taken from the I
s - c0  curve, then 

the matrix equation becomes 

from which X1 - X5 
are obtained. 
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Finally, the required values of D0=0,c , (3, etc. 

can be obtained from the equations 

= (X1)2, CC = X2/X1 

= 
X
3 0.1233 0(2  

0.5348 X1 + 	
0.5348 ' 

X
4 	0.1905 0( (3 	0.04673 of. 3  

	

0.4280 X1 + 0.4280 	0.4280 

X
5 	0.02590«4  0.116304.2(3  

0.3575 xl 	0.3575 	0.3575 

0.1552 c;.< 	0.07552 	2  

	

0.3575 	0.3575 

so that the D-c relationship D = Do=0(1 +(Xc+ c2  + 1 c3  

S c4) can be determined. An analogous procedure can be used 

if less than five polynomial terms are required. 

9.2.3 Applicability of the Lin Hwang Procedure. 

Equation (9-6) can be combined with Ts  7-446 

to yield (dropping the subscript n) 

3s  = Dc.0  (1 + 0.637 (o(c0) + 0.474 ( c20) + 0.379 ( "deg) 

+ 0.317 (g- ct(/)) - 0.008 (okc0)2  + 0.007 (0(c0)3  - 0.007(cbcc0)4  

- 0.018 (cc Co ) ( c20 ) + 0.023 (c(c0)2  ( (3 cg) 

- 0.011 ( c0)2  - 0.017 (0( co ) (4 c30 ) + 	 ) 	....(9-9) 
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In order for the cross terms and the terms 

involving powers of (0 c0)etc. to become negligible or 

converge rapidly, it is obvious from equation (9-9) that 

2 (c4c0), ((!co), etc. must remain small. Practically, for 

the D-c dependence to be established accurately using the 

first twelve of the universal constants, the individual 

2 values of (0400), 	co), etc. should certainly remain, 

numerically less than unity and probably less than "v0.8. 

In addition, the values of the cross coefficients of 

equation (9-9) indicate that the sum f(co) = (o"cco) + 

2 ((0
o
) + ..., for D = D0=0  (1 + f(00)), should perhaps also 

remain numerically less than unity. 

The latter condition implies that the Lin Hwang 

procedure would be more often useful fur systems where D 

decreases with increasing c, for which If(c) f 
 G 1. To 

test this, the Lin Hwang procedure is compared in Table 9-4 

with the procedure of Crank(77), involving weighted mean 

diffusion coefficients, for the functions (D) and (D') of 

section 9.1, 	i.e. 

D = Dc=0 (1 + 1.80 - 0.09 c
2
) 

and D = Dc=0 (1 - 0.18c 
+ 0.009 0

2
) 

respectively, starting from the computed values of Is for 

various c. The D-0 dependence obtained from each procedure 
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is also compared with the true D-c dependence which was 

calculated analytically. 

TABLE 9-4 

Comparison of Diffusion Coefficients from Weighted Mean (VH)  
and Lin Hwang (LH) Procedures  

Function 	(D) Function (D') 

c D/D 	_ c=u D/D
c=0 True D/Dc=0 D/Dc=0 True 

WM LH*  D/Dc=° WM LH# D/D 	_ c=u 

0 - 1.09 1.00 - 1.00 1.00 
1 2.64 2.61 2.71 0.779 0.834 0.829 
2 4.09 4.00 4.24 0.695 0.681 0.676 
3 5.73 4.66 5.59 0.540 0.546 0.541 
4 - - - 0.417 0.431 0.424 
5 - - - 0.320 0.343 0.325 
6 - - - 0.244 0.289 0.244 

*4 term polynomial 
	

# 5 term polynomial 

Up to c=5 the LH procedure for the function (D') 

is at least as good as the WM procedure. However, for c "")), 6 

the former begins to fail since the term 10.18c 	becomes 

greater than unity. For the function (D) the LH procedure 

fails above c=1 since f(c) is already greater than unity. 

For the functions (A ), (B ) and (C ) of section 9.1, where 

D decreases with c, the LH procedure was found to be applicable 

up to c=8 or 9, but only over much smaller ranges for D as 

the corresponding increasing functions of c. Even for the 

function (A) (i.e. D=Dc=0  (1 	0.009 c3))the method holds 
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odor 
only up to c=5, when f(c) = 1.1. 

In general, therefore, the LH procedure will 

yield accurate D-c data only for the smallest concentration 

dependences of C. For such systems the WV, procedure still 

yields quite a good approximation to the D-c dependence. 

9.2.4 Determination of the Weighting Value p for 
Weighted Mean Diffusion Coefficients using 
the Lin Hwang Procedure  

When D varies only slightly with c then the question 

arises as to whether the change from p = 1.67 to p = 1.85 

is' gradual as D changes from an increasing to a decreasing 

function of c or whether it is abrupt at the limit of zero 

concentration dependence. For D expressed as a polynomial 

in c, the LH procedure can throw some light on this. Thus 

equation (9-9) can be compared with equation (2-40) which is 

Ts 	D c=w 
 (1 + -2- (oke0  ) + -P— (c

02) + 	(ic30) 
l+p 	2+p 

....._ 
4+P (c c4o ) 

The comparison yields 

0.637 (o  c0) + 0.474 (q c0) 2 + 

= 	14271; (04 co) + 	(e co2 ) + • • • ....(9 -10) 
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Dividing each side by ot co  •gives 

0.637 (= 2/Tr) + 0.474 (q. c0/yam ) 	• • • 

l+p 	2+p 
	

coic"(  ) + • • • 

Hence for any polynomial in c0  having 	non-zero, 

as c0  -00, so 

or 

2 
l+p 	ir 

2 
P II -2 

or 1.75. 

This value is approximately the mean of 1.67 and 

1.85, Crank's empirical values for D increasing and 

decreasing with c respectively. Similar comparisons can 

be carried out for special polynomials. For example, when 

c,= 0 then p-* 1.80 as co-* 0, when o( = (L= 0 then p 	1.83 

as c0 	0 and when cA = e  = = 0 then p -› 1.85 as co-* 0. 

However, in most cases it is expected that of will be non-zero 

so that p will tend to 1.75 in general for co -* 0. 

Equation (9-10) can also be used to determine 

2 values for p for small (t)4c0), ((a co ) etc., i.e. for non-

zero c0. This has been carried out and values of p for 

various values of (04 c
0 	((3 c20) and ( t-c30) are given in 

Table 9-5. 
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TABLE 97-5 

Values of Weighting Parameter p for various Polynomial 
Expressions and Concentration Ranges  

c( co (.3c2  0 "Zf c30  

+ 0.5 0 0 1.73 
0.5 0 0 1.80 

+ 0.8 0 0 1.71 
0.8 0 0 1.86 
0 + 0.5 0 1.76 
o - 0.5 0 1.84 

+ 0.5 + 0.5 0 1.74 
- 0.5 0.5 0 1.88 
+ 0.25 + 0.25 + 0.25 1.77* 
- 0.25 0.25 - 0.25 1.84 

In every case the value of p for D decreasing with 

c is higher than the corresponding value for D increasing 

with c. In addition it seems that p lies between 
c -4m 0 (P) 

lim 0  and 1.67 for D increasing with c and between c -40(p) and 
0 

1.85 for D decreasing with c. Thus the values of 1.86 and 

1.88 obtained for p are possibly slightly inaccurate because 

in one case (00kc
0  ) = -0.8 and in the other f(c0  ) = -1 so that 

these situations are such that the D
s - c0  r

,17 -+ionship is 

probably not expressed sufficiently accurately using only 

twelve of the universal constants. The (starred) value of 

1.77 for pt  which is outside the 1.75 - 1.67 range perhaps 

arises because no terms involving powers of (.6c3) are used. 0 



-36a- 

More precise estimates of p would require the (very tedious) 

determination of a large number of the universal constants. 

9.3 Random Polycondensation Model : Derivation of 
• 

Expressions for ED,  LO
A and ASAl 

9.3.1 ED_ 

Equations (2-121) to (2-124) are 

En(c=0) - 311 %1  (k-K)  ED 	 --1-Tw) c  - 

 

3(k-cK)J 

a 	(1/TJ 

....(9_11), 

 

and 

a In K 
7(ITT) 	

.AH/R 

In WIC() =—tsH/R (1/T - 1/T0) 

4c 
3K0  

3K C 
K (1 + K 	) 

If equation (9-14) is now written as 

k = KX 

3K,C 
where 	X = (1 + K  ) = (1 + 3C exp R  

....(9-15) 

....(9-16) 

 

then equation (9-11) becomes 
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= 	E 
D(c=0) 6(1/T) 3R 	In K )  	eln (X-1) 

	

/ - }Li 	(VT) 

)[111 s/X - 4K(X-1)1 
KoC - R . a (l/T) 

From equation (9-16), 11{— so 3C that 

	

o 	X2-1 	• 
equation (9-17) can be re-written in terms of All and X only, 

ED(o=o) 	3 AH - 3R (  8  in(X-1)  a(1/T) )c 

aln [8/X - 
R ( 	X+1  

a (1/T) 	)c 

or ED = ED(c=0) - 3R ( In(X-1) 	111 [8-4x 1) x(x+1)J ) R 	 (1/T) 	C 	6 (1/T) A  
....(9-18) 

Removal of all the logarithmic expressions yields 

ED  = ED(c-0) + 30H 

R (aX  
X 	(1/T))c  

3R (.6(x-19 	R (.8(x-2)  
(X-1) 75777 c  (2-x) 	all/T) )c  

R 	a(X+1 
TTIT -E(TY

)
T)c  • 

a (x-1) 	6 (x-2)  But (l/T) - a (1/T) 
and from equation (9-16) 

a (x4-1) 
---677T7 

6x  
all/T) 

aX 2 AH (X-l)  so that 
757177 = 	x 

ED = ED(c=0) + 3AH 	2 	X 
AH (X2-1)  [  -3 	1 	1 	1 , 	I 

(2 X) ' X ' (X-1-1 / 

....(9-19) 

....(9-17) 

ED 
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Finally, equation (9-19) can be re-arranged to yield 

= ED(c=0) + OH . (x-1) [2 	X(2
(X+1)  I 

-X) 	....(9-20) 

9.3.2 	AHA  

Equation (2-127) is 

a ln(k-K) ) 6:171A = 4R ( a (i/T) c 
a In K  N  

R  a(1/T) ....(9-21) 

From equations (9-13) to (9-16) this becomes 

a ln(X-1)  a In  K . 
4R ( 	 ) 

) ax = 3R (--6737)  A 	3(1/T) 'c ....(9 -22) 

Applying equation (9-12a) and removing the 

logarithmic term from equation (9-22) yields 

611A a(1/T)fc  36,11 + (x4-111)  . 

or 

9.3.3 

A 6A 

As avwl' a) 

LSHA  = 

LT/
A  ....(9-23) 

....(9-24) 

- LSH 	(X2
X
1) 	ARA = 	is given by 

9  2R  

+ -3LH + 2LH . (X1)  --- X 

(2;x) = 
	AR  . 

(2-52) 	is 

a1n(P/P0) 

Equation 

L§A 

-R in(p/Po) 4- 	a In (T) 
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Since (p/p ) _ 2 (k-K)4  
° 	64 Kc3  , equation (9-24) becomes 

LNEA  3 1 a K r7(k_K)41  
T 7077,T)-  64 Kc3  

 

 

4  (sin [(1+ 4C -1])  
T (1/T) ....(9-25) 

When equation (9-13) is applied, equation (9-25) 

becomes 

LOA  = -R  In 	
[ 3K C 

(K/Ko ) + 4 In (1+ -172- ) -1 
 I 

- 3 In (C) - 3 	a ln 
(7ZT(I7T

K
T ) 

3K C 

4 	In   (1+ —O--;) -2-  -1 
T 	a (1/T) 

Application of equations (9-12), (9-14), (9-15) and 

(9-16) then yields 

  

_R  3.6.-- 
( 	11 

4 	 (C) 
	,  a In (X-1))  

RTo 
+ ln (X-1) - 3 In 	T 	a (VT) 	'C 6.3A 

....(9 -26) 

Again, aln(X-1)1 	a x 
a (1/T) 	- (x-1) .( (i/T) 

_ 1 zH (X2-1) LSH (X+1)  
13713 • 2 	X 	2R ' 	X 

so that equation (9-26) becomes 

3AH 2H (X+1)  = 	- 	+LN . 	4R In (X-1) + 3R in (C);) ZNSA 	To 	T 	X 
....(9-27) 
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9.4 The effect on the Time Lag of Water Sorption on  
the Glass Walls of the Receiving Vessel. 

The data of Frank(120) and Barrett and Gauger(121) 

for the sorption of water by washed pyrex glass at 25°C in 

the relative humidity range (1-30) x 10-3 are well represented 

by 

Q 	= 	1.73 x 10-4 pe
0.422 	....(9 -28) 

where Q is the amount sorbed in cc.s.t.p. cm-2 at an 

equilibrium pressure pe  (mm.Hg). 

To investigate the effect of equation (9-28) on 

time lags for water, the published data for the ethyl cellulose- 

water system(42,51) are considered. For a pressure increase 

from 0.02 to 0.40 mu.Hg, equation (9-28) indicates that 

appreciable sorption of water by the glass walls will occur 

as sorption proceeds. Further, sorption equilibrium is 

virtually attained in g"-03.5 minutes(120),  a time which is 

short compared with that taken to complete a permeation 

experiment(42) 

Although D was observed to decrease with c fog 

the ethylcellulose-water system, the following calculations 

treat n as constant (for convenience) and equal to 

2 	- 2.7 x 10-7  cm. sec.1  . The ingoing concentration c is in 

the range 0-80 cc.s.t.p. cm.-3  and the membrane thickness (1 ) 
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and cross-sectional area (G) are taken as 0.108 cm. and 

0.3 cm. respectively. For no sorption of water vapour by 

the walls of the measuring section, the increase in the 

outgoing pressure pl  with time is given by 

	

DxGx298,2x760 ct ck 	12(-1)n  
p1 - 	V x 273.2 	-Z 	6D n=1 	IT 

2 
n
2 

exp 
1-n2.r2Dt)-1  \ 
,2 

....(9-29) 

where V is the volume (cc.) of the measuring section of the 

apparatus. The effect of sorption on the glass is to reduce 

the pressure pl  at time t to some value p2. As a rough 

approximation the amount of water sorbed by the walls at 

time t is taken as the amount in equilibrium with a pressure 

pe
1  
, where p1 is equated with the value of pl  at a time 

(t-600) sec. From equation (9-28), the amount sorbed at 

time t is 

1.73 x 10-4 . (pe1 )0.422. A  

where A is the surface area of the glass walls. This amount 

of sorption corresponds to a reduction in the pressure p1  

by an amount p given by 

pr 	
-4 	1 0.422 	760 x 298.2 (mm.Hg) ....(9-30) = 1.73x10 .(pe) 	. A . 273.2 x V 
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As p2  = pl-p , the change in p2  with time 

follows from equations (9-29) and (9-30). In the 

"pretreatment" technique(42)  p
1  at zero time is 

ry  0.02 

mm.Hg so that the vapour pressure is now given by 

It 	 ft 

p3  = p2  + p + 0.02 - p 	= pi  + 0.02 - p 	....(9-31) 

as illustrated in Figure 9-3 by a typical example from the 

calculations. 

Permeation curves of p1, p2  and p3  vs. t were 

constructed for various c, assuming a spherical measuring 

section i.e. A = 4.84 V2/3. To attempt to simulate the 

experimental procedures used, two conditions were examined: 

a) V was constant and equal to 1000 cm3. 

b) V increased with c according to V=25 c (cm3) 

so that pl  was confined to a given range 

regardless of c. 

The effect of sorption on the variation of L 

with c is shown in Figure 9-4 and the effect on the steady 

state flux fi—t- (pV) is shown in Figure 9-5. 

Clearly the sorption of water by the glass walls 

of the apparatus can have a marked effect on L for both the 

conditions a) and b). "Pretreatment" of the glass surface 
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FIG. 9.3 

PERMEATION CURVES WITH WATER 
.0-02 

—0.40 SORPTION ON GLASS 

Pei  - — 

—0.24. 

Pressure 
(rnm.Hg) 

------ 
C 	 C-- 

600 sec. 

—0.16 

—0.0B 
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reduces considerably this effect but does not eliminate 

it completely. As indicated previously the calculations 

are only approximate and in addition factors such as the 

nature, treatment, temperature and geometry of the glass 

surface will also affect the final result. For example, 

if A/V remains constant for condition b) then L will be 

independent of c but in error by a constant amount. In 

general, however, sorption by the glass in the region of 

low pressures will tend to cause L to decrease with 

increasing c. 

9.5 Variation of  Is with c for various D-c Relationships  

A number of D-c relationships for which D increases 

or decreases by one order of magnitude from its value at 

c=0 are considered. 	The functions of section 9.1 are 

-1 employed with D
0=0 = 10

-7 cm.2 sec. 	i.e.  

(A) D = 10-7  (1 + 0.00903) (A ) D = 10-7 (1 - 0.000903) 

(B) D = 10-7 (1 + 0.09c2) (B ) D = 10-7  (1 - 0.00902) 

(C) D = 10-7 	+ 0.9c) (C') D = 10-7 (1 - 0.09c) 

(D) D = 10-7(1+1.80-0.09c2) (D') D = 10-7(1-0JBc+0.009c2) 

with c varying in the range 0-10. The explicit finite 

difference scheme, outlined in section 2.3.4, was used to 

calculate the I -0 relationships which are shown in Figure 

9-6. 
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FIG. 9.4 
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It is obvious from Figure 9-6 that the relative 

variations in I
s with c are significantly less when D 

decreases with c than for the corresponding functions when 

D increases with c. 

9.6 Equilibrium Sorption Data  

Symbols used in Tables  

k = sensitivity of quartz spiral (cm.g.-1) 

V = volume of polymer sample (cm3) 

c = concentration of water (methanol)(cc.s.t.p. cm.-3) 

P = vapour pressure (cm.Hg.) 

p
o = saturation vapour pressure (cm.Hg) 

Ts
o
C = temperature of sample 

Tb°C = temperature of balance head (Sartorius) 

All the values of c given in the following tables 

include buoyancy corrections and blank corrections when 

appropriate. 
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9.6.1 Polymethacrylates and PPA 

The quartz spiral was used for PMMA, PEMA, PPMA 

and PBMA, and the Sartorius balance for PPA. 

TABLE 9-6  

PMMA - H2O 

37.3 (37.8 for Ts=59.8°C) 
	

V = 0.482 

T oC s  
and po  

c p c p c p c p 

Ts=40.5 1.6 0.59 4.4 1.65 8.2 2.67 14.2 4.03 

P0=5.68 19.2 4.82 13.6 3.86 2.9 1.02 

Ts=50.2 1.8 0.94 7.4 4.02 18.4 7.76 16.2 7.10 

Po=9.34 5.1 2.86 

11s=59.8 
2.1 1.85 3.7 3.31 6.8 5.85 10.9 8.72 

po=14.8 
15.1 10.7 17.6 11.9 14.9 10.1 5.4 3.75 
3.2 2.08 

Ts=70.0 1.6 2.28 3.2 4.67 11.6 14.3 19.0 19.6 
p0=23.4 14.2 16.4 4.9 6.65 
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TAB' i; 9-7 

PEMA - H2O 

k = 37.3 
	

V = 0.493 

T
o
C 

s 
and p 

 

c p c p c p c p 

T5=30.0 1.4 0.44 2.1 0.76 3.3 1.19 5.0 1.66 

p0=3.17 7.8 2.23 11.7 2.76 10.2 2.59 7.3 2.06 

3.4 1.01 

T
s
=39.9 1.0 0.47 1.7 1.06 2.9 1.66 4.6 2.32 

Po=5.50 6.9 3.38 9.1 4.20 13.0 5.29 11.7 4.96 

5.9 2.99 2.5 1.31 

T
s
=49.5 0.9 0.97 1.9 1.66 3.4 2.81 5.3 4.16 

P0=9.03 7.3 5.34 10.7 6.96 13.6 8.05 10.0 6.64 

3.5 2.42 2.1 1.85 

Ts=60.2 1.1 1.50 2.6 3.56 4.1 5.19 6.3 7.71 

po=15.1 7.8 8.90 10.9 11.2 14.9 13.7 14.4 13.6 

10.1 10.4 3.0 3.41 1.0 1.34 3.3 4.37 

7.1 8.42 12.9 12.8 

Ts=70.0 0.8 1.88 2.4 4.65 4.3 7.86 5.8 10.3 

p0=23.3 8.7 14.2 11.9 17.9 16.0 21.3 11.9 17.5 

9.8 15.2 5.8 10.2 1.7 3.38 

Ts=79.7 0.6 1.36 1.5 3.75 2.3 5.19 3.7 8.69 

5.6 12.7 7.2 15.8 8.7 18.0 10.5 21.1 

po=35.1 16.1 29.2 17.4 30.5 14.4 27.1 9.5 20.1 

1.9 4.35 
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TABLE 9-8  

PPMA - H2O 

k = 37.3 
	

V = 0.420 

T °C 
s 

 

and po  
c p c p c p c p 

Ts=32.0 0.7 0.57 1.7 1.24 2.8 1.90 3.5 2.25 
po=3.56 5.o 2.81 6.6 3.34 5.7 3.06 5.2 2.92 

Ts=37.1 0.4 0.45 1.0 1.02 1.5 1.53 2.3 2.03 

Po=4.74 2.1 1.85 3.3 2.65 4.2 3.39 5.8 3.95 
6.8 4.27 4.3 3.18 

Ts=41.9 1.4 1.51 2.2 2.47 3.2 3.14 4.4 3.86 
p
o
=6.13 5.51 4.42 5.5 4.45 6.4 4.99 7.2 5.31 

3.7 3.48 3.1 2.79 

T5=49.6 1.8 2.49 2.7 3.33 3.7 4.52 4.8 5.70 
po=9.07 6.6 6.84 8.0 8.32 3.6 4.57 2.6 3.23 

1.3 1.71 4.9 5.78 5.8 6.6o 

Ts=55.6 0.6 1.34 0.8 1.79 1.4 2.50 1.9 3.38 
p0=12.1 2.6 4.28 4.o 5.83 5.3 7.36 6.6 8.62 

8.3 9.79 8.8 10.0 9.5 10.2 2.6 4.07 

1.1 2.00 

T
s
=64.4 0.7 1.85 1.7 4.22 2.6 5.66 3.3 6.99 

p
o=18.3 

4.1 

2.1 

8.55 

4.65 

4.9 9.89 7.o 12.9 8.2 14.5 
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TABLE 9-9  

PBMA - H2O 

k = 37.3 
	

V = 0.461 

T 
oC Ts 

and po  
c p c p c p c p 

0.4 0.40 1.0 0.79 2.1 1.16 2.4 1.34 

Ts=27.0 
3.0 1.66 3.7 1.92 5.0 2.25 6.1 2.32 

4.2 1.93 2.4 1.21 0.5 0.50 1.4 0.96 

po=2.67 2.2 1.28 3.0 1.83 4.3 2.12 5.8 2.43 

4.5 2.27 2.7 1.75 

Ts=34.1 
0.4 0.24 0.6 0.50 1.1 1.18 1.6 1.33 

P0=4.02 2.2 1.73 3.0 2.39 4.0 2.86 5.3 3.36 

3.0 2.37 1.5 1.28 

T$=40.4 0.7 0.77 1.2 1.46 1.5 2.06 2.5 2.67 

p0=5.65 3.2 3.19 3.9 3.86 4.4 4.22 6.1 4.86 

3.3 3.58 2.7 2.69 

Ts=49.6 0.5 0.91 1.0 1.95 1.7 2.72 2.3 3.39 

p0=9.09 3.1 4.60 4.3 5.80 5.0 6.82 6.5 8.01 

2.0 3.33 1.5 2.35 

Ts=55.6 
0.9 1.76 1.3 2.55 1.7 3.31 2.7 5.12 

p
o
=12.1 4.0 7.01 5.4 8.75 6.7 10.0 4.8 7.96 

2.3 4.27 



- 385 - 

TABLE 9-10  

PPA - H2O 

1 cc.s.t.p. a 805p g. 	V = 0.306 

T °C s c p c p c p c p 
and po  . 

Ts=48.9 0.73 0.65 2.04 1.61 1.78 1.52 3.71 2.98 
_ =8.76  3.20 2.60 6.57 4.75 9.85 6.41 10.6 6.71 
l'o 	' 7.92 5.53 5.21 4.01 4.73 3.70 5.90 4.34 

TABLE 9-11 

PEMA MeOn 

k = 37.3 	V = 0.493 

T
o
e s 

and po  
c p c p c p c p 

Ts=29.8 

po=15.8 

Ts=40.6 

po=26.6 

5.8 
46.4 
6.7 

4.0 
12.0 
101 
33.7 

2.77 
12.1 
2.52 

2.79 
7.86 
23.7 
16.6 

10.5 
69.9 

5.0 
18.2 
108 

4.62 
13.8 

3.53 
11.2 
24.6 

15.8 
54.0 

6.6 
23.3 
98.2 

6.13 
12.6 

4.47 
13.6 
23.4 

24.3 
30.9 

14.2 
47.6 
59.6 

8.00 
9.22 

9.0.0 
19.4 
21.0 

9.6.2 Unfilled Polysiloxanes and Salt-Filled DMS 
(below w  0.75 Relative Humidity) 

The Sartorius balance was used for all systems 

except that of methanol in FMS. 
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TABLE 9-12  
DLS (Sample I) -  H2O 

1 cc. s.t.p. E 805 	g. 	 V = 0.344 

Ts
o
C 

and po  

T 
o
C 

b 
and po 

c p c p  p c 

i 

26.3°C 36.5°C 0.62 2.40 0.34 2.24 0.28 1.96 
p
o
=2.56 Po=4.58 0.23 1.69 0.20 1.52 0.17 1.30 

0.15 1.14 0.14 1.04 
35.4°C 53°C 0.37 3.23 0.30 2.78 0.24 2.32 
po=4.31 p

o
=10.7 0.20 1.95 0.17 1.58 0.14 1.33 

0.11 1.09 0.095 0.92 0.076 0.69 
44.7°C 59oc 1.44 5.90 0.44 5.13 0.37 0.38 

0.28 3.46 0.23 2.89 0.19 2.35 
po=7.08 p

o
=14.3 0.155 1.91 0.12 1.52 0.098 1.22 

0.078 0.91 0.064 0.76 
50.7°C 64°C 0.61 7.14 0.53 6.65 0.47 6.13 

0.35 4.84 0.27 3.67 0.20 2.72 
Po=9.59 p

o
=17.9 0.15 2.03 0.11 1.48 0.083 1.08 

0.051 0.71 

TABLE 9-13  
DMS (Sample II) - H2O 

1 cc.s.t.p. E 805 pg. V = 0.509 

T 
o
C TS 

and po  
Tb
o
C 

and po  
c P c P c P 

30.3°C 
po=3.24 

35.5°C 

Po=4.33 

40.7C 40.7°C 
po=5.74 

45.4°C 
po=7.34 

50.0°C 
po=9.25 

47.5°C 
p
o
=8.17 

52oC 

po
=10.2 

o 53.5C 
p
o
=11.0 

59.5°C 
po=14.6 

55°C 
po

=11.8 

0.19 
0.23 
0.48 
0.28 
0.13 
0.51 
0.27 
0.18 
0.13 
0.56 
0.29 
0.17 
0.59 
0.43 
0.25 
0.14 
0.13 
0.25 
0.50 

1.41 
1.74 
2.92 
2.04 
1.20 
3.81 
2.46 
1.64 
1.33 
5.14 
3.06 
1.77 
6.29 
5.15 
3.08 
1.72 
1.75 
3.61 
6.85 

0.19 
0.63 
0.38 
0.25 
0.36 
0.42 
0.24 

0.17 
0.44 
0.24 

0.59 
0.36 
0.21 

0.16 
0.32 
0.56 

1.41 
3.12 
2.60 
1.84 
3.05 
3.45 
2.14 

1.73 
4.37 
2.55 

6.29 
4.34 
2.66 

2.23 
4.50 
7.45 

0.16 
0.88 
0.32 
0.21 
0.62 
0.31 
0.21 

0.70 
0.35 
0.20 

0.52 
0.30 
0.17 

0.20 
0.39 

1.17 
3.21 
2.29 
1.58 
4.07 
2.73 
1.90 

5.44 
3.58 
2.15 

5.8; 
3.63 
2.16 

2.86 
5.53 
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TABLE 9-14  

DMS (Sample III) - H2O  

1 cc.s.t.p. E 805 ykg. 	V = 0.381 

o 
T
s

C 

and pc,  

Tb
o
C 

and pc,  
c P c. P c p 

30.3°C 

Po=3.24 

50.0°C 

p
o
=9.25 

42°C 

po=6.15 

63°c 

p
o
=17.2 

0.16 
0.22 
0.35 

0.096 
0.37 
0.15 
0.49 

1.20 
1.64 
2.38 

1.46 
5.29 
2.32 
6:99 

0.18 
0.26 
0.38 

0.21 
0.27 
0.11 
0.57 

1.33 
1.92 
2.57 

2.86 
4.11 
1.6 
7.68

7 

0.20 
0.31 

t0.50 

0.37 
0.20 
0.43 6.15 

 

1.48 
2.26 
2.92 

5.38 
3.15 

TABLE )-15  

DMS (Sample A) 	H,0  
1 cc.s.t.p. = 805 	g. 	` V = 0.445 

o 
Ts C 

and po  

o 
Tb C 

and pc,  
0 p c p c p 

35.2°C 52°C 0.18 1.55 0.20 1.81 0.25 2.23 
0.30 2.56 0.39 2.95 1.64 3.29 

p0=4.26 p0=10.2 0.49 3.13 0.45 3.09 0.35 2.78 
0.28 2.43 0.23 2.04 

50.0°C 64°C 
0.67 
0.36 

6.77 
4.85 

1.43 
0.27 

6.96 
3.76 

0.51 
0.20 

6.12 
2.81 

P0=9.25 P0=17.9 0.58 6.45 0.42 5.47 0.30 4.23 
0.23 3.33 0.18 2.49 0.13 1.76 

TABLE 9-16  

DMS (Sample B) - H2O  

1 cc.s.t.p. = 805 p.g• 	V = 0.670 

T 
o
C Ts 

and pc)  

Tb
o 
C 

and po  
o P c P c P 

35.7oc 

po=4.58 

50.8°C 
Po=9.63 

0oc  
50 
po

=9.25 

64°C 
po

=17.9 

0.28 
0.57 
0.30 
0.16 

0.12 
0.28 
0.59 

2.49 
3.27 
2.69 
1.56 

1.60 
3.99 
6.62 

19.5 
0.37 
0.24 
0.13 

0.15 
0.39 
0.59 

3.54 
2.99 
2.24 
1.26 

2.21 
5.23 
6.82 

2.53 
0.34 
0.20 

0.21 
0.53 

3.39 
2.87 
1.87 

2.98 
6.42 



- 388 - 

TABLE 9-17  

DNS (Sample C) 	H2O 

1 cc. s.t.p. = 805 p.g. 	V = 0.671 

o 
T 	C Ts 
and pc)  

o 
T
b 

C 

and pc,  
c p c p c p 

35.6°C 50°C 
1.37 
0.31 

3.28 
2.72 

0.41 
0.29 

3.10 
2.55 

0.35 
0.24 

2.90 
2.19 

0.21 1.93 - - 2 ..' 0.17 1.45 
po=4.36  po=9.25  0.15 1.29 0.135  1.18 0.12 1.01 

(46) 3.51 (140) 3.79 _. 

TABLE 9-18  

PLS - H2O 

1 cc. s.t.p. E. 805 ytg. 	V = 0.389 

T
s
o
C 

and po  

Tb
o
C 

and po  
c p c p 0 p 

25.9°C 
p
o
=2.50 

31.2°C 

Po=3'41  

40.8°C 

p
o
=5.78 

48.8°C 

p
o
=8.72 

34oc  

p
o
=3.99 

39.5°C 
„ 

130=5'}u  

54.5°C 

p
o
=11.5 

62°C 

p
o=16.4 

0.75 
0.26 
0.16 

0.64 
0.27 
0.15 

0.71 
0.33 
0.16 
0.079 

0.53 
0.29 
0.12 

2.33 
1.62 
0.99 

3.00 
2.04 
1.15 

4.73 
3.46 
1.72 
0.76 

6.75 
3.85 
1.56 

0.38 
0.21 
0.13 

0.39 
0.22 
0.13 

0.46 
0.26 
0,13 

0.50 
0.22 
0.086 

2.19 
1.37 
0.83 

2.73 
1.66 
0.95 

4.49 
2.72 
1.32 

6.39 
2.88 
1.10 

0.31 
0.18 

0.33 
0.18 
0.10 

0.42 
0.21 
0,10 

0.38 
0.17 
0.060 

1.87 
1.16 

2.39 
1.37 
0.75 

4.28 
2.16 
1.03 

5.04 
2.18 
0.76 
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TABU?, 9-19 

FMS - H2O 

1 cc. s.t.p. E 805 j_( g. 	v = 0.347 

o 
Ts C 

and p
o 

 

Tb
o
C 

and p
o 

c P c P c P 

20.4°C 

p
o
=1.80 

30.10C 

p
o
=3.20 

41.10C 

=5.87 

50.3°C 

Po=9.39 

40°C 

p
o
=5.53 

40°C 

=5.53 

49°C 

p
o
=8.81 

55°C  

po=11.8 

0.25 
0.74 
0.19 

0.17 
0.31 
0.56 
0.80 

0.14 
0.24 
0.42 
0.76 

0.12 
0.21 
0.36 
0.57 
0.96 

1.03 
1.66 
0.81 

0.98 
1.80 
2.42 
2.90 

1.04 
1.87 
3.27 
4.78 

1.09 
2.04 
3.46 
5.46 
7.29 

0.42 
0.66 
0.20 

0.22 
0.41 
0.28 
0.47 

0.17 
0.30 
0.52 
0.87 

0.14 
0.26 
0.42 
0.65 
1.12 

1.32 
1.61 
0.87 

1.25 
2.20 
1.59 
2.32 

1.32 
2.29 
3.90 
5.02 

1.37 
2.48 
4.07 
6.20 
7.64 

0.54 
0.16 
0.13 

0.26 
0.64 
0.34 

0.21 
0.36 
0.61 

0.17 
0.30 
0.50 
0.71 

1.49 
0.69 
0.58 

1.50 
2.61 
1.97 

1.58 
2.77 
4.39 

1.66 
2.92 
4.69 
6.44 

TABLE 9-20 

EMS - Me0H 

k = 37.3 
	

v = 0.499 

° T
s

C 

and po  
c p c p c p c p 

30°C 

p
o
=15.9 

40.0 oC  

p0=25.8 

0.9 
4.7 
5.9 

0.7 
3.5 
6:2 

2.70 
10.9 
12.8 

3.38 
13.2 
18.0 

1.7 
7.7 
2.5 

1.3 
5.5 
4.4 

5.14 
14.0 
7.64 

5.31 
17.5 
15.2 

2.4 
12.5 
1.1 

1.8 
7.9 
1.8 

6.87 
15.6 
3.39 

7.80 
19.9 
7.81 

3.5 
8.1 

2.7 
11.8 

9.29 
14.0 

11.2 
23.3 
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9.6.3 Silica-Filled DAIS 

For all these systems sorption measurements were 

made with the Sartorius balance. 

TABLE 9-21  

DYS (Sample D) - H2O 

1 cc. s.t.p. = 805 	V = 0.306 

Ts
o
C 

and po  
Tb

o
C 

and po c p 0 p 
 p c 

35.70C 

po=4.38 

50.°C 

po=9.25 

c 
1.25 
0.78 
0.52 

4.05 
2.54 
1.41 

1.03 
0.70 
0.46 

3.44 
2.06 
1.16 

0.96 
0.62 
0.42 

3.07 
1.68 
0.97 

TABLE 9-22  

DNS (Sample F) - H2O 

1 cc. s.t.p. = 805)_4.- g. 	V = 0.342 

o 
T 	C s 
and po  

T 
oC b 

and po  
c p c p c p 

0 35.5C 

Po=4.33 

0 50C 

po=9.25 

1.47 
0.76 

0.40
o.3 

3.90 
2.07 
0.93 

 0.93 

0.90 
o.66 
0.51 

2.72 
1.87 
1.35 

0.78 
0.62 
0.45 

2.33 
1.67 
1.12 
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TABLE 9-23  

DI'S (Sample E) - H2O 
1 cc. s.t.p. = 805 ),,kg. 	V = 0.310 

Ts
oC 

and pc,  

Tb°C 

and pc)  
cP c P c P 

28.50C 36°C 1.59 2.73 1.15 2.46 0.94 2.12 
0.83 1.81 0.76 1.52 0.66 1.27 
0.61 1.09 0.47 0.79 0.50 0.87 p

o=2.92 po=4.45 0.47 0.71 0.35 0.54 

35.7°C 50°C 1.8o 
0.78 

4.10 
2.38 

0.99 
0.68 

3.42 
2.06 

0.94 
0.62 

3.14 
1.66 po=4.38 po=9.25 0.53 1.40 0.46 1.11 0.41 0.93 

o " o 1.22 4.04 1.14 3.79 0.91 3.00 38.1 c 47.5 c 0.86 2.81 0.66 1.81 0.58 1.63 
p
o
=4.99 po=8.17 0.63 1.56 0.57 1.41 0.51 1.16 

0.45 1.12 0.38 0.80 0.33 0.73 
2.01 5.37 1.64 5.20 1.13 4.51 

41.8°C 54.5°C 1.08 4.37 0.99 3.7o 0.93 3.33 
0.82 2.87 0.77 2.72 0.73 2.23 

po=6.08 po=11.5 0.67 2.04 0.65 1.77 0.60 1.60 
0.41 1.05 0.34 0.75 0.28 0.57 

43.5°C 54°C 
1.86 
0.92 

5.57 
3.41 

1.27 
0.75 

5.02 
2.67 

1.13 
0.65 

4.38 
2.10 

0.52 1.51 0.42 1.29 0.35 1.02 po=6.65 po=11.2 0.29 0.73 0.23 0.59 

50.4°C 64.5°C 1'58  
0.77 7'34  

3.60 
1.19 
0.63 

6.25 
2.71 

.99 
0.49 

4.84 
1.97 Po=9.44 p0=18.3 0.38 1.44 0.28 1.02 0.22 0.68 

9.7 Steady State Permeability Data  
Symbols used in Tables  

sensitivity of quartz spiral (cm.g.-1) 

membrane thickness (cm) 
A = exposed cross sectional area of membrane (cm2) 
p 	= vapour pressure (cm.Hg) 

Po 	saturation vapour pressure (cm.Hg) 

T°C = temperature of membrane 
J 	= permeation flux (cc. s.t.p. cm.-2 sec.-1) 

(1 cc. s.t.p. = 8.05x10-4  g. H2O = 14.3x10-4g. hieOH) 
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9.7.1 Polymethacrylates and PPA 

TABLE 9-24  

 

- H2O 

k = 32.7 	1 = 0.015 A = 2.8 

T°C po  JU107  p/po  Jt: 7  p/p0  Jtx107  p/po  Jex107  p/po  

39.8 5.47 5.5 0.73 6.3 0.84 7.4 0.97 

50.0 9.25 8.5 0.64 10.6 0.80 12.1 0.90 

59.8  14.8 3.2 0.15 6.7 0.31 9.7 0.43 14.9 o.66 
tI II  21.8 0.89 

70.7 24.0 14.7 0.38 22.3 0.58 34.2 0.89 

TABLE 9-25  

PENA - H2O 

k = 32.7 
	

-t = 0.013 
	

A = 2.8 

T°C po  Jkx107  p/po  Jtx107  p/po  J-° x107  p/po  Jtx107  p/po  

30.9 3.35 11.6 0.69 14.0 0.82 16.4 0.96 

40.7 5.74 12.5 0.47 16.3 0.61 20.5 0.76 27.4 0.97 
It I/ 19.0 0.69 

51.0 9.73 10.7 0.25 15.1 0.36 23.7 0.54 40.5 0.93 

60.7 15.4 10.7 0.16 17.1 0.26 31.9 0.48 50.9 0.76 

70.7 24.0 12.4 0.12 21.5 0.21 39.1 0.38 70.3 0.64 

80.6 36.4 12.9 0.09 23.1 0.15 42.0 0.28 136 0.89 
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TABLE 9-26(a)  

PPMA - H2O 

k = 32.7 
	= 0.018 

	
A= 2.8 

T°C p
o 

Jkx107  p/p
o 

J-Uc107  p/p
o 

J9x107  p/po J-ex107  p/po 

26.9 2.65 11.3 0.74 12.5 0.84 14.4 0.94 13.5 0.88 

31.8 3.53 13.0 0.66 15.7 0.80 19.0 0.95 17.0 0.88 
II 14.3 0.73 

37.1 4.73 11.5 0.45 14.2 0.55 17.1 o.66 19.4 0.75 
,, " 24.9 0.94 22.4 0.85 

41.9 6.11 13.4 0.41 17.1 0.52 20.4 0.63 23.2 0.72 
it " 30.2 0.93 25.5 0.77 

49.6 9.05 12.6 0.32 17.3 0.45 22.4 0.55 26.9 0.65 
n " 30.7 0.73 40.2 0.93 35.1 0.83 

55.6 12.2 11.1 0.23 17.8 0.36 26.7 0.50 35.0 0.62 
ti 	" 56.4 0.91 44.9 0.77 42.5 0.75 22.0 0.45 
,I " 27.6 0.55 36.3 0.67 55.0 0.92 

TABLE 9-26(b)  

PPMA - H2O 

k = 32.7 
	= 0.010 

	
A .= 2.8 

T°C po  J9 x107  p/p°  inx107  p/po  JD x107  p/po  J-°x107  p/po  

31.9 3.54 15.1 0.80 17.8 0.92 18.9 0.96 

37.4 4.81 16.5 0.63 21.4 0.81 25.0 0.95 
42.2 6.21 15.6 0.47 22.8 0.69 29.6 0.89 

49.8 9.16 15.2 0.32 25.0 0.53 43.7 0.91 	 

TABLE 9-27  

PBMA - H2O 

k = 32.7 
	

9t. = 0.010 
	

A = 2.8 

T°C  	' 
D
o  

Rxl07  p/po 
ax107  p/po 

Ax107  p/po 
J1x107  p/po 

26.4 2.58 10.6 0.84 10.3 0.90 10.7 0.95 11.3 1.0 

33.6 3.91 11.0 0.63 13.1 0.74 15.0 0.85 16.7 0.94 
ft " 13.6 0.77 

40.5 5.68 11.8 0.45 15.9 0.59 21.0 0.77 26.5 0.96 

47.5 8.19 12.7 0.32 16.8 0.41 22.9 0.55 30.2 0.74 

55.5 12.1 13.9 0.22 23.5 0.37 38.0 0.60 57.6 0.90 
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TABLE 9-28 

PPA - H2O 

k = 32.7 	= 0.22 
	

a = 2.0 

C 	p
o 

Jkx10
6 
p/po 

 J{x106 p/p
o 

Jix10
6 
p/p

o 
J-tx106  P/Po 

p/ p o  

48.9 8.76 13.6 	0.53 18.1 	0.70 22.5 	0.85 11.4 	0.44 

TABLE 9-29 

PEMA-Me0H 

k = 32.7 
	

= 0.013 
	

A = 2.8 

T°C p
o 

Jkx107 p/p
o 

Jix107 p/po  J- x107 p/po J-bc107 p/po 

40.6 26.6 1.21 0.31 6.76 0.65 67.2 0.89 14.7 0.77 
u 11 5.83 0.60 3.53 0.48 32.9 0.83 1.03 0.21 

29.8 15.8 1.00 0.35 1.31 0.43 1.98 0.54 5.21 0.67 
II " 14.3 0.83 48.5 0.91 3.84 0.60 6.88 0.74 

9.7.2 Unfilled Polyriloxanes  

TABLE 9-30  

DMS (I) - H2O 

k = 32.7 
	= 0.198 

	
A = 2.3 

T
o
C p

o 
J-x106 p/po 

J9x10
6 
p/po 

Ax10
6 
p/p

o 
Jkx10

6 
p/p

o 
r 

50.2 9.35 10.8 0.30 19.3 0.55 30.7 0.88 

35.7 4.38 4.63 0.24 13.3 0.71 17.5 0.92 

43.o 6.48 11.6 0.43 18.9 0.73 23.8 0.95 

26.0 2.52 8.05 0.70 10.3 0.86 12.0 1.00 
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TABLE 9-33 

PISS - H2O 
- 

0.172 A = 2.8 k = 32.7 
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TABLE 9-31  

DMS (II) - H2O 

k = 32.7 	= 0.206 
	

A = 2.8 

T°C 	p
o 

Jtx10
6 
p/p

o 
Jtx10

6 
p/po J9tx10

6 
p/po JLx106 p/p

o 

30.7 3.31 10.0 0.46 13.0 0.59 15.3 0.70 17.7 0.83 
u 	u 21.7 1.00 

50.1 9.30 14.2 0.32 20.2 0.47 27.3 o.61 34.7 0.77 
u 	u 41.7 0.92 

40.0 5.53 9.29 0.30 14.5 0.46 19.5 0.62 24.2 0.78 
If 	II 29.3 0.94 

TABLE 9-32  

DAMS (III) - H2O 

k = 32.7 	-% = 0.250 
	

A = 2.8 

T°C p
o 

(31x10
6 
p/p

o 
 J{x106 p/p

o 
J1x10

6 
p/p

o 
J-@x106 p/po 

49.8 9.16 13.7 0.36 18.7 0.49 23.6 0.63 28.0 0.76 
u u 32.6 0.90 

35.8 4.40 9.05 0.45 11.2 0.56 13.2 0.67 15.3 0.78 
u u 17.2 0.89 

T°C po 
Jtx10

6 
p/p

o 
J-2x10

6 
p/p

o 
Jkx10

6 
p/p

o 
J9x10

6 
p/p

o 

50.8 9.63 9.72 0.32 16.2 0.56 24.7 0.90 

40.9 5.80 4.69 0.23 10.9 0.55 16.0 0.88 

31.9 3.54 9.59 0.72 5.49 0.72 11.5 0.88 

22.8 2.08 4.44 0.50 6.33 0.72 7.95 0.93 
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TABLE 9-34 

FMS H2O 

k = 32.7 	= 0.153 
	

A = 2.8 

T°C 	po 
Jbc10

6 
p/p

o 
Jcbc10

6 
p/p

o 
J1x10

6 
p/po Xx10

6 
p/po 

50.0 9.25 3.12 0.18 6.04 0.35 8.60 0.50 11.1 0.65 
II 	II 15.0 0.88 12.8 0.75 

40.0 5.53 3.27 0.31 5.50 0.51 7.76 0.71 8.78 0.82 
II 	II  9.98 0.93 

30.8 3.33 2.41 0.35 3.27 0.49 3.82 0.55 5.27 0.78 
II 	II 6.18 0.90 

20.4 1.80 2.97 0.75 T '0 0.83 3.55 0.91 3.93 1.00 

TABLE 9-35  

FNS - Me0H 

k = 32.7 	-e = 0.153 
	

A = 2.8 

T°C p o 
ax10

6 
p/p o J/ x10

6 
p/p o Ax10

6 
p/p o ax10

6 
p/p o 

30.8 16.6 6.21 0.41 7.96 0.51 10.4 0.64 14.0 0.79 
,, 17.9 0.92 

40.8 26.8 6.81 0.29 9.88 0.41 14.9 0.57 21.3 0.73 
I, „ 28.4 0.89 

9.7.3 Salt-Filled DIIS 

TABLE 9-36 

DMS(A) - H2O 

k = 32.7 
	= 0.227 

	
A = 2.3 

T°C po 
ax10

6 
p/p

o 
Jtx10

6 
p/po 

Ax10
6 
p/po 

J4x10
6 
p/Po 

49.8 9.16 12.2 0.34 17.0 0.48 27.6 0.80 22.2 0.64 
II II   31.7 0.94 

35.5 4.33 11.1 0.57 14.1 0.74 16.9 0.90 8.96 0.45 
,, ,, 17.8 0.97 
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TABLE 9-37  

 

k = 32.7 

DMS (B) 	H2O 

= 0.35 A = 2.3 

To C po  Jtx10
6 
p/po  tikx10

6 
p/p

o 
 J-%x106 p/p

o 
ikx10

6 
p/p

o 

49.7 9.12 12.5 0.34 23.8 0.66 32.0 0.88 18.1 0.49 
28.1 0.78 

35.9 4.43 6.46 0.32 11.7 0.60 16.4 0.85 14.4 0.74 

TABLE 9-38 

DNS (C) - H2O 

k = 32.7 
	

= 0.367 
	

A = 2.3 

T°C 	p
o  

J$ x106 p/po  
Ax10

6 
p/p

o 
Jtx10

6 
p/p

o  
J-2x10

6 
p/p o 

50.0 9.25 15.1 	0.40 21.2 	0.57 27.0 	0.74 34.3 	0.96 

35.7 4.38 10.5 	0.51 13.2 	0.64 15.7 	0.78 18.8 	0.90 

9.7.4 Silica-Filled DMS 

TABLE 9-39  

DMS (D) 	H2O 

k = 32.7 
	= 0.188 

	
A = 2.3 

T°C 	p
o 

J/x10
6 
p/p

o 
J1x10

6 
p/p

o 
Jtx10

6 
p/p

o 
J-2x10

6 
p/po 

50.0 9.25 9.25 	0.30 17.8 	0.58 27.2 	0.90 23.2 	0.77 

35.6 4.36 5.48 	0.32 10.7 	0.62 15.7 	0.92 17.1 	1.00 

TABLE 9-40  

DMS (E) - H2O 

k = 32.7 
	= 0.204 

	
A = 2.3 

T°C p
o 

Jkx10
6 
p/p

o 
..7)(10

6 
p/p

o 
J1Lx10

6 
p/p

o 
N 
Rx10

6 
 p/p  

50.2 9.34 8.79 0.33 15.9 0.58 24.9 0.91 20.0 0.73 
36.0 4.47 9.09 0.59 11.4 0.75 13.5 0.90 
44.1 6.86 6.46 0.30 13.7 0,63 19.8 0.91 
28.1 2.85 4.37 0.42 7.19 o.68  9.82 0.95 



- 398 - 

TAM 9-41  

DMS (F) - H20 

k = 32.7 	= 0.194 
	

A = 2.3 

T°C 	po Jlx10
6 p/po Jkx106 p/po J/x106 p/po Jtx10

6 p/p a 

49.7 9.12 8.36 	0.34 14.8 	0.60 22.6 	0.91 

36.2 4.50 8.23 	0.59 10.1 	0.73 12.6 	0.92 

9.8 Sorption and Desorption Kinetic Data  

Symbols used in Tables  

membrane thickness (cm.) 

V = volume of polymer sample (cm3) 

Et  = increase (decrease) in weight (p. g.) at 

increase (decrease) in weight ().1.g.) at equilibrium 

Et 	
spiral extension (cm) at time t (sec.) 

E00 	spiral extension (cm.) at equilibrium 

T°C = temperature of sample 

buoyancy correction (p g.) 

All the values of Mt'' 
E
t 
and Eoo  include buoyancy 

corrections. Blank corrections are ignored. 

9.8.1 Polymethacrylates and PPA 

Measurements for the PEMA-11e0H system were made 

with the quartz spiral. 

time t. (sec.) 
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TABLE 9-42  

PPA - H2O (48.9°C)  

= 0.41 
	

V = 0.306 
	

= 1.24 x 10-3cc.s.t.p. 

B M c/a 

i 
t2  Mt/Moo j VItP4,.0 

a 
t2  Lit/111,0 

i 
t 2  Mt/Mao   

5.3 0.053 7.5 0.078 9.2 0.096 10.6 0.11 
11.8 0.125 13.0 0.14 14.0 0.15 15.0 0.16 
16.8 0.18 18.4 0.19 19.8 0.21 21.2 0.22 
22.5 0.235 23.7 0.25 24.9 0.26 26.0 0.27 

181 28.1 0.29 30.0 0.31 31.8 0.33 33.5 0.34 
1.5 35.2 0.36 36.7 0.37 38.2 0.39 39.7 0.40 

sorption 42.4 0.425 45.0 0.45 47.4 0.47 49.5 0.49 
53.9 0.525 57.9 0.56 61.7 0.59 65.2 0.61 
68.6 0.64 71.8 0.66 74.9 0.68 77.8 0.70 
80.6 0.72 83.4 0.74 88.6 0.77 93.6 0.79 
98.2 0.815 107 0.85 115 0.87 

5.3 0.054 7.5 0.070 9.2 0.084 10.6 0.097 
11.8 0.11 13.0 0.12 14.0 0.13 15.0 0.14 
16.8 0.16 18.A 0.17 19.8 0.19 21.2 0.20 

181 22.5 0.21 23.7 0.22 24.9 0.23 26.0 0.24 
1.5 28.1 0.265 30.0 0.28 31.8 0.30 33.5 0.32 

desorption36.7 0.35 38.2 0.37 39.7 0.38 42.4 0.41 
45.0 0.44 47.4 0.46 48.7 0.47 53.1 0.51 
57.2 0.56 61.0 0.58 61.7 0.60 65.2 0.64 
68.6 0.67 71.8 0.70 74.9 0.73 77.8 0.75 
80.6 0.77 83.4 0.80 88.6 0.83 93.6 0.86 
98.2 0.89 

5.3 0.053 7.5 0.078 9.2 0.096 10.6 0.11 
11.8 0.125 13.0 0.14 14.0 0.15 15.0 0.16 
16.8 0.18 18.4 0.19 19.8 0.21 21.2 0.22 
22.5 0.23 23.7 0.25 24.9 0.26 26.0 0.27 

470 28.1 0.29 30.0 0.31 31.8 0.325 33.5 0.34 
3.7 35.2 0.36 36.7 0.37 38.2 0.385 39.7 0.40 

sorption 42.4 0.42 45.0 0.45 47.4 0.47 51.3 0.50 
55.5 0.54 59.4 0.57 63.1 0.60 66.6 0.63 
69.9 0.66 73.0 0.68 76.0 0.70 78.9 0.72 
81.7 0.74 84.4 0.76 89.6 0.79 94.5 0.82 
99.1 0.84 103 0.86 108 0.87 116 0.90 

cont'd.... 
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TABLE 9-43 (cont,d) 

B Alva ti bit/L 
i 

t 2  tit/Pt,, 
1 

-t7  mt/A4 
i 

-tl-  mt/m„, 

2.4 0.15 3.3 0.22 4.7 0.31 5.8 0.38 
232 6.7 0.44 7.5 0.49 8.2 0.54 9.f3 0.62 

2.0 10.6 0.68 12.1 0.75 14.3 0.83 16.1 0.87 
sorption 17.8 0.90 19.3 0.92 22.0 0.95 24.4 0.965 

28.7 0.975 

2.4 0.16 3.3 0.225 4.7 0.32 5.8 0.39 
224 6.7 0.45 7.5 0.505 8.2 0.55 9.5 0.64 

2.0 10.6 0.71 11.6 0.785 13.4 0.87 19.1 0.91 
desorption 21.8 0.94 24.3 0.96 28.5 0.99 

2.4 0.14 3.3 0.21 4.7 0.30 5.8 0.36 
460 6.7 0.42 7.5 0.47 8.2 0.51 9.5 0.585 

3.5 10.6 0.645 11.6 0.70 13.4 0.76 14.8 0.81 
sorption 16.6 0.855 18.2 0.88 19.7 0.90 21.1 0.915 

23.6 0.93 25.9 0.94 29.9 0.97 

2.4 0.15 3.3 0.215 4.7 0.31 5.8 0.375 
450 6.7 0.43 7.5 0.485 8.2 0.53 9.5 0.61 

3.5 10.6 0.68 11.6 0.74 12.7 0.79 14.8 0.86 
desorptionl6.6 0.91 18.2 0.93 19.7 0.95 22.3 0.96 

24.7 0.97 28.9 0.99 

2.4 0.14 3.3 0.20 4.7 0.285 5.a 0.35 
610 6.7 0.40 7.5 0.45 8.2 0.49 9.5 0.56 

4.5 10.6 0.62 11.6 0.66 13.3 0.73 15.3 0.795 
sorption 17.0 0.84 18.6 0.865 20.0 0.88 22.7 0.905 

25.0 0.92 29.2 0.94 

2.4 0.15 3.3 0.21 4.7 0.30 5.8 0.37 
600 6.7 0.43 7.5 0.48 8.2 0.43 9.5 0.61 

4.5 10.6 0.67 11.6 0.73 14.4 0.84 16.2 0.89 
desorption 17.9 0.92 19.4 0.94 20.8 0.94 23.3 0.965 

25.6 0.975 29.7 0.995 

2.4 0.14 3.3 0.20 4.7 0.29 5.8 0.35 
57o 6.7 0.41 7.5 0.45 8.2 0.50 9.5 0.56 

4.0 10.6 0.64 11.6 0.67 13.4 0.74 14.3 0.77 
sorption 16.1 0.82 17.8 0.86 19.3 0.89 20.7 0.91 

23.3 0.93 25.6 0.945 2-.6 0.97 

(cont'd).... 
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TABLE 9-43 (cont'd) 

B M ...o t2  Pit/PA 1 	j /5t 
	.zo  ni I 	t 2  Pi

t  PA Qab t2  Mt/M,0 

2.4 0.15 3.3 0.21 4.7 0.30 5.8 0.37 
56o 6.7 0.43 7.5 0.48 8.2 0.53 9.5 0.61 

4.0 10.6 0.67 11.6 0.73 13.4 0.80 15.4 0.87 
de5orption17.1 0.92 18.7 0.94 20.1 0.96 22.7 0.98 

25.1 0.98 29.2 0.99 

2.4 0.15 3.3 0.215 4.7 0.305 5.8 0.37 
300 6.7 0.43 7.5 0.48 8.2 0.53 9.5 0.60 

2.5 10.6 0.66 11.6 0.71 12.7 0.76 14.7 0.84 
sorption 16.5 0.89 18.2 0.92 19.7 0.95 22.3 0.98 

24.7 0.99 28.9 0.99 

2.4 0.15 3.3 0.22 4.7 0.31 5.8 0.385 
290 6.7 0.44 7.5 0.50 8.2 0.545 9.5 0.63 

2.5 10.6 0.70 11.6 0.75 13.0 0.81 15.0 0.88 
desorption 16.8 0.92 18.4 0.95 19.8 0.965 22.5 0.985 

24.9 0.99 29.0 0.99 

2.4 0.15 3.3 0.21 4.7 0.30 5.8 0.37 
36o 6.7 0.43 7.5 0.48 8.2 0.525 9.5 0.60 

3.0 10.6 0.66 11.6 0.71 14.2 0.81 16.0 0.87 
sorption 17.7 0.90 19.2 0.93 20.6 0.94 23.2 0.96 

25.5 0.97 29.6 0.99 

2.4 0.15 3.3 0.22 4.7 0.31 5.8 0.39 
35o 6.7 0.44 7.5 0.50 8.2 0.55 9.5 0.63 

3.0 10.6 0.77 11.6 0.75 13.0 0.815 15.0 0.89 
desorption16.8 0.93 18.4 0.96 19.8 0.98 22.5 0.99 

24.9 0.99 29.o 0.995 

2.4 0.14 3.3 0.205 4.7 0.29 5.8 0.36 
510 6.7 0.41 7.5 0.46 8.2 0.50 9.5 0.57 

4.o 10.6 0.63 11.6 0.68 13.3 0.76 15.3 0.83 
sorption 17.0 0.87 18.6. 0.89 20.1 0.91 22.7 0.93 

25.1 0.94 29.2 0.955 

2.4 0.15 3.3 0.22 4.7 0.31 5.8 0.38 
500 6.7 0.43 7.5 0.49 8.2 0.535 9.5 0.615 

4.0 10.6 0.68 11.6 0.74 13.0 0.80 15.0 0.87 
desorption16.8 0.92 18.4 0.94 19.9 0.955 22.5 0.97 

124.9 0.98 29.1 0.99 
... 

(cont'd)... 
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TABLE 9-43 (cont'd) 

B 00  mmt/mj, t7 -0 mt/m,x)  j mt/m013 	-0 mt/y1,,,, 

2.4 0.13 3.3 0.19 4.7 0.27 5.8 0.33 
840 6.7 0.38 7.5 0-42 8.2 0.46 9.5 0.53 

6.o 10.6 0.59 11.6 0.64 13.3 0.71 15.3 0.78 
sorption 17.0 0.83 18.6 0.86 20.1 0.88 22.7 0.91 

25,1 0.92 29.2 

2.4 0.14 3.5 0.20 4.7 0.29 5.8 0.36 
830 6.7 0.42 7.5 0.46 8.2 0.51 9.5 0.59 

6.0 10.6 0.65 11.6 0.71 14.6 0.83 18.1 0.925 
desorption20.9 0.96 23.5 0.98 25.7 0.99 29,8 0.99 

2.4 0.13 3.3 0.19 4.7 0.27 5.8 0.33 
790 6.7 0.38 7.5 0.43 8.2 0.47 9.5 0.53 

5.0 10.6 0.59 11.6 0.64 13.8 0.73 17.4 0.84 
sorption 20.4 0.88 23.0 0.89 25.3 0.90 29.4 0.92 

2.4 0.145 3.3 0.21 4.7 0.295 5.8 0.36 
780 6.7 0.41 7.5 0.47 8.2 0.51 9.,5 0.585 

5.o 10.6 0.65 11.6 0.71 13.3 0.79 17.0 0.91 
desorption20.1 0.95 22.7 0.97 25.0 0.98 29.2 0.99 

TABLE 9-44  

PEMA - Me0H (40.6°0)  

0.025 
	

v = 0.493 
	1 cm.extension = 18.7 cc. s.t.p. 

1 
t2  

Values of Eco 	(s) = so7ption 	(d) = desorption 

.104(s) .104(d) .131(s)].151(d) .171(d) .171(d) .369(s) 

Et/  E co E /E to Et /  E too Et/  E clo Et/  E oo Et/  E oa E /E t 	vo 

17.3 0.14 0.14 

• 

C
 r-I U

  \ D
  C

l 0
 C

S\ 
r--1  N

  tel
 

 •G
i tr \

 L[\  \D  CO  CO
  

• 

•
 
•
 
•
 
•
 
•
 
.
 

•
 
•
 I 

0
  0

  0
  0

  0
  0

  0
  0

  0
  

0.14 0.15 0.16 0.15 
24.5 0.21 0.22 0.20 3.21 0.22 0.22 
34.6 0.29 0.31 0.30 0.32 0.30 0.32 
45.8 0.41 0.39 0.39 0.40 0.39 0.43 
54.8 0.48 0.47 0.45 0.48 0.48 0.51 

64.8 0.57 0.53 0.53 0.56 o.56 0.58 

88.3 0.69 0.68 0.67 0.70 0,68 

107 0.78 0.75 0.75 0.79 0.77 0.80 
136 0.87 0.84 0.85 0.88 0.86 0.89 

161 - - 0.89 0.93 0.90 0.94 
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TABLE 9-44 (cont'd) 

t'T  

Values of Evo 	(s) = sorption 	(d) = desorption 

.369(d) .311(s) .311(d) .474(s) .474(d) .608(s) .608(d) 

Et/E0 Et/E04.  Et/E,, Et/ Et/E00  Et/Ed, Et/E.. 

17.3 0.18 0.15 0.17 0.16 0.19 0.18 0.21 
24.5 0.26 0.22 0.25 0.24 0.27 0.26 0.28 
34.6  0.31 0.31 0.35 0.34 0.38 0.37 0.40 
45.8 0.47 0.41 0.45 0.45 0.49 0.49 0.51 
54.8 0.54 0.49 0.53 0.52 0.56 0.56 0.58 
64.8 o.61 0.57 0.60 0.59 0.62 0.63 0.65 
88.3 0.74 0.69 0.73 0.73 0.75 0.77 0.77 
107 0.81 0.78 0.80 0.81 0.85 0.83 
136 0.87 - 0.89 0.90 0.92 0.90 
161 0.93 0.92 - 

9.8.2 Polysiloxanes : Unfilled and Filled  

Because such a large number of measurements, of 

relatively low accuracy, was made for these systems, data 

for the construction of one sorption curve or pair of 

conjugate curves only are presented here for each system. 

TABLE 9-45 

DMS (I) - H2O (26.3°C) 

= 0.198 
	

V = 0.344 	1 y. g. = 1.24x10-3cc.s.t.p. 

CO 
t 2  mt/14,0  (s) 

2.4 0.21 
3.3 0.31 
4.7 0.44 

3.1 41 5.8 0.53 
6.7 0.59 
8.2 0.69 
9.5 0.76 
10.6 o.83 
13.5 0.92 
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TABLE 9-46  

DMS (II) - H2O (35.5°C) 

= 0.203 V = 0.509 1)1g. 5. 1.24x10-3  cc.s.t.p. 

t7  ( s) Mt/M b 	(d) 

2.4 0.20 0.30 
3.3 0.30 0.40 
4.7 0.43 0.51 

9.0 88 5.8 0.51 0.58 
6.7 0.57 0.64 
8.2 0.66 0.73 
9.5 0.74 0.79 
12.1 0.85 0.89 
14.2 0.92 0.94 

= 0.206 

TABLE 9-47  

DMS (A) - H2O (35.5°C)  

V = 0.445 	111g. = 1.24 x 10-3cc.s.t.p. 

B oo t 2  Mt /Moo  (s) '  

2.4 0.16 
3.3 0.25 
4.7 0.36 

7.7 90 5.8 0.43 
6.7 0.49 
8.2 0.58 
9.5 0.65 

12.1 0.76 
14.2 0.84 

Tik Le. 	tte  
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DMS (C) - H20 (35.6°C) 

= 0.335 	V = 0.671 	ly.g. = 1.24 x 10-3cc.s.t.p. 

B 	Mco 	t2 
Mt/1100 (s)  

	

30.0 	0.042 

	

42.5 	0.065 

	

52.0 	0.080 
25,000 	6o.1 	0.095 

	

73.4 	0.119 

	

84.8 	0.143 
104 	0.187 
116 	0.217 

TABLE 9-49  

DMS (D) - H20 (35.7°C)  

1= 0.197 	V = 0.306 
	

11g. = 1.24 x 10-3 cc.s.t.p. 

B 	PMTPMT M
t 
 /M (s) 	MtMomo, (d) 

10.6 0./0 0.36 
15.0 0.53 0.45 
18.4 0.62 0.54 
21.2 0.69 0.59 

2.8 104 26.0 0.78 0.68 
30.0 0.83 0.74 
36.7 0.88 0.80 
42.4 0.91 0.85 
52.0 0.93 0.90 
60.0 0.94 0.92 
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TABLE 9-50 

DMS (E) - H2O (35.7°C)  

Q = 0.203 
	

V = 0.310 	1)1g. E 1.24 x 10-3 cc.s.t.p. 

" Meo 	mtim ( s ) 	Mt/moo ( d )  
10.6 0;36 0.35 
15.0 0.50 0.45 
18.4 0.58 0.52 
21.2 0.65 0.58 

2.7 111 26.0 0.75 0.66 
30.0 0.81 0.72 
36.7 0.87 0.79 
42.4 0.91 0.83 
52.0 0.94 0.88 
60.0 0.95 0.91 

9 L = 0.196 

TABLE 9-51  

DIM (F) 	H2O (35.5°C)  

V = 0.342 	1 	= 1.24 x 10-3cc.s.t.p. 

B p:Fop M
t 
 /M 	(s) 
oc 

MJM 	(d) 
oo 

10.6 0.36 0.33 
15.0 0.47 0.43 
18.4 0.56 0.51 
21.2 0.62 0.57 

3.0 124 26.0 0.71 0.65 
30.0 0.78 0.71 
36.7 0.85 0.78 
42.4 0.89 0.82 
52.0 0.92 0.87 
60.0 0.94 0.90 
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TABLE 9-52  

H2OPMS - 	(31.2°C)  

= 0.172 
	

V = 0.389 	11kg 	1.24 x 10-3cc.s.t.p. 

t2 t s 	Mt/M00 	(d) 

2.4 0.16 0.31 
3.3 0.25 0.41 
4.7 0.38 0.52 

5.4 69 5.8 0.47 0.59 
6.7 0.54 0.66 
8.2 0.65 0.75 
9.6 - 0.82 

12.2 - 0.92 
14.3 - 0.96 

TABLE 9-53  

FMS - H2O (30.1°C)  

= 0.143 V = 0.347 111g. = 1.24 x 10-3 cc.s.t.p. 

B Mcn M
t
/Mvo (s) 	t+ Mt/M0.1) 	

( a) 

2.4 0.11 2.4 0.12 
3.3 0.15 3.3 0.20 
4.7 0.23 4.7 0.29 
5.8 0.29 5.8 0.35 
6.7 0.34 6.7 .0.39 

3.3 64 8.2 0.42 8.2 0.47 
9.5 0.49 9.5 0.54 

11.6 o.6o 10.5 0.59 
13.5 0.69 12.9 0.69 
15.4 0.78 14.9 0.77 
17.2 0.84 18.3 0.88 
20.2 0.92 21.1 0.93 
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9.9 Sample Calculations  

9.9.1 Equilibrium Sorption  

The following examples illustrate how a point on 

an equilibrium sorption isotherm is calculated from primary 

experimental measurements. 

i) Quartz Spiral :- The system PEYA-H20 

Temperature (Ts) of sample = 49.5°C 

Volume (V) of sample = 0.493 cm3  

Observed spiral extension (ZMI ) = 0.106 cm. 

Transducer output = 3.18 mv. 

Spiral calibration (k) = 37.3 cm.g.-1  

Transducer calibration = 1.68(cm.Hg).mv.-1  

Holecular weight of H2O = 18.02 

Saturation vapour pressure (po) of water at 49.5
o(129) 

= 9.03 cm.Hg 

Volume of quartz spiral + platinum support (V ) 

0.12 cm.3 

Density of water vapour per unit pressure at 49.5°C 

8.98x10-6 g.cm.(cmHg)
-1 

Vapour pressure p = 1.68 x 3.18 = 5.34 cm.Hg 

Buoyancy correction to be added = 8.98x10
-6x p 

8.98x10-6  x p x (V+Vi ) x k 

8.98x10-6 x 5.34 x 0.61 x 37.3 

= 0.001 cm. 

x(v+v')g. 

cm. 
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Hence true extension Lh = LSh'  + 0.001 = 0.107 cm. 

Amount of water sorbed(Q) LS11 x  22400  
k x 18.02 

0.107 x 22400 
37.3 x 18.02 

= 3.58 cc.s.t.p. 

Concentration (c) of sorbed water = Q/ = 2..58  V 	0.493 
= 7.3 cc.s.t.p. cm-3  

Relative humidity p/p
0  = X34  = 0.59 9.03 

Hence the isotherm point (c, p/po) is (7.3, 0.59) 

ii) Sartorius Balance :- The system DMS (II) - H2O 

Temperature (Ts) of sample = 35.5°C 

Temperature (Tb) of balance head = 52°C 

Volume (V) of sample = 0.509 cm.3  

Observed weight increase (LSw) = 92 ).g. 

Transducer output = 2.03 mv. 

Transducer calibration = 1.21 cm.Hg. mv.-1 

Molecular weight of H2O = 18.02 

Saturation vapour pressure (po) of water at 

35.50c(129) = 4.33 cm.Hg. 

Saturation vapour pressure ((po)b) of water at 

52oC(129)  = 10.2 cm.Hg. 

Volume of platinum support for sample (V') = 0.004 cm3 

v. 
Volume of metal counterweight (V ) = 0.070 cm3  

Density of water vapour per unit pressure at 35.5°C 

= 9.40 x 10
-6 g. cm.-3(cm.Hg)-1 
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vapour pressure p = 1.21 x 2.03 = 2.46 cm.Hg 

Buoyancy correction B to be added 
ti 

= 9.40 x p x (V + V -v ) = 9.40 x 2.46 x 0.443 

= 10.3 	g. 

Relative vapour pressure at balance head 

2.4 
(P/Po)b - 10.2

6  = 0.24 

From a pre-constructed isotherm (Figure 5-6), the 

blank correction B to be added, which corresponds 

to 0.24 relative humidity = 11.2 ). g. 

Hence total amount Q of water sorbed = 6w + B + B 

= 92 + 10.3 + 11.2 = 113yLg. 

113 X 10
-6

x 22400  
- 
- 

18.02  

0.140 Concentration (c) of sorbed water = Q/V - 0.509 

Relative humidity 

= 0.27 cc.s.t.p. cm.-3 

2.46 
P/Po = 4733 - 0.57  

Hence the isotherm point (c, p/p0) is (0.27, 0.57) 

9.9.2 Steady State Permeability  

The following example illustrates how a point on 

a graph J- vs. p/po  is calculated from primary experimental 

measurements. 

0.140 cc.s.t.p. 
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The system DMS (E) - H2O 

Temperature of sample = 50.2°C 

Temperature of water reservoir = 39.7°C 

Membrane thickness (-e) = 0.204 cm. 

Area of membrane (A) = 2.27 cm2 

Time of run = 24 h. 

Spiral extension (Lia ) = 0.397 cm. 

Spiral calibration (k) = 32.7 cm.g.-1  

Saturation vapour pressure (pc)) of water at 

o (129) 
50.2 C 	= 9.34 cm.Hg. 

Saturation vapour pressure of water at 

39.70c(129) 
= 5.44 cm.Hg. 

Calibrated change of length of spiral with 

temperature = -0.0046 cm.deg.-1  

Initial room temperature = 20.8°C 

Final room temperature = 22.1°C 

Temperature correction to spiral extension 

= -0.0046(20.8-22.1) = +1.3 x 0.0046 = 0.006 cm. 

Total extension L h = 	+ 0.006 = 0.403 cm. 

ah x 22400 
k x 18.02 

0.403 x 22400  
32.7 x 18.02 	

= 15.3 cc.s.t.p. 
-  

/ Permeation rate J = 0 - At = 	
15.3  

2.27 x 24 x 60 x 60 

= 7.81 x 10-5 cc.s.t.p. cm.
-2 sec.-1 

Hence total amount of permeated water Q = 
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and J- t. = 7,81 x 10-5  x 0.204 = 15.9x10
-6 

ccis.t.p4 

-2 sec.
-1 cm. cm. 

Ingoing vapour pressure p = s.v.p. at 39.7°C 

= 5.44 cm.Hg. 

Relative humidity p/Po  = 5.44/9.34  = 0.58 

Hence the (J/ , p/po) point is (15.9x10-6, 0.58) 

9.9.3 Sorption and Desorption Kinetics  

A point on a reduced curve is calculated for each 

time t (sec.) by calculating the amount of water (or methanol) 

taken up by the polymer as a weight (Mt  )4g.) or spiral 

extension (Et cm.) as shown in part 9.9.1 of this section 

(including the buoyancy but excluding the blank correction). 

The corresponding amounts Y or E at equilibrium are 
00 

likewise calculated, and with a knowledge of the membrane 

thickness (PL cm.) the required experimental point 

(Mtto )t 2/-Z) or (Et 	tv-Q) is then obtained. 
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Concentration Dependence of the Time Lag for Diffusion 

The permeation technique has been used extensively for measurement of the concentra-
tion dependence of vapor diffusion coefficients in polymer membranes. In this a pressure 
gradient is maintained across the membrane and the pressure on the outgoing side, which 
is usually effectively zero, obtained as a function of time until a steady state of flow has 
been established. From the slope of the linear portion of the plot the steady-state per-
meation rate is obtained and extrapolation back to the time axis gives an intercept L, the 
time lag for diffusion.' ,2  

To determine the concentration dependence of the diffusion coefficient D, the steady-
state flux J per unit area and thickness of membrane is obtained as a function of the pres-
sure on the ingoing side and the equilibrium sorption isotherm of the system is also mea-
sured. J as a function of the concentration C1 in the ingoing face of the membrane fol-
lows and from Fick's law: 

J = f DdC 
	

(1) 

and 

Dc _c, = (dJ /dC)c-c, 	 (2) 

so that the D versus C relationship may be determined.3  
When D is a function of C only, Frisch' has shown that the dependence of the time lag L 

(3) 

al 	CI 	 CI 
= /2  	wD(w) i D(u)dudw 1 -{ 	D(u)du}3  

0 	w 	 0 	
(4) 

where 1 is the membrane thickness, C(x) is the steady-state concentration at the point x, 
and u and w are dummy variables. When D is constant, eq. (4) reduces to L = l2 /6D. 
Thus if the D versus C or equivalent relationship is known from steady-state measure-
ments then the variation of L with C may be predicted and compared with the observed 
dependence. For several vapor-polymer systems differences have been observed and are 
usually attributed to physical effects resulting in a time-dependent contribution to the 
diffusion coefficient which vanishes in the steady state.5-8  It is the purpose of this com-
munication to stress that when D varies with C, the relative variation of L with C over a 
finite concentration range is always considerably smaller than that of D with C. This is 
suggested by the form of eq. (4) in which D is always present as part of an integral. 

rev 
More specifically it has been shown9,10  that when log 	D(u)du is a convex function of 

y the time lag variation is governed by the inequality 1/6 	L(C,) 
	

D(u)du/12C1 

1/2. The smaller relative variation of L holds particularly when the diffusion coeffi-
cient decreases with increasing concentration and it is possible for the variation of L 
to be within experimental error even although D changes significantly with concentration. 
To illustrate this point the following calculations were made. 

Several forms of the function f(C) in the relation D = Dc -o f(C) were chosen such that, 
in the range of C 0-10, the diffusion coefficient changed by an order of magnitude. The 
dependence of D and L on the concentration for the different forms of f((1) are shown in 
Figures 1 and 2, respectively. The corresponding steady-state concentration distribu-
tions are shown in Figure 3. These results clearly illustrate that the relative variation of 

on the concentration is given by 

L = foi x C(x)dx1 f DdC 
o

ci 
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L with C can be very much less than that of D. A comparison of curves E', D', and E, 
B of Figures 1 and 2 shows that it does not necessarily follow that the larger the departure 
of D(C) from Dc then the larger is the departure of L( C) from Lc  

Fig. 1. D vs. C curves for various forms of f(C): (A) f(C) = 1 + 0.000C3; (A') 
f(C) = 1 — 0.0009C3; (B) f(C) = 1 + 0.09C2; (B') f(C) = 1— 0.009C2; (C) f(C) = 1 + 
0.9C; (C')f(C) = 1 — 0.09C; (D) f(C) = 1 + 1.8C — 0.09C 2 ; (D') f(C) = 1 — 0.18C 

0.009C2; (E) f(C) = exp { 0 . 230:3C}; (E') f(C) = exp — 10 . 23030. Ordinate: 
D, cm.2/sec.; abscissa: C, arbitrary units. The dotted line represents the abscissa for 
curves (A)-(E). 

In eq. (3) both the numerator and the denominator increase with concentration. The 
dominant factor in determining the concentration dependence of the time lag is the term 
foci 

DdC. For D increasing with C the percentage change in this term with C compared 

"Cl

o   
with the term 	Dc_odC is greater than that for a corresponding D which decreases with 

C (Fig. 1). When this term is similar (e.g., curves B and E of Fig. 1), then the difference 
in L-C relations is governed by the difference in the steady-state concentration profiles. 

f
o

ci  
On the basis of the term 	DdC (Fig. 1), curve B may be expected to have the smaller 
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Fig. 2. L vs. C curves fur various forms of f(C). Ordinate: L, min.; abscissa: C 
units as in Figure 1. Membrane thickness = 0.06 cm. Labels as fur Figure 1. 

time lag, whereas Figure 2 shows the reverse is true. In this case the term f x C(x)dx 

(cf. Fig. 3) is larger for curve B than for curve E, and sufficiently so to counteract the 
effect of the denominator. 

For an accurate comparison of steady-state and time-lag data it is necessary to know 
the D-C or equivalent relationship from zero concentration upwards with a high degree 
of precision. Usually D is measured as a function of C over a limited range of concentra-
tion followed by extrapolation to zero concentration which can introduce a not insignifi-
cant source of error unless measurements are made close to zero concentration. Simi-
larly extrapolation of limited L-C date to give Lc_o(=/ 2 /6Dc=0) must also he treated 
with caution (e.g., curves A, C, and D of Fig. 2). More recently Ash et al. expressed eq. 
(3) in terms of permeation fluxes and solved for the L-C relation graphically." This 
method has the advantage where accurate curve fitting of the J versus Cr data is not 
possible, but, as before, extrapolation to zero concentration is necessary. 

Finally, difficulties which may be encountered when comparing steady-state and time-
lag data are illustrated with some examples taken from the literature. For several 
water-polymer systems it was found that the time lag was independent of concentration, 
suggesting that D was constant, whereas a steady-state analysis indicated that the diffu-
sion coefficient decreased with concentration 6-8  For example, by fitting a polynomial 
to the J-C, data of Stannett and Williams,' D was observed to decrease by a factor of 
when the relative humidity increased from 0 to 0.85. From the Frisch equation it was cal-
culated that the time lag should increase from 45 to 55.6 min. in this range. An arbi- 
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trary membrane thickness of 0.04 cm. was adopted in these calculations. The variation in 
L, although not large, should certainly he detectable. However, measurements with 
water vapor are complicated by sorption of the vapor on the glass walls of the apparatus. 
Although a procedure was adopted to minimize this effect it is questionable whether it 
was completely eliminated by the technique used.7  Within experimental error the same 
J—C1 data can be represented by a straight line np to a relative humidity of r,d0.5. Be-
cause of the abrupt change in slope of the J.—CI  curve with this method of representation it 
was easier to use the graphical method" to calculate the L—C dependence. In this case 
the increase was from 58.2 to 60 min., which in practice would be difficult to detect. The 

l0 

5 

0 	 1 	 i 
0 	 0.5 	 1 . 0 

Fig. 3. Steady-state concentration profiles for various forms of f (C). Ordinate: C(z) 
units as in Figure 1; abscissa: x. Labels as for Figure 1. (F) constant D. 

form of curve fitting can therefore be quite critical. I1owever, it is perhaps unlikely that 
D should suddenly decrease at some nonzero concentration, and the polynomial method 
of representing the data is probably the better. A similar calculation with the water—
rubber hydrochloride system6  indicates that, in the relative humidity range of 

D decreased by a factor of —10 and the time lag should increase by about 30% 
(327 to 404 min. for a membrane thickness of 0.00622 cm.). A variation of this magni-
tude would seem to be outside experimental error even for water vapor time lags and it 
would appear for this system at least that a real discrepancy exists between steady-
state and time-lag data. 
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In conclusion, for systems in which D decreases with C the variation of the time lag can 
be very much less than that of the diffusion coefficient. As a result the L—C dependence 
must be measured with an especially high degree of precision' if a successful comparison 
is to be made of steady-state and time-lag results. 

This work is part of au investigation of water and similar vapors in polymer films. 
The paper is British Crown Copyright, reproduced with permission of the Controller, 
Her Britannic Majesty's Stationery Office. 
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