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TRANSPORT PROPERTIES AND MEMBRANES

The solutlon and transport behavlour of low molecular walght subgrances Ln
polymerle materlals fs a toplc of Llnterest for many ficlds of sc_ence nnt
technology.The relevance of such behaviour has became more evidesmt in tha
last 10 years with the blg devclopment of sepacatlon membrane Rystens hilghly
impermeable or selectlvely impermeable packaglng fllme and the overall
lncrease in the use of polymeric materlals for many different applications
with consequent exposure to varlous environmental agents,

The possibility to select or develop a polymeric material wlth a particular
trangport behavieour requlres: knowledge of the many factors which affect tha
transport propertles.An alm of reaserch in this fleld ls to ratablisn
mechanism and laws relating solubility and transport in multicomponen:
systems with che molecular properties of the components.On the other hand the
nature of the movement of a penetrant wmolecule 1n a solld can glve
lnformation about structural characteristics of the gollid,as flexihility and
configuration of the molecular chalns and the overall morphology.In this
sense,transport propertles can be consldered as @ molecular probe In the same
way as are X rays,electron mlcroscopy and light ecatterlng.But,wiercas those
technlques are sultable to study the crystalline component of ~olymnrle
materlals,Transport propertles are particularly able to give Informatiom
about the amorphous component. This ls very lmportant slnce Ln the last years
there has been an Ilncreasing Interest In the study of the amorphous component
in semycrystalllne polymers.As a matter of the Fact sclentlsts have
recognized the importance of knowing the overall morphology of a polymer In
ordet to relsate the structure with the propertles of a solid,Furthecmore many
properties of a solid are directly related to the amorphous component.

Definitions and Basic equations

In a homogeneous ,uniform and lsotrople s0lid we can descrlbe the transport
of gases and vapors by two independent coefflclents: Sorptlon § and Diffusion
D.Their product la the Permeabilicy P,

Solubllity coefficlent

Sorption is a general term to deseribe the penetratlon and dispersal of

penetrant molecules in a polymerlc solld to form a mixture. The manner in

which sorbed molecules are held and distributed within a polymer is termed

~ "mode of sorption”.Any glven system may Involve a number of concurremt modes
of sorption each of which may predomlnate as conditions are changed.

The equllibrium amount of penetrant sorbed and lts sorptlon mode dlstributlion

in a polymer,under glven conditlons,are governed by the theraodynamic of the

system,

Four general types of sorptlon ieotherms found for sorptlon in polywsers,are

tliustrated In Flg.l.

The slmplest case 15 that of ideal solutlon behavlour with sorbed pEnetrant

randomly dispersed withln the solid such that Henry“s law is abeyed,

The solublllty coefflclent 1] then congtant Indcpendent of gorhed

concentration at a pglven temperature and the snrptlon isothetm ls a linear

relatlon of concentratlos versus pressure{or vapour actlvity)
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e L = S; F)4’

Thls solution behavlour 1ia observed when permanent pgases are mochod by
polymers at pressuree not higher than 1 atm.(Flg 1 a).

The lsothera ehown In (b) - represents & prefcrence for the farmatlion of
polymer penetrant palrs at relatively small pressure, wlth a smaller amount
of sorption of more nearly ldeal solutlon behaviour at higher pressures,
This type of Isotherm results when gases are ' gsorbed by glassy polymers
containing volds.Two modes of sorptlon are consldered to be lnvolved: true
sclutlon and sorption Into pre-exlsting wvolds ‘whlch act In a manner
equivalent to that of gpeciflc sltes.

The isotherm sghown In (c) represents a preference for the formatlon of
penetrant-penetrant palrs, such that the solublllty coefflclent increases
contlnously with pressure, The physlcal loterpretatlon of thls hehavlour is
that the first molecules sorbed tend to loosen the polymer structure locally
amd make it easier for subsequent molecules to enter ln the nelghborhood of
the first than to go elsewhere. This interpretatlon impllea that the sorhed
penatrant plasticlzes the polymer and we observe thls isotherm when a liquid
Or vapour penetrant is a strong solvent or swelllng agent for the polymer,

The isotherm (d) 18 a comblnation of type (b) at low pressures and {c) at
higher pressures, Inltlally there ls a preferentlal sorptlon on speclfic
sites,whereas at higher vapour pressure,solution or clustering processes
predomlnate.

In all the Isotherms examlned,but the (a) type,in which the llenry”s law is
obeyed ,the solubllity coefficlent varles appreclably with garhed
concentration ¢ of penetrant. Mathematical expresslons which represent the
varlation of pressure,activity or solubllity coefflclent wlth the penetranr
concentratlon or volume fractlon are thermed "Isotherm equatlons”. They
descrlbe the different dependence of géorptlon on pressure as reported In Fip.
1. *

Dependence of 5 on temperature

The temperature dependence of solubllity In small ranges of temperature can
be represented by an Arrhenfus type relation

S = Sooxp (-AHs /RT)

where ZS{{} 1s the heat of solution and can be expressed as

AHS = AHeown T AHi
the molar heat_of condensation and the partial molar heat of mixlng.

A value of [SHLcan be obtained from the coheslve energy densltles of the
penetrant and the polymer by the Hyldebrand eguation

AH, = VJ. (Jt"g.) ‘kl

The solubiliry parameters ¢, and Jlare the square roots of the coheslve
energy densitles of the penetrant and polymer, ¥, the partial molar volume of
the penetrant and flthe volume fraction of polymer in the mlxture.

Diffusion

Diffusion le the process in whilch componcnks are tranfiported from one part of
a mlxture to another as a vesult of random molecular motlon,
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The diffuslon flow or Flux J of a substance ls the amount passing dJurlng unf-
time through a surface of unit area normal to the direction of flow,that 1s

J: /n¢

Q Is the total amount of substance which has passed through area A during
time t.The flrst law of Fick
) = -N Jde
Ix

and the second
o9 = (W) D_ze-
Jt N

allow the determlnatlon of the Diffusion coefflcient.Of course the
approprlate golution of the diffusion equatlion is dependent on the sample
geometry and the initlal and boundary conditfons for the partlcular syster
lnvestlgated.cenerally D 1s not fIndependent of concentratlion and then the
second law must be wrltten as

e = () X + [.\Q{‘-z](‘lc.:

Jt St Je Ix
A general method for obtalning varlable diffusion cocfflciantas IMc) SR tn
perform experiments aver sufflclently small Intecvals of concentratinn so
that the term )¢ dc is small and can be omitted.We obtaln therefore
4 megn valuve of diffusion coefflclent D.
The dependence of the dlffusion coefflcient on sorbed penetrant concentratlnn
has usually been empirically represented by equatlons of the form

—
D= Do oxp (yc)

where Dg 1s ° In the 1limlt of zero penetrant concentration amd a

characteristic parameter of the System at a given temperature.The parameter

characterizes the effectlvness with which equal amounts of varlous penetrants

plasticize a polymer to facilitate segmental mohility and,hence,to lnerrase
the rate of diffusion of penetrant.

Methods of measurements

One of the central problems In the study of transport propertlies i3 to
evaluate S and D far a Elven system as a functlon of Buch parameters as
penetrant concentratlon and temperature,

Two experimental methods are available for thils purpose:they are the sorptlon
method and the permeatlon method,

In 8 permeatlon experlment ,the amount of Penetrant vapour flowed through a
film of a glven polymer is measured as s function of time under the conditlon
that one surface of the Fllm is allowed to get In contact with penetrant
vapour at a constant pressure and the other surface la exposed to the vacuem.

In & sgorptlon experiment a fllm of a glven polymer lg exposed to vapuor «f a
Elven penetrant substance et a glven actlvity or vapour Pressute,and the galn
or loss In welght of the filn is measured ag a functlion of tlme.Experimental
data are plotted as the relative welght galn 1‘[1— /H 0Q versus U'Z-'-

where My and M 0Q are the mass sorbed from & sample of thlckness d at et
and t=py respectively,as [1lustrated [n Flg.2.

From the initlal stage of sorption He i —f-‘) t“ I/Z
oL L
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and it 1% posslble to calculate H.

The role of Fractional Free Volume (FFV)

It has long been a mystery why diffusion coefficlents of pelymer-diluent
syastems exhiblt so pronocunced a concentration dependence senpeclally when tho
dllvuent is a good solveat ar swelling npent for n plven polymnr.

A very vrough but qulte satlefactory description of the depentence of
Lranspect parameters on polymer phase, slze of permeant molecule and
tempersture, can be obtalned on the basis of FFVY concept.

. The penetrant molecules are absorbed In the membrane only if there Is space
I for tteir accomodation or It can be created,The probability feor such an
! operation increases with the FFy of the polymer-penetrant system and
¢ decreases with the alze of the penetrant molecule.The same applies ta the
' mobility that 1s to the dlEfuslon coefficlent D. We can conglder the value
I FFV as an entropic quantity measuring the probabllity for the creation of o
i sorptlan site, that I[s a hale for the accomodation of a molecule of
¢ Fenetrant.Such a statistical concept of FFV includes not only the speclf!ic
1 volume of the sample In excess of the actual volume of the maceomolecules and
. the sorbed penetrant molecules, but also the rlgidity of the macromelecules
I and the [ntermolecular forces,

. In the wvalldlty range of the llnear additivity of FFV of sorbate £y and

; polyser £ ,we can wrlte } - 'fi (L 4 11 Vl

Azcording to Hildebrand and Flory-Huggina theorles

S= A2 /g op (L) = F2 /g,

Therefore the Sorption ls proportfonal to the FFY of polymer and Inversely
proportional to that of the penetrant,

For what concerns the dependence of dlffusion on FFV, the usual deflnition of
the molar mobllity my of a pengtrant 1is

- E>'r = ‘2 | Mp
'DT  1e the thermodynamic diffusion coefficlent of penetrant,

i Accordlng to Cohen and Turnbull theory and Doolittle viscosity equatlon,the
1mobllity of m penetrant molecule can be related to the FFV

Mgy = Ao txpo (-Bq /)(_)
0= Do (’/)LID (-Ap /3()

As & censequence of the ponentlal dependence of D on FFV, the dlffuslion
icoeffliclent varles much more rapidly with FFV than the sorption
icoefficlent.The concentration coefficlent which relates diffusicn and
icomcentration also depends very strongly on FFV 2

= B‘j‘l/rl

. 1
It 1is inversely proportlonsl to the gquare of FFV, Therefore alsa H’depcnds
much more than Socptlon on FFV,

i therefore

Two_component aystem

—h=



The dependence of sorption,diffuslon and concentration cceEflzlent aon FFV
describes very well the encrmous difference of transport properties between
amorphous and crystalllne phase Lln a semicrystalline system,

As a consequence of the so much emaller FFV of the crystals, the: Sorptlon ard
Diffuslon ceoefflclents are negllgibly small compared with those of tie
amorphous phase.Therefore In amixtute of crystalllne and amorphons phases tle
diffuslve transport through the former can be completely neplected amd we
can coslder rthe crystals just a8 an lmpermeable obatacle hampering the
diffusive transport through the materlal,

Under the assumptlon of completely unlform and relaxed amorphous component,
the amount of sorbed peneccrant, w ,  per unit volume of dry anmple [s
proportlional to the volume fraccion ( 1 -(A) of amorphous component

W= (l—*)uL

Since the amorphous phase exlst as a complex network of tortuous and Flat
breoad channels and the amorphous chalns are restralned ln mobil_ty by thelr
ends flxed LIn the crystals, the effective diffuslon coefFlclent P of the
sample will be smaller than D of the purely amorphous phase

@ = 1} L //’fs
uhere\}’ls the detour ratlo and B the blocklag factor.
The dependence of the transport propertles on FFV and on the nverall
morphelogy of the system, makes the cranspocrt phenemena an  extremely
sensitive tool for the Lnvestlgatlon of the packlng of macromolecules in the
amorphous phase,and its change under the Influence of mechanlcal and/oc
thermal treatments.

Hembranes

It is wvery lmportant the Ffact that successful Industrial and medical
developments of membranes have been made, based on the more ard more dee>
knowledge of transport properties of the materlale.Many |examples of
lodustrial membranes cam be clted.The principal uses of Industrlal and
medical membranes are the following:

1) Hyperfiltration and desallnation of sea-water

2) Separatlon of hydrocacbons by sclectiva permeation

3) Packagling for foods and beverases

4) Polymerlc coatings and encapsulants for eleccronic devicen
5) Systems for controlled ldninistranlon of drugs

There are,unfortunately,many examples of products designed and produced with
an apparent lack of proper conslderatlon of the solutlon wor transport
characterlstle of the materlal.Particular environments can: affect the
performance and 1lfetlmes of polymerlc materlale and thls efFzct must he
cavefully examined before the use,Far example the sorptlon of ambient vapours
or llqulds can plastlclze the materlal with a consequent decrease in
mechanical properties.In other cases the bottled beverage camponents,as CO,
or alcchol ,can be loss |, determlalng a change of beverape
characteristics,Therefore it 18 of the utmost lImportance te cacefully
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evgluate the transport propertles of the materials before their applicatlon.
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