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SIX4MARY

The perneatlon of a variety of solutes (in aqueous solution)

through a sel-ected polyethylene membra¡re has been investigatecl'

permeation through the mernbrane is consitlered. to be a three

step process: into, through and out of the membrar¡e. In a steady

state situation the rates into, through and out of the me¡nbrane are

the se,me and. this rate is the permeatlon rate. The rate at vhich

the molecul-e moves through the membrane prior to the steady state

being established is the d.iffuslon rate and, this rate is not

necessarily the sFme €IS the perrneatlon rate'

The perneation rate is affectecl ly tie concentration of the

solute, the tenperatr:re of the system, the pH of the system a¡rd' its

viscosity. The thickness of the menbra¡re is also inporta.nt. The

perneertion rate is increased. by inerease in concentration, increase

in temperatu¡e and. by d.ecrease in the thickness of the membrante'

Relationships between pH artcl permeation rate and viscosity

end perneation rate are more complex. A change of pH whlch increases

the ratlo of unionised. to ionised species present wil-l increase the

perrneation rate (provided. that the r¡¡rionised solute will permeate) '

If the viscosity of the system is ehanged by the introduction of a

solvent which ilecreases the polarity of'the systen (relative to water)

the permeation rate is decreased'.

The hexane water partition coefficieni of a solute gives an

ind.ication as to whether permeation w111 occllÏ or not. Expressions

which relate the hexane water partition coefficient of a solute to

its permeation rate and' to i-ts diffuslon rate are proposed'
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Results obtained in this work suggest thet the use of poly-

ethylene membranes may be of some vafue ln work on the ín oitno

predlction of ín üixo avallabitity of some therapeutically active

substances.
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,Ihe movement of mol,ecules through barriers has been of interest

for more than tvo centuries and. the earliest reported. Lrork appear.s to

be that of Ncl-let who d.iscoveretl the process of osmosis in 17)+8. He

placed an al-coholic sol-ution in a bladder, suspeniled- it'in a vessel

of vater a¡rd found that the water molecufes moved- into the sac but

that the alcohol- d.id. not pass through the membrane (Mantin , 1960) '

The first rnroïk on synthetic membra¡res s.ppears to be that of Deville

ancL Troost (1863) r¿Ïro reported the movement of hyd.rogen through hot

platinum. Pfeffer (f477) measured the osmotic pressure of sugar

solutions using a porous cup impregnated with cupric ferrocyanide as

the membrane.

The permeation rates of some substances through intaet

biological membranes \{as reported. by Overton (1895) who measured the

time taken for pla^nt cells to break by plasmolysis, the time taken

being used as a measure of the permeatj-on rate. Sinilarly Griyns

(;'}g6) used the rate of haemolysis of erythrocybes to measure

perrneation rates " 'l'he first work on the passa6¡e of no,l-ecu,Ies tirrougli

meff-brsnes in liv:i.ng specles s,ppears to be bhr¿t of lJaum (1{}99), Meyer

(1499) and Overton (f9Of) aÌÌ of whom were concerned- with the

pharmacological response prod.uced in animafs by solutions of

selectecl substances.

Al1 of the early workers }Ího ffere interes+.ed. in biological

membrenes were attenpting to elucidate the actual membr¿me structure'

It t¡as not, however, unti.1 some time later *uhat a suitabl-e mod'el vas

proposed.. Gorter and Grendel (a92r) proposed that the wall- of the
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red blood. celf consisted ol a lipid bilnyer. Subsequently Davson and

Danielfi (tgZ>, 19113 ) proposed that biological- membranes consisted of

a bimolecular leaffet of phospholipid to which proteins are attached.

on both surfaces by ionic forces and that fixed efectrical charges

on external surfaces bind. oppositely charged ions forming an el-ectrical-

doubl-e layer and a phase bound.ary potential. fn addition they

proposed. that the movement of many substances into and out of cells

occurs because the membrane is l-ipid. in nature. The membrane

structure proposed by Davson and. Danieffi is stiff largely acceptecl

(Stein , 1967; l/il1ix , L7TI). Specialised. regions of the membrane

enabfe the passage of ions and large mol-ecules to occur (Wiffix, 1971).

The earl-iest work on synthetic membranes appears to have been

that of Deviffe and- Troost (f863) referred to above. That work and

much of the subsequent vork r,¡as concerned. with the passage of gases

w

through bariiers of various t¡tes and vas reviewed by Barrer (t939,

19)+1 ). Later r¡rork on the movement of molecul-es through synthetic

membranes has been extensively revieved. by Lakshminarayanaiah (lg6g).

I'Iork in which the movement of a sol-ute from one aqueous phase

through a polyrneric membrane to another aqueous phase has been

reported, is considered. in Section l-.2,2.

Up to the present time nobody appears to have succeed-ed- in

preparing a membrane vhich can be regarded as being capable of

simulating a natural- membrane. ft has been suggested by some authors

that synthetic J-ipid. membranes may simuÌate the lipid. character of

natural- membranes (for example, Doluisioand Svintosky, 196r; Perrin,

A96T) an¿ it is possible that polyethyJ-ene is sueh a membrane.
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I.2 Membranes

Barriers (vhich are either continuous or d.iscontinuous ) vhich

are sel-ectively permeable are generally referred. to as membranes.

'Ihe movement of a molecule through a membrarte generally takes pleuce

by one of tvo mechanisms - either by passage through pores in the

membrane or by a solution process foll-owed. by desorption from the

distaf surface (Herrog and' Swarbrick, a97O) ' The movement of

molecul-es through the gastro intestinal membranes of man may take

place by either mechanism but generally does so by the l-atter process

since the d.iameter of the pores is such that only a limited- mrmber of

mol-ecules could permeate by the forrner mechanism (Tagner , L97L).

Movement through pol¡¡meric membranes is consid.ered to take place by

a solution process (Herzog and. Swarbrick, f97O) anl for this reason

d-iscontinuous membranes specially prepared to contain pores of a pre-

d.etermined. size (and often for a predeterzrined, separation purpose),

such as sintered glass and. sintered d.lscs, are not consid-ered to be

refevant and are therefore not consid-ered- further'

Much of the work on membranes in recent years has been

directed toward.s specific goals. Amongst these is the continuing

d.esire to fully elucid.ate the structure of natural membra.nes arrd to

utderstand. the mechanisms by which molecules pass through membranes in

living species. The prod.uction of an in Uitro system which can be

closely rel-ated to an 'Ln UiUo membrane is the ultimate purpose of much

of the current work on membranes.

The use of membranes for selective separation and purification

processes has also become more general- in recent years. The potentía1
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use of selectively permeable membranes in the produetíon of d,osage

forms d.esigned, for specific purposes has also generated interest in

this area.

The specific goals have been summarised by Lakshminarayanaiah

(lg6g) r¡ho has classifiecl membranes on the basis of their ultimate

use and has placed all membranes into one of three divislons. rn

general- terms these d.ivisions are (1) membranes vith favourabl_e

electrical performance suitable for use in fundamental transport

studies and in some industriaf appJ-lcations, (2) mern¡ranes to be used

as mod,el-s for natural membranes and. (3) mem¡ranes d.esigned to be used.

to study the physicochemical phenomena associated ¡^¡ith the rectifi-

cation of al-ternating current.

A review of r¡ork on the movement of mol-ecul-es through various

t¡pes of membranes folfows. In the d.iscussion bel-oi"¡ (and in subsequent

sections and. chapters ) a distinction is mad.e betveen permeation and.

d.iffhsion. rn the present context per:neation is regarded. as the

passage of a solute mol-ecule from a solution on one side of a

membrane into, through and. out of the mernbrane into a solution on the

other sid.e. rf the situation is such that a steady state exists (i.e.

the rate of entry into the membrane is equar to the rate of exit from

the membrane) then the permeation rate is numerical-ly equal to the

slope of a plot of the amount of solute which has passed through the

membrane against tine (in appropriate units). Before a stead.y state

situation can be establ-ished. the solute must move through the membrane.

This process is d.iffusion and the d.iffìrsion rate 1s not necessarity

the same in the period prior to the establishment of the stead.y state
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and. in the steady state. This period is generally referred' to as the

,,Iag time" or t'l-ag period-" and. is defined by Rogers (fge)+) as the tine

interval between when the solute first enters the membrane ancl when

the stead.y state of fl-ov is establ-ished. The mea;rings of permeation

and.d.iffusionad.opted.herehavebeenuseilpreviousì-ybyNakanoand

Patel (1970b).

The term "passive diffusion" is used- to d-escribe the situation

in which the d.iffusion rate in the stead.y state (i.u. the permeation

rate) is dependent on the physiçochemical properties of the sol-ute

and. of the membrane a]}d, on the concentration gradient across the

membrane. The permeation rate through a living r'embrane is often

referred. to as the absorption rate '

In the steady state of flow the concentration gradient

across the membrarre is maintained. constant. In the quasi steady

state of flov the concentration gradient is not maintained' constant'

For a l-inited. d.egree of permeation the tvo stages ca.n be regard'eil as

the seme.

L.2.I Movement of mo Iecul-es through natural-y occurr ing membrane-s.

L.2.I.I in uiuo membranes

some of the earty work on the movement of molecules through

membranes in living speeies has been referred. to in section 1.1. More

recently Brodie and Hogben (i9>T ), Schanker (1962), Hogben (tg6Z) and'

Brodie (fg6\) have presented. extensive general reviews on the physico-

chemical- factors affecting per:neation through menbranes in higher
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a¡iimals. Alf of these authors have emphasised. the importance of the

lipid- r^rater partition coefficient of the mol-ecufe and the pH of the

med-ium. ttretþtt partition theory" of drug absorptì-on (generally

attributed. to Brodie) was the logicaf d-evefopment of much of the work

on this subJect. Simply stated this theory postulates that the extent

of absorption (in a given time) of a substance from the gastro

intestinal tract (ln nigner animals) is ¿ependent on the lipid- vater

partition coefficient of the molecufe and that onÌy the unionized

species of an acid. or a base is capable of permeating t1¡e in Uiuo

membrane. The greater the lipid. water partition coefficient the

greater the extent of absorPtion.

More recently much of the work on Ìiving animals has been

conceïne¿l with the absorption characteristics of ind.ivid.ual substances

(or classes of substances) through the membranesof the gastro

intestinaf tract; for example, Lerly Ígee) nas reviewed. the absorption

of the salicylates and O'Reilly and. Aggel-er (f970) tne absorption of

the anticoagulants.

The movement of mol-ecules through livì-ng membranes in plants

and, animal-s other than man has al-so been stud.ied. Bates and. Gibal-d-i

(i]lO) frave d.iscussed the use of rabbits, pigs, d.ogs, rats a¡rd. mice in

vork concerneil with the und.erstand.ing of the processes by which

mofecules move across membranes in l-iving species. The monkey has been

used by many workers (for example, Nagashima and. Levy, Lg6g)'

Gol-d.físh have been used to study the effects of various faetors on the

movement of some substances through membranes in living species.
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Levy r-rnd. Aneflo (t968) rrsed 1,hi,s ¿rnimal to exatnine the eflfects of'

various factors on the absorption of barbiturates and. simil-arly Gibald,i

a.nd. Nightingale (fg6g) studied. the effects of a variety of factors on

the absorption of ethanol-. Other living anímal-s have al-so been used

(for example, the planarian has been used. by Saski, Mannelli, Saettone

arrd- Bottayi, I)IL). Lieb and SteÍn (lg6g) reported. work on the

d.ifflrsion of a number of aromatic comporurds in some plants.

fn a recent reviev concerned r¿ith the perrneation of molecules

through biological membranes, Teorell (1970) tras given particular

attention to what he d.escribes as "general factorst', these factors being

defined by him as the perrneabil-ì-ty properties of the membrane and the

driving forces prevaili-ng across the membrane, and. he al-so gives

particular attention to the inffuence of the membrane sol-ubility (i.e.

the sol-ubility of the molecul-e being consid.ered in the membrane) on

the perneation rate.

The works cited above (and. others) have not, however' been

successfìrl- in elucid.ating the actual mechanism by which molecufes move

through membranes.

' 1.2.I.2 in uitro membranes

A number of workers have used. the t'everted. sac technique

This involves the removal of a small segment of the intestine of an

animal- (usually a rat), ttt. everting of the segment and. the filling of

this sac (after tying off one end.) with d.rug free physiologieal buffer

Íned.ium; the other end of the sac is tied. off and the sac is i¡nmersed

in a rel-atively large vol-ume of the buffer solution (which eontains

the molecule being investigated.) in a suitable contaíner. The

concentrations of the sofutions are then fol-lowed vith time uncler
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controlled. experimental cond.itions. This nethocl was originally

d-evised. by wilson ar¡at ltriseman (rg>l+)' some modifications of the

original method have taken place (e.S. Cra¡re a¡rd'rl[i]-son, 1958) but

the principle remains r:nal-tered.. This technique has been used to

stucty the effect of many physicochemical- factors on the movement of

d.rug molecules through naturaL membranes ancl these factors have been

reviewecl by Bates and. Gibaldi (19T0).

Another method, invol-ves the use of sections of skin removed

from a¡rimals - for exanple AquÍar and hleinet (tg69) used- skin

removecl from hairless miee to stud.y the transfer of ehlorarnphenicol .

1".2.2 Movement of molecule

can be ctivitLed. into:

Liquicl membranes

Solid. ¡nembra¡res.

L.2"2.1 Liquid membra¡res

These membranes are used in cells d.esÍgned such that the liquicl

membrene is in contact with two separated aqueous layers in a sultably

partitloned apparatus. Rosano, Duby and. Schul,men (1961), Bosano,

Schulman and lleisbuen (f96f) ancl Schul-man an¿ Rosano (t962) usetl a cel-I

of this type to investigate the movement of salts an¿ ions (and. the

effect of some surface active agents on this movement) through short

chain alkyl alcoho1s. Sinilarly Rosano Og6l) used. a l-butanol layer

and fol-l-owed. the movement of water through this rthen d'ifferent aqueous

solutions were placed. in the two compartments of the cell.

synthetic menbra¡res which have been usetl in this type of work

1

2
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Doluisio and Svintost<y (f961+, 1965) used. a Y-shaped. rocking

d.evice based on the same principle and. appear to have been the first

vorkers to use thìs type of apparatus as a model for ín Uit¡o absorption'

They investígated the rate ol transfer of salicylic acid, barbital,

antipyrine, aminop¡rrine ancl tetracycllne from an aqueous layer ( at a

number of d.ifferent pHts) through a lipid layer (n-octanol or cyclo-

hexane) to another aqueous layer at pH 7.)+ and. in general found- the

results to be in agreement vith the pH partition theory for movement

through tiving membranes mentioned above (section 1.2.1.1). Khalil

and. Martin (tg67 ) using the same type of apparatus investigated' the

transfer of carboxyt salicylic acid, 14C, through a number of non

polar 1iquid.s (n-pentarre, n'hexar.ie, cyclohexane, toluene, benzene,

n-octyf alcohol and. n-hexyl aÌcohol,) which llere chosen to represent a

range of trsolubility p&rarreterstr. Tt r4as found. that the closer the

'rsolubility parameteril of the carboxyl- saficylic acid was to that of

the lipoidal barrier, the faster was the rate of the disappesrance of

the acid. from the first aqueous layer (pH 2) and the slower its

appearance in the other a,gueous layer (pU Ir)'

Perrin 3g6f) using a I'rectangularrr partitioned. cel-l studied

the transfer of salicylic acid and amid.opyrine through layers of 3}fo

d.odecanol in cyclohexane and cyelohexane respectively to the other

aqueous phase anil was able to concJude that the rate of transfer was

depend,ent on the 1ipíd. wa,ter partition coefficient of the çoJute and

the a¡nount of the unionised for¡n of the acid present.

Tn this ty¡re of apparatuF the rate of transfer appearÊ to be

dependent on the particul-ar lipoiôal layer uÊed and the results of
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Klraf ll- a¡cl 1.4¿irtiu (¡r¡t>'¡) have l¡ec¡r corif irrnerl by Augustine an<1 Swarbrick

(ryla) v¡ho showecl that the rate of transfer of sali.cylic acid. from the

first aqueous sol-ution to the oiI, in an apparatus simil-ar to that used

by Perrin (tg6l ), increased. as the polarity of the oil- increased-.

Robertson a¡id. Bod.e (tglO) used. an apparatus simil-ar to Perrin

(f967 ) in ¿esign but d.ifferent in that the apparatus vas continuously

rotated about an horizontal- axis. This procedure al-lows for the

continuous generation of interfaces and. overcomes the d.ifficulty

(associated with the apparatus of Doluisio and. Swintosky, 19O+) of the

interface continuously expand.ing and. contracting. The problem assoc-

iàted. with the apparatus of Perrin (lg6l) of the phases tending to

emuJ-sify (through vortexing) if tne stirring rate is too rapid, is also

avoided. The rates of transfer of salicylic acid and. three sulphon-

"micles from the one aqueous phase (at pH 2 or pH 5) to the other (at

pH 7.)+) were found. to exhibit the expected. pH d-epend.ence. Robertson

(ryfl-) used. the sa¡re apparatus to study some of the factors affecting

the rate of transfer of erythromyci-n. It was found that the rate vas

affected. by the pH, the poÌarity of the fipid. phase, the chenical form

of the substence and. by the presence of proteÍn.

Lakshminarayenaiah (tg6g) tras reviewed- much of the vork on

artificial membraries, but surprisingly nakes no mention of the vork

of Dol-uisio a¡rd Swintosky ¡gO+,1965), irnatit and Martin (1967) or

Perrin (D6f ).
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L.2.2.2 Sol id membranes

These membranes are considered in the following categories:

(") PolYethYlene films

(¡) other films

(") PolyethYlene containers'

(a) Po lene fifms

Thepropertiesofanysampleofpolyethylenewilldepend.on

the conditions used during the potyrnerisati-on process. These

cond.itions vill control- the degree of crystallinity and- the amount of

cross linking and therefore mariy of the properties of the sa:nple'

Thed.iffusionanclpermeationofsubstarrcesintoand.through

polyethylene has been the subJect of numerous investigations but the

rnaJority of these have been concerned with gaseous diffhsion' until

relativel-y reeently the permeation of polyethylene by pure líquids and'

by solutes of aqueous solutions has been largely neglected. In the

l-ast d.ecaile, hovever, more attention has been direeted to these areas'

largely because of the increasing use of polyethylene in a m:mber of

everyd.ay applications .

Thefirstreportofinvestigationsintothepermeationof

polyethylene fil-ms by pure liquids appear to be those of Parlimar¡ (f9\8,

19\9) who using polyethylene bags establlshed. "permeability rates" for

thirty six polar and twelve non polar liquids. He concluded that

perrneatíon vJ'as an "activated. diffusion process" ín which the perrneating

mol-ecul-e first dissolved. in the polyrner and. then d-iffused through it

from a region of high concentration to that of Iow and- then evaporated

from the outer surface.
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Thornton Stannett ancl Szwarc (f958) investigated. the perrneation

of methanoÌ through thin Þolyethylene membranes and' found- the permeation

rate to be similar to that found previously by Bent (lg>l ) who had

reported the permeation of methanol through potyethylene containers

( section L2.2 .Z c) .

Dietrick and- I4eeks Og>g) found that hyd-rogen peroxide

permeated very s1or,r1y through a thin polyethylene membrane at room

temperature and at an increasecl rate at higher temperature.

Gonzales,Nematollahi, Guess and. Autian 0g6l ) usíng an apparatus

appürently id.entical- to that previously used. by Berg, Guess and Autian

(lg6S) , Rod-el-l-, Boclnar, Guess and Autia" (t965) and' others from the

same l-aboratory (section I.2.I .2) set out to determine the d'iffusion'

permeation and. solubility of six substances vhich vere'structurally

similar (benzoic aciil, benzyl afcohol, benzaldehyde, acetophenone'

)+-methyt benzaldehyde and !-methyl acetophenone) in and- through pofy-

ethylene. Part of the stud.y was designed to provid'e information on the

effect of strueturaf factors on the d,iffusion rates and permeation rates

of the parent compounds. These workers plotted- amount per:neated- against

time and obtained linear relationships after an initial lag period had'

elapsed. Resul-ts of these experiments reveafed' that benzyl alcohol and'

benzoic acid. had. the smal-lest permeability constants (p), aefined as

the amount permeating through a membrane of specified. d-imensions und'er

specified. conditions, and the smallest d,ifflrsion coefficlents (D)

comparecL to the other compounds in the series. The reason for this vas

bel-ieved. to be the intra hydrogen bonding potential of benzyl al-cohol-

and of benzoic acid which afl0ved the formation of d-imers and' trímers

whose penetration into the polymer '\t'as not as easily achieved as that



13

of the monomer. Tn the case of the l+-rnethyl benzaldehyde and. the

)+-methyl acetophenone, the D values obtained. were similar to those of

the parent compounds benzald.ehyd.e ancl acetophenone. The solubiJ_ity

coefficient (S) vatues, and. the P values t¡ere, however, founcl to be

larger. The d.Ífference in the S and, P values r^ras attributed to the

effect of nethyl substituents, the presence of whích vas bel_ieved. to

give rise to a higher soJ-ubillty of the substance in the polyethylene.

These vorkers r^rere concerned. primarily r"¡ith the effects of

temperature and of substituent groups in the molecules consiaLered and.

d.id not report on the effect of a number of other factors (for example

concentrati-on, volume, pH, viscosity, thickness of membrane) on the

diffusion rates and. the penneation rates through the polyethylene.

Schoenwal-d. and. Bel-castro (tg6g) irave reported a study of the

sorption of l-abefled chlorbutanol (from aqueous solution) by poly-

ethylene. They found that the chlorbutanol was taken up under certain

cond.itions of concentration, temperature anil time.

(¡) Otner fil-ms

Tn work on other sol-id membranes (i.e. not polyethylene) a

nr:mber of authors have shown that the permeation rate from the one

aqueous phase to the other is depend.ent on a m¡mber of factors. In

general the apparatus used. in this ty¡re of r"rork is d.esigned. such that

the membrane is hel-d vertically between the two parts of the cel-l- which

house the aqueons fh""us. Apparatus used. in this ty¡re of vork is

d.iscussed. further in Chapter !.

Ïleatherby (fgl+S , A9\9) using mernbranes composed largely of

biological material-s was abl-e to show that a rel-ationship existed. between
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the pH of the solution and. the transport rate of some acids anil bases

ancl some organic electrolytes, the greater rate being shown from

solutions ín which ionisation l{'as suppressed. Similar effects of pH

have been shovn by Runne1 , Buch, Buzello a,r¡d Neurohr (tg6g) , who used

a numbeï of polyrneric membrarles; by Nakano and Patel- (19704) and' by

Isakano (17T;-) using dimethyÌ polyslloxarle membrarìes. Fites, Banker

ancl Smolen (f970) used four polyrneric membra''es and were abfe to shor,¡

the same effect. Herzog and. Swarbricir (1970, 19"114) used a membrane

composecl largely of bio]ogical materiats and' showed' that onl]r the

unionised. forrn of salicylic acid was capable of permeatlng the membrane.

The importance of the partitioning of the solute between the

lipid. layer (f.e. the membrane) ancl the aqueous solution has been

illustrated. by Lueck, lüurster, Higuchi, Lemberger and Busse Gg>l ) an't

Lneck, llurster, Iliguchi, Finger, Lernberger artd. Busse (lglT) who showed

that a plot of the penneation rate (for three different sol-utes)

against the partition eoefficient of the solute between the membrane

a¡,d. the aqueous layer r.¡as linear. slmilari-y, Garrett and chemburkar

(f9l>8a,b,c) ,rr'ìng a dimethyl. polyslloxane membrane found that a p1ot

of the apparent dlffusion rates (a function of the d.iff\rsion rate)

of a mrmber of solutes agalnst the partition coefficients of the sofutes

between chlorcform and -r,he açlueous layer was ]-ínear. These workers d"id'

not, hor,iever, measure the partítion coefficient betveen the membrane

itself and the aqueous layer and the partition coefficient measured. can

therefore be regard.ed only as a measure of the relative polarity of

the solutes.

,['ire tvo f¿rctors corrsldercri above (the pll of the solutlon rrnd

L¡e p¡rrt;i t; i o¡ r:rre f't'I c..lent o tl Lttt st>lute 'f.¡eLureeri t he li.¡rd-rl [.ayer nnd the
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a.queous J-ayer) ar. the main factors in the pH partition theory of

d.rug absorption referred- to above (section 1.2.1). The sirnilarities

in properties between membranes of the human gastro intestinal traet

and. synthetic membr€tnes are consid.ered. f\:rther in Chapter 5.

Lueck and. others (f95Ta) and. Lueck and. others (1957¡) founti

the permeation rate to be proportionaf to the reciprocal- of the

thickness of the membrane.

The effect of the molecula.r weight of -uhe solute has been

z'eported. by Johnson (t965) who found. that the d'iffuslon rate through

a thiolated. gelatin membrane, of five of the seven soiutes he used.,

was related- to the molecular weight by the reiationship l(uW)% = constant.*

Garrett en¿ Chemburkar (f968a,trc) however, founil the apparent d.lffì:sion

rate to be ind.ependent of the mol-eeuler veight of the solute for

o.iffusion through a d.imethyl polysiloxa,ne mernbrane. Fites , Banker and.

Smol-en (lgfO) were abl-e to relate the permeation rate through each of

four polXrunerj-c membra¡res to the moleeular weights of the polym.ers. They

also found. the coneentration of plasticiser and the degree of hyd.ration

of the membrane to be factors r,¡hlch controlled- the permeation rate of a

solur,e through the membrane.

Some authors have found the d.iffÏsion rate and. pernreation rate

tc be related to the temperature of the system by the é¡rhenius

reiationship,
k = ne-E./nt.

If this relationshÍp hoi-d.s a pl-ot of tl¡e logarithm of the

CifftsÍon (or permeatlon) rate against the reciprocal of absolute

tenperature :ihoul-d be l-inear. tìoclell, Guess and. Aútie¡ (rp66) tound.

* u.u f'ront of thesis for definition of s¡rmbols.
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this relationship to be valid. for the permeation of a mrmber of

solutes through nylon; Garrett a¡rd. Chemburkar (tg6$artrc) fou¡rd the

sa.ne relationship valid- for the cliffusion of a number of sol-utes

through d.i-methyJ- polysiloxane membranes ancl these workers were abl-e

to determine the energies of activation for the processes' Powe}l,

Nemetol-fahi, Guess and. Autian (1969\ reported' on the d.iffl¿sion and'

perrneation of benzalkonium chloride through nylon en,1 shoved t'he effect

of temperature on both d.iffusion and. perrnea-r,ion rates ' Both d'iffusion

and permeatj-on rates increased. with temperature but in a somev-hat

erratic maJlner.

In many investigations of the type being consid-ered. a lag time

has been reported (for exatFle Rotlell, Bodnar, Grless a¡d' Autian, L965:

Ro¿ell , Guess an¿ Autian, 1966; Kostenbauder, Boxenbatn' and Deluca,

Lg6g; and Nakano, 19Tl-).

Rod.el-l-, Guess and. Autian (1966) for:nd that the permeation rate

lras rrin general d.epend.ent on the quantity of sol-ute orlginally present

in the high concentration sicle of the cel-1r'. Garrett alld Chemburkar

(t96$ar-Orc) foi:nd the apparent d.iffusion rate for subst€ulces whieh

ionised. j-n sol-ution to be d.epenclent on the concentration of unionised'

specíes present " Herzog and Swarbrict<. (f970, 1971a) for:ncl that the d'is-

appearsrice fate of salicylic acid. from the fj.rst aqueous phase was

first order (1.e. a pl-ot of the logarÍ.1hle of the concentration remaining

against time was finear) ¡ut t{akano (1971) found that if the logarithm

o1. the eonüen{ratic¡n renainlng in the c,.lncentrs,teÓ aq'.reous solution was

plçt,ted agai.pst tilne (for the perneatlon of chl"orpronazirie through a

d.imeth,vl- polysi-ì-oxane membrane) s lir¡esr rel-atlonshlp was obtaineci only
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sol-ute was greater than that which prevaiJ-ed in the subsequent steady

state. This i-nitial- period can be regarded as the lag period cluring

which the solute is being taken up by the membrane. This author al-so

studied. the effect of the presence of other substances in the solution

and found that the presence of either surface active agents, some

insol-uble solids or some other soluble substances in the rrconcentrated.

sofutiontt generalJ-y riecreased the permeation rate.

The movement of sol-ute molecules through synthetie membranes

has been put to ad.vantage in a number of applications. fn laboratory

work, d.iaÌysis has become en important tool- for the separation of the

cornponents of mixed systems and many d.i.fferent membranes have been

used. for a wide variety of separatíons. The use of membranes in

d.esal-ination processes has become Íraportant. The use of membranes in

haenodial-ysis and. in artificial- kid¡eys and in the treatment of d.rug

overd.osage and poísoning are al-1, exa.mples of separation processes based.

on the sel-ective penneati-on properties of specific membranes.

f'he use of some membranes for these and. other pu"poses has been

d.iscussed by LeJcshrni-nerayanaiah (1969) and the d.ialysis of poisons and.

drugs has been reviewed. by Schreiner (197f). The use of membranes in

dosage forms has been of interest to some vorkers. Chemburkar (tg6f)

atternpt,ed. to relate the'Ln uitto d.lffusion rate of some soLt¡tes througlt

a, d.inrethyl- polysil-oxa^rìe membra¡re to the d.ifflsion rate of the same solute

through the sarne membrane when it r,ra,s prepsred as a 'oharmaceutica.f d.osage

form. Sr¡nd.aran and Kinct (1968) anct Kinc]-, Benagiano and Angee (f968)

reported. work in r¡hich they investigated. the possibilíty of formulatJ.ng
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steroid.s in a long acting form vithin a polyrneric t'capsul-e" and. Fites '

Benker and Smolen (f970) reported. work in which they inveetigated the

possibility of controll-ing drug release from a tablet by use of an

insol-ubl-e fiL¡r around the tabl-et.

(c) P ene containers

Nunerous investigations into the permeation of a variety of

substa¡ces through polyethylene containers have appeared- in the

literature. The maJority of these have been aoncerned vith pure

liquid,s. I{iel-sen and Parl-iman (fg:O) investigated' the reÌationship

between the val-1 thickness of polyethylene bottles and. the permeability

rates of selected- substances. One of the concl-usions reached in this

work was that water e¡d. alcohof had iow permeation rates through

polyethylene. The permeation rate of the sol-vent of aqueous sofutions

stored in polyethylene containers has been reportecl by other authors and.

it has been found- that the pe::neation rate of water is generally

suffieiently snall to be d.isregard.ecl except for storage at high tempera-

tures for long periods (Goss, Gregerson and Polackr 1968). In work on

the storage of aqueous solutions in polyethylene containers the

technique ís generotly to use en aliquot of the contents of a different

co¡ta.iner fo1 each sample, 'I'his teclirri-qtre assumes that a1-l the' contairlers

ilave iclentic¿l- properti-es zurd for this re¿ìson the results oÌrtained- in this

'\^rork must be regard.ed. as somewhat crud-e.

Pínsky, Nielsen and. Parti*ar, (f95)+) reported. a long term stud-y

of the permeation of sixty-seven ttt¡pical" chernical-s through polyethylene

bottles ancl were able to conclucle that it was possibl-e to pred.ict, fairly

accuratel-J, at any selected. tenperature, the perueabilit¡' v"1tt"s of the
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substances used.. Other workers (for example l,Iright, Tom'linson ancl

Kir^rreier, 1953; Bent , A95T ) have published. permeation figures for a

variety of substances, but the experimental method.s obviously left nueh

to be clesired. since expressions such as itorilinary plastic containers

filled. to the neck ..." were used.. sent (1957) stated. "the bot*'le

had. an average surface area of L62 wr? ...". Neverthel-ess Bent ti-g57)

ilrev numerous concfusions from his work and he was ab-Le to determine

perrneabil-ity constants, at four temperatures, ior twel-ve organic

solvents in three polyethylenes a¡rd. one irrad.iated. polyethytene. l{e

plotted. the togarithms of the permeability constant against the

reciprocal of absolute temperature a¡d. obtained. linear relationships

from whieh he was abl-e to d.etermine energies of the activation for

perneation by the use of the Anhenius relationship given above.

Parl-iman and" Pinsk¡ 1J957 ) investigated lined. polyethylene containers

in an attenpt to red.uce pe::neation. Salame (fg6f ) published. extensive

results for the permeation of orgenic molecul-es ihrough pol-yethylene

containers and wes abfe to d.evise srÌ expression by r4rj-ch he was able to

pred.ict the per:nea-t ion rates of a great number of organic mol-ecul-es

through poi-yethyierrê ârìd the correl-ation between his pred.icted. a^rrd

experimental resul-ts was excellent. The expression includ.etl the

"permachor" ('n) a numerica-L value d.evised. by hin (and applieabie to any

moleeufe) which he described as

tta gross cfassification of the perrreant taking into
accoirnt its size, shape, polarity ancr interaction

forces with polyethYlene".

Sala.ners method. is applicabÌe only to pure liquid.s and. no provision is

mad.e f'or the pred.iction of perneation rates of'organic moJ-ecules in
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aqueous sol-utions. Douhairie í9rT ) appears to have been the first

worker to investigate the pe:rneation of solutes of aqueous solutions

through polyethylene containers. Subsequently Barlsnan ar¡d. Jarnhall-

1196f), v. Czetch-Lindenwald (1963a,b) and Neuwal-d ftg65) reported

losses of sol-utes of aqueous sol-utlons stored in polyethyì-ene contaír¡ers.

Russel-l- and. Stock (S-g66) reported. losses of so-Lutes lrom ftqueous

sofutions, during autoclaving, in polyethylene containez's" Beei

Ðicenzo, Jannke, Palmer, Pinsky, Salame and Speal'.er(,1967 ) reported a

long te:rn stud.y of a variety of substances (¡ottr pure and. includ-ed. j-n

pharmaceutieal formul-ations) storecl- in polyethylene containers bui only

a liinited. m;nber of these were in the forru of aqueous sol-utíons. The

work of Rusself and. Stock (1g66) was continued by Goss, Gregerson and'

pol-ack (1958) an¿ by Polack, Roberts ar¡d Schumaru:(1970). Goss arid

others (¡-g68) regarcled. the polyethylene as a water immiscible layer

and Pclack and. others (19T0) r,¡ere abl-e to d-erive 8rl expression whieh

they used to predict l-osses under the experimentai eond.itions. Thís

derivation includ,ed. consid.eration of, the polyethylene lüater partition

coefficient of the solute and the authors cliose to represent this value

quantítatively by the hexane water pertition coefficient of the solute.

The agreement between preilicted ancl experiroental values rllas good'

polack anð Roberts (f97f) reported. further work on the loss of

solutes from aqueous solutions stored in po-Lyethytene containers and

were abfe to show that onJ-y the unionised. species of a¡: acÍd e¡rd a base

r¿ere abfe to permeate. They also reported. that a p-r-ct cf the logarithm

ol tìre concentr&l,ion of solute reinaining in solution againi'L time was

line¡¡r' only after" ar: initial lag time Lr¿c1 e1aps'-:d fo;: 'i-'u'tr sel-ected'
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solutes (nitrobenzenè and chloroxylenol) in aqueous sol_ution. This

work showed that some of the factors which are important in the

processes by vhich sol-ute mol-ecul-es perrneate into and. through thin
polyethylene membranes are also important in the movement of solute

mofecules from actrueous sorutions into polyethylene containers.

trYiesen and Pfein (tgll') have reported. a d.etail-ed investigation
into the storage of aqueous chlorbuta'o]- sorutions in polyethylene

containers.

1.3 Purnose an d. sco¡e of the present work

The work of Gonzar-es arid. others (tg6l) onty covered. the subject

of movement of molecules from aqueous sorution in:o and. through poly-
ethylene membranes to a limr'_f,,s¿ extent. Simil_arl¡r parlin¿rì (19Lg, Lg\g),

Thornton, stannett and. szwarc (rgla) an¿ Dietrick and. Meeks (lrg>g) onty

investigated. certain aspects of the problem. For this reason, together

with the increasing interest in this area, it was fel_t that a more

d-etailed. investigation of the diff\:sion and. permeation of mol_ecules

into and- through polyethylene membranes rras varrar-ted..

In addition it was fel-t that information obtained- in this work

coul-d- possibly be of some value in the und.erstanding of permeation

through polyethylene containers - the use of polymeric containers

(particularly polyethylene) ror med.icinal- substances is vieved. with

sufficient coneern for two major s¡mposia on this subjeet to have been

hel-d in recent years. I

rnternationaf Pharmaceuticar- Fed eration conference, MontpieJ_J_ier,
L966 (reported in J. trbnd. phanm., (rySe) , [, Z5T) ana ¡iitisrr
Pharmaceuticaf conference, Belfast, :-969 (reported. in pharrn. J. (]rg69),
203, 335) .
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ft was also consid.ered. possible that information obtained. in

this study coul-d be of some value in the u¡rdersta¡rd.ing of the process

by vhich mol-ecules move through in uiuo membranes.
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2.I Materials

Substances usecL in this work were as foflows:

Acetic acid glacial, analytical reagent, British Drug Houses, Poole

EngJ.and-, Batch \775.

Acetophenone, laboratory reagent, May and. Baker, Dagenham England-,

Batch 66+ZZ vas further purified. by d.istil l-ation as d.escribed-

by Vogel (ry¡e) before use.

Anisal-d.ehyde, Iaboratory reagent, British Drug Houses , PooJ-e England,

Batch 2162180 was further purified. by d-istill-ation as d-escribed

by Vogel (tg>6) before use.

Anisote, J-aboratory reagent, British Drug Houses, Poole England.' Batch

?rOßLO vas f\rrther purified. by d.istil-lation as described by

Vogel (ry>e) before use.

Benzald.ehyd.e, analytical quality, Fluka A.G.' Buchs Germany, Batch

9689)+K'

2r4-lictrtorophenol, J-aboratory reagent, British Drug Houses, Poole

Eng1and, Batch 2166210.

Dipotassir:m hyd.rogen phosphate, laboratory reagent, Merck 4.G., Darmstad.t

Ger:nany, Batch 7017833)+.

Glycerin, British Pharmacopoeia quality vas dried. before use.

Hexane, analytical reagent, Ajax Chemicals, Syd'ney, Batch 011+70 was

d.istitled. before use, the fraction of boiling point 6T .ro-68.ro

being used.

Hyd.rochloric acid, British Pharmacopoeia quali-ty.

Methyl cell-ulose, F.H. Fauld.ing, Ad-elaide, Batch 987629.
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p-Methyl acetophenone, laboratory reagBnt, Britisr Drug Houses, Batch

32rrOO was fu.rther purified. by d-istillation as described by

Vogel (tgS6) before use.

Nitrobenzene, laboratory reagent, Merck 4.G., Darmstadt Gerrnany,

Batch 86fZl+f8 was f\rrther pr,rrified. as d.escribed. by Vogel (lg>6)

before use.

o-Nitrophenol , l-aboratory reagent, F}:ka 4.G., Buchs Germany, Batch

\ZZf )+g rras recrystal-tised from alcohol--water before use.

Potassium d.ihydrogen phosphate, laboratory reagent, Merck 4.G., Darmstad,t

Gennany, Batch 900h8.

Sod.ium acetate, analyticaÌ reagent, Stand.ard. Laboratories, Melbourne,

Batch 3204.

Sod.iru chl-orid.e, analytical reagent, Aja¡c Chemicalsrsydney, Batch 72r8r.

Sod.ium hyd.roxid.e, British Pharmacopoeia quality.

p-To1ua1d.ehyd.e, laboratory reagent, British Drug Houses, Poole England,

Batch 2563270.

p-Toluid,ine, anal¡rtical- reaEent, AJax Chemicals, Sydaey, Batch 71831 .

Tris (hydrox¡nnethyl) meth¡'l-anine, analytical reagent, British Drug

Houses, Poole England., Batch 0339812.

liater d.istil-l-ed. i-n an al-l gJ-ass still- was used. for preparation of al-l-

sol-utions and for the final rinsing of al-L apparatus.

Buffer solutions are shovn in Tab1es 2.1 and,2.2, pHts were measured.

on a Radiometer 28 pH meter.
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Table 2.1

Buffer systens used for o-nitrophenol solutions.

pH Buffer system usecl

3.81

3.90

\.2\
)+.70

,.25
5.35

Acetate

.7L

Phosphate

T "2I
T .27

T. lto

7.86
8.ol+

Tris - h]'drochloric acid

All- buffer sofutions prepared to be 0.1M and cf
constant ionic strength (by ad.riition of sodium
chloride if necessary) unless othervise
Índ.i cated..

5

6

6

6

6

7

.20

30

>9

Br

o6

)

)

)

)
)
)

)
)

)
)

)

)
)
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'L'abIe iì.2

Buffer systems used for p-toluid-ine sol-utions '

pH Buffer system used

4.bt)

5.ro
,.39

, .71

6 .08

6 .l+o

6.58

6.Bo

6.oo

6.rB

7.10

8.32

)
)

)

)

Acetate

Phosphate

p-Toluid.ine - hyd.rochlcric acj-d

Tris - hyd.rochloric acid

)

)

)

)

)

)

)

)

A1t buffer solutions prepared' to be 0. lM and' of
constant ionic strength (by add-ition of sodir:rn
chl-orid.e if necessary) unless othervise
ind,i cated,.
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Polyethylene membrane

t'Al-kathene"l polyethylene (grad.e xJF lzTrthíckness 6 mil)

which has been used throughout this work, lrith the exception of pa.r"t

of one set of experiments in which the effect of thickness has been

exa¡rined. (section 2.8), has a m:mber average mol-ecul-ar weight of

28,000-321000 caÌcuiai;ed from measurernents of i'he osnotic pressure

of solution in Xylene et I5o.2 this polyethylene ha,s a nornirral densi-ty

of O.922 a,t 2303 and at rootn temperature the riegree cf crys+"a-l.linity

is in the range of |r-TOf"4 " Up to the highest ternperature used in

this work (l+O.ao) the degree of crystal.l-inity of the polye+-h¡rlene ís

unlikely to al-ter (Hu]lter a¡rd. Oakes, 19\5). "Al-kathene" XJF 127 has

a mett ffow ind-ex of 3.0, the process by which th:s is deter"m.ined. being

d.escribetl by the ma¡rufactuïers as follows :5

ttThe apparatus is essentially an extrusion plastometer
with an orifice 0.315 in (8.1 n¡r) long and 0,0825 in (2.C8 nm)

dia¡neter operated at 19Oo (STh"¡') und-er a pressure of
l+3.e rts per sq:-n (3.0 Kg per sq cm) maintai-ned by a

dead weight l-oad. on the raol-ten polyethylene. The weight
of the material extruded. in grenrnes in ten ¡irinu-tes is the
melt ftov ind.ex of sarnPle.rt

The melting point of "Afkathene" XJE is 1090.6 The polyethyl.ene 1/&s

received in the form of a l-arge roll-ed shee*r,.

I Trad.ernark of Inperial Chenical- Industries Linited by '¡hom the
poi-yethylene oonated..

z)314;5 "Al-kathene Branrl of Pol-yethylenett, Part 2 pub3-ished. by Imperial
Chemical Industries Limited., Plastics Divisi.on, \'ie1i"1¡n Gard.en City'
Herts., Eng]an¿ (no d-ate given) - pages i0, 6, B, a;rd.6 respectively.

6 "Alkathene" Grade XJF 127 Technicai Ðata Sheet íss",ed by fur;rerial
Chemicaf Ind.ustries of Australía a¡rd. Nei.¡ Zealzurd, l{eltiowtie T966.
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2.2 Analytical- methods

Most of the subst€utces usetl i.n the permeation rate deter:ninations

obeyed. the Beer Lembert Lav at their wavelength of maxi:num absorption.

This wavelength was d.etermined initially on a Unicen SPBOO reeord.ing

spectrophotometer and. more accurately on a Hitaehi Perkin Elmef 139

manuaf W visibl-e spectrophotometer.

The wavelengths useil are shown in Table 2 "3 toge+.her ¡.rith the

extínction coefficients of the substances used'.

The concentration of rrnknown solutions and of the amount of

solute permeated vas determined. by measurement of the optical d-ensity at

the wavel-ength given in Table 23 (after appropriate d.il-ution lrhere

necessary) on the Hítachi Perkin Elmer 139 lIV visibl-e spectrophotometer

and. reference to the appropriate Beer La.mbert Lav plot. The a¡nount of

solute which had penneated. was ca-lcul-ated taking into account the amount

of sofute removed in previous sarnples. An example of the calculation

is shown in APPend.ix 1.

since the ultravíofe-r, spectra of substances whjch ionise in

solution vary accord,ing to the pH of the solution (Ewing, L)60) it r'¡as

necessary to exa¡nine the spec+ur¿ì of o.nitrophenoJ- and p-toluidine over

a rillge o I ¡I{ .

Ílo.l_utions of o-nitrophenol exhibitecl a¡-r j.s,:sbestic point a.t

3TL.' rrm (as canr be seen in Figure 2.a) " Figure 2^2 is a plct of optieal-

d.ensity of, o-nitrophenoJ- solutions against concentration at pII 2"35

and. pIi 12.1r1 . Al-l eoncentration deterninations !{-ere carl:j"eá out at

this wavelength since the Beer La¡n'bert I-,å1.ú vâs obeyed at thi.s vavelength'



Tabl-e 2 .3

lÌaveJ-engths of ma:cim:m absorbanee for substances used.

À nm

Extínction
coefficient

max
('i1- )

Acetophenone

Anisald.ehyd.e

Anisofe

Benzal-dehyde

2, l+-Dichl-orophenol

p-Methyl acetophenone

Nitrobenzene

o-Nitrophenol
p-Tolualdehyd.e

p-Toluid,ine

2\5

28\.5

247

ù+9

28'
256

267

3TI.5
260

287+

2698

1050

1330

,ro
12ro

l-3'
1020

780

130

13r-0

rhrl
T3I2

1263

115+

g3s

506

297

20

*

t
I

2

3

4

E

6

7

8

lsosbestic point

aJ-l pHrs used excePt Pit 1r.60

pH 8.32 end T .10

pli 6.80

pH 6.1+0

pH 6.oo

pH 5.71
pII 5.39

pH !.08
pH l+.60
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Absorption spectra of o-nitrophenol in aqueous solution at
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B. pH 7.03 (in phosphate buffer)
C . pH l+ , Zl+ ( in acetate buffer )

Concentration of ali solutions: 1.)+l+ x 1O-4M.
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Solutions of p-toluid.ine d.itl not exhibit an isosbestie point

(figure 2.3) and a separate plot of optical d.ensity against concentration

was d.ram at À = 28J nm for pHrs between 5.OB anct 8.32 arid. X = 269 nm for

pH \.60. These plots were linear (¡'igure 2.'+) end were used- to

cleter.mine concentration at the appropriate pH. Qua¿itative tests for

acetate phosphate a¡rd. a¡n¡nonír:n ions (section 2.\) vere camied' out as

described by VogeÌ (rg¡l+).

2.3 Heat stabil-ity of the sü.bstsnces used..

The stabiiity of al-l substances usecl 'r,¡as d,etermined. by heating

an aqueous sol-ution of the subste¡rce in a glass ampoule at a sel-ected.

temperatr:re (not l-ess than the maximum temperature to be used- for

permeation rate measurement) for a sel-ected- tine.

The results of these experiments are shovn in Tabl-e 2"4.

2.h Detersrination of the pe:meation rates.

Pe:mea-r,j-on rates were determined using specially construeted

glass ce1ls (¡'ieua'e 2.r). Each compartment of the eell consisted- of a

Q¡¿ickfit QF 35 flenge Joint, the remote end of whj.ch had. been seal-ed..

¡ìaeh compart¡nent of the celf had a volume o:f' approximately 90 nl" arid.

was fitteci. vit,b- a sj-de arm which could. be ci-osed. by a grot:r't<i. g"Lsss

stopper, which could. be irelrt in positicn blr springs a.t'"ached to hooks

on the stopper a¡rd on the side ar:n. Af," t?ie fle;:ge e-o.rd- cf each side of

ti-..e cel'l metal brackets, each eonsisting of thr':.Ê pa;:t9, -h:Ðre plaeed

behind. the fJ-ange a¡d. co-rn¡.rJ-ete1y around. the glass ¡:art cf i;he cell-.

The t.ao compartmer.+-Ê; of the cell rn'ere clarrperi toge'the:: by' rletlils of these
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Tabl-e 2. )+

Stability of substances to heat.

Sol-ute

Acetophenone

Anisald.ehycle

Anisole

Benzaldehyde

2, l+-Dichlorophenol

p-Methyl acetophenone

Nitrobenzene

o-Nitrophenol

p-Tolualclehyd.e

p-Toluidine

Time of
Temperature heating

(nours )

Optical Density*

Before After
heating heating

ptt \.2h
pH 8.0\

pH 5.39

pH 7.10

l+80

)+8o

6zo

l+80

\zo

hTo

\80

7Oo

700

\T .50

\zo

7oo

7.00

6.2,

0. \5s

o.2r\
0.260

0 .208

O .211+

û .201

0.3113

o.2TO

0.27O

0.a95

o.262

0 .335

o.h'o
o.zrs
o.260

o.2o9

0 .210

0.195

0.313

o.272

o,266

c.499

o.255

0 .337

50

0c

00

50

00

8o

00

6"

23.

6.

6.

5.

5.

6.

6.

6.

2'
25

00

* average of two arrpoules after appropriate d.ilution (sa,ne d.ilution
was used before ancl after heating).
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metal brackets (ty tfre use of suitable screi4rs) after the polyethylene

had been placecl in position between the two flanges. Sufficient pol-y-

ethylene was used. to completeJ-y cover the area of the flanges in contact

ancl to protrude beyond the flanges when the cel-l was fì:lly assembfeil.

A nr:mber of celLs i¿ere checked for leaks by a known voh:me of

vater being ptaced in one compartment only (stopperecl) and. being left

to stand (with occasionaf shaking) in a¡r oven at 40o fo" at 1east

48 hours. Tested in this lray all cel-l-s were founcL to be leakproof

and. rüere therefore considered, to be satisfactory. The area of membrane

avaifable for permeation was ! .62, æ2 -

perueation rates were measured. mostJ-y in d.upl-icate, sometj-nes

in triplicate, in the cefls d.escribed. above in e. vater bath, which vas

fitteci with a horizontal- revolving shaft rotated (from a motor outside

the bath) at 19 RPM. Temperature in the bath was control-led by a Jumo

the:gnorreter a¡rd- relay GKT15O1. Concentrations of all solutions were

cletertined. by the method.s described in section 2.2" Rotation of the

cefls i..-, the bath ensured adequate agitation of the water in the bath

an4 -,herefore accurate control of temperature. The d.ial-ysj-s cells were

attached, to the shaft by means of serews and, wing r¡uts on the metal

brackets, which were used. to hol-d the cell- comportments together. 'I'he

cell-s were ilel-d in tlie l¡ath irr a horizontal- posibicn.

Experiments were carried out using either" tt'l"yt' or "såturateiltt

membranes. In the experj-ments in which ",1""y" menrbrenes were used. the

Obtained. from Southern Control-s Pty LtiI, tr[i-'Ìe ]ìnd Sou-,,h" Adelaide.
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polyethylene vas cut to the required- size and. lightly wiped- free of

dust on each side end. placed- in position in the cel1. Before the two

compartments of the cell- were clannped- into position a stainless steel

Sri¿ (16 nesh) was placecl on each sicie of the ceff close to the end' at

which the membrane was to be pì-aced.. This gricl was held' in position

in such a way that it l,ras unabf e to move during the actual expeliment '

The empty cell (with membrane an¿ grid. in position) -n'as roteteo in the

water bath at the required. temperature for at ieest two hours bef,cre

conmencement. At tine zero knor'¡n vol-uaes of sotution (of krioLm

concentration) and. sol-vent (bottr previously equi-librate¿ to the

requirecl ternperatgre) vere poured into the l-eft a¡¿ right sides of

the cel} respectivel-y (subsequently referred to as "sol-ution" a¡rd-

"solvent" sid.es). A m:mber of glass bead-s (d-iameter 1/8 inch) vere

pJ-acecl in eacÌ¡ eornpartmeht of the cell before the sample ports vere

stopperecl. The beads moved. around in the cetrl as the cell revolved' a¡ld

kep+- ¡¡u contents agitated. The beads were prevented from coming into

con'l;aet vith the membrane by the grid.. the motor was s\ritched on'

At a suitabl-e time the motor was stopped eJld a semple of the sofution

on the ,tsolvent" sid.e rernoved a¡rd its concentration detersrined. The

vol-une re-rnoved. for sampling was d.isplaced. by the addition of f\rrther

glass beads to the celÌ so as to ensu.re that the membra¡re renaíned'

fully tnsubmergecl" throughout. The totaj +.:'-me for which the ¡:otor was

stopped. for sampling never exceederl 1') ninutes'

rir the experiments usittg ttsaturated.t' rtteiûr'l:ä¡¡es 'Lhe !oi¡"e¡1lututt*

l/as cut'Lo size and. lightly d.uste,ì anC place'1 in positic¡ in bhe cell-'

The fuJ-Iy assembled. cel-l- (containing menbra.ireo gricl and. gJ-ass bead's)

was then placed in the water Ì¡ath agd- brought to tercperaÎi¿i'e ' Known
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volumes of solution and sol-vent vere then placed in the cell and the

sicte arms stoppered. The motor was switched- on and the membrane l-eft

in contact with the ttsolutiont' and. I'solventft foï at least 2h hours.

Not less than \5 minutes before tine zero the "concentrated sol-ution'r

end. rtsolventrr were replaced in the respective compartments by ttf'reslt"

equilibratecl trso]-ution" and t'Sol-vent". Ab time zero tire sol.ution on

the,,sol-ventttsíde was removed.; that side of the cell rinsed (as

rapidly as possible) three times with gJ-ass ¿istille¿ water and' a known

volume of solvent, previousÌy heated to the temperatul'e of the ba¡h

was placed. in the t'solventt'compartment. A sarnple of the sofution on

the ttsolution" side of the celf n¡ras remove¿l for concentration

d.eter:nination as soon as possible after the filling of the n'solventfl

side. The vol-u¡re removed. was displaced. by glass bead-s and the side

erm stoppered. The motor vas then svitched on and *'he procedure des-

eribed. above for ttd-ry" membraJ:res fol-lowed'

The permeability of the membrsnes to buffer salts, to glycerine

ancl to methyl cel-lulose was cheeked as foll-cr¡s " 
a sofution of the

buffer sal-t or viscosity plod.ucing agent being considered r¡as placed'

on one side of each of five fully prepareil cells (1.". membrarte and

grids in position) and r¿ater on the other side. The cells were ¡otated'

in the r¡ater baths described above at \5o for two d-a¡rs. After thÍs

tine the contents of the side of the cel-ls vhich originally contained'

the water OnIy were eol-lected togetLrer a¡¡ci jn the ca*e ol'btre buller

s¿rlts testerì qualitabivety l'or the a,ppropriate ion" 'tl 1'|re case ol the

glycerine ancl mettryl celfulcse, the visccsity oi tht¡ ccllect'eiL soluti'ons

was deLernined.. ?he polyethylene was found tu be irnpel"neable to all of

these substences '
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2., Valiclity ol tlre experimen1,¿r"l lneth<¡d

Once it was establishe<l ttrat the cell d,id, not l-eak and that the

membrane was impermeabfe to buffer sal-ts, glycerine arìd. methyl

cel-1ufose, a Series of experlments was carried. out to examine the

variations of the permeation rate betveen cell-s and- the variation

between different pieces of the polyethylene. The sol-ute chosen for

this part of the work was acetophenone because this substance had

been found to be stable to heat (section 23) and. because preliminary

work had shol,irL the permeation rate of this substance to be suitable for

this particul-ar part of the vork. This substance had al-so been used.

in a previous investigation of permeation through a polyethylene

membrarre (Gonzal-es, NematoJ-l-ahi, Guess and. Autian, L96T).

This work vas carried- out as fol-Iows: Four cefls were chosen

at rand,om and- a membrane, cut from a rand.omly chosen position on the

sheet of polyethylene, pfaced in each. The perrneation rate of the

acetophenone vlas then dete::nined. by the method. d,escribed. above for

dry membranes for each of the cefl-s on the same d.ay. The proced.ure was

repeated. four times using a different "d,rytt membrane in each cell each

time. Perteation rates obtained. in d.ifferent cel1s on the same day

arrd. in the same ceff using different membranes are surnmarised. in

Tabl-e 2.5. It is assuned. that there is no significant variation in the

permeation rate in any one celf between runs lrhen the same membrane is

used ( sect j.on 3.2 .1) .

An analysis of varia.rrce shows that there is no significant

d-ifference in the permeation rate betveen cefl-s nor is there any

significant d.ifference betlreen the rates in eny one cell i¿hen d.ifferent
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Tabl-e 2. 5

permeation Rate, in different cel1s on the sane day and in inclivitlual-

cells on clifferent tlays, of acetophenone, initial concentration

936 x 1o-3M, at l+0.2o. Rate in ne(102 minutes)-1.

CeI1
number 5l+2l_

Membrane number

.3

0 .685

o.63,
o.600

0.610

1

2

3

4

o.650

0 .590

0.610

0. 585

o .61+0

0.610

o.660

o.635

o.r90
o.623

0.590

0.570

0.6h0

0.550

o.580

o.612
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membranes a¡.e useil (Rppend-ix 2). The perueation rate for the twenty

tieteminations shown in Table 2.5 ís 0.6il32l0.0316 tg (to2 ninutes)-Ì.

A series of experiments was carried. out to investigate the

effect of verying volumes on each sicle of the cel-l and. the effect of

the presence of the grids and their d.istar¡ces from the membrane on the

permeation rate.

The effect of the volume on the "sol-ventt'sicle of the cel-I on

the permeation rate of nitrobenzene is shown in Figure 2.6.

The effeet of the volume on the t'solution'r si.d,e of the ceIl

on permeation rate of the sane substance is shom in Figure 2.7. In

all permeation rate cletetroinations a voþ:me of not less then T5 nl

arrd not more tha¡ 9, nI was used on both the "solutiont' a¡rd. "solvent"

sid.es. It has been assuneiL from the data of Figures 2.6 end 2.7 that

the perueation rate is inclependent of the volume on either side of the

cefl-. The effect of the volumes on each side of the cel-l is il-Lustrated

by the ciata given in Append.ix 1. Similer results have been obtainecl

throughout the work - i.e. the pe::neation rate is independent of the

volume used..

The effect of the presence of the grid-s and. their distance

from the membrane on the perneation rate af acetophenone is shown in

Tabl-e 2 .6 .

Fro4 the resuìts anr'L observations r"eportecl &l-.ove it seens

rea$ons.bl-e to colc,lude that, tlte rrppar¿r1,tts:is suitati.l-ÉÌ 1'or bhe stutt.y of

permeation rates throu.gh polyethyJ-ene u¡rd th¿rt +-iie re:rlrlts obtained in

any of the cel-ls can be directly compared..
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Table 2.6

Effect of the presence of grids and. their d-istance f'ron the

membrane on the permeation rate of acetophenone ' initial-

concent::ation 1 .62 x 1O-2M at \o.zo.

Distance ol grid from membrane (cns) Permeaiion rate
mg (to2minutes)-I

Sofution side Ílolvent sid.e

1 .1?

1"18

r.22
1.11

1.18

1.16

1.17

1.18

1.19

l- ,1\

0

1

2

3

1

2

3

1

2

3

0

1

1

1

-
2

2

3

3

3
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2.6 other exper iments

Experiments vere carried. out to investigate the effect of the

age of the membrarre, of the eoncentration of the solute, of the

temperature of the system, its pH (and ionic strengtU), its viseosity

a¡rci the effeet of the thiekness of the membrane on the permeation

rates of a varietY of solutes.

2.7 Viscosity

Viscosity was determined. on a Brookfiel-d R\fI viscometer using

spind.le No.1 at a speed of 50 RPM.

2.8 Membrane thÍckness

The thickness of the membrane llas measured prior to each

experiment as follows: The membra¡re to be used. r¿as cut to the

required size and. then at least six measurements of the thickness were

nad.e (each at a different position) by use of a micrometer screv gauge.

2.9 Sorption

Sorption experiments r¡ere carried. out (in d.uplicate) at 2)+.1+o

as follows: A piece of polyethylene wad cut to approximately the

size used. in the permeation rate measurements a¡¡d placed into a 500 n-l

gfor:nd. glass stoppered eonical flask. An accurately known volune of

appropriate solution (previously heated. to ternpera.ture) was then poured

into the fl-ask" The fl-ask was stoppered and. placed in a shaking d'evlce

in a therrnostated water l¡¿¡tlt, 'Ihe sÌ¡akj.ng device had a siroke of

2.! cms a¡rrl. coverecl this rlistarrce 120 times e¿ch ml-nute. 1l'he level of
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the vater in the bath exceed.ed that in the flask at al-I times. After

seven d.ays the shaking device vas stopped. a¡d. the concentration of

the solution determined. as described- above.

2.IO Sol-ubil-ity

Solubilities of the substances in water were cietermined. as

foll-ows: For J-iquid,s - 811 excess of the liquici was a<lded tr: a kno¡rn

vol¡¡ne of water in a 500 mJ- gror:nd. glass stoppered. conical- fl-ask. The

fl-ask was plaeed. in a shaking d.evice in a vater bath thermosta'+"ed at

2h.)+o and. rras shaken at 120 strokes of 2.5 cms per minlrte for at least

one veek. At the end of this time the flask was removed from the bath

a¡¿ the contents transferred. to a separatirrg furrnel. After aÌloving

the two layers to separate, the &queous layer vas run off and its

concentration cletermlned by the method described. previcusly.

For solids - 8rì excess of soiid was ad.d.ed. t,o a known r¡olunre

of water in a 500 ml ground. glass stoppered conical fiask and the

flask shaken as described. above. After a suitabl-e ti-me the excess

sol-id- !¡as removed. froro the suspension by filtretion end the concentration

of the fiLtrate determined by the methcd. described previously.

?.1i i-art,ltiorr r:c¡e f'flicicnir:

llexa¡¡e uaber p¡1rti l. j-ori coef f j.c-ie¡r:t:; ile-r"û il-tìieririitle.',.1 ( itt

triplicate) as foilows: ten ml of' distjl-led kiexel-",e (Í:reviousLy

saturated with wa.ter) a¡rd. 10 m]- of the appropriat¿'sclut-iou (prepared

in water previously saturated. with hexar¡ei ve¡'e pipet-be'j. intc a

100 mI ground glass stoppereá tesl tube' The i,'t¡.ber '¡ss stcppered and.
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plaeed in the shaking ¿eviee described above (ttrernostated' at 24.\o).

The test tubes were shaken overnight entl on the next cLay the aqueous

a.nd oity layers \.fere sepsrated ancl the cOncentration of the aqueous

layer cleteruinect by the method. clescribed previously and the hexa'ne

water partition coefficient eafculatecl. Equat voh:mes of the aqlleous

antt oily layers rere then returnecl to the test tube ' more solute acld'ed'

an¿I the system shaken as before ancL the partition eoefficíents

clete::nined. again. In all cases the partition coefficient values were

consistent with those obtained p?eviously'
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3.2

3. PERMEATION RATES

Introcluetion

Factors affecting the permeation rate
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3.1 Introduction

In the present work the permeation rate ís considered. to be

the rate at which the permeating solution emerges from the membra¡re

after the membrane has become saturated. end the d.i-ffusion rate to

be the rate at which the solute moves through the membra¡re in the

period. before the membrane is saturated-.

DiagraumaticalJ-y the d.iffusion and. perrneati.on processes c¿ut

be represented. as shown in Figure 3.1.

The permeation and. d.iffusÍon rates are not necessarily the

seme and. are often rel-ated by the expression

P DxS * (s.:-)

(for exo-Fle Gonzales ancl others , 196T). This expression appears

to l¡¿r¡e been tleveloped. from the folIowì-ng expression proposeci by

Barrer (7%9) for the pe:meation of a vapour through a sol-id. membrane.

Pr Do &.
1

(3.2)

The meaning of P, in current usage, is not unifom and it is

therefore not always possible to compare results of different workers

d.irectly. Gonzales a¡rd others (tg6T )'define¿ P as the perneabillty

constant (pC) r^'frich is the nr¡nber of mgs of sol-uie passíng through

a film of 1 cm2 surface area ar¡il 1 eu thiek when the concentration

grad.ient is 1ng per m1. These authors êxli€;ìsrù P mathenatically as

P
1v (s.¡)
caï

* see front of thesis for definition of symbols.
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Figure 3.1

k5

MEMBRA}IE SOLTNTON

Diagrarnnatlc representation of cliffusÍon e¡d'
permeatlon through polyethylene membrane.

k1 represents d.iffusion of solute molecules
through the solution to the membrane.

k2 repïesents èntry of solute.molecules (fron
solution) into the membr€u1e.

k3 represents d.ifflrsion of solute moleeules
through the membrane.

k4 represents exit of solute molecules from the
menbrafie.

k5 repïesents ttiffusion of solute nolecules away

from the membrane.
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Kostenbaud.er e¡¡d, others (tg6g ) d.efine permeability as fol-lows:

(cr-co) /xdm
¿1t

Dra (¡.l+)

This expression is essentiatly the same as that of Gonzales and.

others (tg6l) because v is a conste¡rt in expression (3.3). However,

the nr¡¡rerical- velue of the pemeation rate may be dlfferent due to

the presence of the factor v unless concentration is expressed in

the sa.me u¡lits. Both expressions assume id.eal behaviour.

Other d.efinitions of P have been úsed by other authors (for

sxemFle Saleme , 196I; Lebovits, L)66; Masoero, f96T).

The val-ue of D in expression (¡.f ) has been mathe.matically

d.efined by Barrer (f9¡9) as

D
12
bT

(¡.:)

The value of S in expression (S.f) has been ciefined by

Gonzales ancl others (f967) as

rrthe ratio of the a:nount of solute in a vo}¡me of
plastic over the a¡.ount in a vol-r:me of solution
at equilibrium. r'

Perueation data is consid.ered. in this chapter as the pemeatlon

rate, which is ciefinetl for the present purposes (in the sane marÌner

as Lueck e¡rd. others, a957arb) as the rate at which the solute molecule

emerges from the membre¡¡e once a unifort eoncentration grad.ient has

been establ-ished. and is equal to f which is cleteruined from the slope

of the linear portion of the anou¡rt peraeated. against tine plot. Rate

is expressed. in this chapter as the number of'ng passing through a
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membrane 0.015 cn thick ar¡d' 9 '62 cmz in area in 1OO minutes ' These

rrnitsareconverted'byanappropriatefactorinChapter5i.ofitthe

Gonzafes and. others (fg67) d-efinition of the permeabiiity constant'

The d.iffusion rates and per:neation rates being determined'

in the present work are quasi stead-y state rates rather than the

steadY state rates.

given in section \-2.

The d.ifference betveen these two situations was

Garrett and' Chemburkar (f968a,¡'c) who used- both stead'y state

and. quasi steady state systems reported' that the diffusion val-ues

found, in both types of system r'v'ere essentially the same'

3.¿ Factors affecting the perme ation rate.

3.2.r Age of membra¡re

The effect of the ""g"" of the membrane in the cell on the

permeation rates of anisole when saturated membranes are used' is

shown in Table 3.1. The permeation rate for the seven d'eterminations

shown in Table 3.1 is 8.9rT t 0.Ol mg (tO2 minutes)-l'

entration and- t emperature3.2.2 Conc

(a) saturated membranes

Plotsoftheamountofacetophenonepassingfromthesolution

sid.e to the solvent side (i'"'permeated) against time for a series

of acetophenone solutions at four temperatures are shom in Figures 3'2-

3.r.x Sinilar plots for anisole are shown in Figures l'6-3'!' for

nltrobenzeneinFigures3.lO-3.13arrd-foranisald-ehyd.eatone

temperature in Figure 3.1)+. simil-ar plots vere macle at other initial

* Figures presented at end of section 3'2'2(b) (foll-owing paee 5T) '
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Table 3.1

Effect of t'aget' of membrane on permeation rate of anisole,

initial conce tration L.25 x 1O-2M, at 35.24.

ttAge" of membrane
(at commencement
of experinent)

(¿ays )

Permeation Rate

ng (102 minutes)-l

8.8p

9 .00

9.05

9 .08

9 "CÛ

8.78

8.qo

0

1

¿

5

7

9

13
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concentrations for each of these substances and the results are

summarised. in Figures 3.15-3.18.

The general_ configuration of the plot of amount permeated

against time for all- substances, concentrations and ternperatures

investigated appears to approxlmate to a linear relationship.

Sinil-ar results have been reported by Gonzales and others (L967 ) tor

a similar quasi stead-y state system. Provid.ed. the concentration in

the 'rsolvent'r side of the cel-I i-s not all-oved to exceed about 5/' of

the initiâI concentration on the t'sol-ution" sid,e the expected

ilecrease in permeation rate with time, d.ue to d-ecreaseil concentration

grad-ient across the membrane, appears to be negligible and. the

plot can be regard.ed. as linear. The sJ-ope of the fine is the

permeation rate. fn any case if this rate is d.escribed. (more

correctly) as "initial rate" the straight line represents the tangent

to a curve. ft has been shovn above that the quasi steady state rate

is very close to the steady state rate. Al-1 luture reference to

permeation rate is regard-ed. as "initialt' permeation rate. It can

be seen in Figures 3.15-3.18 tnat the permeation rate is d.irectly

proportional to initial- concentration only over a limited' range of

concentration. The concentration at whlch this rel-ationship ceases

to hol-d, is about one third of the aqueous sol-ubility of the solute

being considered. and. it seems reasonabl-e to assume that in solutions

of greater concentratíon the departure from id.eal behaviour is due to

the d-ifferences betveen concentration and. activity in these solutions.

When rel-ativety d.il-ute solutions are being consiclered (i.e. below one

third. saturation) tne effect of temperature on permeation rates is

conveniently sr:nmarÍsed, by the Arrhenius rel-ationship,
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k Ae-Ea/RT (3.6)

obtained.

By rearrangement of expression (3.6), expression (S.?) is

Ea
log k logA*ã;355

By plotting 1og k against I it i. possible to find. E* from the slcpe

of the 1ine. A plot of l-og k against fr fo" acetophenone, anisole

and. nitrobenzene is shown in Figure 3.19. The activation energíes

for permeation for the three substences being consid.ered are given

in Tab]e 3.2. Gonzales and others (1967 ) founct the activation energy

for the permeation of acetophenone through polyethylene to bê

17.\ K cals mole-l.

(¡) ory membra¡res

Plots of the nmount pe:roeated. against time for ten substances

are shown in Fig:r:res 3.20-3.29, and. it ca¡r be seen in these Figures

that the relationship between a¡nowrt penneated and. tine only beeomes

linear after the initial "lag" period.. This Iag is d.ue to the time

interval between when the permeating solute first enters the membrane

and. the stead.y state of fl-ow is established. (seetion a.2).

1he permeatÍon rate (at each of thc temperatures used.) can

be obtained from the slope of the finear portion of the line.

Permeation rates (obtaineci fron Figures 3.20'3.29) are gíven Ín

Table 3.3.

A plot of the logarithm of the permeation rate against the

reciprocal of the absolute tenperature for each substanee listed. in

Table 3.3 Ís shown in Figures 3.30-3.31. The activation energies

1*F (s.r)
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Table 3.2

Activation energies for permeation through rrsaturated" poÌyethylerre
membranes.

Sol-ute Activation energy
-tllcr ls mol-e '

Acetophenone

Anisole

Ni trobenzene

18.81

13.45

1\.38
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Permeation rates through dry membranes for ten sol-utes.

Perrreation Rate
0or¡cen-
trati on

(u)

ms (102 ¡nlr¡utes )-l
Sofute

2)+ . t+o 30 .6() 3, .zo i+o . zo

Acetophenone

Anisalclehyd.e

Anisole
Benzalclehycle

2 r l+-Dichlorophenol

p-Methyl acetophenone

Nitrobenzene

o-Nitrophenol
(pH 3.81)

p-ToIuald.ehYcte

p-Toluid.ine
(pH 8.32)

1xlO-2
_t

5x10 "

1.25x10-3

1x10'
1x1O-2

2x10 r

2x1O-3

7.1Bx1O-3

2.08x10-3

2.33xLo-2

0.11+0

O "O\1
0.180

0.123

0.r-81

0.072

0 .080

0 .350

o.oT2

0 .100

o.252

o.o7T

0.2r2

o.220

o.\22
0.117

0.130

o.106

0.107

0 .200

0.38h

0 .118

o,352

0.36\
0.821

0.22'
0,238

0.731+

0.211

0.288

o.62L

O"]-BB

0. 110

O . )+51

1.150

0.32'
O .31+2

0.922

o'z5o

0.531
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for permeation of the substances have been calculated. from the slopes

of'tlie lines ancl are given in Tabl-e 3.\, along with those obtained

by Gonzales ancl others (lg6l). The activation energies for

permeation of acetophenone, anisoJ-e and. nitrobenzene 'are similar

to those obtained using saturated membranes (ta¡te 3.2).

Permeation rates obtained in the present work and' those

obtained by Gonzales srId. others (t96T ) for acetoplienone, benzaldehyoe'

p-nethyl acetophenone and- p-toluald.ehyde ere coaps.red- in Figures 3'32,

3.33, 3.3\ and.3.35. fn al-l of these I'igures it is clear thei Ë,t

the one coilu1on temperature (approximateì-y )+Oo) t¡re permeation rate

is very simil-ar and for each of the solutes the ac-uivation energÍes

for perrreation can 'be seen to be simj-iar in the two studies.

Lag times and. d.iffusion coefficients (calculated' by t¡e use

of expression 3.5) are given in Table 3.5'

plots of the togarithms of the d.iff\:sion coefficient against

the reciprocal of absol-ute temperature are shown in Figures 3'36'

3.3T and 3.380 ttre linear relationship cornfirrning the Arrheníus

expression given previousì-y. Activaticn energies i'or d'ifflrsion have

been cafculated from the slopes of the fines in Figures 3'36-3"38 by

substitution in the Arrhenius expression a:rd are given in Table 3'6

along with the values obtained Í'or four cf the su-,.¡startces by Gonzales

an¿ others (ry6f ). The d.iffusion coefficients and activation

energies for d.iff\:sion for four substances obtairied' in the work by

Gonzales and others (fg6T) and in tÌ¡e present r"crk are compared' in

I'igures 3"3g,3.l+0,3.)rt ¿urd 3.42. 'lhe activurt.iort ener¡¡ies for

dil'l\siolr &rer Veïy cl.ifferi:nt unrl can bt: see¡¡ lot lhree of the four
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Table 3.lr

Aetivation energies for permeation through d.ry polyethylene membranes.

Activation energy
(Kcal-s mc,le-l )

So]-ute

Acetophenone

Anisald.ehyd.e

Änisole
Benzaldehyde

2, h-Dichl-orophenol

p'MethyJ- acetoPhenone

Nitrobenzene

o-Nitrophenol
p-Toluald.ehyd-e

p-Toluid.ine

Present
work

r7.\9
AT.9T

r2.l+5

l-)+ .91

22.>2

18.6)+

16.18

12.81

1-5.92

19 .l+1

Gonzal-es
and. others

( rq6r )

17 .l+

t5.,

t6.5

rT.2
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Table 3.5

Lag tÍmes antt d.ífflrsion coefficients for ten solutes.

Lag tíme (") 6r
Temperature

o mi-nutes second.s second.s

Diffusion eoefficient
( cn2 sec-I ¡

(x 1os )

Acetophenone

Anisaldehyd.e

Anisole

Benzald.ehyd.e

2r l+-Di chlorophenol

]-2.2'
23.11+
3\.72
t+t.66

.4

.6

.2

.2

2ll
30
2C

)+o

13 .58
18.38
23.1\
26.0\

d+.1+
30.6
35.2
\o.z

13.88
25.0O
36.1e
>6.8t

2I+.)1

30.6
3r.2
\o.z

,t
27
18
r5

l+6

3)+

2T
2l+

3060
r620
1080

900

2760
2d+o
1-620
1l+40

1800
1020

5)+o
2l+O

2TOO

1500
1020

66o

231+0

:-560
1200

780

30
IT

9
)+

18360
gT20
6ltBo
5l+oo

16r60
a22\O

9720
861+o

10800
6tzo
32l+o
1l+)+O

a6zoo
9000
6tzo
3960

rl+o)+o

9360
T2OO
l+6Bo

20.83
36.76
69.\\

116.2,

1-6.02
2l+ . 03
3L.25
l+8. of

39
26
20
13

d+
30
35
l+o

2l+

30
35
l+o

l+

6
2
2

l+

6
2
¿

)+j

25
r7
11

\¡
l\)



Table 3.5 cor-rt.

Lag tine (r) Diffr¡sion coefficient
. ( cn2 sec-1 )

(x 1oe )

6t
Solute Tenperature

o minutes seconcls secontls

p-ifethyl acetophenone

i[itrcbenzene

o-ìiitrophenol
(P; 3.81)

p-Toiualdehyde

¡-ïc'j uidine- (pli 832)

d+
30
3'
l+O

2l+

30
3'
l+o

2\
30
35
l+o

2ll
30
35
)+o

2\
30

l+

6
2
¿

l+

6
2
2

i+

6
¿

2

l+

6
2
2

.¡+

.6

.2

.2
3'
l+0

5T
36
28
t5

Sl+eo
2]'60
1680

900

261+0

r-380
900
66o

2520
1l+l+0
g60o
\¡o

3000
171+o

1380
t_020

l+r\o
2820
2L60
1320

20r20
tzg60
10080

5l+00

158)+0
8280
5l+00
3960

t5L2O
86\o
5760
2TOO

18000
10l+l+0

8280
6tzo

2l+840
t6920
r2960

7920

10
r7
22
I+f

96
36
32
66

¡+l+

23
15
11

1l+.20
27.t7
\t,66
56.8t

5

\z
ù+
t6

T

69
\l
36
22

50
29
23
LT

1l+.88
26,ot+
39.06
83.33

L2,50
2A.r5
27.t7
36.76

9.o5
1.3.29
t7.36
28.1+0

\JI(,
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Table 3.6

Activatj-onenergiesforcliffusionthroughpolyethylenemembranes.

Activatlon ener
(Kcars mole)-

8v
I

Solute

Acetophenone

AnisalclehYcl'e

Anisole
BenzalôehYde

2, l+-DichloroPlrenol

p-MethYl acetoPhenone

Ni-trobenzene

o-NitroPhenol
p-TolualdehYde

p-Toluicline

Present
vork

15.1\

7 .96

23.9'
17.08

].2.85

Lr.r3
:-:6.73

20,07

L2.70

13.31

Gonzales
and others

(1e6T)

8.05

8.16

L0.20

6.90
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sol-utes to be approximately tvice as great in the present vork as

those reported by Gonzaì-es a^nd others (ry6f ). It is suggested that

this extra energy required. for d.iffusion is due to the greater thickness

of the membrene used. in the present work. fuom the d.ata of Table 3.6

it is apparent that more eneïgy is required. by a solute which is

relativel-y soluble in the polyethylene to d.iffxse through the poly-

ethy1-ene than is required. by a solute which is rel-atively insoluble in

the polyethylene (see Table )+.t, particularÌy values for anisol-e and-

anisa]-d.ehyde).

The solutes whieh are the l-east sol-ubl,e in the membrane (i.e.

acetophenone a¡d. anisal-dehyae) aPPeEr however to require a greater

energy (of activation) for pe::neation than d.o the other solutes (exeept

p-methyl acetophenone) which are more soluble in the nembrar¡e

(tatte 3.1+). In this situation (1... pe:meation) tne mennbrane is

completely satr¡rated. and the energ'y requi.red. is essentialty only that

necessary to tre¡rsfer a molecul-e from the solution to the membrene.

This will be smaller in the case of sol-utes whi.ch are more soluble in

the membrane. In d.iffusion the membrane is becoming saturated during

the process (i.e. d.uring the lag tine) and. it can be assumed. that for

d.if,fugion to actual-Iy take pl-ace sufficient energy to remove ind.ivldual-

molecul-es fron bind.ing sites in the poJ-yethyJ-ene r¡i1l be necessary

a¡d. more energ'y is theref,ore required. for the d.iff:rsion of the solutes

more sol-ub1e in polyethYlene.

The supposition that molecules of sol-ubL.e solutes ere strongly

bor.¡nd to the membrane is confirmect by the d.ata of Nakano (fgff), md

Dol-uisio, Croutharnel, Tan, Swintosky and. Dittert (fglO). Both these



,6

groups investigated. the movement of solute molecules through membrafies '

the former using a d.imethyl polysiloxane rnembrane end the fatter a

rat intestine, ín situ. Both these grouPs plotted. logari+.hm of the

concentration remaining (on the concentrated- sid-e) against time and both

forrnd. that the plot r,ras llnear onty after a certain period of tine had

elapsed. and. d.uring this tlne the rate of disappearance of the sclute

Was greater the¡l that whlch occurred durlug the subsec¿uent sX:ee'1y sL¿r+-e'

The sol-ute used by Nakano (lgff) r'ras chì-orprcnrre'zine arrd''r'y the other'

group prochlorPerazine .

Doluisio and. others (f970) regard'ed. the rapid- initial- r'ate of

disappearance of the solute as being d.ue to a strong bind'ing -betveen

the solute and. the membrane. These workers found- that a sinilar plot

for salicylic acid. was finear throughout and' it r'ias therefore assr:meil

that salicylic acitl was not as st:rongly bor:¡rd. to the membrerre as the

prochlorperazine. Iierzog an¿ Swerbrick (19T1a) al-so found a p1.t of

the logarithn of the concentration of salicyiic acid remaining (on

the concentrated. side of the membrane) agairrst tine to be linear for

movement ùhrough a d-ifferent menbrane. These workers al-so measured

the solubiÌity of the salicylic acid in the rnembre¡e arrd found it to

be rel.ati-velY sna11.

Polack amtl Roberts (fgff) foura a plot of the logarithm of

concentration rernair:Ling against time f'o¡ the rnovement of nitrcbenzene

anô of chloroxylenol- (from aqueous soiutio.) lnto polyethyìene

containers t,o be of a similar configurat:"-cri tc tlrat repor';eti by

Dotuisio end. others (1970) for the moveme*t cf p.cciticrper"azine through

rrrt inLesELne Lri, ri¿'.¿iu and by Na.liruno (tq-'ff ) i'or tlie rliovemenl' of
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chlorproma.zine through a dimethyl polysiloxarte membrene. These

authors suggested that the reason for the configuration was the

sarne as that proposed by Dofuisio and others (1970) i... a strong

bind.ing of the sol'ute to the membr€une.



3

2
b0
Þ

.d
0)
P
Cd

o
É
Él
OJ

Ê
P
-.{

o
É

1

/ ///
-n

1 2 3\
Time (hours)

5 6

Figure 3.2 Permeation of acetophenone through "saturated-"
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7.2.'3 pH

TheeffectofpHwasstudi.ed.usingtheacid.o-nitrophenola¡rd'

the base p-toluid.ine. The effect of ionic strength was investigated'

usingo-nitrophenol.Theperrneationrateofo-nitrophenolatavariety

ofpH,sisshowninFigure3.)+3.AlsoshovninthisFigureisthe

effect of variation in the ionic strength of the buffer si¡l-uticn ' 1'

is reasonabl-e to concl-ude from this Figure that variation in r;he ionic

strengthdoesnotappreciablyaffecttheperiaeationraieand.forthis

reason the effect of the ionic strength has not been considered further'

Theperrneationrateofp-toluid-ineatavarietyofpH'Sis

shovn in Figure 3.hl+. The relationship between penneation rates and'

pH is considered further in sections 5' 23'a' 5'3 and 5'\'

3.2.l+ Viscosity and poLari ty

Theeffectofviscosityontheperrneationra-l,esofthree

substances is shovn in Figures 3.\5, 3.\6 a¡ld 3"1+7. It ca¡r be seen in

each of these Figures that the penneation rate is considerably d'ecreased

when glycerine is used. to increase the viscosity whil-e the use of methyl

cellu].osedoesnotrecl.ucetheperureationratetothesameextent.

obviously this þehaviour is due to chenges in sol-ver¡t properties brought

aboutbythead,d.itionofgl.ycerinebutnotbythead'd.itíonof¡nethyl

cellulose. Glycerine has a riiel-ectric constant of l12'5 ('t'least, 1968)

and water a dielectric constant of 7s.54 (h¡east, l-968). lrlhe ad'd'ition

of glycerine to water can therefore be expected to d'eerease the d'lelectrlc

eonstant of the systern and as more glycerlne is ad'cied' the d'ielectric

constant will be {\rrtirer reduced.. Methyl- eellu]ose -is chemj'ca1ly inert
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(Jenkins, Sperand.io and Latiolais , 1966) arrd vhen ad'd.ed to water

increases viscosity onty by virtue of its poì-¡rneric properties and- is

present in the system in a suspend.ed fo::rn. The ad-d-ition of nethyl

celIul-ose to water will- not change the polarity of the system. This

reasoning is confirmed. by an exnmination of Figures 3.\8, 3'l+9 anci 3'50

where it can be seen that the hexane water partition coefficients of

acetophenone, sJrisole and nitrobenzene in solutions of varying

viscosity, vary according to the viscosity prod-ucing agent used' It

is realised that these ptots (Figures 3.1+B-3.50) are not physicociremically

meaningful .

The expression of Einstein ancl Sutherland'

D
RT

t{
1 (¡.4)

refates the cliffusion rate of a sol-ute in a med-ium to the viscosity

of the medír¡m (Martin, 1960). Assuming that this expression can afso

be applied to the penneation rate (and in the stead'y state situation

the d.iffusion rate and the perrneation rate are the sa¡le) ancl regard'ing

the mol-ecufes being consid.ered- as havi-ng the same rad'ius it is obvious

that the expression is not val-id. in the present cj-rcumst¿nces - if it

was valid the pe::neation rate woul-d' be ind"ependent of the viscosity

producing agent used. and. dependent only on the actual- viscosity. In

the situation vhere a glycerine water sol-ven*' is used' a d"ecr"ease in

pe:meation rate is noted for all three solutes vith increase in

viscosity vhile j.n aJ-l cases with the methyt celluiose water system

no appreciabl-e effect on the permeation rate is ncteC, with increase in

viscosity.
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It is suggested. that this apparent anomal-y is d.ue to the change

in the polarity of the solvent (and. also therefore a change in the

sol-ubility of the solute) effeeted by add.ition of glycerine to water

and not by the ad.d.ition of nethyl cellulose. This suggestion is

supported by the vork of Ostrenga, Steir¡¡retz end Poulsen (f9Tf ).

Chemburkar (t967) fras presented. a plot of the d.iffusion rate

of l+taminopropiophenone through a d.lnethyl poÌysiloxs;ne membrane against

tine from a phosphate buffer solution containing d.ifferent concentrations

of ethanol and. it is clearly seen that r.¡ith increasing ethanol

concentratiqn the d.iffusion rate is decreased.. This data appears to

confirm the reasoning above for the effects of glycerine and. rnethyl

cel-l-ul-ose on the permeatlon rates of aeetophenone, anisole a¡rd nitro-

benzene. Chemburkar (f967) d.oes not, however, appear to have consid.ered.

his d.ata in this way or as belng clue t,o a change in the solubility of

the solute brought about by the change in the solvent polarity.

3.2.' Effect of the thickness of the membrane

The effect of the thickness of ihe poÌyethylene membrarle on

the permeation rates of three selected substances is shown in

Figure 3.rL. The results are consistent vith the expecied. rel-ationship

(given by Rogers,196\) of the perneat,iorr rate being proportional- to

t¡c' reciprocal- of tl¡e membrane-' thlckness. lb is inte:'estin65 to note

a d.eparLure from expected behaviour at the thickness of 3:nil-. The

membra¡re used at this thickness r,¡as ttA.lkather",.e'1 XliF ll+t and not XJF 127

which was used. in al-1 other experiments " This varj.ation iliustrates the

d,ifference in properties brought about by' smatl- ehanges in composition

and. this property of plastics has been stressed by a nu¡.ber of authors

(for exa.urple Marcuso Kim end. Autian, I9r9).
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l+.f Sorption

sorption experiments were carried out on seven of the ten

substances used. in this work by the method d-escribed in section 2'10"

The other substa¡ces appearecl to interact with the polyethylene when

l-eft in contact for one veek. The polyethylene was cut tg size entl

weighed, before use. In al-l- experiments the polyethylene l¡as cut to

weigh 5I2 mg.

The results of the sorption experlnents are given in Tabl-e l+.1.

The sol_ubility coefficient (S) is a¡¡ expression of the

solubil-ity of the substar¡ce in polyethylene relati.ve to its solubility

in the sarne weight of water a¡rd ca¡r therefore be regard.ed- as a poly-

ethylene 'water partltion coefficient (section 3.1). This vj-ew is

supported. by Kostenbaud.er and others (fg6g) who regard-ed the S values

of Roclell- anct others (1966) as plastlc water partition coefficients

even though Rode1l ancl others (a966) ai¿ not use the tern partition

coefficient at al-I. Herzog ancl Swarbrick (19714) have used the tels

partítion coefficient to describe what has previously been referretl to

as solubÍlity coeffieient.

Sehoenwald anci Beleastro (tg6g) expressed. the sorptlon of

chlorbutenol by polyethylette (and. by nylon) as a percentage of the

emount of sol-ute originally present - the sorption will therefore

vary eccord.lng to the vol-ume used. tlerzog and. Swarbrick (L9TOr 1971a)

have shown that the solubillty coefflcient is lndepenclent of the e.mount

of solute present i.e. the solubility coefficient val-ue vili be the

serne irrespeetive of the volu¡re of the solution - the sa¡ne e€ulnot be



Tab e 4.1

'Anount of sol-ute sorbed- by polyethylene in one week at 2\.)+o.

Vofu¡:^e cf sol_ution (:t)

Initi al- concentration
mc (loo m1)-1

Final concentration
mg (roo nf)-I

Amor:nt sorbed (ng)

Amorrnt sorbed, by 1 lr1
of poJ_yeti:ylene (rg )

Amou¡t remaining in
1 ml- of solution (rS)

Sol-ubil-ity coeffi cient

Acetophenone Anisaldehyd.e Anisole p_Methyl_
acetophenone

o-NitrophenoÌ p-Tolualdehyd.e

200 150

u.0

14.8

3.3

5.89

0.1\8

39.79

10)+.1

200

o] <

Õo.u

11.0

L9 ,64

0 .86

22.&+

150

1)+.8

1)+. O

1.2

2,II+

0.1)+

rr.2g

200

100 .0

TT .O

)+6 .0

82. oo

o.TT

106.)+9

150

20 .0

u.0
)rc

0.u
\t .zg

Nitro-
benzene

200

81.8

TI.2

2]-,2

0 .71

53.32

92.0

2l+.2

o.92

\6.97

B.o)+ 37.86 \3 .2r

I^ieight of polyethylene: O. ,I2 eDensity of polyethylene , O,9Z
(Vofume of polyethylene used. is therefore 0.56 ml).

c
À
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said if sorption is expressed- as a percentage of the amount originally

present. If the sorption val-ues of Schoenwal-d and Bel-castro (f969)

are recal-culated. as solubility coefficients the d.ifference in the

sorption of chlorbutanol by polyethylene and. by nylon is very much

greater than is apparent from the percentage val-ues. In the cal-culation

it is, however, necessary to make an assumption regard.ing the volume

used since no vofume is given by the authors. For the greatest

apparent anount of sorption reported, by Schoenwald. arrd Belcastro (lg6g)

for both polyethytene anil nylon ariil assuming that the same vo]-u¡le was

used for both polymers it can be found by calculation that the

solubil-ity coefficient of the chl-orbutanol- between nylon ar¡d the water

is about five times as great as that between polyethylene and the

water - this intornation is not read-ily apparent from the data presented.

The solubil-ity coefficients for some of the solutes used. in

the present stud.y were given in Table 4.t and appear to be reasonably

large, i-nd.icating that these solutes aïe strongty partitioned in favour

of the polyethylene. This is surprising if vieved. in the light of the

statement of Autian Qgee) tfrat the sorption of sol-utes of aqueous

sol-utions by polyethylene coufd be expected, to be very smal-l. This

statement might be true for r,¡ater sol-uble sol-utes. The data presented

in Table \.1 suggests that this is apparently not correct for the

sol-utes being consid.ered here. If the polyethyl-ene is regard.ed. as a

non polar water inmiscibl-e layer as has been suggested previously

(potack and. others, 1pf0; Lees , 1969 ) , the sol-utes used. here could- be

expected. to partition into the polyethylene since (in general-) these

substances are relativefy non polar and. rel-atively water insol-uble

(section I+ .2) .
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The solubility coefficient is discussed. firrther in chapter 5.

I+.2 So]-ubil-itv

The aqueous solubílities of substances used. in this study

are given in Table \.2.

The relatÍonship between aqueous sol-ubil-ity and permeation

rates is consid,ered. further in section 5'2'2'L'

)+.3 Partition coefficient

The hexa¡e water partition coefficients of the substar¡ces used.

are given in Table \.3.

The significa¡rce of 1ipid. water partition coefflcients in the

movement of aqueous solutes through non aqueous barriers has been

d.iscussed. in section L.2.1.1.

The refationship between the hexane water partition coefficients

of the substances used. here and the perrreation rates of these substa¡rces

through the polyethylene is d.iscussed' in Chapter 5'
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Tabl-e )+.2

Aqueous solubil-ity of the solutes used'

Solute

Acetophenone

Anisaldehyde

Aniso]-e

Benzald.ehyd.e

2r )+-DichloroPhenol

p-Methyl acetoPhenone

Nitrobenzene

o-Nitrophenol
p-Tolua1d.ehYd-e

p-Toluid.ine

Mo]-ecular...âver-ght*

T2O.I'

136 .1\
108 .13

1-06.L2

163 .01x

13\.17*
123.11

L39.LI

120.r)+

LO1 .r'

Measured-
solubility
at 2l+. )+o

e ( roo rnl- )- I

o.>T

o.2,
0.15

0 .33

0 .63

o.r2
o.L6

0.1+T

0.1)+

0.83

Mol-ar
solubilityb

(x 102 )

)+.T)+

1. B)+

L.3g

3.11

3.86

0. 89

1.30

3.38

A.LT

T .7'

Literature value
and referencec

e(roo mt)- I

O.30I

o.292

O.10i

0.193

0.2r4
O.10I

0.9l+s

t Al-t data except for substances marked. x teken from reference 2 belo*'
b Cal-culated from measured- solubility'
" Ruf.".nces given below:

1 Gonzal-es and. others (tg6l).
2 Merck fnd.ex of Chemicals and Drugs. Bttr ed-ition (p.O. Stecher,

"¿ito"). 
Merck and- Co. Inc., Rathway, New Jersey ' 1968'

3 Campetti and. Del- Grosso (r9r:).
4 vaubel (r8gf).
5 Lowenharz (1898).
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Table )+.3

Hexa¡re water partition coefficients of the substances used-I

at 2l+ ¡ l+o.

Solute

Acetophenone
Anisal-d.ehyd.e
Anisole
Benzald.ehyde
2, l+-Dichlorophenol
p-Methyl acetophenone
Nitrobenzene
o-Nitrophenol2

Hexane vater
partition eoefficient

10 .20
7.62

85.29
9.r33
7.303

2]6.10
2)+.08
28.68
29.9r
29.56
26.06
l.5.2r

p-Tolualdlehyde
B-l-olur.d.Ine-

\. he
22.T0

O .61+

1.13
2.Lg
2.29
5 .00
2.3'
,.2r
z.ì+9

90
70
35
30
2T
0l+

3
ì+

5

6

T
I
)+

,
,
6
6
6
6
8

pH
pH
pH
pH
pH
pH

pH
pH
pH
pH
pH
pH
pH
pH

.60

.10

.39

.00

.08
"58
.80
.32

t Each value is average ol three deter:ninations.
2 Ðetail-s of buffer solutions 

.in section 2.L
3 Flo* Pol-ackn Roberts and Schumann (f970).
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5.I Appar atus

The d.esign of the cell-s used. in the present vork vas baseil on

the apparatus used. by Lueck and others (1957a) who measured. the

permeation of aniline in water containing 1% sod-iun sul-fite, nitro-

benzene in 5f .\/, v/w ethanol and. isovaferic acid in A.OOI% aqueous

sutfuric acid through some semi sol-id barriers. The authors did not,

hovever, give d-etail-s of the method used for agitation of bhe system

ar¡d. for thls reason it was d.ecid.ed to use the "rotation'r method

described in section 2.2. The rotation of the horizontaf cefls about

the central- shaft is essentially simil-ar to d'ial-ysis method's described

(a^mongst others) ¡y patel and Foss (fg6h), Anderson anil Morgan (866)

and. Mitchell- and- Brown (tg66) . The add.ition of glass beads to the cel-l-

ensures adequate mixing. This nethod of agitation has also been useil

by Kazmi anC. Mitche[ (1971). The obvious advantage of keeping the

eeil_shorizontal- (with rotation about a central shaft) is that very

littl-e hyd.rostatic pressure is exerted. on the membrane. rn some

apparatus used. previously in similar vork creation of some pressure on

the membrsne appea.rs to have been possible and even t'hougtt pressure on

each sid.e of the membrarìe may appear to be "equ&l" very preclse controf

of stirring rates and stÍrrer d.imensions may be necessary. The

apparatus used by Gonzal_es and- others (1967 ) *ry pcssj-bly have

suffered from this d.ravback a;rd that used by Ga^::rett and. []hemburkar

(fg68a) for quasi steady state d.iff\:sion mayalso have nao this rìefect'

The contents of the cell-, d.escribed- by Hoines, t"'iJ-ke and

Ola.nd.er (.1g6}) , vho studled transport +"hrough a mieloposous barrier,

which is si,nilar in rlesign to the eeli used:Ln tlie preserii worli was
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agitated- by a magnetic stirrer located- in a special compartment. This

d.esign may J-ead to simil-ar problems d.ue to forced convection.

In some of the apparatus used in this type of vork the

possibilíty that part of the membrane is not submerged throughout the

experiment appears to be very real. The apparatus used by Garrett and.

Chemburkar (f968a) for quasi stead.y state d.iffusion and" that used. by

Herzog e.nd. Sr¡arbrick (1970,1971a,b) ¡otn e.ppear to fal-i into this

category. In both cases the cel-J-s are.being agitated at a rel-atively

high speed in a shaking device end the volume of the cell eompartrnent

is in both cases considerably greater +-han the volume of sofution (or

sofvent) l.ing usecL. Dr:ring agitation there must be a more than even

chance that the membrane wilf not be fuJ-l-y covered. by the liquid.

throughout the d.uration of the experiment"

In a very recent paper, Fl¡mn and. Smith (l?ll) d.iscussed.the

d.esign of cel-Is used. in this type of work. These workers investigated

the effeet of a nurnber of celf variables on the penmeation rate of

p-aminoacetophenone ihrough a dinethyl poÌysiloxg,ne membrane in a cel-l-

which they d.esigned. It was found. that the permeation rate vas

affected by the e6e of the menbrane (section 3.2.1) and a-Iso tltat a

chenge in the stirring rate within the cel-l had a small- (but not sig-

nificant) effect on +-he permeation rate. These authors have indicated.

that further work will- be reported. in due course.

The effect of d.ifferent ro+"ation raies of the shaft on the

pe:meation rate has not been investigated. in the present *'oriç. The

degree of agitation within each part of the cel-ì" is consid.ered to be

satisfaetory because the d.istance r¡f the grids f'ron the membrane mekes

r¡o d.ífferrnce to tl'le permeation rate (seetion :r.3i. ïl' the d.egree of
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agitation within the cell- had not been satisfactory the presence of

the griits at d.ifferent d.istances from the membrane voul-d have been

expected to produce a non homogenous solution at one or more d'istances

and. the permeation rates woul-cl not have been the same for all

positions of the grid.s 
"

A d,isadvantage of the type of apparatu.s used. is +,he need to

stop the rotation mecha¡ism for sanpling purposes. The actuaì time for

r¡rhich the cells are stopped is in practice Seneralì-y very small

relative to the l-ntervals betr,¡eer¡ read.ings and for thís res.son it is

consíd,ered. that this is not a particularly serious problem. The

apparatus is being adapted. so that f\rture work rril1 be abl-e to be d'one

without this d.iffieultY.

Thesecriticismsexcepted,thisapparatusappearstobe

satisfactory for the measurement of permeation rates since the d-ata

obtainetL in the experiments ciesigned to investigate the valid'ity of '

the experimental method and those d'esigned- to test the ability of the

membraJle to preVent pe:rneation of the solvent and add-ed' sol-utes

(viscosity producing agents, etc.) (sections 2.\, 2.r) is satisfactory.

,.2 Diffus on and Permeation

, .2.L 10n

The meaning of the terms diffusion artd permeation were given

in section I.2.
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5.2.2 Physieochemical- properties of the sol-ute

Nr¡merous workers have related. the permeation rates of a m¡mber

of substances through a varlety of barriers to yarious properties of the

perneating molecules. Some of the properties which have been used. are

solubility, molecular welght and, Iipid. water partltion coefficient.

The use of comblnations of these has al-so been reported..

5.2.2.1, Sol-ubi]-i ty

Garrett and Chemburkar (f968arbrc) found. that a piot of the

apparent d.iff\rsion constent against the reciprocal- of the solubil-ity for a

nurnber of barbiturates (in acetate buffer pH l+) was l-inear end. a sinitar

plot for l+taminopropriophenone in a variety of ethanol- sol-utions Ìras

also linear.

Herzog and Swarbrick (1971b) have very recently reported. a

eorrelation between the transfer rate of a nu:nber of benzoic acid.

ilerivatives through a poly:teric membra¡re and. the reeiprocal of the

water sol-ubíU.ty of the substances.

Figure !.1 is a plot of the perureation rates against the

recipz'oca1 of aqueous solubility of all- the substances used in the present

work and. it ís seen that tltele is no cllrec-t; rel-a'1, lorrshlp trr¡.t¡n¡ec:n the

perrnea+-ion rate and the reciproca,l of aqueous solubility and iù can there-

fore be conclud.ed that the a.queous solubil-ity of a sol-ute is not a rate

controlling factor in the perrneation of the solute through polyethylene.

5.2.2.2 Mol-eeul-ar wei sht

The Einstein and- Sutherland equation

t_

OTTN

RT

N
D (sect:'-on 3.2.1+)
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rel-ates the d,iffusion coefficient of spherical col-l-oidal- particl-es to

the viscosity of the med.ium (Martin, L96O) and- since the rel-ationship

between ra.dius, mofecufar weight and. partial specific vol-ume is

given as

MV,rv

| {'"3 )

(Chemburkax, t967), it foltovs that

U/) (:.r)
6ñN

If we assume that al-l- the substaJrces used in the present work have

partial specific vol-r:mes vhich are similar then the diffusion

coefficient should at constant temperature and constant viscosity be

rel-ated. to the molecufar weight of the sofute by a relationship of

the type

N

RT )+ nN\
3vfï¿v/

1)

D
17 (>.2)

If it is assumed. that expression 3.1 is val-id then since D is linearly

rel-ated. to P a pJ-ot of perrneation rate against the cube root of the

reciprocal of mol-ecul-ar veight shoufd be linear if expression 5.2 is

vatid.. Figure 5.2 is a plot of the permeation rate of a mrmber of

solutes (al-l at the same initial- concentraJion) against the cube root

of the reciprocal of the moleeul-ar veight of the sol-ute and- it can be

seen that there is not a linear relationship.

Bal-l-ard- and. Nelson (t962) used the expression

,2
17 (¡. s)D(MI,r)
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(originally proposed. by Thovert, a9O2, for compound-s having mol-ecul-ar

weights between 6O an¿ 5OO) end. were abl-e to show a finear relationship

between the d.iffusion coefficient and. the reciprocal- of the square

root of the mol-ecular weight for the passage of some mol-ecul-es through

in uiuo membranes.

If we assume that D is linearly ret-ated to P (expression 3.1)

a plot of P against the reciprocal of the square root of the rnol-ecular

veÍght should. be linear if expression !"3 is vaiid a.nd. Figure 5.3 is

such a plot. The fact that the rel-ationships shown in Figrrres 5.2 end.

5.3 are not lineer indicates that the permeation rate of a sol-ute through

the polyethytene membrane is not d.ependent on the mol-ecular veíght of

the solute. AJ-ternatively the assumption that the perteation rate end.

d.iffusion coefficient are linearly related. (by expression 3,1) may not

be valid.. The val-id-ity of expression 3.1 is considered in seetion 5.3.

5.2.2.3 Lipid, water partition coefficient

The hypothesis that the rate of transfer of a sol-ute from a¡r

aqueous systen åcross a non aqueo'Js barri-er into another aqueous system

is a function of the lipid- r.¡ater partition coefficient of the solute

h.as been proposed- by a nr::nber of #orkers. The maJority of these

vorkers h.ave been concerne'1 with the ps.ssage of subste¡ces across

membranes in living species.

The first worker to relate these facto:'s appears to have been

lvfeyer (A899) whc measured- the narccti-c effec-r,s ef a variety' of substances

in tad.pcles and. also the ol-ive oil- water partition coefficients of the

sarne substances and. vas able to relate these factors. Baum (1899)

appears to have reporterL a simílar effect. Subsequeatly" Overton (fgOf)
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who examined. the a¡raesthetic eiiect ol' i¡r'i-rns.rv lr-]-q-olrr¡l ilr t, lrii n\.ì.1 ('rì

fow:.d this effect rel-ated to the Ìipid r"."" f."titton ":"r;r:r"nt of

the al-cohol-. Many other workers have reported. a simil-ar correl-ation

betveen the permeation rates of molecules through in uiuo ba¡¡"1ers and.

the lipid. water partition coefficients of the moiecul_es.

The importarrce of the lipid water partition coefficient Ín the

abiÌity of an aqueous sofute to permeate in uiuo menú:ranes has been

stressed. by Schanker (t962) an¿ by Brodie (lg6t+) in reviews of this

subJect and. by others (section 1.2.1.1). rt has been reported by

Brod.ie Gget+) ana others that onl-y the unionised. form of an acid. or

a base is capable of permeating the membranes by a passive diffusion

mechanism. (rr the ionised moeity is sufficientJ-y smal-l- it may

penetrate the membrane by other mechanisms. ) For the reason given

above the pH of the aqueous system in which the acid. (or base) is

d.issolved. is en important factor rel-ative to the permeation rate. The

permeation rate of solutes through in uíuo and in uity'o membranes has

been found. to be proportional- to the concentration of the unionised.

species present. ( secti on L.2)

Brod.ie Qg6+) stated that the rate of entry of d.rugs into the

cerebro spinal fluid (trom the plasma i.e. through an in uiuo membrane)

depend.s on the lipid sol-ubility of the unionised. mol-ecule. Koizumi,

Arita and. Kakemi (1961+) proposed that the absorption rate of a¡r

r:rionÍsed. mol-ecul-e across a J-ipid. barrier (having stud.ied. absorption

of sulphonamid.es from the stomach of rats to the bl-ood.) was rel-ated. to

the isoamyl- acetate water partition coeffieient of the mol_ecuJ-e by

the relationship
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-Ko*Ku ffi (¡.1+)

Becketb and. Moffat (tg6gf, l?TO) have reported. that the absorption rates

of a nr:mber of substances across the buccal- membrane are directJ-y

proportional to the lo¡çarithms of the prertition coefficients of the

substa¡lces between heptane a¡rd un u.queous sol-r¡tion (at a su:'-tabJ-e pil).

The partltion coefficier¡t principle has been applied. to the

movement of organic mol-ecules through ceils of pJ-ants by CoJ-land.er

ancL Barl-und (1933) who reported. a correlation between the permeabiì-ity

rate constant for each of a nr.mber of molecules in ehata eerataphyLLa

and. the olive oil- vater partition coefficients of the molecul-es 
"

Lieb end. Stej-n (tg6g) measured, the diffÞsion rates of a nurnber of ncn

electrolytes i.n the same species (and. al-so through some poJ-¡nners) and

¡*ere also able to rel-ate the rates to the ol-ive oil- water partition

coef'f icients of the mol-ecules. These authors vere abl-e to conclud.e

that biological rnembran.es behaved. as non porous polyrneric sheets vith

respect to the d.iffusion of non elec+-rolytes.

The sa¡ne prineiple has been foiurd to hold. in "'in Dif'ro"

systems. Lueck and. others (f9>7a,¡) found a linear rel-atÍonship

between the permeation rate of sone aqreous so] utes through some semi

solid. barriers and. the partition coefficient of the sclu.te betveen the

actual barrier and vater. Sj-milarly the same prirrcipie has aiso been

forrnd to hold. in en "in rJítno" system by i-ìar:rett enci Llhemburkar (t968a,

b,c).

As a corisequelce ol tfre es+-abl-j-st.rnlent ,:l ttie ia,ct ¡ha't the

mcvenient of molecul-es through rnenrbrarres in livir.g specie:s 1.s regard.ed
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as a passage through a lipid layer (section 1.1) some vorkers have set

up nod.els in which orgenic liquids (vhich are not miscibl-e with water)

have been used. to separate two aqueous phases a.nd thus simulate

cond.itions existing in the hrunan gastro intestinal tract " The actual

organic liquid used has an effect on the rate of movement of the solute

into arrd. thsough the organic J-iquid. (section I.2.2.L). The rel-eyanee

of these model-s to the present r^rork is considered- in more 'C.eiaif -later'

( section 5 .l+ ) .

fn view of the extensive literature ciealing with the relatiolr-

ship between lipid. vater partition coefficients ar¡d. the movement of

mol-ecules through non aqueous barriers it was felt that the possibility

of such a correlatÍon shoul-d. be investigated. in the present r+ork"

It was also felt that the ehoice of the organic liquid. to be used

shoul-d. be based. on a structural simil-arity (to potyethylene) rather

than be purely rand.om &s seems to have been the case in some of the

work on this subJect. For this reason it was d.ecid.ed. that an aliphatic

hyd.rocarbon shouÌd be used even though Burton, Clarke and. Gray (fq6l+)

haC. suggested. that

"inorganic solvents capable of forming hyd.rogen bond.s
give better correl-ation vith biological activity than
d.o hydrocarbons .tt

This choice is supported by the fact ihat one group of vorkers

(Russel-l and. Stock , 1966) tra¿ used. the hexane water partition coeffieient

to express the polarities of some aqueous sciutes in por-yetltylene

containers and. another group (Potack a¡:d. others, ì-970) naa successfully

used- a function of the hexarle water pertition coeificient in an

expression relating permeation rates (t}rrough pcJ-yethylene containers)

to some prope::ties of the solute r"rol-ecule. llexane t,L¡erefore seemed to
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be a logical- choice in the present work.

Figr:re 5.\ rel-ates the perøreation rate for a number of sol-utes

(ini.t:.at concentration O.OlM) to their hexa¡e water partition

coefficients. In some cases the actual experi-ment vas performed. at a

concentration d.ifferent from 0.01-i\4 and. the results extrapolated. to that

concentration. In all- the cases where this has been done the aetual

concentration used was belor+ one third satvura'blcn for the partictll¿¡

sol-ute and lf'the assumption made earlier (sec'¿ion 3.il .2) that a pJ-o'b cf

permeation rate against initiel- concentration is linear when the inj'iial-

concentration is not greater than one third. saturation is val-id. then the

procedure used. here is Justifiable. A l-inear rel-ationship appears to

hold. for the maJority of substances used. The d.eviaticn from the

expected. rate of 2,)+-d.iehl-orophenol is consistent vith the find.ings

of Parliman (f9\8) who reported that J-iquid.s containing halogen atoms

permeated. through polyethylene at rates greater than expected.. A

permeation rate greater than expected was al-so noted for 2 rl+-d.ichloro-

phenol by other workers (Polack and others, lpJO).

The linear rel-atiolrship showr in Figure 5.1+ is consistent vith

the results of Lueck and. others (1957a,b) who measureC the partition

coefficient between the actual bamier and the equeous sol-ution and. also

wj-th the yesul-ts of Nielsen and Parliman (lg>O ) , Thornton, Stannett end.

Szware (fg;8) anti. Diet::ick and Meeks (tgrg ) (sec-rions l-.2"2.2"a a¡rd c)

eI1 of ¡'¡hom forrnd the perneation ra'úes of water sol-uble subst,a¡lces

(i.e. alcohol-, methancl end hyd.rogen peroxid.e) r;o be '¡erl/ smal.i,

A number of authors have irowever, suggestei tnai t,he absorption

of d.rugs i.s related mcre closely to +,he icgo.riti'm o:'the lrpici water

pci:'"citLon coelf icient than to tl^e partitic,n co,¡lflcj-er.i-t, i't sel-f . This

rele.tior:ship iras been show: fcr' ¿r nwtber of sullsi.e;rces " Ît':r example,
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schenker 6ge\) vas abl-e to relate these factors for the absorption

of some barbiturates in the rat. The work of Beckett and. Moffat (1969¡,

r97o) has been referred to above. Herzog and. swarbrick (r971b) have

recently reported. similar relationships for an in uitro system. In this
context it is interesting to record- the first few paragraphs fr.om a

recent paper by Lien, Koda and rong (tglt), who write as foll_or¡s:

"Drug absorption is probabÌy one of the most impcr't,arit
factors determining the t,ioavail_ability of any d.rug after
its adninistration, Different mod.el_s and different
mathematicaÌ expressions have been useC by a mxnber ot
d.ifferent investigators in correl-ating drug absorption
with the partition coefÍ-icÍents end. pKa values
Ireferences cited].

Due io the mul-tlplicity of biological_ testing rnethod.s,
in the model- systems used and the expressions of the
d.egree of absorption, littl_e generaliseC infcr.mation is
available to enabl-e one to describe or pred.j_ct cì.rug
absorption quantitatively.

For exampfe in spite of careful study of the percutaneous
absorption of steroid.s and. alcohols and. even the measurement
of the partition coefficients no quantitative correlation
was pred.icted or given [references cited.] . This vas d.ue to
the fact that the authors used. the permeabi'l ity consta.nt
(t p) and. the pertition eoefficÍent (k) rather than the
l-inear free energy related J-og kp and. i_og k terms; con-
sequently no apparent correl-ation vas observed.t'

Lien anC others (fgff ) go on to show that for the d.ata on

percutaneous absorption of steroid.s and. al.cohols to which they r.efer

a Ìog - 1oB plot is linear for each of three d.ifferent sol-vent systems

used.

The iniplication by Lien end. others (i9'f1) that lipid r¡¡ater

partition coefficients and. permeabiJ-ity refes cannot be related. in a

l-inear ma,nner i-s shovn to be incorreci by soine crf the vor.L cir.ed above

enc by the d.ata obtained in the present work. A;rlct of th.e iogaritlun

of the pennreation rate ageinst the J-ogarith.¡r of the hexane water

partit,ion coefficier¡t for the sol-utes used in the Ëresent wcrk is shovn
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in Figure 5.5 an<I it can be seen to approximate to a linear relation-

ship - this is to'be expectecl from the linear relationshil> of

Figure 5.\. However the intercept on ttre 1og1 permeation r'¡rte axis

suggests that permeation vill take place even if the molecule does not

partition from vater into hexane and this would be very surprising.

.2.2.1+ Chemicaf structuretr

Sal-ame (tg6t) pred.icted the permeation rates of a number of

pure liquids through polyethylene by the use of an expression vhich he

d,erived and into vhich he incorporated- a numerical- val-ue for each

constituent part of the molecule. The expression used. r"las

log Pf 16.15 - - O.22t¡ (1.¡)

In the present vork afl- the sofutes used- ¿lre mono, d-i or tri

substituted benzenes arrd. the expression of Sal-a.me (tg6t) shoul-d. be

applicable. The ttpermachor" val-ues of the sol-utes used, have been

cal-cul-ated from the d,ata given by Sala.me (tg6t) an¿ are gi-ven in

Table 5.1. ("Permachor" defined in section I.2.2-Z.c-)

The experimental and cal-cufated values of the perneation rates

are shovn in Table 5.2 tthere it is seen that there is no correl-ation

between the pred.icted. a¡rd- experimental permeation rates. Following

on f,rom vhat was said. in section 3.1 it is interesting to note that

the nnits of permeation given in TabÌe 5,2 were apparently used. by

Sal_ame (L96f) to relate perrneati-on, diffusion and solubitity by

expression 3.1.

3700
T
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Table 5 .1

ttPermachortt values of the substances used..

Sol-ute Permachor value

Acetophenone

Anisal-dehyde

Anisofe

Benzald.ehyde

2, )+-Dichl-orophenol

p-Methyl acetophenone

Nitrobenzene

o-Nitrophenol
p-ToJ-uaJ-d.ehyd.e

p-Toluid.ine

I'
2a

.9

.L)

1)+. o

r-4. 4

20. B

Lr.3
15 .0

15 .0

13. E

17. )+
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Tabl-e 5 .2

Comparison of permeation rates ealcul-ated. by SaÌamers expression and.

those obtainecl experimentally for permeation at 2\..l+o.

Sol-ute

Acetophenone

Anisald.ehyd.e

Anisol-e

BenzaJ-d.ehyd.e

2, )+-oictrtorophenol

p-Methyl acetophenone

Nitrobenzene

o-Nitrophenol
p-To1uald.ehyd.e

p-ToJ-uld.ine

Permeation faetor
of Salame

s/2\ hours/OOr in/1OO in2

o "69a

Fermeation rate
experimental*

(x ro-a ¡

0.6'tr5

0.3h8

7.723
o.672

0.639

4.15,
1.880

2.028

1.668

0 .231

r.o29
1.007

0.7)+3

o .8og

0.809

1.073

0.281

t

f

x Cal-cufated to be in the sarne units as Sal-a¡rets clata. Effect of
eoncentration taken into account by extrapolation of per"meation
rate in solution (at concentration below one third. saturation)
to permeation rate for a 100% solution.

f Negative val-ues.
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.2.3 Physicochemicaf properties of the systemE)

Some of these properties have been consiäered. in seetion 3.2.

The effect of pH on the permeation rate is consid.ered. f\¡rther belor¿.

5 .2.3.1 É
The effect of ptl on the permeation rates of an acid an<l a base

lrere reported, in section 3.?-.3 where it was seen that at consta.nt

initieJ- concentration the perrneation rate varied. as the pH of the

systen was changed.. trt vas al-so seen that the permeation rate of the

acid decreased. as the pH increased (i.e. as the proportion of

r¡nionised. species was reiluced.) and. that of the base increased as the

pH increased. (i.e. as the proportion of the unionised. species was

increased,). These results are consistent with the theory that only

the unionised. species is capable of permeating through non aqueous

barriers (sections 1.2 and 5.2.2.3). This argument is strengthened.

by consideration of the pe::meation rates of both the acid. anci the base

at the pH at vhich rrnionised. and the ionised speeies €"re present in

equal proportions (i.e. at the pKa of the ecid. or base). The pKa of

o-nitrophenof is given as 7.17 and. that of p-to]-uidine as 5.08 (I,Ieast,

a968). At these pHrs the permeation rate is seen to be approximately

half of that which occurs when the mol-ecule is ful1y unionised. The

permeation rate of p-toluldine appears to be increased. by the presence

of phosphate ions at pH's greater then ,'70.
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5.3 l4eehanis¡a of D iffusion and. Permeation

rt has been seen above that the perueation rate of the solute
i's closel-y rel-ated to its hexane water partition coefficient. tr\rrther
evid-enee of the relationshlp is given in Figures j.6 and 5.T in which

permeation rates of o-nitropheno-L and p-totuidine ere plotted at a

number of pHts enil the rates compared. with the hexa¡re vater partition
coefficients of the sor-ute over the sa¡ne r*nge of pH. Add.itional

evid'ence is given by exemination cf the relati.onship between

permeation rates in solutions of varying viseosity and the hexane

water partition coeffieients of the sol_utes in those systems - these

Irere presented in Figures S.l+B-3.50. It seem reasonabl-e to eonclude

then that the pertition step, k' in the permeation process

represented d.iagra:nrraticatly in Fig're 3.1 (reproduced bel_or¡) is the
step which eontrol-s whether the penneation process will proceed. or not.
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SOLLNTON

Figure 3.1

,---

MEMBRANE SOLIJTÏON

Diagranmatic representation of itiffusion and.
permeati.on through polyethylene uembrane.

k1 represents d.iffusion of solute rnol_eeules
through the solution to the menbrane.

k2 represents entry of solute.moleeuJ-es (from
sotution) into the membrane.

k3 represents d.iffusion of solute noleeules
through the nembrane.

k4 represents exit of solute moleeules from the
rnenbrene.

k5 represents diffusion of solute molecules away
fron the membrane.

k5
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I'or the poJ-yethylene membrarre being considerecl in this work

a hexane vater partition coefficient of about 1.5 is apparently

necessary for the process to take place (¡,igure 5.)+). The fact that
the partition step, k2 is the controlr-ing step appears to confirm

the suggestion made earlier (section 3.2.2) tiru.t solutes which are

solubl-e in the membrarre require ress energy (of activation) for
permeation than d.o those vhich are not - i.e. since permeation is
essential-ly a movement from the sol-ution to the mernbrane the sol-utes

which partition most read.ily require the l_east energy of activation
for permeation.

ft has generarJ-y been the custom in this type of work to use

the val-ue of a permeation rate (p) and. the d.iffusion coefficient (l)
to cal-cul-ate the sol-ubil-ity coefficient (s) by substitution in
expression 3.1 (i.e. P = D x S).

The sol-ubiJ-ity coefficient as defined. by Gonzales ancl others
(ry6f ) was given above (section 3.1). fyom this d.efinition ve may,

in the present context, regard. the solubiJ-ity coefficient as a poly-

ehtylene vater partition coefficient (section l+.f).

I'Ie have seen above that a function of the hexane water

partition coefficient of a sol-ute has been used. previously to represent

a measure of the pol-yethylene water partition coefficient of the sofute

(section ,-2-23) . The rel-ationship betveen the solubility coefficient
(S) or poì-yethylerre Ì'Iater partition coefficient, for some substances

and' the hexane water partition coefficients for the ssme substances is
given in Figure 5.8 and. the rel_ationship

g = tl+.8+1.11 Khli (r.6)

which is the straight l_ine in Figure 5.8 ftts that d.ata.



The perzreability "factor (f ) nas been d.efined differently by

d.ifferent authors (seetion 3.1) and. the use of these d.ifferent val-ues

of P wil-1 obviously lead. to d.ifferent val-ues of S, if S is d.etermineti.

by substitution in expression 3.1. For eomparative purposes the

permeability constant (PC) as d.efined. by Gonzal-es an¿ others (fg6t)

as the quantity (in rne) of agent passing through a fil-m ofl l- cm2

surface area Emd l cr¡r thicltness per seeond wlierr i-he concent ration

grad.ient rs 1mg.m1-I provides a usel\f means of ex¡rr"essing the

permeation rate. The relat:-onship betveen the permeation rate '.rseci

in Chapter 3 lne.(rO2 tin)-r (g.62 cn2)-I (O.OO6")-l] e.nd the above is

a faetor of I/(fOO x 66.6 x 9.62 x.60) if the rate is assuned to be

linearly rel-ated. to the surface area avail-able for perneation. The

effect of change in thickness from 0.015 cms to l- em is, accord'ing

to the relationship shovn in Figure 3.51 a factor of 1/66.6. This

value of p (i"e, PC) wil-l-, accord.ing to Gonzafes a¡rd. others (f96T),

j-f d.ivid.ed. by the d.iffr¡sion coefficient (D) be equal- tc the sol-ubility

coefficient (s) accord.ing io expression 3.1 (section 3.1).

Tabl-e 5.3 shows the experimental values of PC and. D for afl" of

the solutes used-, at 2\. l+o, together with the val-ues of S calculated

by substitution in expression 3.1. The r,'al-ues of PC and. D have been

cal-culated. from the data of Figures 3.20-3.29. The assrlnption has been

mad.e tÌ¡at'bhe vaLue of D is ind.ependent of concentration (as vras alone

by Gonzales anC. others , a967 ) because the sol-¿biiity coefficient is an

e<iuilibri'¡¡r val.ue and. has been shor,m to be :i-ntlependenl cf coi:icentration

(He'zog an.i. Swarbrick, 1971a) qn¿ becsuse PC is :r constant ("y



lable 5.3

Perseation, clíffusion and. solubitity values of the substances used..a

Pe:seation Rete (P)b Perneability

Substance
ng(102 minutes)-I

l-x.to-L% 1x1o-2M

Diffusion
coefficient

(o)
(x ro8)
2-rsêe

PartitÍon
coefficient
polyethylene
water (K )' pv'

Penneability
constent

Diffus on
coefficient

(pc/o)

Partition
eoefficÍent

hexane
water

constant
(Pc )c

(x ro8 ) (Krr*)
(om )

Acetophenone
Anisalclehycle
Anisole

-ctsenzal_dehycte
2 ,4-Dichl-orophenol
p-4ethyl

acetophenone
l{itrobenzene
o-NitrophenoJ-e
p-Tolualclehvcle
|rotrriaineä, f

0.lu
0.060
1.333
0.116
0.110

O .11+0
0.082
1.1+ì+0
0.123
0.180

0.360
0 .l+00
0. )+86

0 .31+3
0.0)+2

2.\Tl
r'l-'z

t6,6zg

6.t6
,.95
6,tT
5.98

10.20
7.62

85.29
9.53
7.30

26,r0
24.08
29.91
22.T0
2.\9

03
56
6I+

01
86

9T
\5
09
l+8

03

3.
1.

34.
?

2.

1,.22
1.35
2 .08
1.38
1.60

,\2
.48
.2'
.90

¿¿
Lr.

I
2
\

¿

3
9
T

¿1

106

t+l

53
I+6

39

.090.268
0.325
0.350
0.288
0.01+0

6.
8.
o

7.
1.

1
1
1
1
0

t All- experimental values determinecl at 2l+.\o.
b P ,r"l.rr.s at concentration ind.icated. through a membrane 9.62 cm2 in area, 0.006 in thick.
" PC i" the permeation rate (in ng.sec-l) througtr a membrane 1 cm2 in area and. 1 cm thick when the

concentration grad.ient is 1 ng.m-1-1.
d S values not d.eterrninetl for these-substa¡rces because of apparent interaction vith the polyethylene

over a period. of one week at 2'4.)+o .
u AlJ- experimental values determined at pH 3.81.
I- AIL experimental values d.etermined at pH 8.32.

Co\¡
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d.efinition) ind.epend.ent of the actuaf concentration used, provid.ed the

concentration used. in the cletermination is less than one third saturation

ar¡d. earlier argrrnients are valid. (section 3.2,2). It fol-l-ows, therefore,

from expression 3.1 that D must al-so be independent of concentration.

No work in which the .indepentlent d.eternination of PC ' D and S

has been carried out (for the d.iffusion and permeation of solutes through

polyethylene or other pot¡mr.eric membrane) appears to have been

reportecl. Sala¡ne (fg6f ) appears to have measureil a]-1 three factors

independently but d.oes not appear. to have reported his results ' In some

work the experimental d.etermination of tvo of the three factors in

expression 3.1 and the cal-culation of the third. Lras produced. sorne

r:nexpected. resul-ts, lrhich have not been confi-rmeC. by experiment and

which must, therefore, be of d.oubtful- value. Ior example, Powel1 ,

Nematohalli, Guess and. Autian (tg6g ) measured. PC and' D val-ues for the

passage of benza-lkonir¡m chlorid.e into and. through nylon a¡rd calcufated-

the S values from these. The cal-culated. S values appear to be a very

irreguJ-ar set of resutts and. it seems rmlikely that the partitioning of

the sol-ute between the polymer and. the aqueous layer shoul-d vary in such

a t¡ey. If S is to have any meaning 1t must surcly be an equillirrium

velue an¿ not Just the ni¡n't¡er vhlch relates PC and D for a particuler

set of conditlons.

A plot of + i,e. the calculated. value of S against the experi-
D

mentally dete:ruined value of S is sho¡,m in figure 5.9 and the l-inear

relationship is described. by the equation,

PC

D -1.r2 + 0.16 S ß.t)
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Even though the rel-ationship is finear it is obvious that the experi-

mental an¿ calculated. values are very d.lfferent. It fol]ows that the

use of expression 3.1 to ca.lcul-ate S values from experimental PC and. D

values may not be Justifiable it certainly woulcl not be for the

conclitions usecl in this work.

A pJ-ot of the caleulated. S val-ues against the hexane lrater

partition coefficients for the sol-utes is shovn in Figure 5.10 and.

the relationship is describecl by the equation,

+ = o.B8 + 0.18 Khw (5.8)
ll

Different conditions in the cletermination of the permeation rate

(p) a¡ra D (i.e. d-ifferent polyethylenes, d.ifferent thickness, ete. )

or the use of a d.ifferent pe:meability factor (section 3.1) will

obviously lead to d.ifferent val-ues of some of the factors in equations

5.? and 5.8. It can be seen, however, that it is possible by knowing

the hexa¡re water partition eoefficient of a partieular solute a¡rd. the

releva¡rt equations (i.e. includ.ing that shown graphically in Fig:r:re !.4,

p = -0.021 + 0.017 f¡*) to ealeulate the penneability constant, the

cliffr¡sion coefficient end. the solubility coefficient (or polyethylene

water partition coefficient) of that solute lnto a¡rd through poly-

ethyJ-ene. It may be neeessary to tletermlne the values in the

expresslons for each ty¡re of polyethylene and. it may be necessary to

confirn these each time a nev batch of polyethylene is useal.
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,.1+ sign ificance of Resul-ts

The fact that the polyethylene behaves in a ma,nner akin to

ín uiuo membranes (i.e. perueation is pH and partition depend.ent etc")

and. that the raie of permeation of moJ-ecules in aqueous so.lution through

polyethyl ene can be related. to the hexane r¿ater partition coefficient of

the mofecul-e is of considerable potentíal significance. lri r"ecent

years many problems associ¿¡.ted r+ith the pre:,Jì.clion <¡f 'r,fr.,. i)eltar/iour of'

therapeutically active substances ad¡:rj-nistet'ecl io liume¡rs (in solid d.osage

forms) have arisen. Numerous examples are given j-n the literature of

a variabl-e response produeed, by the same quantity of the same orug

being administered. in apparently identical dosage forms (for exa¡rple

see Wagnerr 1-]Tl-). ft has been stated. earlier (section 1.1) ttrat a

therapeutic response fol-loving the oral- administration of a dosage form

is d.ependent, on ihe active ingred.ients bej-ng abJ-e to pass through lipid.

barriers ín uiua. Considerable work has taken place in this area and

a logical d.evelopment has been the d.eveÌopment or- in uitro models to

simrlate cond.itions in uiuo.

Doluisio and others (196)+ 
" 

196r) o I'errin (t'l6T ) and Robertson and.

Bo¿e (l-976) ha.re all attempted. to simul-ate the'Ln uít¡o process by the

use of irt ui,tz,o modefs which use organic liquids to represent the

J-ipid- membrane. A very real obJection to some of -rhese mod.elso trowever,

is that the thickness of the nemb:'ane l¡hicir rli.fferent indÍvidual sofute

mol-ecules have tc permeate is not consisten-|. zurd. the permeati-on rate

expressions ceJìrrot, therefore incl-ud.e a thichrress t-,e,rti"

The u¡;e af irt uitt'o models has bet:n Cescribed b;¡ Eeckett a¡d

'ìlu<:ker (ltlf:T) tru belng ol' tlor¡bt t\r,i. v¿l.Lue-' fcr Lhc pr:ertìic1,io¡t tif.
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absorption unless the results obtained can be correlated. with dn uiuo

d.ata arid. to the present time no in uítro apparatus which is capable of

completely simutating the in uiuo membrane appears to have been

d.eveJ-oped.. For this reason, Beckett and. Triggs (tg6l ) proposed. the

use of the membranes of the buccal cavity (i-n man) as an in uíuo mod.el-

to predict whether or not absorption would take place through the

gastro intestinal- membranes and, if so the absorption r'e.te.

The buccal method of absorption pred.icticn has been developed

firrther by Beeket'b, Boyes and. Triggs (fg68) arrd Beckett and. Moffat (1968,

t969a,b, :r97a) " Beckett and Nfoffat (1969b, I97O) vere able to show a

correlation between their buccal- absorption d.ata and. the heptene

aqueous sol-ution partition coefficients of the soiutes being considered

arrd, they implied., therefore, that a suitabl-e in uitpo method of

absorption prediction coufd posslbly be based cn the heptane water

partítion coefficient of the sofute.

Bickel and. hled.e:: (tg6g) compared the gastro i.ntestinal

absorption c'f inipra¡aine and. its metabolites çith the buccal absorption

data of the sane substances and- found the ccrrelation to be excel.l-ent.

'[ll',ey wc.re a-lso able to show a correlation between tilis d¿rt¿r zurd tlte

lrc'xane vJ¡rti--r partition coelf ir-:-l-ents ofl the lrlo-l-ecules.

Since Beckett end M,¡ffat (1969b, 19-lÛ) were able to correlate

buccaJ- absorption d.ata vith the hepbarre aq_ueoLts soiu+.ion partition

coefficients of the molecules it f'orlovs that b,uecal absorpti.on d.ata

uil-l bear. a similan relaticnship to the hexa¡ie îiå+r,er partitioa

cceffr'.cients of the molecules since the variation of -hhe -lcgarithm of

the oil- water partitícn coefficien+- cf an in,livj-d¿aì- -quàst,a¡.iee between
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one pair of liquid.s and. arrother is given by Colland.er (195)+) as a

l-inear relationship (i.e. the logarithm of the partition coefficient

of a substance i-n one pair of solvents is l-inearly related. to the

logarithm of the partition coefficient of the substance in a second

pair of solvents). That the use of the hexene water partition

coefficÍent in place of the hepteme water partltion coefficient is

satisfactory, is confirmed- by the correlation oì¡tained by Bickel- ¿nd

Inied.er ígeg) . Since the hexane r¿ater partition coefficients of

molecules can be related. to the permeation rates of the mol_ecul_es

through pol-yethyl-ene it fol-lovs that poJ-yethylene can be compared. to

the buccal- membrane.

It seems reasonable then to suggest that the apparatus which

has been useal. here may welJ- be a suitable starting point for the

d.eveJ-opment of an in uitto drug availability test which has a d.irect

relationship to ín uùuo availability. The actual apparatus used- fends

itsel-f to a variety of mod.ifications if necessary arrd. a suitable

combinatÍon of variabl-es (..g. membrane properties and thickness,

membrane area, etc.) may ultimately be achieved. so that direct

in uí,tro-in uiuo correlation may be possible. The use of this

apparatus for d.rug avail-abil-ity work is l-inited- to substances which

are absorbed- by passive d.iffusion but since this constitutes the

majority of d.rugs (Voet, 1965) tfri-s is not regard.ed. as a serious

linitation.

The comparison of permeation rates through poJ-yethytene with

rates through in uiuo membranes is consistent with the work of Lieb

and. Stein (tg6g) vho have suggested. that biotogical membranes behave
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as non porous pofyrneric sheets with res¡-rect to the diffusion of non

el-ectrolytes and. that of Teorell (fqiO) who has suggested that for

practical purposes the same general equation may be applied. to transport

across biological and- artificiaf membranes.

The resul-ts reported. j-n this study also appear to have

application in the area of interactions between polyethylene

containers ancl their contents and. appear to represent a¡r advance in

the und.erstand.ing of this problem.

5 .5 l\rrther Work

As a result of the data obtained in this study there appears

to be a real possibility that this apparatus may have an application

in the in uitro pred.iction of in uiuo drug absorption. 'l'lork in this

area is being und.ertaken at the present time by the author.

"Other work which shou-l-d. be und.ertaken as a resul-t of this

stud.y incl-ud.es tfre neea to investigate the rel-ationship between

permeation rates and oil water partition coefficients in other polyneric

membrarres. The effect of combinations of solutes on per:meation rates

through polyethylene should al-so be investigated..

Detaited. work on the effect of the structure (and. manufacturing

process ) of polyethyJ-ene on the permeation rate could. provid.e usefuf

inforrnati-on.



-'Tpical set of permeation data showing method of cal-culation of amount permeated.lata given bel-ow: o-Nitrophenol, ilitial concentration T.1g x 1o-31"j, pil ,,2r,temperature 35.20.
Volume removed. at each sampling time: 1.98 nll

Optical
density of
diluted.

sample at
À-371.5nm

Dilution
used

Conc. of
d il-uted

sol-ution 2

g/roo mt

APPEND]X 1

Vol-. on
sol-vent
sid.e of
cell- at
time of
sampling

Amount of
sol-ute in
Itsolventtt
sid.e of ce]-l

(*e)

Amount of
sol-ute
removed

in actual
sample
(*e)

Cumul-ative
amount of
sol-ute
removed in
samples

('e)

Total-
amount

perme ateC 3

(*e)

Cel-l- nrmber Ti¡le
(rrcurs )

10

2b

1
1
1
1
1
1
1

1
1
1
1
1
1
1

1
2
3
l+

q

o

T

1
2
3
)+

,
6

I

0.01+1
0 .061
o.096
0.12\
0.1,52
0.1&+
o.zLT

0 .035
0 .06)+
0.096
0 .12\
o.rfi
0.190
0.22I

.98,'

.98*,

0.00032
0 .0001+B
0 .0007)+
0.00096
0 .001u
0 .001\1
0 .0016?

0.00027
0 .00050
0 .00071+
0.00096
0 .00119
0 .0011+6
o . 00169

79.56
TT ,58
Tr.60
73.62

Bz. oo
BO

0.69r
1. 012
r.523
7.928
2.29:-
2.69r
3 .101+

0.5r9
1. 010
1. l+58

1. B)+3

2,226
2.6+8
) ooc

0 .016
0.02)+
0 .037
0.0)+B
o,o5g
0.071

0 .013
0.02,
0 .037
0 .01+B

0.o59
o.oT2

0.016
0.01+0
0 .077
0.r2,
0.181+
0.255

0.013
0.038
0 .075
0.r23
0 .182
o.2r\

0.69L
1 .028
r.563
2.OO'
2.)+L6
2. BT'
? ?qo

0.5r9
1 

^D?
r.\96
1.g1B
2.3\9
2.83I
3,2ì+6

8:.to
83.12
81. 5)+

o

,9
.v
.9
,9
.9

o2
0l+

o6
OB

10
12

7B
T6
nQ
ILJ

T6
T)+

8-)5
&+s
8+5
B+5
8+5
R+q

B+q

B->5

8+5
8+5
ö+)
ö+)

9
9
9
9
o

9

I
2

3

a

b

By calibrated. pipette.
FYom plot of optical density against concentration.
Perneation rate d.eter:nined. from slope of pJ-ot of a¡rount permeated. against time.
Volume on "sol-ution" sid.e = 89.50 mÌ.
Vol-u¡..e on "solutionrr sid.e = 83.OO nrl .

¡_r
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AI]PI]N L)TX 2

Analysis of vari¿mce of data given in 'l'able 2.,

Cell-
Nurrber

Sum

o.610

0.590

o .610

0.585

2.\3'

0.6)+0

o.610

o.660

0.63,

2.r\,

(:rz.z6>)2
20

o.685

o.635

o .600

o .610

2.r30

0 .590

o.623

0.590

0.570

2.373

0 .6\0
o.550

o.5Bo

o.6Lz

2.382

Sum

3.20'
3 .008

3.0)+0

3.012

L2.26'

1

Membrane Nunber

^1¿) )+ ,

I

3

l+

Correction factor = 7.,zt-rlr

Total sr:n of squares T.r)+zzT3 - T .rzLjal o.020T62

Sr.m of squaires between cel-Is =

r/r(3.2052 + 3.oo82 + 3.0\02 + 3,oL22) - f .rzrrrt o.001216

Sum of squares between membranes =

t/\(z.t+3rz + z.r\52 + 2.5302 + 2.3132 + z.3}z2) - l.52111L = o.oo65\0.

Variation

Between cel-l-s

Between membranes

Resid.ual

Total-

Sum of
squares

o.001216

O . 0065)+0

o.008966

o.020762

Degrees of
freed,om

Mean square

o.oor752

o .001635

0. OOOTI+7

3

)+

12

-l o



9\

F ratio for cel-l-s

F ratio for membranes

0.001752
O.OOOTI+7

2 3l+5

tryom tabl"= F3,t2(0.05) 3. \9

2,I89

lbom tables tr'U 
,12 ( O . O5 )

3.26
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