STRAIN INDUCED CHANGES IN THE PERMEABILITY OF WATER

SWOLLEN SEGMENTED POLYURETHANE ELASTOMERS

Thesis by

Gerald Wayne Ward

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1977

(Submitted December 20, 1976)



ii

to Wendie



14

ACKNOWLEDGEMENTS

I would like to take this opportunity to thank those who have
contributed to the completion of this thesis:

Pirst, I wish to thank my advisors Professors William H. Corcoran
and Nicholas W. Tachoegl. They have offered encouragement and
friendship as well as guidance and criticism. They have asked probing
questions, offered valuable suggestions, and given me a great deal
of freedom in conducting my research. For all these reasons I thank
them,

I would like to thank Hollis Reamer for the many helpful discus-
sions we have had; George Griffith, Chic Nakawatase, and Ray Reed for
building and maintaining the apparatus I used in my research; and
Henry Smith for assistance with the Beckman spectrophotometers.

I owe a great deal to my parents who have given me the opportunity
to grow up in a loving supportive enviromment. Much of my success I
owe to their patience, understanding, and love.

Finally, and most of all, T wish to thank my wife Wendie, She
has been a great help to me all the time that I have known her. I
hope she will accept this thesis as partial repayment for all that

she has done for me.



iv

ABSTRACT

The permeability of water swollen segmented polyurethane membranes
has been determined for the solutes urea, glucose, sucrose, and
raffinose at 26.5°C. The permeability of segmented polyurethane mem-
branes; based on poly(oxyethylene glycol) grades 600, 1000, 1500,
and 1540; was determined for the swollen unstrained films and for the
swollen films at several strains. The free volume theory for diffusion
through homogeneously swollen polymers was able to predict the observed
changes in membrane permeability with strain for all solutes except
urea. The free volume theory fails to predict the urea data accurately
because the polyurethanes used absorb urea and therefore the urea can
diffuse through the polymer as well as through the solvent, an eventu-
ality not provided for in the free volume theory.

The solute reflection coefficient o, as defined in the theory of
thermodynamics of irreversible processes, was determined. The available-
area-ratio and the film tortuosity were calculated from the solute
reflection coefficient and the film permeability w. WNeither the
available-area~ratio mor the film tortuosity correlate with changes in
the f£ilm permeability.

A correlation between o and w was proposed. It was shown that for
0.3#40 €0.7 the film permeability w is inversely proportional to o.
The proposed correlation is discussed and the suggestion is made that
additional experiments be conducted to determine the range ’ o for

which the correlation is wvalid.
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INTRODUCTION

The concept of dialysis is generally attributed to Thomas Graham
who, in 1861, separated a solution of gum arabic and sucrose into two
solutions each containing only one of the solutes (1-3). Ferry (4)
cites an earlier paper by Fick (5), published in 1855, in which Fick
describes dialysis experiments. Despite these early beginnings dialysis
did not receive much impetus until 1907 when Bigelow and Gemberling (6)
succeeded in making unifbrm membranes from collodion. Within a few
yvears other investigators had learned how to control the properties
of collodion membranes.

Over the years there has been considerable effort expended to
produce membranes with carefully controlled properties. A wide variety
of materials have been studied with regard to their potential use as
membranes. These materials include cellulose and its derivatives
(7-11), metals (12,13), minerals (15-17), clays (14), rubbers (18-23),
and other man-made polymers (24-25).

Several techniques have been developed for controlling the proper-
ties of artificial membranes. Among these techniques are incorpora-
tion of a poor or non-solvent into the casting solution from which the
membrane is prepared (26), acid or base etching of track-etch membranes
(27,28), leaching a soluble material from the membrane, swelling the
membrane with a poor solvent, forming microcracks in the membrane
matrix (29), mixing with or bonding to the membrane substances which
change its permeability to certain solutes (30,31), and controlling the

degree of crosslinking, to name several.
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Once a membrane has been prepared it is sometimes desirable to
change the size of the pores in the membrane. For cellulose membranes
treatment with ZnCl2 solutions, acetylation, and mechanical deformation
have been tried (32). Track-etch membranes may be re-etched to enlarge
the pores or the pore wall may be coated to reduce the pore size (33).
Some types of membranes may be swollen to the desired degree in one
solvent and then, by using a series of mixed solvents, the original
solvent may be replacéd by the solvent of interest without changing the
degree of swelling.

Lyman Craig (1,32,34-37) conducted a rather extensive investiga-
tion of cellulose membranes. Craig began his studies using sausage
casings made from regenerated cellulose, Hé and his co-workers
studied the effect of stretching the membrane on the rate of transport
of solutes across it. They envisioned a series of graded membranes
that could be used to carry out separations in the laboratory. They
also felt that such a series of membranes would have industrial appli-
cations in countercurrent dialysis or in ultrafiltration.

Craig and co-workers were limited in their attempts to study the
effect of stretching on cellulose membrane permeability by the mechani~
cal properties of cellulose. Membranes of the type they used can be
stretched only 8 ~ 20% before breaking. Therefore they observed
large changes in the rate of transport of a solute through a membrane
only when the solute would just barely diffuse through the membrane in
the unstretched state.

Rouse and Ultman (38) have studied the change in permeability of



reverse osmosis membranes to salt as a function of strain. They

found that strains of 1.5%Z to 4% caused increases of up to 30% in

the permeability of reverse osmosis membranes to certain salts. The
strains used by Rouse and Ultman are within the elastic limit of
cellulose and are typical of the strains imposed on the membrane in
commercial reverse osmosis plants. Rouse and Ultman point out that
since such small strains affect the performance of reverse osmosis
membranes it is possible that part of the impairment of normal function
of body tissues caused by edema (swelling by water influx) may be due
to swelling induced changes in individual cell membrane permeabilities.
Hays (39) has suggested that vasopressin may act by inducing a very
small change in the structure of biological membranes and thereby
cause large changes in the permeability of the membrane to small
solutes.

This thesis deals with strain induced changes in the permeability
of membranes. It was desirable to select a material which had a
known microstructure, which was water swellable so that solutes of
biological importance could be studied, and which was elastomeric so
that higher strains could be attained. Segmented polyurethanes meet
the requirements jﬁst listed.

In this thesis the effect of mechanical deformation on the per-
meability of water swollen segmented polyurethanes to urea, glucose,
sucrose, and raffinose is discussed. It is shown that the change in
permeability that occurs when the membrane is deformed is due to a

change in the degree to which the membrane is swollen and that the
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free volume theory for diffusion through highly swollen polymers
adequately describes the changes in membrane permeability that occur.
Also, a correlation between the solute reflection coefficient o and
the film permeability « 18 proposed and the potential usefulness of

the correlation is discussed.



Chapter 1
Theoretical

Because of the importance of membranes in life processes and
their usefulness in the preparation and purification of chemicals,
much work has gone into the development of theories to explain their
behavior. Several of the theories which have been proposed to de-
scribe transport through uncharged inert membranes will be discussed
here. The discussion will exclude living membranes, electrodialysis,
ion exchange membranes, bilayer membranes, dynamic membranes, and, for
the most part, ultra filtration through membranes. The theories

covered are derived for the case of transport of non-electrolytes in

aqueous solution across membranes. These theories are:
1) molecular sieve theory
2) theory of thermodynamics of irreversible processes of
Onsager (1), Casimir (2), and Staverman (3,4) as formulated
by Kedem and Katchalsky (5,6)
3) free volume theory
The kinetic theory of Laidler and Shuler (7-9) will not be discussed
as it has been shown by Kedem and Katchalsky (5) to be incomplete.
There are only two ways by which a solute may traverse a membrane.
The solute may diffuse through the solvent, or the solute may become
absorbed on or dissolved in the membrane material and subsequently
diffuse through the membrane matrix. In either case the driving
force for transport across the membrane is a gradient of chemical

potential.



1.1 Molecular Sleve Theory

True molecular sieve theory regards the membrane as being a solid
sheet penetrated by pores of a certain size. It attempts to explain
the behavior of the membrane by stating that molecules may pass
through the membrane as long as they have sufficiently small cross-
section.

The molecular sieve theory begins with the idealized Fick's law

for one-~dimensional diffusion in a solution

dq _ _ ., de

where dQ is the quantity of material diffusing through an area A imn
time dt, D is the diffusion coefficient, and %% is the concentration
gradient. This treatment assumes D to be constant, independent of the
concentration of the soluté. To apply this equation to a porous

membrane the equation is rewritten as

d d
= - DA, % (1.2)
p

where AP is the effective total cross~sectional area of the pores and
xp is the mean length of the pores. Equation (1.2) is the basic
equation for diffusion across a porous membrane. It 1is valid as long
as the diffusion coefficient is constant and the ratio of pore
diameter to solute diameter is greater than 30 to 1. This latter
requirement was established theoretically by Lane and Riggle (10)

and experimentally by Manegold (11) and Renkin (12).

Frequently (1.2) is rewritten as



P

where A and xp are as previously defined and k is the permeability
constant. Under conditions where (1.2) applies, the permeability
constant, k, will have the same numerical value for all solutes. Thus
k equals Ap/A and both are assumed equal to the volume fraction of the
solvent (water in this study) in the membrane, ¢w‘ Generally it is
¢, that is determined.

To determine ¢w the wet and dry weight of the membrane is mea-
sured and the assumption is made that there is no volume change on
mixing. If this is so, then the voluﬁe fraction of solvent in the
membrane is given by

Ws B Wd

b T W) F W (o Te)

(1.4)

where W is a weight, p is a density, and the subscripts s, d, w and m
stand for swollen, dry, solvent (or water) and membrane, respectively.
One should remember that the membrane density required is that of the
material composing the membrane matrix.

Equations (1.2) and (1.3) are adequate to explain transport of
small solutes through a very coarse membrane. As the solute site
increases or the pore size decreases, the area ratio, Ap/A, i.e. the
permeability constant, k, tend to decrease. There are several ways to
explain this phenomenon. One may assume a distribution of pore sizes
and conclude that the larger molecules are prevented from passing

through the smaller pores due to their size. Or, as was assumed by

Ferry (13,14) and by Pappenheimer et al.(15), a correction factor may be
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introduced. Ferry and Pappenheimer incorporated the assumption that
a molecule could enter a pore only if it did not strike the edge of
the pore, Figure 1l.la. For spherical solutes and cylindrical pores,

the effective pore area is represented by
A/A=(1—R/R)2 (1.5)
P O s P '

where RS is the solﬁte radius, Rp is the pore radius, A0 is the total
cross~sectional area of the pores, and AP is the effective cross-
sectional afea of the pores as defined earlier. Ackers (16) arrived
at the same correction factor by assuming that the solvent completely
fills the pore but that the solute is excluded from a cylindrical
shell near the pore wall, Figure 1.1b.

) VT

R

-R‘,
N YA YA

Figure 1.1la Figure 1.1b

A second correction used by Lane (17), Pappenheimer (18), and
Renkin (12) was to include the frictional effect between a solute
molecule,moving in a pore, and the pore wall, One form of this correc~
tion was derived by Faxen (19). He studied the problem of a spherical

particle settling in a fluid filled cylinder. His equation is

RS RS 3 RS 5
Ap/Ao =1 - 2.104‘E; + 2.09 [ﬁ;} - 6.95 kﬁj (1.6)

Renkin used equation (1.7) which combines the frictional effect of
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(1.6) and the exclusion effect of (1.5).

R
p

9 RS RS 3
Ap/Ao = (1 - Rs/Rp) 1 - 2.104 = + 2,09 [—;]

R 15
- 6.95 [ﬁi} (1.7)
P

Substituting (1.7) into (1.2) yields the generalized equation for

solute transport across a porous membrane.

R 2 R R 3
29=-§£D[1-.ﬁi] 1-2.104-§§+2.09 [—5}

dt dx R
P p P
RS 5
- 6.95 EEJ (1.8)
P

The validity of equation (1.8) has been verified by Beck and Schultz
(20) for microporous mica membranes formed by the track etch method
(see Figure 1.2).

Equation (1.8) has been cast in many forms by various authors.
Pappenheimer, for example, defines an effective diffusion coefficient
for diffusion in a membrane. He absorbs (1.7) into the diffusion

coefficient by defining

2
D R ¢

1+ 2.4 {i

P

where D' is the effective diffusion coefficient in the membrane., The

denominator on the right hand side of equation (1.9) is the correction
of Ladenburg (21). Ladenburg's correction is essentially the same as

Faxen's except that it is not as accurate.

Kedem and Katchalsky write the equation for solute flow through
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the membrane as

N+

5 _ o 1
—a—E" = kS A(CS cs) (1.10)

where the subscript s denotes solute and the superscripts o and i
denote the outer and inner compartment, respectively. The solute
permeability constant is kS and sz/dt is the number of moles of
solute entering the inner compartment per unit time.

For the volume flow Kedem and Katchalsky write

i
dv = 1 i _ .0
v kW Alw ) (1.11)

where 1 is the osmotic pressure. Equation (1.11) may be written in
the same form as (1.10) by replacing w by RTc, assuming the total
volume flow to be mainly the flow of the solvent, and then absorbing

RT into the solvent permeability coefficient k;. The result is

A
av— i o
e kw A(CS CS) (1.12)

where ¢ is now the osmotic concentration.
By Starling’s hypothesis (22) there is no difference between a
hydrostatic or osmotic pressure difference as far as the volume flow

is concerned. Therefore (1.1l2) may be generalized to

i
av- _ ., _
T = k' A4 - am) (1.13)

where AP = P° - Pi and Am=n° - ﬂi.

The molecular sieve theory pfedicts that transport across a
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membranc will depend on membrane thickness, the pore size and shape,
the solute size and shape, the free diffusion coefficient of the
solute, and the concentration gradient, It should be remembered that
the equations given here are valid only for ideal solutions and con-
stant diffusion and permeability coefficients. The pore radius is an
average pore radius and may depend on the method used to determine it.
For nonspherical molecules the solute radius RS is an approximatiomn.
The theory assumes the existence of discrete pores in the membrane and
therefore is not likely to give meaningful results for swollen cross-
linked elastomers and other membranes where discrete pores do not
exist., Finally, in many cases this approach fails to predict correct-
1y the volume flow across a membrane due to a concentration gradient.
Kedem and Katchalsky have shown that this is because the molecular
sieve theory contains only two of the three parameters required to

characterize the solute-solvent—membrane system.

1.2a Thermodynamics of Irreversible Processes — Phenomenological
Coefficients

After showing the insufficiency of conventional equations de-
scribing membrane transport, i.e., the molecular sieve theory, Kedem
and Katchalsky (5) developed a theory based on the thermodynamics of
irreversible processes and derived expressions relating the phenome-
nological permeability coefficients of their theory with the physical
constants of other theories. 1In so doing they extended and modified
the equations developed by Staverman (3,4) for osmotic pressure meas-

urements so that they could treat biological permeability data. Their
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derivation is followed below.
The entropy production per unit time for a two-component system,
consisting of two solutions of the same solute and solvent separated

by a membrane, is given by

i i

d.s dN dN

i~ 1,0 _ i w,1l o i s
dt T (uw uw) dt + T (us us) dt (1.14)

where p is the chemical potential, dN/dt is the number of moles enter-
ing the inner compartment, and w and s denote the solvent and solute,
respectively.

It is often more convenient to rewrite (1.14) as the dissipation
function per unit area

d,s

¢ = (T/A) —EiE_ = (“: - uvj;)ﬁw + (u: - ui)ﬁs (1.15)
where n_ and n_ are
W S
L= (UA)(ANL/dt) and A = (1/4) (dN1/av) (1.16)

It will be observed that in (L.15) the dissipation function is repre-
sented by a sum of products of fluxes . and corresponding
forces.

For ideal solutions the chemical potential may be replaced

according to (1.17)

(o] 1 Lod
My Tou = VWAP RTACS/cw
(1.17)
u® - ut = ¥ AP + RTAc /c
S s S s S

where

Acs = c = C (1.18a)
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and cg is defined by
Ac_fe. = In(2/ch) (1.18b)
s g s' s )

In (1.17) and (1.18) P, R and T are as usually defined, V is a partial
mélar volume, and ¢ represents a concentration. Introducing equations
(1.17) and (1.18) into (1.15) and rearranging the dissipation function,
equation (1.19) results.

¢ = (nWVw + nSVS)AP + (ns/cS - nW/cw)RTAcS (1.19)

Here ¢ is represented by new forces and fluxes which are:

™
L]
>
o
J*
]

RTAcS
(1.20)

These new forces are those that are generally used in membrane per-
meability experiments. The hydrostatic pressure difference is AP and
RTAcS is the driving force in Fick's equation. The corresponding flows
are the total volume flow and the relative velocity of the solute
vgrsus the solvent, Jv and JD’ respectively. JD is a measure of the
exchange flux.

The general theory of thermodynamics of irreversible processes
postulates that the flows depend on all the forces in the system and,
that as long as the forces are sufficiently small, the dependence is

linear. Thus the relation between the J's and the X's is of the form

Jl = Lllxl + L12X2 H J2 = L21X1 + L22X2 (1.21)
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The L's are the phenomenological coefficients. Onsager has shown that
in many cases the matrix of phenomenological coefficients is symmetric,

i.e., L Some authors have stated that this "Onsager recipro-

15 = Ly1-

cal relation" holds for any set of conjugated forces and fluxes. This

is not true (23). Adopting the notation of Onsager (1.21) becomes

J_= L _AP + L__RTAc
v P oD 8
(1.22)

JD = LDPAP + LDRTACS

Since, by the second law of thermodynamics, entropy production must

always be positive, the coefficients LP and L must be positive while

D

LpD may take on any value subject to the constraint that L LD -

LPD2 > 0, assuming that Onsager's reciprocal relation holds.

Kedem and Katchalsky describe the significance of (1.22) as
follows:

The physical meaning of (1.22) may be seen in the following
way: 1in very coarse membranes, volume flow and exchange
flow are independent. Each of the flows is determined

only by its conjugate force: J;, by the pressure gradient
AP and Jp by the concentration gradient Acg. However in
many less permeable membranes, the flows are interdependent
and the gradient iIn solute concentration produces a flow,
even though AP = 0; this is known as osmotic flow. Similarly,
a pressure difference causes not only a total volume flow
but also a relative velocity in the solute-solvent flow —
this is known as ultrafiltration. These Interdependences
are incorporated in the coefficient LpD'

It is instructive to consider some special cases of (1.22). The
volume flow at zero concentration difference measures the mechanical
permeability of the membrane for a given solution. LP is defined as
the filtration coefficient and it is sufficient to completely charac-

terize the system if the membrane 1s ideally semipermeable, because in



that case &s 0.

Whenn =0, J =nV and J = —ﬁw/cw. For dilute solutions

s v ww D

¢y = 1/\7W and therefore in an ideally semipermeable membrane

J. = =J (1.23)
From (1.22) it is obvious that (1.23) may be written as

(Lp + LpD)AP + (LD + LPD)RTAcs =0 (1.24)

Since the only restriction on (1.24) is that ﬁs’O, it must hold for

all pressures. This can only be true if
L =-L_ =1L (1.25)

Thus, as previously stated, the ideally semipermeable membrame is
characterized by Lp alone.

Fof a completely non-selective membrane, a hydrostatic pressure
difference does not produce an exchange flow. Thus, for a non-

selective membrane

JD =0 = LPDAP > LpD =0 (1.26)

For the case of a non-selective membrane, no volume flow is caused by a

concentration gradient and again

Jv =0 = LPDRTACS - LpD =0 (1.27)

In intermediate cases LpD is negative and lies between O and —Lp.
Only when the membrane is more permeable to the solute than to the

solvent is LpD positive,
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Normally, the volume flow, J&, 1s measured but JD 1s not; &S is

measured and is given by (1.28).

= '
n_ (JV + JD)cS (dilute sol'n) (1.28)

If the volume is held constant when the solute flow is measured, the

pressure across the membrane will be given by
AP = (-—LpD/Lp)RTAcS (1.29)

Introducing (1.22) and (1.29) into (1.28) gives
2
L LD - L
. =-pD pD
n_ T cSRTAcs (1.30)
P
There is still the problem of having the phenomenological

coefficients in these equations. The filtration coefficient, Lp, is

easily determined for almost all membranes, but LpD

somewhat obscure. For this reason it is useful to define another set

and LD 8till remain

of coefficients in terms of Lp, LpD’ and LD'
Staverman introduced the reflection coefficient, o, which is

defined in term £fL d L b
ned in 5 o0 o an oD vy

LpD = --oLP (1.31)

Kedem and Katchalsky further defined the mobility of the solute, w, as

2
LL -L
= _f—'lrﬂ’— e = (L - Lpoz)cs (1.32)

From (1.29) it is apparent that wRT is the proportionality comnstant
between the solute flow at constant volume and Acs. Thus, wRT is

merely the permeability constant for the solute measured at constant
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volume.
One may now rewrite the two most useful equations in terms of
g, w, and Lp' Thus the equations for the total volume flow and the

solute flow become

Jv = Lp(AP - GRTACS)

n = cst(l - g)AP + [w - cSLP(l - o)o]RTAcS (1.33)
or

n_ = mRTAcs + (L - c)cSJv

The equation for Jv corresponds to (1.13) of the molecular sieve
theory. These equations are identical only if ¢ = 1, i.e., if the
membrane is impermeable to the solute. Therefore the simultaneous use
of equations (1.3) or (1.10) and (1.12) or (1.13) of the molecular
sieve theory is self contradictory. Comparison of equations (1.3) and
(1.10) of the molecular sieve theory with (1.33) shows that they are
identical only when JV = (0. Therefore, for zero volume flow one has
equality of the solute permeability coefficient, ks’ and wRT.

The constants Lp’ g, and w must now be determined in the follow-
ing way. The filtration coefficient, Lp, is k% in (1.13) of the
molecular sieve theory. For the case where there is no volume flow,
@# = q, the coefficient of solute flow, ks’ of (1.10) equals wRT.

This leaves only the reflection coefficient, o, to be determined.
This coefficient may also be determined if the volume flow vanishes.

The equation for the reflection coefficient is

AP = GRTACS (Jv = 0) (1.34)
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Another way of determining ¢ is suggested by equation (1.22)

which may be rewritten as
J = L_AP - oL RTAc {1.35)
v P P s

The filtration coefficient, Lp’ (also called the hydraulic permeability)
may be determined from equation (1.35) when there is no solute concen-
tration gradient, Acs = 0, The solute reflection coefficient ¢ may be
determined from (1.35) when AP = 0, Therefore o is given by

3

I A

o = [L RTAc ) (1.36)
P 8 Ap=0

1.2b Thermodynamics of Irreversible Processes - Frictional Coeffi-
cients

An alternative to the formal thermodynamic representation of
section 1.2a is a physical interpretation of the permeability coeffi-
cients. The phenomenclogical coefficients of the irreversible thermo-
dynamic approach are rewritten as frictional coefficients which
present a clearer picture of what is happening in the membrane. Again
the derivation of Kedem and Katchalsky (6) is followed.

Equgtion (1.21), where the flows are represented as.a sum of
products between the phenomenological coefficients and the forces, is
rewritten as (1.37), where the forces are represented as a sum of

products between the frictional coefficients, Rij’ and the flows, Ji'

X, =R, ,J, +R,,J
1 1171 1272 (1.37)

X, = R,,J; + R,,J

2 2171 2272
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Assuming the Rij’s obey Onsager's reciprocal relation and considering
as before a two component solution, the flows at each point in the

membrane are given by

JS =cyv, = dns/dt

(1.38)
J =cv_ =dn /dt
W woW W

where the v represents a velocity, c a concentration, and the sub-
scripts s and w stand for solute and solvent.

The forces are represented by the gradients of chemical potential
as in previous theories. Thus (1.37) which is valid for each point in

the membrane, becomes

-(duw/dx) RWWJﬁ + RWSJS

(1.39)

—(dusldx) RSWJW + RSSJS

where du/dx is a gradient of chemical potential.
To translate the Rij's into frictional coefficientg it is assumed
that the thermodynamic forces,Xiﬁare counterbalanced by mechanical

forces, F,.. Thus
1]

Xg = Few ™ Fsm

(1.40)
X =-F _-F
w WS wi

where st and Fsm represent the mechanical friction between the solute,
and the solvent gr membrane, respectively. Similarly, FWS and me are
the forces arising from mechanical friction of the solvent with the
solute or membrane, respectively.

The Fij's can be represented in the following manner
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Fij = —fij(vi - vj) (1.41)

The fij's are the frictional coefficients per mole of component i and
(vi - vj) is the relative velocity of the ith component with respect

to the jth component. Adopting this notation (1.40) becomes

b
]

~(dus/dx) fsw(vS - v*) + fsmvs

(1.42)

=
n

—(duw/dx) fws(vw - vs) +f v

wm w

where the membrane has been taken as the frame of reference, i.e.,

v, o= 0. Substituting for the velocities according to (1.38) leads to

fsw + fsm fsw
Sldugfdn) = Ty e
s w
(1.43)
ws ws + fWm
—(duw/dx) s 7;—-Js + _—_7;————'Jw
s W
Equations (1.37) and (1.43) when compared yield (1.44)
f + £
R =_Sw sm = - S¥W
58 c ? sw c
s w
(1.44)
b + f f
R =-¥S __wmo . R = --2&
wW c > WS c
W s
In order for Onsager's relation to be met (1.45) must hold.
fsw/cw = fwslcS (1.45)

Kedem and Katchalsky note that Splegler (24) was able to derive (1.45)
from purely mechanical considerations.
The coefficient fSw is of the same nature as a friction coeffi-

cient for free diffusion fgw given by Einstein as
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o _ 0
fSW = RT/D (1.46)

where D° is the free diffusion coefficient. To a first approximation
fSW would be independent of concentration, but fWS would depend strongly
on the solute concentration. Fortunately, fWS can be replaced by using

(1.45). Accordingly, (1.37) now becomes

fSW + fSﬂl fS\'f\'f
“Qugla) = Tt
Ss e 4 (1.47)
c, SV wm fsw
~(duyfdx) = =3 T, T
w w

There is some question as to whether the Onsager reciprocal rela-
tion is valid for both the phenomenological coefficients, Lij and the

frictional coefficients, R Albright and Mills (25) suggest that the

ii°
more fundamental formulation, and the more useful one, presents Onsager’s
linear laws in texms of the coefficients Rij‘ In this derivation it has
been assumed that the Onsager reciprocal relations hold for both the
L,. and the R,.. It has been stated that "if the J_ and Xk are chosen

1j ij k

from the entropy production T¢= ZJkX.k, and if the linear laws

= i = " .

Ji ZLinj are valid, then Lij Lji (23,26).

Equations (1.47) are valid only at a point in the membrane. To
arrive at the equations for flow across a membrane (1.47) must be
integrated. The procedure is similar to that used by Laidler and
Shuler in deriving their kinetic theory. To carry out this integration
the osmotic pressure, m, the distribution coefficient, Kc’ and the

volume fraction of solvent in the membrane, ¢W, are introduced.

The distribution coefficient,Kc, is defined as
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K_ = c’s‘/c’; (1.48)

where Cz is the concentration of solute in a solution which would have
the same solute chemical potential as the solute has at point x in the
membrane. Because Kc is concentration dependent, an average
value of Kc will be defined. This is done by introducing K and

relating it to Kc by

K = T (1.49)

where superscripts I and II refer to the solutions separated by the

membrane and Ar_ = wI - nII.
s s s
Kedem and Katchalsky have shown that the integrated form of (1.47)

is

Kim_ = —waswVchcSAx/dw + Js(fSw + fsm)Ax (1.50)

¢W(AP - Am ) = J (£ + fswvwxccs/éw) Ax - Jf_Ax (1.51)

Where'E;E; = JAchcsdx/Ax is the mean value of the solute concentra-
tion, Ax is téL membrane thickness, and An; is the osmotic pressure dif-
ference across the membrane. 1In carrying out the integration to obtain
(1.50) and (1.51), it has been necessary to assume that the flows are
independent of x and that the friction coefficients are constant.

The purpose at the outset was to define the phenomenological
coefficients w, o, and Lp in terms of frictional coefficients. This
can be done by examining (1.50) and (1.51).

The permeability coefficient at zero volume flow, w, is derived
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from (1.50) by considering the case of zero solvent flow and then
showing that the error between w for zero water flow and w for zero

volume flow is negligible. Thus w is given by

= K
Ax(f _+ £
sW

w ) (1.52)

sm
Insight into the meaning of (1.52) can be gained by comparing it
to the molecular sieve theory. Substituting (1.52) into (1.50) under
the constraint of zero solvent flow leads to
KAnS

s (fsw + fsm)Ax

= whAm_ (1.53)
The molecular sieve theory gives
J, = 6 Dbc_/bx (1.54)

where D is the free diffusion coefficient which is equal to RT/f:W.
Mackay and Meares define the effective friction coefficient fgwlv where
v is the tortuosity factor which corrects for the fact that the pores
may not go straight through the membrame. Substituting for D and Ax/v
for Ax gives
vdwRTAcs

J = — (1.55)
£~ Ax
sw
Even if fSw = f:w/v there are still two fundamental differences be-
tween w and vdw/Axfgw. First, the permeability coefficient is inverse-
ly proportional to the sum of the solute-membrane frictional coeffi-
cients. While fSW varies little in magnitude, fsm ranges from zero

or near zero for very coarse membranes, to infinity for ideally

semipermeable membranes. Thus, w will vary from values predicted
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by the molecular sieve theory to zero.

The other important difference is in the inclusion of the dis-
tribution factor K. In some cases when fSm >> fsw’ w may still be
large due to high values of K. Such a case would be more likely where
transport across the membrane occurs by solute solution in the
membrane rather than by diffusion through solvent filled pores.

Pappenheimer and Renkin define an available pore area for dif-

fusion through membranes. They arrive at

JS = DASACS/AX (1.56)

J
which, by comparing (1.55), (1.56) and w = {;?] leads to
J

=0
o v
Kf
_ wRTAx _ sw
AS =5 “F T f . (1.57)
sw sm

Assuming that in most membranes heavy water diffuses in the same manner
as normal water, Kedem and Katchalsky were able to show that the ratio

As/AW is given by
KE© KE
sW

- _ sw
AlA, W+ E_ B +E) (1.58)

where A;W is the area available for the diffusion of the solvent (water
in this case) through the membrane and AS is the area available for
diffusion of the solute through the membrane. Pappenheimer and

Renkin also derived an expression for As/Aw (same as A.p/Ao discussed
under the molecular sieve theory). These expressions relate the solute
permeability coefficient to the area available for the solute to dif-
fuse through the membrane.

An expression for the reflection coefficient can be obtained
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from the equation for volume flow
Jv = Lp(AP - cAﬂs) (1.59)

At zero volume flow the reflection coefficient, o, becomes

5 = [ﬁ%EJ (1.60)
s Jv=0

Again substituting zero solvent flow for zero volume flow and evalu-
ating Aﬂs and AP from (1.50) and (1.51) vields

"= 1 - o (1.61
¢ = b+ E_) -61)

Sw  sm

where the prime on ¢ 1is a reminder that this equation is valid for
zero solvent flow not zero volume flow. The relation between ¢ and
o' may be derived by expanding (AP - Aﬁi) as a function of Jv at

constant Aﬂs in the neighborhoed of Jv = (0. This yilelds

st
g =g -1 (1.62)
P
or _
wVS Kfsw
g =1 - A S (1.63)
P W' 8w sm

If fsw differs from f:w by only the tortuosity effect, then equation

(1.63) may be written as

wV g wRT

Lp Dvﬁwle

c=1- (1.64)

or, using the concept of available areas, the reflection coefficient

becomes

b

m?s <
G=1-T"r (1.65)
P w
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1.2¢ Limits on o

There are several special cases of equation (1.65). First, if
the membrane is ideally semipermeable, then w = 0, and therefore
o = 1. Second, if the solvent and solute traverse the membrane by
different paths, then fSW = 0, 1i.e., there is no frictional inter-

action between the solute and solvent, and so
g=1 - —= (1.66)

Equation (1.66) may serve as a criteriomn for independent solute and
solvent flows. When the solute and solvent do interact in traversing
the membrane, ¢ will be smaller than the value predicted by (1.66).

For a given w and Lp g must lie in the range
0<g<l-—— . (1.67)

Below is a final comment on the number of coefficients required
to describe membrane permeability. For free diffusion solute and
solvent migrate relative to each other and therefore only one coeffi-
cient is needed to account for the resistance to diffusive flow,

For the case where the flow is through a membrane, two more coeffi-
clents are needed, one for the interaction of the solvent with the
membrane and one for the interaction of the solute with the membrane.
In certain cases only one or two of these parameters may be important,
but in general all three are needed. The molecular sieve theory

and the kinetic theory of Laidler and Shuler (7-9) are incomplete

because they involve only two of the three coefficients required.
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1.3 Free Volume Theory of Diffusion

A free volume approach has been useful in treating data for the
diffusion of penetrants through polymers (27-35). 'For a homogeneously
swollen membrane no discrete pores exist. Because of the plasticizing
effect of the solvent on the polymer, the macromolecules comprising the
membrane have a substantial degree of mobility so that the size and
shape of the "pores" change continuously. For crosslinked polymers
the geometry of the polymer network sets an upper bound on the size of
such pores and, hencey an upper bound on the size of the molecule that
may pass through the membrane. Transport through the swollen polymer
is dependent on the probability that a penetrant molecule has suffi-
cient room to move, i.e., that it finds a hole adjacent to its
location large enough to accommodate its effective diffusing volume.
The diffusion process may be viewed as a series of activated jumps
from one equilibrium position to the next. The size of the hole
required is dependent upon the size of the penetrant and the distance
that it jumps.

The parameters to be determined are the magnitude of the energy
barrier the penetrant must overcome in going from the equilibrium to
the activated state, the probability of forming a hole large enough
to accommodate the pemetrant, and the probability of finding in the
swollen polymer space for such a hole.

The diffusion coefficient may be generally written as (36)

D=v exp{-F/kT}

=V exp{slk} exp{—E/kT}

(1.68)
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where v is the translational oscillation frequency of the diffusing
penetrant. It is related to the diffusional jump distance d and Boltz-
man's and Plank's constants by v = dz(kT/h). The quantities F, S, and
E are the free energy, entropy, and energy of activation for diffusion,
respectively.

Statistical thermodynamics suggests that the entropy term in
(1.68) can be related to the conformational probability W, for forma-
tion of a hole large enough to pass the penetrant. Cohen and Turnbull
(37) and DiBenedetto and Paul (38) state that this probability W is

given by
exp{S/k} =W = exp{-v*/v‘ti} (1.69)

where V* is a characteristic volume for the diffusion of the penetrant

0

and Vf is the total free volume per unit volume of membrane. Substitug-~

ing {(1.69) into (1.68) yilelds
D=v exp{—E/kT} exp{—V*/V?} (1.70)

Consider now the case of diffusion of the penetrant in the

solvent. The diffusion coefficient may be written as

Do =V exp{-Eo/kT}exp(—V*/Vg’l) (1.71)

where the activation energy E0 now refers to the diffusion of the
penetrant in the solvent and V%,l is the free volume per unit volume
for the pure solvent,

Dividing equation (1.70) by (1.71) yields an expression for the

ratio of the diffusion coefficient of the penetrant in the swollen
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membrane to the free diffusion coefficient of the penetrant in the

swelling solvent
v exp{—E/kT} exp{-V*/VE}
D/D_ =

o _ I
v exp{ EO/kT} exp{ v /Vf,l}

Yasuda et al. (31-35) simplify (1.72) by assuming that v exp{-E/kT}

(1.72)

is a constant for highly swollen polymers in which the penetrant
cannot diffuse through the polymer in the absence of the solvent.

The free volume in the swollen membrane is given by

VO =l . + (1 - H)V; > (1.73)

where H is the volume fraction of solvent in the swollen membrane and
V;’p is the free volume of the unswollen polymer. Yasuda et al,

also assume . that, for penetrants which are not soluble in the
membrane, the effective free volume is essentially the free volume

associated ﬁith the swelling solvent, i,e., HV? 1° Using these two
»

assumptions equation (1.72) becomes

v (1
D/DO = exp{— " k; - ]J} (1.74)
£,1
or
1n(D/D ) = K[% - 1]' | (1.75)

where K is a constant. Equation (1.75) predicts that a plot of the
diffusion coefficient of a penetrant in a homogeneously swollen polymer
membrane versus %~should yield a straight line which extrapolates to

Do’ the free diffusion coefficient of the penetrant in the solvent,

at H = 1.
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Several comments on the free volume theory are needed here. First,
in the limit of an infinitely swollen membrane, (H = 1), both of
Yasuda's assumptions certainly must hold. As the membrane becomes
less highly swollen,these assumptions would be expected to hold down
to some critical H. There is ample evidence that Yasuda's assumptions
are valid in the range 1 > H > 0.5. Spriggs and Gainer (39)

measured the activation energy for diffusion of urea, glucose
and sucrose through a hydrated (H = 0.52) Cuprophane membrane. Their
data suggest that the assumption of a constant activation energy is
incorrect. However, it must be remembered that Cuprophane is a rigid
membrane in which the polymer and the solvent (water) form separate
phases. The free volume theory assumes that there is no such
phase separation. Also, Cuprophane has pores of fixed size which
do not change with time.

Second, the free volume theory makes no attempt to deal with the
elastic forces acting on a swollen polymer matrix. It may be viewed
as a purely viscous theory.

Third, the free volume theory as expressed by equation (1.75) may
not be applied to data like those of Paul et al. (40), i.e. when the
penetrant is substantially soluble in the unswollen polymer.

Finally, there is, hidden within this approach, an implicit assump-
tion as polnted out by Vrentas and Duda (41). The form of the free
volume theory described above is, strictly speaking, valid only when the
molecular weight of the solvent (solute) is equal to the molecular
weight of a jumping unit of the polymer chain,which 1s approximately

equal to the molecular weight of the monomer. This restriction is



32

most important in the limit of zero solvent concentration. It is

unclear at this time how this restriction should be applied to dif-

fusion through highly swollen elastomers, but the effect is likely to

be small.
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CHAPTER 2

EXPERTMENTAL

In this chapter the experimental procedures followed are outlined
in detail. The preparation of the polymers is described, followed by
an explanation of the casting techniques employed in the making of
thick and thin films. A description of the different test cells and
their use is provided. Other tests such as swelling and partition
coefficient measurements are discussed next. Finally, the analytical

methods are described.

2.1 Preparation of the polymers

Polymers were prepared by modifying the procedure of Chen,

Eaton, Chang, and Tobolsky (1). The reasons for the modifications
are described the in text.

The general reaction scheme was as follows. A poly(oxyethylene
glycol) was reacted with a large excess of diisocyanate in the
presence of a suitable catalyst. The resulting diisocyanate-capped
poly(oxyethylene glycol) was purified and assayed to determine its
isocyanate (NCO) content. A portion of the diisocyanate-capped poly-
(oxyethylene glycol) was reacted overnight with a diamine present in a
molar ratio of 1 to 2. Additional diisocyanate-capped poly(oxyethylene
glycol) was added to bring the molar ratio to 1 to 1. The last step

results in chain extension to high molecular weight.
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2.la Materials

All solvents used were analytical grade and were dried thoroughly
over molecular sieves (Linde Type 5A), followed by fractional distilla-
tion in the apparatus shown in Figure 2.1. Poly(oxyethylene glycol)s
were demoisturized for at least 36 hours at 60-70°C under a reduced
pressure (5 to 15 mm Hg) dry nitrogen purge. This apparatus is shown
in Figure 2.2. Poly(oxyethylene glycol)s 600, 1000, and 1500 were
purchased from Polysciences, Inc. Poly(oxyethylene glycol) 1540 was
purchased from Polysciences, Inc. and Union Carbide Corporation.
Ethylene diamine was purified by fractional distillation before use.
Hylene W (4,4' - dicyclohexylmethane diisocyanate) was supplied by
E. I. du Pont de Nemours and Company and was used without further puri-
fication. Cincinnati Milacron Chemicals, Inc. supplied the catalyst
T8 (dibutyltin bis 2-ethylhexonate) which was used without further

purification.

2.1b Modifications to the procedure of Chen et al.

Two modifications were made in the diisocyanate-capping step in
an effort to avoid the chain extension reported by Chen et al. (1).
Instead of using a 1 to 4 molar ratio of poly(oxyethylene glycol) to
Hylene W, molar ratios as high as 1L to 6.5 were used. In addition,
instead of batchwise addition of the poly(oxyethylene glycol), the
glycol was dissolved in methylene chloride and added dropwise over a

period of approximately ome hour to the reactor. These steps resulted
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in less chain extension during the diisocyanate-capping reaction. Chen
et al. reported products having an average of 1.5 - 1.8 polyether seg-
ments per molecule after the capping reaction. The procedure described
here produces 1.02 - 1.10 polyether segments per molecule as shown in
Table 2.1. Poly(oxyethylene glycol) 1500 films are discussed in

section 2.1d.

TABLE 2.1
Component Capping Reaction % NCO Content Average # PEO
Polyether OH/NCO Ratio Theor. Exper. Segments/Molecule
600 1:4.0 7.47 7.35 1.02
1000 1: 4.2 5.51 5.25 1.05
1500 1:1.8 8.19 4.10 2.4
1540 1:6.5 4.07 3.96 1,03

2.1c Diisocyanate-~capping of the poly(oxyethylene glycol)

The reactor used in the diisocyanate—capping reaction is shown in
Figure 2.3. Typically, 200-300 grams of Hylene W, 1.0 gram of T8, and
500-700 ml of methylene chloride were placed in the three-neck flask,
aleong with a Teflon encased magnetic stirrer bar. A dry nitrogen
purge was started, and the magnetic stirrer turned on. After thirty
minutes approximately 200 grams of a poly(oxyethylene glycol) dis-
solved in 300 ml of methylene chloride were placed in a separatory
funnel with pressure equalizing tube and added dropwise to the reactor
over a period of about one hour. The reaction mixture was allowed to

stand overnight with stirring.
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The following morning excess Hylene W and catalyst T8 were
removed by extraction with petroleum ether. Petroleum ether (about
1 liter) was added to the stoppered flask and the contents swirled
vigorously. The flask was allowed to stand until the emulsion brokej
and then the top phase containing the petroleum ether, excess diiso-
cyanate, and catalyst was decanted. A small amount (approximately
50 m1) of methylene chloride was added to the reaction flask to give
a clear solution. The petroleum ether extraction and methylene
chloride addition were repeated a minimum of three times. A total of
4=6 liters of petroleum ether was used to remove the excess catalyst
and diisocyanate.

After purification, the diisocyanate-capped poly(oxyethylene gly-
col) was dried on a rotary vacuum evaporator. The material was dried
at room temperature for 12-24 hours, followed by several hours at
45-55°C to drive off the last traces of Hyléne W and solvent.

The purified diisocyanate-capped poly(oxyethylene glycol) was
assayed for NCO content by the method reported by David and Staley (2).
Typical assay results are shown in Table 2.1 under "NCO content, experi-
mental." The purified diisocyanate-capped poly(oxyethylene glycol)
was stored in a sealed aluminum foil covered flask in a desicecator

until used.
2.1d Double~capping and chain extension

Once the NCO content of the diisocyanate~capped poly(oxyethylene

glycol) is known it is possible to use a diamine to either double-cap
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the diisocyanate-capped glycol or to chain extend it. To double-cap,
a molar ratio of 1 to 2 of diisocyanate-capped glycol to ethylene
diamine is used. If chain extension were desired the molar ratio
would be 1 to 1.

Poly(oxyethylene glycol)s 600 and 1000 were double-capped and
then chain extended. Poly(oxyethylene glycol) 1540 was chain extended
without going through double-capping as a separate step. Poly(oxyethy-
lene glycol) 1500 will be discussed later.

An example of a polymer produced by double-capping followed by
chain extension,is the one that was made from poly(oxyethylene glycol)
1000. In a three-neck flask were placed a magnetic stirrer bar, 200 ml
of dimethylformamide (DMF), and 6.93 grams of ethylene diamine. The
magnetic stirrer and a dry nitrogen flow were started. From a dropping
funnel 91.15 grams of diisocyanate-capped poly(oxyethylene glycol) 1000,
dissolved in 400 ml of DMF, was added. The molar ratio of diamine to
diisocyanate-capped polyether was approximately 2 to 1. After twenty
hours, 93.50 grams of diilsocyanate-capped polyether dissolved in 400 ml
of DMF was added to the reaction flask. A molar ratio of 1 to 1
results, chain extension takes place immediately, and a high molecular
weight polymer was produced.

An example of a polymer made without double-capping as a separate
step is the one made from poly(oxyethylene glycol) 1540. In this case
4,4 grams ethylene diamine, 500 ml DMF, and a magnetic stirrer bar were
placed in the reactor flask. A dry nitrogen purge and the magnetic
stirrer were started. From a dropping funnel, 154.42 grams

diisocyanate-capped poly(oxyethylene glycol) 1540, dissolved in 1000 ml
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DMF, were added. The molar ratio of diamine to diisocyanate—capped
polyether is 1 to 1 and chain extension to high molecular weight
occurs immediately.

Poly(oxyethylene glycol) 1500 is a special case. This material
was purchased from Polysciences, Inc. Polysciences, Inc. described
this glycol in their 1973-74 catalogue as having a molecular weight
range of 1300-1600, with a number average molecular weight of 1540.
They failed to realize that the above is a description of the 1540
grade. The poly(oxyethylene glycol) 1500 is actually a blend of two

grades, the 1540 and 300 (see Table 2.2).

Table 2.2

Polyethylene Glycol Formula Molecular Hydroxyl Freezing
Grade Weight/Range Number Range, °C

300 285-315 —_— -15 to -8

600 500-600 170 20 to 25

1000 950-1050 99 37 to 40
1500% 500~600 210 38 to 41

1540 1300-1600 78 43 to 46

*A blend of equal parts Polyethylene Glycols 300 and 1540

The author was not aware of Polysciences' error and attempted
the diisocyanate-capping reaction. After two puzzling failures a
material having an NCO content of 4.1% was produced. Since the
theoretical NCO content is 4.07%, the materilal was assumed to have been
properly capped and it was chain extended to a polymer without
difficulty.

As experiments on the poly(oxyethylene glycol) 1500 based



39

polymer progressed, it became obvious that something was wrong. The
polyether was tested for hydroxyl content by the method reported by
David and Staley (4). A hydroxyl number of 210 was measured. This
was widely different from the 75-80 expected for a pure poly(oxyethy-
lene glycol) 1540. Intrinsic viscosity measurements confirmed that
the polyether was suspect. Current catalogues were consulted and the
nature of the error discovered.

The polymer made from the poly(oxyethylene glycol) 1500 was
studied even though it did not have the desired structure. Because of
the presence of the low molecular weight grade 300 material, the hy-
droxyl number is approximately three times that of pure poly(oxyethy-
lene glycol) 1540. As a result the hydroxyl to isocyanate ratio in
the diisocyanate-capping ratio was only 1 to 1.8. Thus some chain
extension occurs during the diisocyanate-capping step. The resulting

material has 2.4 polyether segments per molecule.

2.2 Casting techniques

Two methods of casting films were employed, one for thick films
and one for thin films. In all cases a solution of the polymer to be
cast was made using DMF as the solvent. Various solution concentra-
tions were tried but generally a 37 solution proved suitable. Solu-
tions were filtered through a coarse glass fritted disk or through a

medium glass fritted disk,whenever solution viscosity allowed.
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2.2a Thin films

For thin £ilm castings a glass plate approximately 14 by 17 inches
was used. A bead of GE Silicone Rubber RTV 118 was placed about an
inch in from the edge. The silicone rubber was allowed to cure
thoroughly before the plate was used. To aid the release of the cast
film, the plate was lightly sprayed with Miller-Stephensen MS-122
fluorocarbon release agent.

For casting a film the plate was placed on a fairly level surface
and warmed to 35-40°C by two heat lamps suspended two feet above the
plate. After the plate had had a chance to warm for several hours,
100~200 m1 of the filtered polymer solution was poured onto the
leveled glass plate at its center.

The solution coated plate was covered with a dust cover and the
solvent was evaporated over a period of 12-24 hours. During this
time all personnel were excluded from the room in which the casting
taock place.

The dry film was cut with a razor blade into pieces about 4 by b
inches. Each film sectién was gently removed from the glass plate and
carefully inspected for any sign of defects or dust particles. About

1 film in 3 passed inspection.

2.2b Thick film castings

Thick films were considerably easier to cast. Such castings

were made by dissolving 12 - 20 grams of the
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desired polymer in 500-700 ml DMF and pouring the filtered solution onto
a clean mercury surface in a 75 by 150 mm glass crystallizing dish.
The crystallizing dish was placed In a warm vacuum oven (45-55°C). A
vacuum between 20 and 28 inches of Hg was maintained by an aspirator
or vacuum pump. A continuous air purge carried away DMF vapors.
Thick film castings took 3 to 7 days to complete and only once did a
casting fail to form properly.

When the casting was free of solvent it was cut from the crystal-
lizing dish with a razor blade and sent to the instrument shop to be
cut into strips 0.200 inch wide. The individual samples, cut from a
casting, were quite uniform in thickness. Samples were cut in such a
way as to minimize thickness variations in any one sample. Samples

were 0.020-0.040 inch thick, 0.200 inch wide, and up to 6 inches long.

2.3 Diffusion test apparatus

Two test cells were used for determining the properties of thin
films of the various polymers. The modified National Bureau of
Standards test cell will be discussed first along with its ancillary
equipment. The other specialized cell was used to make measurements
of the film hydraulic permeability and the solute reflection coeffi-

cient, and will be discussed later in this section.
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2.3a Modified NBS test cell and ancillary equipment

In 1966 the National Institute of Health Artificial Kidney -
Chronic Uremia program devoted a number of contracts to the develop-
ment of membranes for artificial hemodialysis. As a result of this
work and out of a desire to have standardized testing procedures, the
National Bureau of Standards was asked to design a test system which
would be widely available to all investigators by virtue of its sim-
plicity and relatively low caost. The National Bureau of Standards
designed such a cell and system and published a report describing it
in 1968 (5).

The NBS cell has a test area 2 inches by 4 inches, Two identical
half-cells are milled from 4 by 6 inch blocks of one inch thick Lucite.
Each half-cell has an entrance and exit port, sealing lip, and flow
channel. The NBS design incorporates a polypropylene mesh in the flow
channel to promote turbulence and help distribute the flowing solutions
uniformly across the cell.

The test cell used in this study is described below and is shown
in Figure 2.4. It is constructed of Lucite with the exception of the
mesh in the flow channel which is polypropylene, the "soft" seals
which are 1/8 inch Tygon tubing, and the pressure taps which are 1/16
inch 0.D. stainless steel tubing. It incorporates 4 modifications to
the NBS design, the first of which is the inclusion of four pressure
taps, one in each fluid entrance and exit port. Secondly, the thumb

screws that held the NBS cell together were eliminated and mounting
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plates added to each half-cell. The purposes of the mounting plates
were to position the cell properly in the water bath and to align
the sealing weight with the top half of‘the test cell.

The third modification was the addition of two external "soft"
seals of Tygon tubing. Tygon tubing (0.125 0.D. - 0.0625 I.D.) was
contained within a channel 0.125 inch wide by 0.120 inch deep, milled
in each half-cell. The channel in the bottom half-cell was offset
1/4 inch from the channel in the top half-cell, which was 1/4 inch
from the half-cell sealing lips. When the cell was assembled each
Tygon tube pressed on the membrane and pushed it against the smooth
test cell surface, which provided an effective seal. BRecause the
tubing was soft it could deform easily and did not affect the spacing
of the test cell halves, which was controlled by the relatively rigid

half-cell sealing lips.

The presence of the two soft seals was necessitated by two fac-
tors. First, the weight which was used to clamp the half-cells
together had to be light enough (less than 60 pounds) to be positioned
by the experimenter. Second, the cell was contained in a water bath.
If the cell was surrounded by air, surface tension at the air-water
interface would prevent air from being drawn past the sealing lips.
Water, however, can flow freely through even the smallest imperfec-
tion in the test cell seal.

The final modification in the NBS cell was the replacement of the
straight entry ports with ports that are directed up or down at a 45°

angle to the plane of the half-cell. This modification allows the
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membrane stretcher clamps to be positioned closer to the test cell and
allows the use of a smaller section of film.

The relationship of the test cell to the rest of the equipment in
the water bath is shown in Figure 2.5. Note the temperature condition-
ing coils in the back for the circulating test cell fluid. An eleva-
tion plan of the entire test system is shown in Figure 2.6, Details of
the membrane stretcher and the clamps are shown in Figure 2.7. The
membrane stretcher is large enough to stretch a 5 by 7 inch film 100%
biaxially.

The water bath is made of Plexiglass and all seams were sealed
with GE Silicone Rubber RIV 118, The membrane stretcher is constructed
of 1/4 inch aluminum plate. All nuts, bolts, washers, and the crossarm
drive scréws are made of brass, All hexagonal material is stainless
steel, as are the leveling screws at each corner. Clamps are made of
1/4 inch square aluminum bar stock with brass fittings and nylon
rollers. The sample grips are padded with 1/16 inch thick natural
rubber bonded to the aluminum with contact cement.

The water bath was maintained at a constant temperature by a home-
made temperature controller, a circuit diagram of which is shown in
Figure 2.8, Water bath circulation is provided by a centrifugal pump
at a rate of 5 gallons per minute. Test cell circulation is provided by
a Cole~Parmer tubing pump.

Temperature stability of the water bath was excellent,with the
bath temperature steady to better than * 0.01°. Temperature of the
recirculating test cell fluid approaches that of the water bath several

minutes after the start of a diffusion test. A typical time-~temperature
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plot is shown in Figure 2.9. After the first several minutes the
recirculating test fluid temperature remains steady within * 0.1°.
Control of test fluid temperature would have been better except for
the wide daily swing in lab temperature, 22.5 % 2.5°C.

The pressure drop through each half-cell was made nearly identical
by raising or lowering the upper reservoirs and adjusting the height
of the mouth of the test cell drain line in the lower reservoir. Pres-
sure drop through each half-cell was 22,4 * 0.2 cm of H20. Maximum
pressure difference across the membrane at either the entrance or exit
ports was always less than 0.2 cm of H20. The flow through each half-
cell is about 600 ml per minute.

The test cell system was tested for leaks each time that it was
assembled with a new membrane and each time it was opened to permit
stretching of the membrane. A typical 24 hour leak test resulted in
the recovery of 898.5 grams of water from each half-cell circulating
loop. Each side of the test system was initially charged with 900
grams of water and the 1.5 gram difference represented evaporation
from the reservoirs over a 24 hour period.

When the test cell clirculating system was operating, the 900 gram
charge was split vp in the following manner. The lower reservoir of
each half-cell held 375 grams initially. As samples were withdrawn
from the system this charge dropped to about 320 grams. The upper
reservoirs always held 280 grams each. The test cell halves and circu-
lating lines held the remaining 245 grams. These figures, along with
characteristic times,are shown in Figure 2.10. While the mixing within

the system was not perfect, it was certainly thorough enough so that it
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did not affect the results of the diffusion experiments.

Air bubbles in the test cell circulating system were not a problem.
The only point in the circulating system where air bubbles were ob-
served was the top half-cell entrance port near the pressure tap.
These bubbles were removed with a syringe inserted into the pressure
tap line. By drawing the syringe plunger back rapidly, the bubbles

could be drawn into the pressure tap line.

2.3b The hydraulic permeability and solute reflection coeffi-
clent cell

The hydraulic permeability cell, see Figure 2.11, was made of

Plexiglass with stainless steel tubing used for the ports. The contents
were stirred by Teflon-coated magnetic spin bars driven at 600-800 rpm
by external bar magnets. The membrane was supported on one side by a
stainless steel screen covered with coarse filter paper. The other
half-cell held a square grid of 0.010 inch diameter white polyester
thread on 1/8 inch centers. The exposed membrane area was assumed to be
the area enclosed by the 1nqermost o-ring, 25.65 cmz. The cell was
sealed by placing a 30-40 Kg weight on the top half-cell. The pressure
difference across the membrane was measured by a mercury manometer and
the volume flux determined by measuring the displacement of the meniscus

in a calibrated capillary tube.

For solute reflection coefficient measurements the stainless steel
screen support was replaced by a square grid of polyester threads on
1/8 inch centers., This grid, and the matching grid in the other half-

cell, was supported by a Lucite ring. Each ring had a ring of coarse
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filter paper bonded to it on the side facing the membrane. When the cell
was sealed these filter paper pads pressed tightly against the membrane.
The exposed membrane area was taken to be the area enclosed by the

filter paper rings, 20.27 cm2.

The uncertainty in the exposed membrane area in the hydraulic
permeability and solute reflection coefficient measurements is unavoid-
able. Measured values for Lp and 0 are probably within 5% of their
true values. Fortunately, the absolute values of Lp and O are not as
important as the ratio of these values for a stretched membrane versus
an unstretched membrane. Since the area is the same in both stretched
and unstretched membrane experiments,the ratio is correct even though
the individual experimental values may not be,

To determine the volume flux induced by a concentration difference
across the membrane, the following procedure was followed. Both half-
cells were flushed with deaerated deionized water which was warmed to
approximately the temperature of the water bath. This served to remove
any air bubbles that might have entered the half-cells as well as
to flush out any traces of solute from a previous experiment. The top
half-cell was connected to a calibrated capillary tube which was
mounted at the same level as the membrane. The bottom half-cell
effluent line was placed in a beaker of water and the water level
adjusted to be 2-3 mm higher than the level of the membrane. The 2-3
mm HZO pressure gradient across the membrane caqsed the membrane to
rest against the top half-cell thread support grid.

After about fifteen minutes the line connecting the top half-cell

and the capillary was sealed, the bottom half-cell effluent line
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placed in an empty beaker, and 100-120 cc of solution of known concen-
tration injected into the bottom half-cell through the inlet line.
Injection of the solution takes about 50-70 seconds. The injected
volume is five to six times the volume of the bottom half-cell. The
temperature of the injected solution is approximately that of the water
bath. When the solution injection was completed, the inlet line was
sealed, the effluent line placed in the beaker containing water, and
the line connecting the top half-cell and capillary tube opened.
Volume flux was determined by measuring the displacement of the

meniscus in a calibrated capillary tube.

2.4 Other test procedures

In this section several very simple experiments are described.

2.4a Swelling measurements

The equilibrium swelling weight of a polymer sample in water was
determined, using samples cut from thick film castings. The dry dimen-
slons and weight of the sample were noted and the samples placed in
test tubes containing deionized water. The test tubes were suspended
in a constant temperature bath at 26.4°C. After 24 hours the samples
were removed from the deionized water, using tweezers,and rapidly blotted
dry.

The blotting procedure chosen was the following. The wet sample

was placed on a double thickness of Kimwipe on a table top. The
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Kimwipe was folded to cover the sample and was pressed gently against
the sample,using the fingertips. This removed most of the excess
water from the surface of the sample. The sample was then moved with
dry tweezers to a dry spot on the Kimwipe and the blotting repeated.
The excess water having been removed, the sample was transferred to a
weighing bottle and weighed on a Mettler analytical balance to the
nearest tenth of a milligram. This procedure gave very good resultsy
provided that the samples were blotted with the Kimwipe quickly. With
practice it was possible to transfer a sample from the constant temp-
erature bath to a weighing bottle in ten seconds. After weighing, the
sample was returned to deionized water and additional determinations
of the swollen sample weight were made over the next couple of days.

A constant temperature bath was required for the swelling measure-
ments because the equilibrium swelling ratio is temperature dependent.
A drop in temperature from 25.75°C to approximately 7°C caused an

increase of 28% in the amount of water a sample imbibed.

2.4b Partition coefficient measurements

The partition coefficient is the ratio of the amount of solute con-
tained by the swollen polymer compared to the amount of solute contained
by an equal volume of the solution with which the sample was equili-
brated. To determine the partition coefficient, a swollen polymer

sample was placed into a tube containing a solution of a solute at the

desired concentration., The tube was suspended in a constant
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temperature bath and the solution changed daily until the sample had
equilibrated with the solution. This required 1 to 3 days,depending
on the nature of the solute and the sample thickness. After equilibra-
tion the sample was removed from the solution, rinsed rapidly with
deionized water, and transferred to a tube contalning deionized water
at room temperature.

After an equivalent length of time permitting desorption of the
solute from the polymer, the polymer was removed and the fluid in the
tube assayed to determine the concentration of solute. From the ab-
sorption and desorption solution concentrations, the weight of the
solution in the sample, and the weight of deionized water placed in
the desorption tube, it was possible to calculate the partition

coefficient.

2.4c Strain induced changes in swelling and partition coefficient

The stretching frame shown in Figure 2.12a was used to hold the
sample during tests to determine the effect of strain on the swelling
ratio and the partition coefficient. The swollen sample was blotted
dry and bonded to phosphor bronze tabs as shown in Figure 2.12b.
Either Zip~Grip 10 (a beta—~cyanoacrylate) or Krazy Glue (an alpha-
cyanoacrylate) was used for bonding the sample to the tabs., Krazy
Glue was preferred because it gave a more durable bond and its appli-
cator was easier to manipulate.

Obtaining a good bond between the swollen polymer and the phos-

phor bronze tabs was not easy. The followlng six steps consistently
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ensured a strong bond.,

1. The sample surface needed to be dry. If the surface of a
swollen sample was blotted dry and the sample was allowed to rest on a
dry towel for 5-10 minutes, its surface became sufficiently dry to bond
it successfully.

2. A minimum amount of glue was used.

3. The phosphor bronze tabs were cleaned by placing them in a
beaker of delonized water containing several drops of concentrated
sulfuric acid. After several minutes, the tabs were rinsed with
deionized water, then rinsed with acetone, and allowed to dry on a
paper towel,

4. The tabs were bent so as to hold the sample in slight com-
pression.. If this was not done the adhesive bond failed in tension at
relatively low strainms.

5. Only 2~3 mm of sample were exfended between the tab prongs.

6. The bonded samples were placed between wet paper towels for
15-30 minutes with only the tabs and 1-2 mm of unbonded sample left
uncovered. This allowed the bond to cure while keeping the polymer
swollen.

The following method was used to measure the effect of strain on
the equilibrium swelling of the polymer. The dry and swollen weights
of the samples were first determined. The samples were then bonded to
tabs, as described above,and mounted unstretched on a stretcher frame?
they were then placed with their mounts in deionized water in the
constant temperature bath. The samples and frame were removed and

welghed twice daily until a good estimate of their combined weights
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was obtained. Several measurements were needed because it was diffi-
cult to reproducibly blot dry the sample surface and the frame.

To weigh the sample and the framesthey were placed in a dry test
tube, closed with a double thickness of aluminum foil, and weighed to
the nearest tenth of a milligram on a Mettler analytical balance. The
glass test tube and aluminum foil were then weighed separately and the
difference was recorded. After a reliable estimate of the weight of
the frame and unstretched polymer was obtained, the length of the
polymer sample between the tabs was determined with a traveling micro-
scépe. The.sample was then stretched by shortening the copper wire and
the new tab-to-tab length determined. The stretched sample was re-
turned to deionized water in the constant temperature bath and the
weight of the sample and frame determined as before.

To measure the effect of strain on the partition coéfficient, the
dry and swollen weights of an unmounted sample were determined. The
sample was mounted unstretched and placed in a solution of known con-
centration in the constant temperature bath. After equilibrating with
the solution,the sample and frame were rinsed with deionized water and
transferred to a tube contalning a known amount of deionized water.
After an equivalent length of time for desorption,the sample and frame
were removed and the water in the tube was assayed for solute.

The sample length was measured with the traveling microscope and
the sample stretched and remeasured. The stretched sample and frame
were returned to a solution of known concentration in the constant

temperature bath and the equilibration and desorption steps repeated.
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The above approach for determining the effect of strain on the
solute partition coefficient was unsuccessful. Experiments did not
give reproducible results. For this reason a second approach was
tried. Instead of straining the sample to induce it to swell, the
temperature was lowered and the partition coefficient was measured

as described in section 2.4b.

2.4d Tensile properties

Stress-~relaxation and stress-strain curves for the polymers
employed in this study were determined using either a table model or
floor model Instron Universal Testing Machine. Sample grips were
padded with 1/16 inch thick natural rubber when thin specimens were

tested.

2.5 Analytical methods

Analytical procedures may be divided into two classes, One set of
procedures was used to determine the concentration of a solute in a
solution. A second set of procedures was used to characterize the
materials used in making the polymers.

2.5a Solute concentration determinations

To determine the concentration of solutes, a Beckman Model DU

Spectrophotometer was used in the early stages of the work. In later
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work this was replaced by a Brice-Phoenix Differential Refractometer
(9). The spectrophotometer has higher sensitivity than the differen-
tial refractometer but is more time consuming to use.

When using the spectrophotometer, sugar concentrations were
determined by the method of Scott et al. (7), and urea was determined
by the method of Brown (6). Brown's method involved adding a color
reagent (p-dimethylaminobenzaldehyde) to the urea solution and measur-
ing the absorbance of the resulting solution at 440 nm. Sugar concen-
trations were determined by addition of 95% sulfuric acid, reaction of
the sugar with the acid at 70°C for thirty minutes, followed by measur-
ing the absorbance of the reaction mixture at 323 nm at room tempera-
ture.

The spectrophotometric method is not without its problems. The
absorbance of the urea-color indicator comﬁlex changes 0.6% per degree
Celsius in the range 20-40°C (8). Because the laboratory temperature
sometimes varied 5°C over a period of several hours, this temperature
sensitivity sometimes created problems. Temperature did not affect
the absorbance of reacted sugar solutions,but the method has limited
accuracy for low concentrations (*2,57 for concentrations in the range
below 20 ppm). By making multiple measurements of the concentration
of every sample, it was possible to obtain an accuracy of = 17 for both
urea and the sugars. |

The differential refractometer has a limiting sensitivity of
3 x 10"6 unit of refractive index difference. Since 1% aqueous solu-
tion of most low molecular weight solutes have a refractive index

relative to pure water of 1.5 x 10—3, one can measure a 0.17 (1000 ppm)
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solution with an accuracy of about 2%. For thils work concentration
differences were kept above 4000 ppm when the differential refracto-

meter was used.
2.5b Isocyanate methods

The only analytical procedure used regularly in the polymer prep-
aration phase of this work was ﬁhe assay of the diisocyanate-capped
poly(oxyethylene glycol) for isocyanate content. This assay was made
according to the method reportgd by David and Staley (2).

Several other procedures were used when needed. Acid Number, a
measure of the acidity of a poly(oxyethylene glycol), was determined
by another method reported by David and Staley (10). Hydroxyl Number,
a measure of the OH content of a glycol, was measured by still amother
method reported by David and Staley (4). Normality of basic solutions
was determined by titration against standardized HCl solutions.
Standardized HCl solutions were produced by diluting concentrated
hydrochloric acid to approximately 1 N and then determining the actual

normality accurately by the method of Swift (11).
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Top view of the water bath.

Figure 2.5.

Water line to pump _and heaterﬂ

ater line from thermostaticly controlled heater
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Figure 2.9, Test cell effluent temperature versus time.
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Figure 2.12a. Strain-swelling stretching frame.

Figure 2.12b, Tab bonding detail.
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Figure 2.11. Hydraulic Permeability cell.
1, Lucite cell body

4, Teflon bearing 7. lip to support

Lucite ring or

2. o-ring groove 5. fluid port pressure plate

3. magnet 6. hole for drive belt
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CHAPTER 3

RESULTS

In this chapter results from the experiments conducted during this
study are presented. Discussion of the data is limited to describing
the probable experimental error. Some theory is included when needed to

clarify the methods of handling the data.
3.1 Permeability Experiment

The analysis of data from this experiment is straightforward.
It was assumed that the boundary layer resistance to diffusion was
constant for each solute, that diffusion processes within the membrane
were rapid enough for a psuedosteady-state Fick's law to hold, and
finally that there was equilibrium at the interfaces and a constant
partition coefficient. If these assumptions hold, then the solute
transfer rate J at any instant is given by

L
) (3.1)

J = w'RTA( cg -c
where ' is the overall permeability of the membrane and the two
boundary layers, R is the gas constant, T the absolute temperature,
A the exposed membrane area, and ci and c; the instantaneous solute

concentrations in the external liquid phases. This result combined

with a solute mass balance and subsequent integration yields the
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working equation

- m'RTA(l/Vl - 1/V2)t (3.2)

This equation is valid only when the test cell volumes Vl and V2 do not

change with time.

3.1a Delay Time

When a permeability experiment is begun, the membrane initially
contains no solute and some time elapses before the solute concentration
gradient in the membrane reaches a psuedosteady-state. It is necessary
to know how much time elapses after an experiment is begun before

equation 3.2 is valid. This can be determined by solving the equation

—%% = D:i; (3.3)
with the boundary conditions
c=cy = 0, atx=20
c=cy, at x = A (3.4)

c=f(x) =0, at t =0
This is a standard problem (1) and only the solution is given here

as equation (3.5)

@ 22,2
x 2 2 arx -Dn"ta/A

c(x,t) = C % + = n =y (3.5)
where c(x,t) is the concentration at position x and time t.
The equilibrium concentration gradient is given by the first term

of equation (3.5) and the deviation from the equilibrium concentration
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is given by the summation. Table 3.1 presents the time that must elapse

after the start of an experiment before the concentration gradient is
within 17 of its psuedosteady-state value. Since the delay times are
less than or approximately equal to the time at which the first data
point is taken the transient conditions at the beginning of an experi-

ment may be ignored.

3.1b Boundary Layer Resistance

The parameter of interest is the membrane permeability w, not the
experimentally determined overall permeability w'. If the boundary
layer permeability is denoted by Wy the following equation relating

these three parameters must hold.

= + (3'6)

One could further state that the boundary layer permeability is given by
w, = D°/RTS (3.7)

where D0 is the diffusion coefficient of the solute in the solvent and

8 is the thickness of the umstirred boundary layer. The major

drawback to this approach is that the boundary layer thickness is

unknown.

Another approach is to plot the reciprocal overall permeability as

a function of membrane thickness and extrapolate to zero thickness. The

intercept is the total boundary layer resistance Ro or twice the

reciprocal boundary layer permeability. Such a plot for poly(oxy-

ethylene glycol) 1000 films with urea as the solute is shown in Figure

3.1.
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In principle this procedure could be followed for each solute.
Actually this 1s not possible because for the higher molecular weight
solutes, the f£ilm resistance becomes so large in relation to the
boundary layer resistance that the boundary layer resistance can not
be accurately determined. Equation (3.7) offers a way around this
problem. Assuming that the boundary layer thickness does not change
with a change in solute, the ratio of the boundary layer permeabilities
for urea and glucose is given by

0
w DU/RT

= (3.8)
0
DG/RT

@

o o

The ratio of the boundary layer resistances is given by equation (3.9).

RC p?

0 Y
= 3.9

R n?

0 c

The boundary layer resistance for urea is known from Figure 3.1, and
Dg and Dg are the urea and glucose diffusion coefficients in the solvent,
respectively.

Beck and Schultz (2) show data which suggest this approach over-
estimates the boundary layer resistance for higher molecular weight
solutes. Table 3.2 gives the boundary layer resistances used in this
work, the solute diffusion coefficients in the solvent (3), and esti-
mates of the boundary layer resistances based on the data of Beck and

Schultz.
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3.lc Time Shifting of the Data

During each experiment samples were withdrawn from the test cell
reservoirs and assayed to determine the solute concentration. Since
the samples were not returned to the system, the volume of recirculating
fluid was decreased each time a pair of samples were taken. The effect
of sample removal was to decrease the volume of fluid in each test cell
loop and, therefore, to increase the rate of decay of the concentration
difference with time over what it would have been had the sample not
been taken. _vThis can be seen clearly in equation (3.2)which is restated
below.

- In@Ac(t)/Ac(0) ) = - 'RTA(L/V, + 1/V,)¢ (3.2)
To account for the volume change,a simple time shift was incorporated
in the computer program which was developed to determine the slope S
which gave the best least squares fit of the data for equation
1og10[Ac(t)AAc(0)] = - St + constant (3.10)
The program and a sample of its output appear in Appendix II, values of
S are given in Table 3.3, and typical plots of the data and equatiom

3.10 are shown as Figures 3.2, 3.3, 3.4, and 3.5.
3.1d Film Resistance to Diffusion

If the time t in equation 3.10 above is given in seconds,then the
slope S has units of sec-l. Equation (3.2) may be rewritten to give an
equation for the overall resistance to diffusion in sec/cm. If the

overall resistance to diffusion is denoted by R', we may write
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1og10[Ac(t)/Ac(O)] = —- St = —-(A/R')(l/Vl + 1/V2)t (3.11)
or, solving for R' and inserting the membrane area of 51.61 cm2 and

900 cm3 for both Vl and Vz, we obtain equation (3,12).

R' = 0.1147/s (3.12)
Once the slope S which best fits the data is determined, the
overall resistance to diffusion is calculated by equation (3.12). The
membrane resistance to diffusion is then determined by using equation

(.13 where RO is the boundary layer resistance reported in Table 3.2.

= f ~—
Rfilm R R0 (3.13)

Values of Rf 11m 3¥® reported in Table 3.3,

3.1e Film Permeability

Several different ways of reporting film permeability data have
appeared in the literature (2),(4),(5). Returning to equation (3.2)
it is apparent that the overall permeability «' must have units
moles/dyne-sec if the gas constant .R = 8.3143 x 107 dyne-cm/mole—ol(
is used. The units of w, the membrane permeability, would be the

same. Equation (3.14) may be used to calculate w from Rf 11m°

W = 2'303/Rmfi (3.14)

im

There is a problem in presenting w in these units in that changes in
the £ilm thickness change w . Therefore w in Table 3.3 is normalized

by the swollen film thickness y as shown in equation (3.15)
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@ = 2.303y/RTR, (3.15)

ilm

and is reported in units of mole-cm/dyne-sec.

3.1f Diffusion Coefficient of the Solute in the Film

The diffusion coefficient of the solute in the swollen membrane
is reported in units of cmzlsec in the column labeled D in Table 3.3.
As with the normalized permeability w, D is most easily calculated
from the known value of Rfilm by using equation

D = 2.303y/KR (3.16)

film

where K is the partition ccefficient.

3.1g Film Thickness

The following outlines the procedure used to determine the film
thicknesses reported in Table 3.4. Each film is approximately 10 by
15 cm when cut from a large film casting. Of this area, approximately
the center 4 by 8 cm were exposed to the test solutions when the
swollen film was clamped between the test cell halves.

Several determinations of the film thickness were made in the
test area using a "Randall & Stickery" thickness gauge. The gauge
has divisions every 0.001 inch,and it was possible to read it to the

nearest 0.0001 inch. Figure 3.6 is a typical thickness chart showing
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the dry film thickness in mils and the area enclosed by the test cell
sealing lips.

The error estimates given in Table 3.4 for the dry film thickness
were determined as follows. For fairly uniform films where the film
thickness was measured directly, the error is +0.0001 inch. For uniform
films that were placed between sheets of paper and the thickness
determined by subtracting the papers' thickness from the total thickness,
the error is +0.0002 inch. When the film thickness varied widely, the
uncertainty in the film thickness was estimated by making several
measurements over a few small areas and estimating the uncertainty
from the variations observed.

Since thin sections of the film contribute more to the overall
film permeability than thicker sections, the weighted average film
thickness was used. The weighted average film thickness may be

calculated from the measured dry film thickness Y4 by equation

[ 4
W.A.F.T. = n/[Z(l/yd)] ' (3.17)
[}

where n is the number of determinations of the film thickness.

The swollen film thickness is needed to calculate w and D. The
swollen film thickness y is calculated from the weighted average dry
film thickness and the volume fraction of polymer v, at swelling
equilibrium by assuming isotropic swelling and using equation

/3

y = W.A.F.T./(vz)l (3.18)
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3.1lh Estimates of Error

Errors involved in the film thickness measurement are discussed
in the previous section and will not be mentioned here. The error in

the film resgistance to diffusionm, is taken as the standard

Rfilm’
error in the slope, S, determined by equation (3.10 plus the uncertainty
in the boundary laver resistance given in Table 3.2. The estimated
error in @ and D is arrived at by adding to the gstimated error in
Rfilm the estimated error in the swollen film thickness. The estimated
error in w and D should be used only when comparing data obtained

from experiments on different films. For comparing data obtained with

the same film at different strains, the appropriate error is the error

in Rfilm'

3.2 Swelling Experiments

The weight of dry and water swollen polymer samples has been
determined. To be useful, this data must be converted from a weight
to a8 volume basis. To do this, it is assumed that volume changes on
mixing are negligible, i.e. that the volume of the swollen polymer-
solvent system 1s equal to the unmixed volumes of the polymer and sol-

vent.

3.2a Free Swelling

In Table 3.5 data for free swelling of the polymers used in this
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study are presented. Polymer density was estimated by measuring the
dimensions of several dry samples, weighing them, and reporting the
average density. Polymer swelling data on both a weight and a volume
basis are listed. Because of the structure of the polymer, it is likely
that only the poly(oxyethylene glycol) portion of the polymer is swollen
by water (6-9). Therefore the welght fraction poly(oxyethylene glycol)
is given for each polymer along with volume swelling data calculated
on the basis of the amount of poly(oxyethylene glycol) present. The
density of pure poly(oxwethylene glycol)s is essentially the same as

the density of the polymers formed from them (10).
3.2b Dependence of the Swelling Equilibrium on Strain

When a swollen polymer in equilibrium with the swelling solvent
is subjected to a tensile stress, the amount of solvent imbibed by a
given weight (volume) of polymer generally increases. If the swelling
is assumed to be homogeneousg, it is possible to derive equations which
relate the equilibrium volume fraction of the polymer to the imposed
tensile stresses and the principal extension ratios. Flory and Rehner
(11) and Gee (12) considered the problem for cases of simple temsion,
and Treloar (13) dealt with the general case of a pure homogeneous
strain. As several excellent descriptions of the problem are given
elsewhere (14-16) only the appropriate equations are stated below.

For the case of simple extension we have the equation

2
ln(l—vz) + v, +-‘Xv2 + le/McAl =0 (3.19)
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which may be solved for v, if X and Mc are known. Here )\1 is
the principal extension ratio in the 1 direction,referred to the
unswollen dimensions of the polymer sample. For a uniform two-dimen-
sional extension ( )tl = )\2), the corresponding equation is

In(l -v.,) +v +Xv2+ pV/Mv)‘4==0 (3.20)

2 2 2 1" c¢'2™ '

while for the general case with )\2 = a)\l where a is a constant, the
equation becomes
4

2 | 2
+ sz + le/Mcvza A =0 (3.21)

ln(l—-vz) + v 1

2
In the above equations Vlis the molar volume of the solvent, Mc the
molecular weight between crosslinks, and X the Flory-Huggins parameter.

Normally the Flory-Huggins parameter X would be determined for a
given polymer-solvent system by vapor pressure or osmotic pressure
measurements on the swollen polymer or polymer solution. The molecular
weight between crosslinks Mc would be determined from either swelling
data or from the elastic modulus. This is not the approach followed
here. Both X and Mc were regarded as adjustable parameters and the
strain-swelling data fit with equation(B.l@. The least squares fitting
program used and a sample of its output are shown in Appendix II. The
values of X and Mc and what they reveal about the polymers will be
discussed in Chapter 1V.

Data from the strain-swelling experiments are shown in Figures

3.7 - 3.10. Equation (3.19 is also plotted on these graphs for the
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values of X and M, given in the column headed "Basis: Total Polymer"
in Table 3.6. Alsc shown in Table 3.6 are values for Mf the formula
molecular weight range of the poly(oxyethylene glycol)s (10).

That the value of Mc differs from that of Mf is not surprising as
the polymer has been treated above as an homogeneous material which
it 18 not. The first correction to the'Mc obtained by fitting the
data with equation (3.19 is made by assuming that only the poly(oxy-
ethylene glycol) portion of the molecule is swollen by water. As
these polymers are not chemically crosslinked but rather physically
crosslinked through the "hard" phase (6-9), the fact that the polymers
retain their strength after prolonged immersjon in water indicates
that the"hard”phase is not swollen appreciably by water. Since the
"hard" phase behaves essentially as if it were an inert filler, the
value of Mc needs to be adjusted upward to reflect the fact that only
a portion of the polymer is swelling. The necessary corrections are
made in v, and Al, the data computer fit, and the results listed in
the column headed '"Basis:Poly(oxyethylene glycol)' in Table 3.6.

The adjusted data and a curve corresponding to equation (3.19) are
shown in Figures 3.11 - 3.14,

A second correction to Mc is required to account for the inhomo-
geneous stress field that results when the poly(oxyethylene glycol)
swells but the "hard” phase does not. Sternstein (17,18) has treated
the problem of inhomogeneous.swelling of an elastomer for the case of
a single rigid spherical inclusion. The results of his w§rk are mot

directly applicable to the polymers used in this study for three reasons.

First, the "hard" phase domains are not isolated from one another,
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second they are not infinitely rigid, and third they are probably lamella
instead of spheres. Nonetheless Sternstein's approach can aid us in
estimating the magnitude of the effect of the inhomogeneous stress

field on swelling.

Figure 8 from Sternstein's paper (17) is reproduced here as Figure
3.15, TFigure 3.15 shows that the effect of the inhomogeneous stress
field is to reduce the volume swelling at the interface between the
elastomer and a rigid inclusion below the free swelling wvalue for the
pure elastomer. Figure 3.16 (Sternstein's Figure 5) shows how the
actual swelling differs from free swelling as a function of distance
from the inclusion,

Using the molecular weight of the poly(oxyethylene glycol) as Mc
we can calculate le/MC and determine the interfacial swelling
disparity for X = 0.32 and X = 0.44 from Figure 3.15. We can then
estimate the interfacial swelling disparity at X = 0.56, use Figure
3.16 and the volume fraction of "hard" phase in the swollen polymer,
and arrive at an estimate for the overall swelling disparity caused
by the presence of the "hard" phase. These figures are reported in
Table 3.7, The swelling disparity is used to correct v, and, through
the fitting programy M and the result reported in Table 3.6.

The above "gueéstimation” procedure is certainly not precise. It
was included here to show that the effect of the inhomogeneous strain
field on Mc is small. There still remains a difference between Mc

and Mf in Table 3.6. This will be discussed in Chapter IV.
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3.2¢c Predicted Swell Ratios

Equation (3.21) may be used to predict changes in the equilibrium
swelling ratio when the film is stretched in the permeability experi-
ment. The appropriate data are reported in Table 3.8. The volume
swelling data, together with the weighted average dry film thickness
from Table 3.4,allow the swollen film thickness to be calculated using

equation (3.18). Swollen film thicknesses are reported in Table 3.4.
3.3 Partition Coefficient

The partition coefficient experiment is described in Chapter II.
If the dry and swollen polymer weights are known,and the concentration
of the solutions with which the polymer sample is equilibrated are

determined, then the partition coefficient K* may be calculated by
*
K = [(ws - d) + we]celca(w5 - wa) (3.22)
where LA and wy are the swollen and dry weights of the polymer, L the
weight of the elution fluid, and Ca and Co the solution concentrations

in the solute absorption and elution steps. The partition coefficient

* *
for the swollen polymer is then K = K (1 - v,) = K¢ _.

Data are presented in Table 3.9 for two temper;tures. The swollen
weight of the polymer does not change when the sample is equilibrated
with glucose, sucrose, or raffinose solutions. When equilibrated with
urea solutions the weight of the swollen polymer sample increases

slightly.
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3.4 The Hydraulic Permeability Lp and the Solute Reflection

Coefficient o

The hydraulic permeability LP and the solute reflection coefficient
o are reported in Table 3.10. In order to determine the solute re-
flection coefficient it is necessary to know how the solute concentra-
tion difference across the membrane varies with time. Ginzburg and
Katchalsky (5) give the equation

k = RTA[L (1 - a)acolvz - WV HY,) IV, V)] (3.23)

9)
where k is the time rate of change of the concentration difference,

Vl and V2 the half cell volumes, c0 they do not specify, and o and Lp
are as defined above. They refer the reader to a publication in press
where the equation is developed But neglect to mention the journal to

which the paper was submitted. A search of Chemical Abstracts and

Biology Abstracts failed to produce the missing reference.

An equation similar to that of Ginzburg and Katchalsky is developed
here. The theory of irreversible thermodynamics yields the following
general equation for the solute flux

i = csALp(l -a)\p + [w- cSLP(l— a)tw]RTAAcs (3.24)

where c. is defined by

c = iﬁcslln(cilcz) (3.25)
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and Acs = c:' - ci. In these experiments the pressure difference was

zero, the solution was placed on side one, and the solvent was placed

on side two (see Figure 3.17).

l“- membrane

Vl ci V2 ci
net gsolute flows,, e
— net solvent flow \
solution filled capillary solvent filled capillary

Figure 3.17 - Schematic of the o Cell

If a psuedosteady-state equilibrium is assumed, the number of moles
of solute in the membrane will not change with time and a mole balance
for the solute for each half-cell may be written as shown in equations
1 1 . -1
N_(t +At) = N_(¢) d_At - AV e
(3.26)

stlc + At) = Nﬁ(t) + ﬁsAt

Ni(t) ig the number of moles of solute in half-cell 1 at time t, AV

is the volume flux through the membrane in the time interval At, —c_;
is the average concentration of solute in half-cell 1 during the time
interval, and r'\s is the solute flux. Dividing equations (3.26) by the
appropriate half-cell volume, letting At-—> 0, and expressing the

result in differential form yields
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dc]s' RTAAcs 1
—a—f— = - ——-VT [(w - (l —O’)ULPCS) - achS]
(3.27)
dci RTAA(:S
T = v [w- (1 ~a)o chs]

2

The difference of the two equations above yields an expression for the

time rate of change of the concentration difference.

1 5 (3.28)
d(c” - ) (V+V,)RTA Acs RTA Ac 1
-t 5 . T [@-(1- )oLc ] + —5—=0Lc
dt 1'2 P s 1 ps

It should be remembered that Acs, cg and ci are all functions of time
since they are functions of c]; and ci, both of which change with time.
Equation {3.28) and equation (.23 are very similar except for the
presence of the extra term on the right~hand-side of equation (3.28).
This term represents the dilutiom of the solution present on side one
by the solvent flux through the membrane. In many cases this term is
an order of magnitude or more greater than the first term,which gives
the effect of solute diffusion through the membrane in lowering the
overall concentration difference.

A computer program was written to predict the concentration
difference across the membrane and the volume flux as functions of
time. The program and a sample of its output are shown in Appendix II.
Figures 3.18, 3.19, and 3.20 show a typical set of volume flux
measurements and the computer fit.

A brief comment on the use of this computer program is needed

here. The program requires an initial guess for ¢ in order to carry
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out the calculations. Since o is calculated from equation

1.2656( AV osmotic)

(3.29)
( AV hydraulic) Ans

an estimate for o can be made by assuming that the initial concentra-
tion difference, and therefore the initial Aﬂs, acts throughout the
experiment. By doing this one overstates Arrs and therefore under-
estimates o. From the computer output a better estimate of the con-
centration difference across the membrane is obtained and a new value
for o may be calculated. Because of the small change in the overall
concentration difference during the'experiment, one run of the computer
program and o.ne recalculation of o were all that were needed.

Theory predicts that o should be independent of film thickness

and Lp should be invergely proportional to film thickmess. That this is

true is shown in Figurés 3.21 and 3.22.
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Dry Film Thickness in inches x 103
Figure 3.l1. Overall Resistance to Diffusion for PEO-1000 Films.
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Figure 3.2. Concentration difference versus time for a
PE0-1540 £ilm. Weighted average film thickness 0.00482 cm.
Curves theoretical (equation 3.10),
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Figure 3.3. Concentration difference versus time for a
PEO-1540 film. Weighted average film thickness 0.00482 cm
for the dry unstrained film. Curves theoretical (eqn. 3.10).
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Figure 3.4. Concentration difference versus time for a
PE0O-1540 film. Weighted average film thickness 0.00482 cm
for the dry unstrained film. Curves theoretical (eqn.3.10).
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Figure 3.5. Concentration difference versus time for a

PEQ-1540 £ilm.
for the dry unstrained film.
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[[] WHg =1.000, LAg=1.000 | 5
B (M WHg =1.211. /g = 1.002 —
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— 5 —
- Q —
~ R I _
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Weighted average film thickness 0,00482 em
Curves theoretical (eqn. 3.10).
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Swelling Ratio, llv2
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‘L——'——Equation 3,19 for X = 0.681

M = 148
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1 1 1 | | { | | |

1.0

1.5
Strain based on unswollen dimensions - A/A 0

Figure 3.7. Dependence of swelling on strain. PEO-600 Film.

Simple elongation. Curve theoretical {equation 3.19).
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——— -
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Equation 3.19 for
X = 0.646, Mc = 662
| ! ) 1 1 L 1 1 1
1.0 ~ 1.5 2.0
Strain based on unswollen dimensions -~ A/A 0

Figure 3.8. Dependence of swelling on strain. PE0-1000 film.
Simple elongation. Curve theoretical (equation 3.19).
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Figure 3.9. Dependence of swelling on strain. PE0-1500 film.

Simple elongation. Curve theoretical {(equation 3.19).
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Figure 3.10, Dependence of swelling on strain. PE0-1540 film.

Simple elongation.

Curve theoretical (equation 3.19)
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Figure 3.11. Dependence of swelling on strain. PE0O-600 film.

Simple elongation.

Curve theoretical (equation 3.19)
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Figure 3.12, Dependence of swelling on strain, PE0O-1000 film,
Simple elongation. Curve theoretical (equation 3.19)
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—~ _________ Equation 3.19 for
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Figure 3.13. Dependence of swelling on strain. PEO-1500 film.

Simple elongation.

Curve theoretical (equation 3.19)
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Figure 3.14. Dependence of swelling on strain. PEO-1540 film.
Simple elongation. Curve theoretical (equation 3.19)
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CHAPTER 4
DISCUSSION

The data obtained during the course of this investigation are
given in the tables of Chapter 3. The data which are most pertinent to
the discussion which follows are summarized in Table 4.1. All of the
information in Table 4.1 should be self—evident except for the entries
in the column headed "Solute Diffusivity in the Swollen Film". These
values are best estimates based on a coﬁsideration of all the data
gathered for each type of film. In the case of the PE0-1000 film dated
8-30-74 for example, an air bubble that was trapped in the top half
cell entrance port on startup was not removed. The presence of the
bubble caused poor flow distribution near the entrance of the top half

cell flow channel resulting in a lower film permeability.
4,1 Structure of the Polymers

All polymers used in this study belong to the class of materials
known as segmented polyurethanes. Because of the manmer in which these
polymers are prepared, they consist of long chain molecules composed of
alternating "soft" and "hard" blocks. The hydrophilic "soft" block
is composed of a poly(oxyethylene glycol), the molecular weight of
vhich varies from 300 to 1600. The "hard" block has a molecular weight
of 584 and is composed of two molecules of 4,4'-dicyclohexylmethane

diisocyanate, connected by urethane linkages to a molecule of ethylene
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diamine. A "hard" block will under suitable conditions form strong
interchain hydrogen bonds with other "hard" blocks,resulting in a
physical crosslink (1-5). These physical crosslinks are not hydrated
by water. Samples stored in room-temperature deionized water for two
vears are strong, optically clear, and show no signs of deteriorationm.
The structure of these polymers has been discussed elsewhere (1-3)
and will not be considered further here. Figure 4.la,b depicts the

polymer structure schematically.
4,2 Application of the Molecular Sieve Theory to the Data

The principal result of the molecular sieve theory is the Pappen-

heimer Renkin equation (see Chapter 1),

D R 2 R
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This equation has been found to work well for systems where the solute
diffuses through discrete solvent-filled pores. It would not be

expected to give useful results for the homogeneously swollen elasto-
mers used in this study. Nonetheless, it is possible to calculate the
ratio of the solute radius to the pore radius, RB/Rﬁ,from the observed

values of Dm/D° and equation (4.1). The result of this calculation is

reported in Table 4.2.
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The striking thing about the values of Rs/Rp and Rp is that they
suggest that each molecule,in diffusing through the membrane, finds a
pore that is two to four times its own molecular size. This is exactly
what would be expected if cooperative motion of the macromolecule
chains is required to form a hole for the solute molecule to diffuse

through.
4,3 The Effect of Strain on the Permeability

Figures 4.2 -~ 4.5 show plots of the concentration difference across
a PEO-1000 film versus time. One effect of stretching the membrane is
to reduce its thickness. If the change in swelling when the film is
stretched is ignored momentarily and the assumption made that the film
is incompressible, then it is possible to remove the effect of thinning
the membrane by a simple time shift of the data. The film permeability,
and therefore the time rate of change of the concentration difference
across the film,is inversely proportional to the film thickness. For
an incompressible membrane the volume must remain constant when the
membrane is stretched and hence the film thickness is related to Aw

and )\1 by x =1/X_A; vhere A and A, are the widthwise and length-

wise stretch ratios referred to the swollen dimensions of the film. To
remove tne effect of thinning the membrane, the data need only to be
normalized to some reference thickness. This can be done by nultiply-
ing the time at which each data point is taken by the inverse of the

film thickness and plotting the data point at the new time. The
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relationship between the new and the old time is given by

new = t'.'o].d/x = t:oldl(l/ A‘w)"l) = Awhltold (4.2)

Application of (4.2) to the data will not have any effect on the data
for the unstretched films (A‘¢==A1 = 1) but will shift the data for
stretched films to longer times. Figures 4.6 - 4.9 show the data of
Figures 4.2 - 4.5 replotted to remove the effect of thinning the
membrane. It is apparent that the change in film thickness is one of
the major causes of the change in film permeability on stretching.

In the above the effect of thinning the membrane has been slightly
overstated because the swelling of the membrane on stretching results
in a smaller change in the film thickness and, therefore,a smaller time

shift than that shown in Figures 4.6 - 4.9.

4,4 The Partition Coefficient

The partition coefficient data were presented in Table 3.9. These
data were taken at two temperatures rather than as a functilon of strain
because of the large uncertainty observed in the data determined as a
function of strain. This uncertainty is due in part to contamination
of the elution fluid by the sample stretching frame and in part to the
uncertainty in the weight of the swollen polymer sample. For the
experiments conducted, no systematic variation of K* with strain was

observed, Data taken at two temperatures confirm that K* is independ-
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ent of film hydration H, for the range of hydrations important in this

study.

4.5 Application of the Theory of Thermodynamics of Irreversible

Processes

The film permeability w reported in Table 3.3 has not been deter-
mined under conditions of zero volume flow through the membrane. For
most experiments, 1 -~ 2 grams out of a 900 gram charge traverse the
membrane during an experiment. The effect of this small flow om W
is negligible.

The theory of the thermodynamics of irreversible processes, as
presented in Chapter 1, primarily makes statements about o and what ©
might mean. In Table 4.3 the data necessary for the discussion below
are summarized.

It was shown in Chapter 1 that for a completely nomselective film
0 = 0 and for an ideally semipermeable membrame ¢ = 1. For films

which are partially selective o is given by

G =1 - a)Vs - As - 1 - a)VS _ __WRT (4.3)
Lp A, Lp Dv¢%/Ax

where ASIAw is the ratio of the area available for diffusion of the
solute relative to the area available for diffusion of water. Values
for the area ratio ASIAW are given in Table 4.3.

The change in ASIAw does not correlate with the change in the

film permeability. In some cases the area ratio changes by a factor
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of twenty while the film permeability doubles. Similarly, unreasonable
changes are predicted for the film tortuosity v. Apparently the
concept of an available area or a film tortuosity is not useful for
these swollen films. Indeed, one would expect from the free volume
theory that all of the solvent would be equally available to the solute
for diffusion and hence that As/Aw should be nearly one.

It is proposed here that the film permeability w and the solute
reflection coefficient ¢ are related in such a way that ow is a constant
for a given solute and a given film. Assuming that small differences
in the strain states cauaé small linear changes in ¢ and w and that o is

independent of film thickness then the proposed correlation takes the

form
@y ()‘w )\l)ci
B O eeemere——
C i‘"o (Aw)\l)w (4.4)
1
where C is a constant, o is the solute reflection coefficient for the
ith pull, ©; is the normalized film permeability for the ith pull, and

()‘w Al)a_iand ()‘w)‘])wi are stretch ratio products based on the swollen
film dimensions for the ith solute reflection coefficient experiment and
the ith permeability experiment, respectively, The necessary
data and the correlation C calculated from (4.4) appear im Table 4.4.

For low molecular weight solutes the correlation appears to hold.
Most of the error in the correlation C is due to the error in the film
permeability, w,; which in turn is due to uncertainty in the film
thickness. The correlation appears to be valid for glucose for all
films and for sucrose for PE0O-1000 and PEO-1540 films., Additionally

the correlation may be valid for sucrose and PE0-1500 and raffinose
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and PEO-1540. The correlation fails for raffinose with either
PEO-1000 or PE0-1500 films.

This correlation implies that for some range of solute size and
film hydration o is inversely proportional to w. As @ is a measure
of the ease with which a solute traverses the membrane and o is a mea-
sure of the difficulty with which the solute traverses the membrane

(or, in other words, the ease with which the solvent traverses the

film relative to the solute), it is not surprising that over some range
changes in o and w are proportiomal, Presumably,as the film becomes
progressively more permeable, the correlation would fail just as it
does when the film becomes too restrictive. If this occurred it would
be expected that there would be a drop in the value of the correlation
constant C as the film was stretched to higher and higher strains.
This may be occurring with glucose and PEO-1540 films.

The data presented here are insufficient to determine the range
in o for which the correlation is valid. The data suggest that for
0.3 < 0 < 0.7 the correlation is at least approximately correct. If
further experiments confirmed the validity of the correlation it could
be used to estimate changes in film permeability caused by changes in
swelling.

Consider the problem of implanting a pharmaceutical impregnated
hydrogel in the body. Implants of this type are being studied as a
method of administering controlled amounts of drug over long periods
of time or as a method of localizing the drug at the site where it is

needed. The hydrogel selected must be compatible with the drug as
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well as with body tissues and fluids, have adequate mechanical
integrity, and be sufficiently permeable to the pharmaceutical,

The proposed correlation between o and w shkould bdbe uvseful in screening
materials for implants and,once a candidate material has been selected,
in quality control programs to assure that the implant performs as
desired.

The correlation between 0 and @ that is proposed here is based on
an analysis of changes in membrane permeability caused by stretching
the membrane. In the last section of this chapter it will be shown
that it is not the stretching of the membrane that is important in
changing the permeability of the membrane but rather the change in the
degree of swelling that occurs because the membrane is stretched.
Therefore the correlation between o and w should be valid when the
degree of swelling changes,regardless of whether the change occurs
because the membrane is strained or because of some other reasom, for

example, a change in temperature.

4.6 Application of the Free Volume Theory

The free volume theory (see Chapter 1) suggests that the diffusion
of a solute in a swollen membrane should be inversely proportional to
the free volume of the swollen membrane. When the solute cannot diffuse
through the membrane matrix or when the membrane is highly swollen, then
the free volume of the unswollen membrane makes a negligible contri-

bution to the overall free volume of the membrane swelling-solvent
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system. In this case the diffusion coefficient of the solute in a
swollen membrane becomes inversely proportional to the free volume of

the solvent contained in the membrane and

D ot 1 (4.5)

where H is the volume fraction of solvent in the swollen membramne.

Figure 4.10 is a plot of the diffusion coefficient of the various
solutes through unstretched poly(oxyethylene glycol) based segmented
polyurethanes. For a homologous series of polymers the data would
be expected to fall on a straight line. With the exception of the
PE0O-1500 data,this is seen to be true. The PE0-1500 material was
synthesized improperly (see Chapter 2) and it is not surprising that
data for this material do not fall on the line. Data for PE0O-1500
films are included in Figure 4.10 and subsequent plots for complete-
ness.

It would be expected that im the limit as H—>1,

the data should extrapolate to the free diffusion

coefficient of the solute in water, Do' In Figure 4.10 the lines
through the data do not extrapolate to D). The extrapolation fails
because no diffusion occurs through the "hard" phase. Two corrections
are necessary to account for the presence of the "hard" phase. First,
the diffusion coefficient of the solute in the membrane Dm must be

increased according to

D - Dm(ll(l - (4.6)

vhard))
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where Viard 18 the volume fraction of the "hard' phase in the swollen
film, Second, the hydration H must be stated on a filler-free basis
(glycol basis in Table 4.1). The necessary data are shown in Table 4.1
and plotted in Figure 4.11.

In Figure 4,11 the lines through the data for PEO-600 and PEO-1000
extrapolate to the proper Do,but the PE0O-1540 data which lay on the
lines in Figure 4.10 fall below the lines in Figure 4.11. What has
happened is that the effect of the "hard" phase has been greatly over-
stated for PE0-1540. The strain-swelling data reported in Chapter 3
(see Table 3.6) suggest a Mc of around 10,000 instead of the expected
value of 1500. This implies that perhaps only one out of every five
"hard"” segments is participating in a "hard" domain., If this is the
case then the effect 1s to reduce the correctlions made when plotting
Figure 4.11 and leave the PEO-1540 data essentially where they appear
in Figure 4,10. In Figure 4.12 the PEO-1540 diffusion data are
replotted to reflect the smaller effective filler concentratiom.

There are several reasons why it is probable that the PEO-1540
membranes would have a relatively low proportion of the "hard" blocks
participating in "hard" domains. First, the concentration of the "hard"
phase is less than 30% in the unswollen polymer, lowering the probability
of a "hard" segment finding a "hard" domain to imbed itself in as the
f1lm forms. Second, the longer glycol chain would make it less ener-
getically unfavorable for the "hard" segment to be surrounded by other
glycol chains. Third, with a low concentration of "hard" phase,
smaller domains would be expected to form, some of which might be

small enough to be torn apart by forces acting on the polymer matrix
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when the film swells. When the swollen weight of a PE0-1540 sample
immersed in water is measured as a function of time after immersion,
it takes longer to achieve an eqﬁilibrium weight (24-48 hours) than do
other polyurethanes used in this study (6-12 hours).

Figures 4.13 - 4,16 are plots of the solute diffusion coefficient
in the various films as a function of strain., Filled symbols represent
unstretched membranes and open symbols represent stretched membranes.
Since the diffusion coefficients used in Figures 4.10 - 4.16 are nor-
malized by the film thickness, thinning of the membrane on stretching
has already been compensated for.

With the exception of PEO-600 films and the plot of Dm versus 1/H
for urea (Figure 4.13), the change in film hydration on stretching
adequately accounts for the observed changes in Dm' Excluding these
two cases the data for s