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Synopsis

The transport of twelve organic liquids through a highly swollen rubbery membrane
has been studied. The transport was caused by a pressure applied to the liquid above
the membrane (reverse osmosis). The flux was found to be a highly nonlinear function
of the driving pressure. Detailed thermodynamic and diffusion theories are proposed
to describe the transport in terms of the concentration gradient of the swelling liquid
within the membrane induced by the applied pressure. The data and the theory appear
to be in very good agreement. The diffusion coefficients deduced from the data are ex-
plained in terms of a hydrodynamic mechanism of diffusion. Highly swollen membranes
can yield very high liquid fluxes at moderate pressure and consequently may have appli-
cations for performing certain separations.

INTRODUCTION

The transport of gases, vapors, and liquids through polymeric mem-
branes has received a great deal of attention as attested by recent re-
views.!=3 Interest stems in part from practical concerns about the barrier
properties and chemical resistance of important polymers and the pos-
sibility of separating mixtures of compounds by membrane diffusion or
permeation.*~® Transport caused by applying a pressure differential
across the membrane is a particularly interesting method of effecting cer-
tain types of separations. This mode of operation is referred to as reverse
osmosis when the mechanism of transport is molecular diffusion of pene-
trant molecules dissolved in the membrane, and as ultrafiltration when it is
viseous flow through pores in the membrane. Over the past several
years a great deal of research has been devoted to purifying water, in par-
ticular desalination, by reverse osmosis. Purification of materials of
biological interest by ultrafiltration has also received considerable atten-
tion.

Most research on hydrostatic pressure-driven membrane separation
processes has dealt with aqueous systems and has utilized hydrophilic
polymers, e.g., cellulose acetate, as the membrane material. It is reason-
able to expect that such methods should have many applications to organic
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fluids provided suitable membranes are used. Some work has already been
reported where organic mixtures have been separated using the same type of
membranes that are useful for aqueous systems.!*? It thus seems appro-
priate to look at the pressure-induced transport of organic liquids through
membranes prepared from various types of polymers.

The work reported here is a preliminary study on transport of organic
liquids through a crosslinked polymer which is highly swollen by the pene-
trating liquid. Such a system is interesting and novel for a number of
reasons. First, it offers a relatively simple model system for fundamental
studies on pressure-induced membrane transport. Second, it should be
possible to develop very high penetrant fluxes because of the high diffusion
coefficients and concentration gradients that are possible owing to the high
degree of swelling. No actual separations have been performed yet with
such systems; however, future work in this area is planned. The selec-
tivity of such a membrane for similar molecules is not expected to be great
because of the high degree of swelling; however, application to separations
where there is a large difference in molecular size or thermodynamic nature
of the components may be attractive.

Results on just one polymer are reported. This material was a cross-
linked pure gum rubber sheeting (0.0265 cm thick) obtained from W. H.
Curtin and Co.

PERMEATION MEASUREMENTS

The experimental procedure followed closely the techniques often em-
ployed in desalination by reverse osmosis.? A high-pressure test cell sup-
plied by the Amicon Corporation (Model 420) was employed for the flux
measurements after some modifications. Figure 1 illustrates schematically
the essential features of this apparatus. The membrane rests on a stain-
less steel porous plate. The liquid in the region above the membrane is
pressurized while that below it remains at atmospherie pressure.

The membranes used were highly swollen by the liquids to be trans-
ported. In many cases the membrane contained at equilibrium four times
as much solvent as polymer on a volume basis. The membranes were in-
stalled in the test cell in this highly swollen state by preswelling them fo
equilibrium and then maintaining a liquid environment about the cell dur-
ing assembly. This procedure requires considerable technique to ac-
complish properly when very volatile liquids are used. Flow around the
membrane is prevented by an O-ring that contacts its periphery. The
force required to make this seal is generated by tightening the threads
which attach the lower portion of the cell. After assembly, it was im-
perative to displace all air from the downstream compartment by filling it
with liquid. To do this, the assembled cell was inverted and liquid was in-
jected through a hole bored in the bottom of the cell specifically for this
purpose. This position allowed the air to be displaced. Onece properly
filled, this hole was sealed off.
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Fig. 1. Schematic illustration of apparatus used for flux measurements.

The fluxes were sufficiently small to necessitate special procedures to in-
sure accurate measurements. This was done simply by connecting a
vertical length of small-bore glass tubing to the downstream side of the cell
by means of flexible tubing. The flow through the membrane could then
be accurately determined from the rate of rise of the liquid meniscus up the
glass tube, provided all air had been displaced from the downstream com-
partment of the cell. Erratic readings and the ultimate appearance of air
bubbles in the measuring tube were very apparent when all of the air had
not been displaced. The Amicon cell was not designed to be used in this
way, since any slight positive head inside the downstream compartment
caused leakage of liquid up through the mechanical threads which attach
this portion of the cell. It was necessary to stop this leakage to use the
vertical glass tube scheme. This was accomplished by machining off the
last 1/, in. of threads (both male and female) on the lower portion of
the cell and installing an O-ring to seal in a slip fashion.

The upstream side of the cell was completely filled with the liquid and
then connected by stainless steel tubing to the bottom of a reservoir also
filled with liquid. A nitrogen pressure was applied above the liquid in the
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Fig. 2. Flux—pressure relationship.

reservoir to pressurize the upstream side of the membrane. The pressure
was measured to the nearest psi on one of three test gauges depending on
the range of the pressure. No circulation of the upstream liquid was
necessary since only pure components were employed.

The entire test cell and the measuring capillary were immersed in a
water bath set at 30°C. After applying a certain pressure to the upstream
side, enough time was allowed for a steady permeation rate to be estab-
lished. Normally 15 min proved adequate. The time required for the
meniscus to move past fixed marks on the capillary was noted. From this
observation the flow rate was determined. At least three duplicate ob-
servations were made at each condition. Reproducibility was excellent.
The flux was determined by dividing the total flow rate by the active
membrane area (36.7 cm?) defined by the O-ring. The membrane has a
tendency to shrink in area on the downstream side once it is pressurized;
however, the O-ring prevents this.
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Experimental results for twelve different organic liquids and a single
crosslinked pure gum rubber membrane are reported here. These results
are shown in Figures 2-4. The pressure range covered for nearly all com-
pounds is 25 to 400 psi. The fluxes are expressed volumetrically in the
units of ecm?/em?-day and are denoted by the symbol n;V;. These units
may be converted rapidly to those more often used in reverse osmosis by
the following factor: 1 gal/ft?-day = 4.07 ecm?/em?-day. It is interest-
ing to note that the relationship between flux and pressure, which is en-
tirely reversible, is not at all linear here. Most desalination membranes
show a linear relationship except for a loss due to compaction, which is ir-
reversible for the most part.

In the following sections an explanation of these nonlinear relations will
be given in terms of a combined thermodynamiec and diffusion theory for
pressure-induced transport. The approach will be to examine carefully
the concentration gradient induced by the applied pressure and the at-
tendant diffusion caused by it.
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DEVELOPMENT OF A THERMODYNAMIC THEORY

To explain pressure-induced diffusive transport through a membrane, it
is necessary to first show that this pressure difference leads to a concentra-
tion difference across the membrane and then develop a mathematical
model by which this difference can be calculated sinee it is not usually pos-
sible to measure it directly.

The thermodynamic theory is developed by considering a rigid porous
plate whose pores are intercommunicating. These pores may be ar-
bitrarily small, but for practical reasons they should be large enough to per-
mit easy flow of a low viseosity liquid. The polymer membrane of interest
is placed over this porous plate, as shown in Figure 1. A liquid solution
designated ‘0" contacts the top membrane surface (x = 0), while a dif-
ferent solution ‘I’ is below the porous plate but contacts the lower mem-
brane surface (x = [) through the intercommunicating pores of the rigid
plate. Uniform but different hydrostatic pressures are maintained on the
two solutions. Likewise, the activity and eoncentration of any component
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7 are uniform within each solution but may not be equal. Concentrations
and activities within the liquid solutions and the membrane are distin-
guished by the subseripts 0 and I. Thus, a™; symbolizes the activity of
component ¢ at £ = 0 just within the membrane surface. Additional
nomenclature is shown in Figure 1.

At constant temperature, the chemical potential of 7 in either solution or
the membrane is a function of the pressure and the concentration of 7 at a
particular point. For convenience, we chose to write the pressure de-
pendence of the chemical potential explicitly so that the activity is pri-
marily concentration dependent and pressure independeit and completely
so if V; = V, as we will assume. Thus, for the two solutions we write

o = u + RT Ina’y + Vipo — pr) 1)

py=p%+ R Thna'y 4+ Vilp, — p,) 2

where p®; refers to pure 7 at the arbitrary reference pressure p,. The change
in chemical potential for component ¢ going from solution 0 to [ is

a-?
Ap; = p'y — p'0 = RT In Ey — Vilpo — po)- &)
o

Substituting the definition of osmotic pressure, , into eq. (3) gives

Aue = Vil(mo — 7 — (o — PD), @)

which is the chemical potential driving force frequently used in phenom-
enological formulations. of reverse osmosis.®

It is important to note that eq. (4) has been developed without any
reference to the nature of the membrane or how species 7 interacts with it
or what the pressure distribution within the membrane is. Such an ap-
proach is not adequate for a complete diffusion analysis of pressure-induced
membrane transport. A more detailed model of what is occurring in the
membrane is required for this. Specifically, the pressure distribution
within the membrane is required. Rosenbaum and Cotton!?-* have con-
sidered this problem and have enumerated three possible membrane pres-
sure, P, distributions: (a) pn = po, (b) P = Dy and (€) Pn = Po —
I(po — p)(x/1)]. 1f the membrane is porous and the species 7 is not molecu-
larly dissolved in it, then the pressure distribution for the membrane and -
may be different and case (¢) would be likely to describe the distribution
for ¢ since transport would occur by viscous flow. The membranes of in-
terest here are one-phase materials and the pressures on each species must
be the same.

Determination of the pressure distribution within the membrane is a
problem of mechanics. In principle, one can compute the complete stress
tensor, ¢, distribution throughout the membrane and then determine the
membrane pressure distribution from the relation

1
Pm = —g trace (9), ®
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which is used to define the isotropic pressure. Kuhn' has considered such
an approach to diffusion within molecular networks when stressed uni-
axially. The problem of concern here involves the complication caused by
the complex boundary conditions generated by the pores in the supporting
plate, which introduce stresses within the plane of the membrane plus addi-
tional stresses in this plane generated by the mechanical restraint which
keeps the membrane area constant. A complete and rigorous calculation
would be very difficult; however, several limiting arguments can be used to
show that p, is equal to p, throughout the membrane to a good approxi-
mation. The interesting experiment of Rosenbaum and Cotton* seems to
be consistent with this. The distribution p,, = po will be used here. With
it, a complete thermodynamic analysis and a mathematical model for calcu-
lation purposes will be developed. Using p,, = po, the chemical potential
of 7 anywhere within the membrane may be written as

p"s = p% 4+ RT In a™; + Vipo — p), (6)

provided the partial molal volume of ¢ in the membrane is equal to V;. At
both surfaces, equilibrium should exist between ¢ just inside the membrane
and 7 in the adjacent solution; hence, u®y = u™» and p®; = u™;;.  Applica-
tion of these conditions to eqs. (1), (2), and (6) gives the following connec-
tion between the activities in the solutions and just within the membrane:

a"p = a’p ¢p)
ar, = a* le—vf(po-—p,)/lcr (8)

The application of pressure does not change the activity of ¢ within the
membrane at x = 0; however, it does decrease the activity of ¢ in the mem-
brane at x = I. 'This is a central point in this theory.

The next task is to relate the activity of 7 within the membrane to the
concentration of ¢ via a suitable swelling theory. This will permit us to
calculate the actual concentration difference across the membrane. From
this point forward it will be convenient to speak specifically in terms of the
case studied here, i.e., pure solvents, rather than the general multicom-
ponent treatment followed up to this point. This means setting a*, and
a*;; equal to unity. This single liquid will be designated as ¢ = 1. The
concentration of liquid in the membrane at £ = 0 can be measured directly
since, according to the theory, it is unaffected by the upstream pressure.
It will be convenient to express this as a volume fraction which will be
designated v,. The volume fraction of liquid in the membrane at z = I,
v1;, cannot be measured directly, but it ean be calculated if a suitable theory
of network swelling is used.

The theory used here is that described by Flory.’® The free energy
change for swelling a polymer network of volume V, with #; moles of sol-
vent is composed of two parts, i.e.,

AG = AG, + AG,,. (9)
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The mixing part can be represented adequately by the well-known Flory-
Huggins theory, i.e.,

AGm = RT[’FLI ln [ + X]’ﬁl’l),], (10)

where x; is an empirical interaction parameter and v, is the volume fraction
of rubber (membrane material). The elastic part is assumed to be repre-
sented by the results of rubber elasticity theory as given by Flory, i.e.,

RTv,
2

AG, = [a2;, + &% + a% — 3 — In ezeya,], (11)
where », is the moles of elastically effective chains in the volume V), and the
a’s are the factors by which the various physical dimensions are changed
by swelling. If swelling is uniform in all directions, then a; = a, = a, =
v, Y3, From these considerations the activity can be related to v, by

Ina™ =In(1 —v) + v + xw? + I:Vl k(vf/z - 2’)] (12)
Vo 2
which is, of course, a very well-known relationship. This equation can be
applied to x = 0 since the membrane is installed into the apparatus under
these freely swollen conditions. For pure liquids, ™, = 1, so we get

) [ 1/, Uy
0=InQ1 — v0) + v0o + xv%0 + ':l:Vl V—<v/ 0 “9>]- (13)

Vo 2
As a pressure is applied, the activity of 1 at x = [ decreases according to
eq. (8). Next, the volume fraction v,, (hence »;) will be related to this
activity and thus to (pp — p;). The area of the membrane is restrained to
be constant even though there are forces tending to shrink it. This means

that

ay = o, = v "% (14)

The activity of 1 can then be computed from equations 9, 10, 11 and 14
properly aceounting for this restraint. The result is

4/3
Ina™; =In (1 - ?Jrz) + v+ x0% + .[Vl Zi(v L ’_’ﬂ)] (15)
Vo Vr1 2

which, combined with eq. (8), gives finally

—Vi(pe — DY)

RT = In (1 - vrl) + (7%} + lezrl

/3
Ve[V 70 Ury
+ V — — .
[ ! VO( Ur1 2 >} (16)

Equation (15) is merely a vehicle by which we can calculate v, ie., 1 —
v,,, for a given a™;,. This equation holds no special significance to the ideas
to be conveyed here. A purely empirical or a more sophisticated theo-
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retical relation would serve the same purpose, provided it offers an ade-
quate description of v;; versus ¢™,. This particular result is used because
it is known to work well for the type of polymeric material used.

Evaluation of the parameters x; and v,/ ¥V, and illustrative caleulations of
v, are considered later.

Two experiments have been reported in the literature which defend the
theory embodied in egs. (7) and (8) and the model summarized in eqgs. (15)
and (16). The first relates to the constancy of vy, as the pressure changes.
Ham et al.}” measured the equilibrium swelling of crosslinked polymers as a
function of hydrostatic pressure and found the change to be extremely
small for the pressures considered here. Their analysis shows that if
Vm = V% = V3, there would be no.change at all. The analysis given here
has assumed this to be true, and surely it represents a quite good approxi-
mation. In view of these experiments we can be confident that v, does not
change as pressure is applied. The second relates to the calculation of
v1;.  Gehman'® studied what he called swelling pressures. A rubber net-
work was enclosed in a rigid cell with porous walls through which a solvent
could freely flow. The force generated as a function of the swelling was
measured, and the results were represented quite well by equations similar
in principle to that of eq. (16). This indicates that our prediction of v,
should be reasonably good.

EVALUATION OF THE PARAMETERS »./V, AND x;

Two parameters, x; and »./V,, appear in eq. (16) which must be evalu-
ated to calculate »; by this equation. The density of elastically effective
chains »,/V, can be determined by the theory of rubber-like elasticity from
force—elongation experiments. The general theory!? indicates that the
stress based on the unswollen, unstressed cross-sectional area, gy, is

1 2C
ow’ = (@ = (20, + 22, i)
[23
where v, is the volume fraction of the rubber, o = L/Ly (L, being the un-
stressed length), and C, and C, are constants. The parameter C, is inde-
pendent of v, and equal to the value derived from the Gaussian theory of
rubber elasticity, i.e.,

¢, = Li Ry, 18)

The parameter C; is of unknown origin but is known to decrease as v, de-
creases. Two experiments were performed with the rubber sheeting used
here with the results plotted in Figure 5 in the manner suggested by eq.
(17). In one experiment the rubber was unswollen, with », = 1; while in
the other, it was swollen by a low-vapor-pressure vacuum pump oil to ¢, =
0.509. The latter experiment was run such that the composition remained
constant. The low-vapor-pressure oil prevented such changes by evapora-



DIFFUSION THROUGII SWOLLEN MEMBRANES 2211

tion. The theory predicts the two curves should be linear, with a common
intercept, but the swollen one should have a lower slope. These expecta-
tions are confirmed with the two intercepts being identical within 29,
which is within experimental error. The chain density was calculated
from the average intercept to be ».,/Vy, = 1.06X10—* mole/cc.

Since »,/V, is known, the parameter x; ean be determined for each liquid
from equilibrium swelling measurements via eq. (13). Equilibrium swell-

Ve =0.509 4

{108 DYNES/CM2)

0o V:-/3/ (a—a?)

| Il L
[¢] 0.5 1.0
I/a

Fig. 5. Force-elongation data for determination of crosslink density .

ing measurements were made by weighing a dry sample of the rubber before
and after equilibrium in each liquid. Density data (polymer = 0.97 g/cc)
were used to compute from the gravimetric data the values of v, shown in
Table I, which are accurate to about 0.002 volume fraction units. Values
for x1 were computed using equation 13 with the results also shown in
Table 1.
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Fig. 6. Calculated differences in concentration across the membrane.

From these parameters and the known molar volume of each liquid,
v;; was computed for each liquid via eq. (16). Sample results for two
liquids are shown in Figure 6 as (v1p — v) versus (po — p1). These curves
are quite similar in shape to the flux data in Figures 2-4. Asone would ex-
pect, smaller differences, vy — v1;, are generated by a given pressure for less
highly swollen networks.

In the next section, a diffusion theory is developed which relates the
steady-state flux 7,7, to the volume fraction difference vy, — o1,

DEVELOPMENT OF A DIFFUSION THEORY
Fiek’s law of diffusion for a stationary coordinate system? is
n = w]_(nl -+ n,) —_ pDVw1 (19)

where the subscripts 1 and r refer to the solvent, or penetrant, and the
rubber, or membrane material, respectively; n = flux in mass units; w =
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TABLE I
Summary of Experimental Results (at 30°C)
a X 10,
_ .t b X 103
Vi, em?/day 1 D X 108
Liquid cc/mole 14, cp Vro X1 . psi psi cm?/sec

Benzene 88.9 0.56 0.207 0.474 4.55 2.27 2.37
Toluene 106.0 0.53 0.190 0.425 5.72 4.52 2.36
o0-Xylene 118.4 0.71 0.187 0.408 4.21 3.77 1.78
Tetralin 136.0 1.9 0.185 0.371 3.66 5.94 0.82
n-Hexane 130.8 0.29 0.337 0.587 5.63 3.92 4.06
n-Heptane 146.0 0.38 0.301 0.541 5.49 4.90 3.07
-Octane 165.1 0.45 0.339 0.572 3.45 7.08 2.73
Cyclohexane 108.0 0.81 0.205 0.448 3.88 4.05 1.80
Cyclohexanone 98.4 1.82 0.281 0.551 2.80 13.65 0.66
Methyl ethyl

ketone 89.1 0.38 0.619 0.891 1.06 4.20 4.09
Methyl isobutyl

ketone 125.2 0.50 0.394 0.643 1.76 5.94 1.67
Carbon tetra-

chloride 96.5 0.84 0.161 0.353 3.60 2.92 1.67

weight fraction; p = density of the polymer plus the solvent; and D = the
diffusion coefficient. Species 1 diffuses in the z-direction only, and species
r is stationary so that Fick’s law may be reduced to

pD dc_o_l
1 -—-wldx !

(20)

m =

which is the usual form for diffusion through a stagnant layer. If there is
no volume change on mixing as assumed earlier, eq. (20) can be rewritten
in terms of volume fractions as follows:

Dy
1 — 0 dx’

’l’llﬁl = - (21)
where T, is the specific volume of the liquid, so 7,V is the volumetric flux
used in Figures 2-4. If the diffusion coefficient is independent of concen-
tration (an assumption which must be tested), then the concentration pro-
file becomes

1 — z/1 , z/1
A =v) =1 — v < vu) y OL U = Uy (v‘l) ’ (22)

1 — vy Uro

which, ecombined with eq. (21), gives

miy =2 (1 - ”“). (23)

l 1 — Y10

The term [ is the actual membrane thickness under the conditions of the
experiment. The thickness of the dry membrane is /;, while the thickness
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of the freely swollen membrane as it is placed in the cell is [, These two
are related by

l 1

4= (24)

by
However, during diffusion there is a gradient of swelling, so [ is less than [,
(in some cases as much as 409 less). The thickness of interest cannot be
readily measured, but it can be calculated as follows: Since the area of the
membrane is restrained to be constant, the following material balance for
the rubber applies:

1
Volo = f v, (25)
0
Inserting the profile for », given by eq. (22) yields the true thickness,

_l_O _ Uri — Uno (‘)6)

Ury
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Fig. 7. Flux—concentration difference relationship.
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The final diffusion result is obtained by combining egs. (23), (24), and
(26) and is most conveniently expressed as follows:

A D
Vi = —~—7 (To — w10, 27
Lavro
It predicts the flux to be directly proportional to the difference in volume
fractions at the two surfaces, provided D is constant. Adherence to this
prediction is examined next.

EVALUATION OF DIFFUSION COEFFICIENTS

A test of the thermodynamie and diffusion theories which have been de-
veloped can be made by comparison with the form of the experimental
permeation results. This is done by plotting experimental n,V; values
versus calculated (np — #1;) values from plots similar to Figure 6. Accord-
ing to the diffusion theory embodied in eq. (27), a straight line should re-
sult, provided of course that D is independent of »;. Plots of this type are

T T T
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N
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I 1 2
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Fig. 8. Flux—concentration difference relationship:
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shown in Figures 7-11, and for the most part remarkably straight lines are
formed. This agreement in form strongly suggests that the theories em-
bodied here are sound both quantitatively and in principle and that values
of D deduced from the slopes of Ifigures 7-11 in accordance with eq. (27)
are valid and meaningful transport coefficients. The resulting values of D
are given in Table I for each of the 12 liquids.

Only five of the 12 liquids examined show any significant departure
from linearity over the entire range of (vip — v1;), and in these cases there is
an initial linear region followed by curvature at higher (v — v1;) values.
Curvature may indicate merely a concentration-dependent D. Not many
data are available for diffusion coefficients in polymers over an extensive
concentration range, but those which exist?'—?? suggest that, for », near
zero, dD/dv, may be either positive or negative, while for #, near unity
dD/dv, is always negative and very large. In the middle region of v, a
plateau may exist where D is not very dependent on »,. This plateau is the
region where most of these experiments were performed, hence relatively
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constant values of D are not surprising. Three of the five, viz., isooctane,
methyl ethyl ketone, and methyl isobutyl ketone, curve downward from
the extension of the initial linear response. This is the direction expected if
v1; becomes small enough to cause an appreciable lowering of D. The up-
ward curvature shown by benzene and carbon tetrachloride is not readily
explained by any known concentration dependence of the diffusion co-
efficient. One possible explanation might be a concentration dependence
of x1. However, it is not worthwhile to belabor these points further at this
time.

DISCUSSION

An intriguing feature of pressure-induced transport through highly
swollen membranes is the nonlinear relation between the flux and the
pressure. For the thoroughly studied system cellulose acetate—water,
the flux—pressure relationship has been shown to be linear,®?* barring
possible compaction of a porous substructure which occurs in Loeb-
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type membranes. Diffusion theories that agree with this observation
have been developed®?; however, each formulation has been vague
about the meaning of some terms. Inherent assumptions about the na-
ture of the membrane pressure are not mentioned, and for this reason
Rosenbaum!?® recently criticized these models. The final results of these
theories, however, are essentially correct. Such laxness is permissible only
because the change in concentration is small, and the final relation between
the concentration differences generated and the pressure is linear. These
are a consequence of the low degree to which water swells cellulose acetate.
Clearly, a more detailed model must be specified to explain transport in
highly swollen membranes where the concentration difference induced is
not a linear function of pressure.

In the previous section, it was concluded that the transport coefficients
evaluated from the experimental data are meaningful. It is now appropri-
ate to ask what property of the liquid is most influential in establishing its
value of D within this membrane. An analysis of the data given in Table I
has revealed that in this case the viscosity of the pure liquid penetrant is
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apparently the single most important factor. Figure 12 substantiates this
claim since all of the data, with the exception of two points, fall about a
single straight line drawn on D versus 1/9 coordinates. The straight line
drawn in Figure 12 holds no particular significance except to illustrate this
trend. This result may be somewhat surprising, since we have maintained:
from the beginning that the mechanism of transport in this membrane is
diffusive. However, there are many theories that attempt to relate dif-
fusion coefficients to viscosity (e.g., see pp. 513-515 in Bird et al.?®). Well-
known examples include the theory of self-diffusion in liquids, the Stokes-
Einstein equation for diffusion of large spherical particles or molecules in a
solvent, and the Eyring rate theory. None of these theories, however, is
exactly applicable to the situation of a solvent diffusing through a net-
work of polymer chains that are restrained to no net macroscopic motion.

It is proposed that the current situation can be explained by an exten-
sion of the hydrodynamic theories of diffusion, a well-known example of
which was given by Kirkwood and Riseman® for randomly coiled nolvmer
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molecules in dilute solution. The gist of such a theory would be to treat
the forces arising from the relative motion of solvent past chain segments in
the network as hydrodynamic in origin and proportional to 5, the solvent
viscosity. The forces are in turn related to the gradient of chemical po-
tential that arises from the concentration gradient. Execution of this eal-
culation would differ from the Kirkwood-Riseman treatment in that the
chain segments are part of chains that form a three-dimensional network.
At this point, it is judged that quantitative completion of this picture
would be extremely difficult, so we will not pursue it further here. This
exercise, however, does offer intuitive understanding as to how D may be
proportional to 1/ for a membrane. It is somewhat premature at this
point to assert that the data in Figure 12 are exactly of this form. Two
points on this graph depart markedly from the line drawn (these are methyl
ethyl ketone and methyl isobutyl ketone). No explanation for these two
points can be advanced except to note that these two swell the membrane
appreciably less than any of the other liquids (compare v,y values in Table I).

It is well known that, in many cases, it is the molecular size and shape
of the penetrant molecule that determines D. This would more likely
occur at very small penetrant concentration. Here, the transport rate is
also controlled by the mobility of polymer segments. We might call this
the structural regime of diffusion, whereas we might term the situation ob-
served here as the hydrodynamic regime. It will be interesting to see if
further work with liquids in polymers permiss a classification into these two
simple mechanisms of diffusion.
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A very interesting empirical relationship between the flux and the pres-
sure has been observed. Figure 13 illustrates for these cases that a very
good straight line exists between the reciprocal of the flux and the recipro-
cal of the pressure. All of the liquids tested show this behavior. This de-
pendence can be expressed by the equation

a(py — p1)
14+ b(py — Pt).

The constants ¢ and b for each liquid are shown in Table I. The solid
curves shown in Figures 2-4 were drawn using these constants and eq. (28).
At this point, no fundamental significance is attached to eq. (28); however,
it is interesting to note that this relation, if obeyed at very high pressures,
means there is a ceiling flux which cannot be surpassed no matter how
great the pressure. The idea of a ceiling flux is certainly plausible in terms
of the theory developed here. The driving force (v — ;) has a finite
limit which cannot be exceeded. According to the theory, vy is a constant,
and v; is lowered as the pressure upstream of the membrane is raised; how-
ever, v; at best can be reduced to zero. In other words, the maximum
driving force is vyp. Extrapolation of the straight lines in Figures 7-11 to
(vio — v1;) = vy gives in all cases a flux higher than the ceiling flux predicted
by eq. (28), i.e., a/b. This is reasonable, since it is known that D will de-
crease drastically as »; = 0 is approached.

There is another way to arrive at the experimental conditions discussed
here, i.e.,v; = vpatx = 0andv, = 0atx = I. This may be done by hav-
ing liquid above the membrane (no pressure need be applied) and a very
good vacuum below the membrane. Sinece the activity of species 1 at the
lower surface of the membrane is a™; = pi/p* = 0, the value of v,; will be
very near zero, see eq. (16). This method of membrane operation has
been called “pervaporation” by Michaels.® Thus, we may say that such a
“pervaporation” flux would be the upper limit for any reverse osmosis
flux. It would be interesting to determine experimentally whether these
two modes of membrane operation are indeed related as suggested here.

Highly swollen membranes operated in a reverse osmosis fashion may be
an attractive approach to effecting certain types of separations. For two
reasons these membranes may be expected to yield high productivities.
The first reason is that moderate pressures generate large differences in the
concentration of swelling liquid across the membrane compared to less
highly swollen ones. The effect of the degree of swelling is evident by
comparing the different responses shown for methyl ethyl ketone (v, =
0.619) and toluene (v, = 0.190) in Figure 6. Both of these show concen-
tration differences very much larger than those generated in the cellulose
acetate-water system, where the equilibrium uptake of water is perhaps
10-159%, by weight (totally dense cellulose acetate). An extreme example
where the liquid is totally insoluble in the membrane further illustrates this
point. Here, no concentration gradient can be induced by pressure, so no
transport at all occurs. The second reason to expect high flux capability

m V]_ = (28)
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is that in the highly swollen state the diffusion coefficient for the liquid is of
the order of 10— to 105 cm?/sec rather than the 10—° to 10—7 range typical
in polymers swollen only slightly.2!1—23

The membrane employed in this work gave a toluene flux of about 2.5
gal/(ft?-day) at 400 psi. This is a very large flux when it is remembered
that the dry thickness of this membrane was about 10 mils. A reduction
in thickness to, say, 1 mil or less would bring the flux up to a level con-
sidered attractive for many separations. Actually, further reduction in
thickness should not be too difficult.

However, to be useful in effecting separations, a membrane must pass
one component much more rapidly than another. Generally, a high de-
gree of swelling will result in less discrimination. The diffusion coef-
ficients for all compounds will be larger in absolute magnitude in this state.?”
However, there are separations where adequate discrimination may exist.
Examples are: removing the oil from oil-water emulsions, concentrating
polymer solutions, and separating high molecular weight paraffin waxes
from petroleum fractions. From both thermodynamic and transport con-
siderations, it is expected that when the components of the mixture differ
sufficiently in molecular size, separation should be easy. Of course, all
methods of separations become easier when this is so; however, often there
are advantages to a membrane process if it can be made competitive.

This work was supported by the National Science Foundation through Grant Number
GK-3010. The help of M.D. Krasner in characterizing the membrane is gratefully
acknowledged.

Nomenclature
a, b constants in eq. (28)
a; activity of species ¢
Cl, C. elastic constants
D diffusion coefficient
G Gibbs free energy
l actual membrane thickness
la thickness of dry membrane
lo thickness of freely swollen membrane
Lo unstressed, swollen length of rubber
L stressed length of rubber
n, flux vector for species ¢
Ny z component of n;
7y moles of ¢
P hydrostatic pressure
Dr arbitrary reference pressure
p* vapor pressure
Dm pressure in membrane
R gas content

T absolute temperature
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volume fraction of ¢
volume of dry rubber
molar volume of ¢
partial molal volume of ¢
specific volume of ¢
weight fraction of ¢
coordinate axes

Greek Symbols

extension factor

solvent viscosity

chemical potential

moles of elastically effective chains

osmotie pressure

density

stress tensor

uniaxial stress based on unswollen cross section
Flory-Huggins interaction parameter

Subscripts
species
conditions at z = [
conditions at x = 0
rubber or membrane
coordinate directions
Superscripts

membrane phase
reference state
solution, or liquid phase
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