Mechanism of Pore Formation in Reverse
Osmosis Membranes During the Casting

Process

The process of pore formation during the casting of reverse osmosis membranes
is analyzed. The process consists of two steps. The first step is the evaporation step,
where the cast polymer solution is allowed to dry for 1 ~ 100 s, The second step
is the gel formation step, where the cast is soaked in water leaving behind the
membrane in form of a gel. The evaporation step gives rise to a thin (~0.1 ym) skin
of high density and very small pores which is chiefly responsible for desalination.
The gel forms the backing (~100 to 250 um) and contains large pores.

It is shown that low evaporation rates accompanied by shrinkage during evap-
oration gives rise to an instability leading to the formation of the skin region. The
evaporation effect is fast, is confined to the skin region, and gives rise to very small
pores. The gel formation is shown to be a very slow process which cannot interfere
with the skin formation due to the vast differences in their rates of formation. It
also gives rise to larger pores. All key features of the above experimental observa-
tions are explained.

The kinetics of the process depend on the diffusion coefficients D and D, of
the solvent and the polymer. However, the main factor is the solution chemistry
of the polymer-solvent system which controls both the effectiveness of the skin and
the gel formed. For the first time, the relevant thermodynamic parameters which
determine the extent and sizes of pore formation have been obtained.
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Separation with membranes is not new, but it still holds
promise for wider use in the future. Only asymmetric polymeric
membranes are discussed here. Reverse osmosis membranes are
made of ionizable polymers like cellulose acetate. In presence
of water, the walls of the membrane pores electrify, setting up
an electrical field inside the pores. Under these conditions, it
is possible to hinder the transport of ions through these pores,
and at the same time allow the passage of water. Desalination
is thus effected, the success of which depends on the ability of
the polymer to electrify as well as on the sizes of the pores. The
latter also plays a crucial role in ultrafiltration since the pores
do not permit the passage of particles larger than their diame-
ters. Filtration or separation of macromolecules, biological cells,
and colloidal particles are thus possible. Consequently, mem-
branes find important application in separation of proteins and
enzymes, particularly as these materials are heat-sensitive and
the process requires neither heating nor cooling. They also find
application in biomedical engineering like in fabrication of
artificial kidneys. It is noteworthy that these membranes often

have very high separation or rejection efficiencies.

It is evident that the separation takes place due to the exis-
tence of pores of desirable radii. Although extensive research
has been done on the membrane (and pore) forming properties
of a number of polymers, no reliable design criteria have
emerged, not even the proper identification of transport or
thermodynamic properties of the system that govern the for-
mation of pores. Where mathematical models exist, they con-
tradict experimental observations.

The more difficult task of predicting the pore-size distribution
from theory has not been attempted here. Instead, the major
parameters that determine whether the pores will form at all
or not on fabrication, have been identified from theory. Esti-
mates of times required in the various steps of membrane fab-
rication have been determined. The theory explains the key
features of the experimental observations as well as helps to
reduce the numbers and types of fabrication experiments
needed to evaluate membrane performance.

CONCLUSION AND SIGNIFICANCE

There are a few controversies shrouding the choice of the
solvent and bath liquid for the membrane casting process (Ca-
basso, 1981). It is seen in the analysis that an optimum solvent
exists, where the swelling is not too high nor too low. Thus, al-
though one may in principle strike the right solvent without any
difficulties, usually one would need to go through the more
torturous route of mixed solvents as in Loeb-Sourirajan mem-
branes. However, the quantitative swelling criteria for solvents
have been developed here, which can be used to reject potential
solvents. The criteria are too weak to say if solvents acceptable
by these are actually acceptable in practice.
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It is well known that in some cases ultrashort exposure times
are sufficient for the membrane to develop the right type and
number of pores (assuming that the solution criteria are satis-
fied). It is also known that it may take as long as a few minutes.
It is seen here that the pores of ~1 nm responsible for salt re-
jection in reverse osmosis develop instantaneously. Further,
it can even develop if the membrane is cast in the bath solution
provided that the diffusion coefficient of the solvent in the bath
is much greater than that in the polymer. For pores of ~0.1 um,
a few minutes are required. The latter is the upper range of the
pore diameters that take part in desalination and do occur in
the membrane skin where the actual salt rejection takes
place.

The membrane backing is seen to take several hours to form.
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The differences in the rates of skin and the backing formations
are mainly due to the differences in the mechanisms and partly
due to the differences in the diffusion coefficients of the poly-
mer and the solvent (D, « D).

All key observations on the membrane formation are ex-

plained by the model presented here. The prediction of the
model that there are wavelike structures on the surface is borne
out by electron microscopy measurements. The parameters re-
sponsible for pore formation have been identified and in
quantitative form.

INTRODUCTION

Separation with membranes provides many attractive features.
However, the fabrication of membranes remain as much an art as
it was in the days when Loeb and Sourirajan (1963) made the first
membrane which eould withstand the rigors of a commercial
process and answer to its needs. In subsequent sections, attention
is focused on the casting of reverse osmosis membranes since this
variety is the most sophisticated, encompassing a wide variety of
casting processes and end products. All the existing separation
processes involving membranes are successful only if they contain
pores in a desirable range of pore radii. Consequently, there has
been some discussion on how these pores form, since the knowledge
of the mechanism would identify the important physico-chemical
parameters of the system. Such an analysis is of importance not only
for the above reason, but also for the reason that it is a precursor
to the more important problem of estimating the pore-size distri-
bution, The existing suggested mechanisms are unsatisfactory for
the reasons cited below. Before examining those, it is necessary to
examine critically the casting process since that is the stage where
the pores are formed.

The Loeb-Sourirajan membrane was made by spreading uni-
formly a thin layer (~100 to 250 um) of a solution of cellulose ac-
etate (22.2% by weight), acetone (66.7%), water (10%), and mag-
nesium perchlorate (1.1%) on a glass plate at =10 to 0°C. About
200-s exposure time to air was allowed, after which the plate with
the membrane was dipped into ice-water for about 4,000 s. Sub-
sequently, the membrane was peeled off and dipped into hot water
for deswelling. Since a very large amount of research has been done
in this area, detailed references will not be provided. Some standard
texts and reviews are: Sourirajan (1970, 1977), Loeb (1966), Merten
(1966), Kesting (1971), Turback (1981), Cooper (1980), Lonsdale
and Podall (1972). These cover the entire background material.
Where exceptions exist, references have been cited.

One of the striking features of the membranes formed by the
above process is their asymmetry. This could be deduced from the
performance and the surface texture (Sourirajan, 1870) but was
verified without doubts with the electron microscope (Riley et al.,
1964, 1966). The surface, which is exposed to air on casting, de-
velops ~0.1-um-thick, high-density layer. It contains very small
pores of radii ~1 nm (Sourirajan, 1970; Lonsdale, 1966). The rest
of the membrane contains relatively larger pores. It was also shown
that it was this high-density layer that gives the membrane its
ability to reject salts. The large backing provides it with mechanical
strength. The latter is necessary since the membrane has to with-
stand pressure drops in the range of 7 MPa for desalination. For
proper ion retention, it is necessary for the membrane to have pores
with diameters in the range of 0.3 to 5 nm. This is supplied in the
high-density skin. Because of the smallness of the diameters of the
pores, the skin also provides a major resistance to the flow of water
through it. To improve the flow of water through the membrane,
the backing should have relatively larger, well-defined and in-
terconnected pores. Because ionizable groups on the pore walls are
required for ion retention, cellulose acetate forms a very suitable
material. Subsequent discussions are confined to cellulose acetate
membranes, even though the analysis covers wider varieties.

Much of the membrane structuring is accomplished through a
proper selection of the solvent. Usually a mixture is used to get the
required solvent properties, like acetone-water, acetone-form-
amide, etc., together with solvating inorganic salts, like magnesium
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perchlorate, zinc chloride, etc. Since the relative concentration ratio
of polymer: solvent and the temperature, have important effects
on solvation, these form important variables in the casting process.
The solution at lower polymer contents form sols and higher
polymer contents form gels. Gels are characterized by degrees of
molecular order. The membrane that is left behind is in the form
of gel. It is observed that gels that are precipitated from solutions
of poor solvents give rise to good structure in the backing material.
However, its ion retention is low (Kesting, 1971). One needs to have
an intermediate solvent. For cellulose acetate membranes, ace-
tone-water mixture is used. This is a poor solvent. Its ability to
solvate the polymer is increased by adding magnesium perchlorate
or other swelling agents. This provides the correct mix of solvating
property and volatility (Sourirajan, 1970). That evaporation has
an important role in the formation of the skin has been demon-
strated (Sourirajan, 1970; Loeb and Sourirajan, 1963). Larger
evaporation times give rise to membranes with poorer perfor-
mance.

Before discussing the proposed model or the existing ones, it is
necessary to examine the casting processes in more detail.

FURTHER DISCUSSIONS ON MEMBRANE CASTING

Membrane casting is characterized by two important steps (and
then a third which is necessary for making it suitable for desalin-
ation). The first two steps are the evaporation and the stage where
it is soaked in ice-water. The two steps have two representative time
scales: evaporation 10 s to 100 s and soaking ~4,000 s, For the
purpose of bringing out the diverse natures of casting processes,
a few representative types are listed.

(a) Loeb-Sourirajan membrane. The membrane is cast from
a solution containing ~22 wt. % polymer. The casting is done at
freezing or below freezing temperatures. The times of evaporation
run up to 200 s, after which the membrane is soaked in ice-water
for an hour.

(b) Sirkar et al. (1978). The membrane is cast from a solution
containing ~30 wt. % polymer. The casting is done at room tem-
peratures. The times of evaporation are as low as 0.01 to 10’5, after
which the membrane is soaked in ice-water for an hour. Better salt
retentions are reported.

{c) Ultrathin membranes (Sourirajan, 1970). A glass plate is
withdrawn very slowly from a pool of very dilute solution of cel-
lulose acetate. A layer of polymer is deposited on the plate and
eventually dries into the membrane. Immersion into ice-water bath
is not necessary. The membranes are ultrathin (~1 um), high
density, and with high salt rejections. Thus, it is as though only the
skin of the membrane is cast.

Some important features can be summarized as:

(i) The skin formation is enhanced if the evaporation rate of the
solvent is decreased by some extent. In Loeb-Sourirajan mem-
branes, this is done by decreasing the casting temperatures. In
Sirkar et al. (1978) type membranes, this is done by increasing the
polymer content. A practical limitation exists in either method;
viz., the viscosity of the solution can become too high for the
membrane to be cast.

(ii) Evaporation affects only a thin layer at the surface. This is
proven through membrane (c), where the necessary condition for
the formation of high-density membranes is that they be ultrathin.
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For thick membranes, increased evaporation times only deteriorate
the membranes.

Anderson and Ullman (1973) identified the diffusion of the
solvent in the polymer as the primary reason for the formation of
the skin region. The fact that such diffusion processes are strongly
dependent on the solvent concentration and relaxation times is well
known (Ueberreiter, 1968, Vrentas and Duda, 1979) and could very
well enhance the asymmetry in the membranes as shown by them.
However, the origin of pores is not treated in their model. Such an
attempt has been made by Kesting (1971). Since the solvent
evaporates, the solution precipitates gels. Patches of gels and almost
clear solvent are formed. The latter is leached out on immersion
into the ice-water bath leaving behind clear pores. Since, at the
surface, the rate of solvent depletion is large, the solution smoothly
turns to gel, at a rate faster than the rate of precipitation of the gel.
Further, as the gel has a higher density, it contracts and cracks open
on the surface leaving small pores.

It is interesting to note that Kesting’s mechanism looks at the
migration of polymer molecules; that is, the growth of gel patches
under a driving force which is the gradient of chemical potential.
Both Anderson and Ullman (1973) and Kesting (1971) identified
the shrinkage of the cast material under evaporation as another
mechanism for the bodily movement of the polymer, its potentials
were not explored.

Stevens and others (Stevens et al., 1980; Petty and Stevens, 1980;
Stevens, 1976) and Cohen, Tanny and Prager (1979) have at-
tempted to model the problem, concentrating for the first time on
the pore formation itself. Petty and coworkers assume that the skin
is formed due to the surface tension driven instabilities. Such in-
stabilities on the evaporating interfaces leave clear hexagonal
patterns (Miller, 1978). Such patterns are not seen on the membrane
surface under the electron microscope; instead, randomly arranged
waves of sizes larger than the pore diameters are observed (Katoh
and Suzuki, 1981). They also argue that the backing is formed in
the bath where the bath water (poor solvent) replaces acetone in
the membrane causing supersaturation. On supersaturation the gel
immediately precipitates. The difficulty arises on noting that the
precipitation requires actual migration of polymer molecules
through diffusion. In its entangled form in high-concentration sols,
the diffusivity of the polymer will be very small. Thus, not only the
rate of precipitation will be lower than the rate of formation of
supersaturation, it will probably be the controlling factor. This was
recognized by Cohen et al. (1979) who included both the rate of
formation of the supersaturation and the kinetics of phase change
in their model. The phase change from sol to gel was assumed to
take place not through nucleation and subsequent growth of the
nuclei (precipitation) but through spinodal decomposition, i.e.,
spontaneous decomposition from a thermodynamically unstable
composition.

The model suffers for the following reasons. First, due to the fact
that it stresses the phase behavior (acetone-water-cellulose acetate
ternary diagram) and only through it the swelling properties of the
system, although the latter is known to critically govern the pore
formation (Cabasso, 1981). Secondly, in the sol, the nuclei are al-
ready present and will promote phase change through the growth
of the nuclei rather than through spinodal decomposition. This will
be discussed later in detail. Thirdly, it provides no direct means of
explaining the waves (bumps) on the surface seen by Katoh and
Suzuki (1981).

Even though quantitative experimental results are few against
which a theory may be checked, sufficient experimental obser-
vations exist to evaluate the models. The above models either lack
quantitative analyses or contradict experimental observations. In
the following sections a mechanism is proposed and analyzed. It
attempts to explain the motivations behind the diverse methods
of membrane casting and their effects. Since an analysis is provided
it is possible to evaluate the model. A difficulty is encountered that
relevant physical data could not be obtained. However, with rea-
sonable estimates it is shown that the model can explain all key
features quantitatively. For the first time, thermodynamic and
transport properties are identified, which if known can predict the
nature of the membrane.
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Figure 1a. Coordinate systems used in the stability analysls of skin
formation.

MODEL

It is assumed that the gel is formed by precipitation from a su-
persaturated polymer solution. However, the formation of the gel
is very slow compared to the rate of formation of the skin.

While drying, the system receives random disturbances. It is
shown that such disturbances can grow in the skin during the
evaporation stage, if the rate of evaporation is slow and is accom-
panied by a decrease in volume. Any disturbance can be broken
down into waves of different amplitudes and frequencies. The
important feature is that these growing disturbances deepen into
pores. i the disturbances with smallest wavelengths grow most
rapidly, then most pores would be small. One supposes that the
growth of pores should decay rapidly with time and decay with
the penetration into the film. These would explain the observations
if it could be shown that the rate of growth of the gel is extremely
small compared to the rate of growth of pores in the skin. As
mentioned previously, this would ensure that the solution smoothly
solidifies into the skin.

It is assumed that in the backing gel forms through growth of
gel nuclei in a supersaturated solution. This supersaturated phase
is formed due to low temperatures in the ice-water and moderately
fast replacement of the original solvent by water, which is a poor
solvent. The growth of the gel nuclei is controlled by the diffusion
coefficient Dy, of the polymer in the solution. Since the Dy, is ex-
tremely small, the times taken for the formation of the membrane
gel are very large and expected to be in the range of hours.

SKIN FORMATION

A layer of polymer solution of thickness g is cast on a surface,
Figure 1a. The solution is assumed to be of two components; here
it will be assumed to be of cellulose acetate-acetone. The acetone
evaporates into air. The diffusion coefficient of acetone in air is
very high 1075 m2/s, compared to the diffusion coefficient of ac-
etone in the solution. The latter can be estimated to range from
10710 t0 10716 m2/s (Ueberreiter, 1968). Consequently, the con-
centration of acetone at the surface is extremely low. The basic
evaporation rates can be obtained.

Base Case

The coordinates are shown in Figure la. The concentration
varies only in the normal x-direction, and the origin is located on
the surface. The rate of shrinkage due to evaporation is neglected
as the first approximation. Since the diffusion coefficient of acetone
in the polymer is very small, in the short evaporation times under
consideration, it is assumed that the concentration in the polymer
is at the initial value ¢, except for a small layer at the boundary.
The conservation equation and the initial and boundary conditions
are

oc _ 0 oc
X_O2p%x
ot Ox| O« W
¢ =c¢, (initial concentration) (2)
att =0
¢=c¢, (boundary layer is small) (3)
at X —> <
¢=0 (diffusion in the solution (4)
atx =0 limited transport)
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In the last condition, Eq. 4, it has been assumed that since the dif-
fusion coefficient of the acetone in air is very high, the acetone
concentration at the polymer-air interface is practically zero.

Assuming diffusion coefficient of the solvent D, to be a constant,
solution to Eq. 1 subject to Egs. 2-4 becomes

¢ =c¢,erf

x
75 ®

where erf is the error function. The rate of change of the mem-
brane thickness can be obtained from the conservation of the

nonvolatile polymer,

d a(r)

= dx=0 6
dt j; Ppax (6)

here p,, is the molar density of the polymer in the solution and is

equal to (p — ¢), where p is the total molar density. Using Leibnitz’s
rule of differentiation and the chain rule, Eq. 6 becomes

S 6e=03a+ 6 -ali=o
(C=Ca) (63)

where p, = 0p/dc. Assuming p, to be a constant, and substituting
Eq. 1 for dc/ot,

oc ,
—D(p.—1)=| + (p—¢c)léd =0
(¢ =co)

is obtained. In Eq. 6b, the term dc/dx at x = g has been neglected
in keeping with the earlier assumption that the concentration
gradients are confined to the surface region. Using Eq. 5, Eq. 6b

becomes
vD (7)

oln(p—c)
dlnc

c=c

In Eq. 7, since (p — ¢) increases with decreasing c, the term [ In
{(p —¢)/9 In c]is negative; thus, d is negative, implying a shrinkage.
In the above analysis, the flow and convective effects have been
taken to be very small, since the viscosity is very high. The polymer
moves only through shrinkage.

Stability Analysls

The mechanisms through which the evaporating vapor-liquid
interface become unstable is shown in Figure 1b. A disturbance
on the interface in form of a wave is shown. The disturbance takes
place due to uneven shrinkage. Since the diffusion coefficient D
is very small, the concentration increases sharply from its value of
zero at the interface. Thus, when the disturbance takes place, the
concentration gradient on the crest P is much lower than the
concentration gradient in the trough P’; consequently, the rate of
evaporation at the trough is high. As in this case, when evaporation
is accompanied by a decrease in volume, the trough deepens with
respect to the crest.

In the above process, although the distance through which the

y

J

P (b)

Co
X X

Flgure 1b. Effects of a disturbance in form of a wave on the surface. The
concentration gradient in a trough (P’) becomes steeper.
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acetone must diffuse through the polymer in the trough region is
decreased, the accompanying distance through the air is increased.
For the trough to deepen with respect to the crest, it is necessary
that the diffusional resistance in the polymer be substantially higher
than that in the air. This condition is always met, and it is note-
worthy that the pore-forming ability is enhanced on increasing the
diffusional resistance in the polymer which decreases the base
evaporation rate. This last point has been noted earlier. It is also
unnecessary to cast the membrane in air, as long as the diffusivity
D of the solvent in the polymer is much less than the diffusivity of
the solvent in the surrounding medium. Thus, it has been noted by
Cabasso (1981) that acceptable membranes can also be formed by
quenching them directly in the bath.

In the linear stability analysis that will be undertaken here, it will
be assumed that the system receives arbitrary but small distur-
bances from outside. The latter assumption makes linearization
possible. The sources of disturbances are many, one may for in-
stance cite the action of the rollers. Now, it is important to recognize
that fluctuations in the membrane thickness due to the disturbance
gives rise to fluctuations in the concentration since the two are
related through the principle of conservation of mass. Thus, under
these disturbances, all quantities are perturbed from the base values
obtained in the previous section, and all such perturbations are
related in a unique way whatever be the source of the distur-
bance.

In the analysis below, the perturbed quantities have been de-
noted with primes. Thus, the concentration ¢ in the previous section
becomes ¢ + ¢/, where ¢’ is the perturbed quantity. The new
variablesc + ¢’ and @ + a’ are substituted in Egs. 1-4 and 6. Since
¢ and a themselves satisfy Eqs. 1-4 and 6, these are used to simplify
the new equations, giving rise to the conservation equation

o’ 9%’ 2%’

=D {— 4+ —
ot ox2 ' Qy?
The vapor-liquid interface is at x = a’. The boundary conditions

there are expanded in a Taylor’s series about 2 = 0, and only linear
terms are retained. One has

(8)

c’+gc—a’=0 onx =0 (9)

ox

=0

X —> w

(10

The perturbations may be taken in all generality. However, any
perturbation can be expressed in terms of Fourier series. The dis-
turbances are broken down into waves of different and unknown
amplitudes. Only the disturbance corresponding to an arbitrary
wave number w (or wavelength A = 27 /w) is analyzed; that is, with
¢’ = é(x)etvePt and @’ = det¥eh!, where for simplicity the dis-
turbances have been assumed to exist only in x- and y-directions.
As a part of the solution, 8 is obtainable as a function of w. Thus,
if for a disturbance of wavenumber w, 8 < 0, such disturbances will
disappear with time. The system is then stable with respect to
disturbances of that particular wavenumber. If, however, 5 > 0,
the form of ¢’ and 4’ assures us that the amplitudes increase with
time. The system is then said to be unstable to disturbances of such
wavenumbers leading to the formation of pores. Substituting for
¢’ and a’ in Eqs. 8-10, the solution is obtained as

é= \;%exp (—x w? + g) (11)

The conservation equation for the polymer, Eq. 6a, modifies to

d = a 7 ? —
7 _wdyj;, (p+p —c—cNde=0 (12)

using same procedure as before, and Egs. 6a and 8, one obtains,
= a{d2%’ 2%’
ay|o. -0 f°(55 d
‘I:w Y [(pc ) 0 (ax2 + byz) x

- (p—c)|d’

=0 x=0
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where the fact 92¢/9x2| = 0 has been used. Substituting for ¢’ and
a/’ 0=x

¢ B

(pe~ 1) =" +=0lB8=0 (3)
V7Dt \/?‘f‘ w? x=0
D
is obtained. Rearranging, one has
K2
=1L e

g (WDt w )D (14)

Firstly it is seen that 8 can be greater than zero only because of the
term « which is

L Pple =¢o)
pplc = o)

____lbln (p—c)] (15)

dinc

Secondly, Eq. 13 has also to be satisfied. Rearranging Eq. 13 one

has
N
D v 7Dt

Note that & has to be positive for § to be positive and real. As

mentioned previously, the term 3 In (p — ¢)/d In c in Eq. 15 is

expected to be negative and thus « is indeed positive. In deriving

Eq. 13, the values é(x = @) and dé/dx,=, | have been neglected as

;ppropriate for the thin concentration boundary layer assumed
ere.

(15a)

Results

It is immediately seen in Eq. 14 that the condition under which
disturbance of a particular wavenumber will grow (8 > 0) is given
by k2/7Dt > w?, that is, all wavenumbers smaller than \/«2 /7 Dt.
It is also seen that the growth of an initially developing wave ceases
with time (8 — 0). Since a growing disturbance of wavelength A
(wavenumber w = 27/A) deepens into pores of diameters A/2,
ultrafine pores of diameters ~1 nm can be formed only at short
times. Further, the growth time 7, through which a disturbance
of a given wavelength grows (8 > 0) is obtained by setting 8 = 0

in Eq. 14. The result is
A2 k2
vy =

that is, the disturbance grows from time ¢t = 0to t = 7,.

The question now arises that if in the time available, the dis-
turbance of a given wavelength would grow sufficiently to deepen
into a pore. This is answered through the examination of the am-
plitude of the disturbance, a’ = def«¥e?t. The amplitude is pro-
portional to ef* and is considered in linear stability analysis to be
fully grown if 8t ~ O(1), that is the time dependent contribution
eft is then sufficiently large. Obviously this is no more than an
estimate. One defines a time 7 when the disturbances are fully
grown, as 87 = 1, or from Eq. 14,

3 (A)2 27— 1)
r=|AFE/T =Y
2 Dx?

Comparing Egs. 16a and 16b, it is seen that the time for develop-
ment 7 < 7, the total time of growth. Finally for the physically
realistic case, 7 > 0, or from Eq. 16b

k> (7)

Equation 17 provides a constraint on the solution thermody-
namics.

It is necessary to point out the shortcomings of Eq. 17. Since it
has been obtained from linear stability analysis which is valid ini-
tially, the analysis has been confined to the evolution of the dis-
turbances that occur initially, that is, at time ¢ = 0. The disturbances
that occur at later times are allowed smaller times for growth. Thus
the condition in Eq. 17 assures one that only the disturbances that
arrive at time ¢ = 0 grow into pores. However, it does not say

(16a)

(16b)
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(c)

poor backing
(b)

no skin

SWELLING —

Figure 2. Range AA’ where a proper reverse osmosis membrane can be cast.
K> \/; Is needed for the skin formation. Too high swelling Is bad for the
backing. The cases {a), {b) and (c) represent possible behavior of «.

whether those that arrive at later times grow into pores or not. Since
the pores that develop from disturbances that arrive later than at
t = 0 may be necessary to give the membrane adequately large
number of pores, and since these can form only if « is large, these
mean that in reality « is larger than that suggested by Eq. 17.
Examining « further (Eq. 15), one notes as before that the term
—[dIn (p — ¢)/d In c] is positive and increases with the increasing
ability to swell the polymer. However, the term pp(c = ¢, )/ pp(c
= 0} decreases. Consequently, as shown in Figure 2, k may pass
through a maximum with increasing swelling ability of solvents.
For the skin to occur,  is required to be > v/ . It has been men-
tioned previously that for good backing formation the swelling
ability should not be large. Thus, only the portions marked A A’
in Figure 2 gives rise to a proper membrane. Proper data on « could
not be obtained, except for one set of values on densities of cellulose

- acetate-acetone solution at 30°C (Moore, 1971). From the data,

& was calculated and found to lie between 0.1 to 1. This is below
the value of +/7 but not too far away. This result is not surprising
since acetone alone gives rise to an unacceptably poor membrane
(Sourirajan, 1970).

Since a growing disturbance of wavelength A can deepen into
a pore of diameter of about A/2, Figure 3a, 7 has been plotted

10t

L
104
F
o
° L
H
N L
ta® -
Io—l L 1 L llJlllL L 1 IlLIlI‘
10! o® 10? 104

{1 pm)
A/2 nm —

Figure 3a. Pore formation times 7 in the skin has been plotted against A/2
which Is the length representing a pore diameter. A value of D = 10~ 3 m2/s
and various values of k as shown have been used (Eq. 16b).
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Figure 3b. Formation times 7 for pores with diameter ~1 nm, that is, A/2 ~
1 nm. The bold lines are for D = 10~ 7! m2/s and the dashed line is for D =
102 m?/s.

against A /2 for various values of x and D = 10718 m2/s. Equation
16b has been used to draw the plots. Increasing the values of « or
decreasing D, increases the times to reach pores of a particular
length scale. This is apparent from Eq. 16b. If the evaporation times
run from less than a second to a minute, then pore sizes range up
to ~1 um. The times of pore formation of diameters ~1 nm are
shown in Figure 3b. The speed is seen to be extremely high. The
results on pore size ~1 nm may not be reliable since continuum
formalism cannot be used. However, the results do indicate vir-
tually instantaneous response on the molecular scale.

It is also important to have some estimate for £ the thickness of
the skin since correlations exist relating £ to the membrane per-
formance (Sirkar, 1977). In Eq. 11, it is observed that the distur-
bance disappears in the interior as exp (—xv/ w2 + (/D). Hence
these disturbances can be expected to be confined to thicknesses
£ such that £v/&2 + B/D is large and the exponential term is small.
Setting this term to 1 we have, using Egs. 15a and 16b,

o= (1 - 1)1/2 (18)

2w K2

where k2> 7 from Eq. 17. Thus, £ < A/2m, and if the largest pore
sizes A /2 ~ 1 um, the skin thicknesses are <1 um. In the usual cases
where £ ~ 0.1 um (Lonsdale, 1966), it implies that 0.1 ym is ap-
proximately the largest pore size available.

Finally, in the Appendix, the analysis is extended to include
two-component solvents and a nonvolatile solvating agent. No
additional information is obtained, except that it is seen that a
greater degree of freedom is available in constructing a proper
mixed solvent.

Thus, the key features of the skin formation are explained. It has
been shown that the solvent should evaporate slowly and should
swell the polymer adequately. The evaporation step is shown to
take 1-100 s and the size of the pores formed are of the order of less
than 1 um. Further, increasing evaporation times unnecessarily
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gives rise to pores of large diameters which is known to bring down
the ion retention properties of the membrane. As mentioned pre-
viously the reverse osmosis membranes reject salts during desal-
ination due to pores ~1 nm in the skin. Figure 3b shows that such
pores are formed instantaneously. This is keeping with the results
of Sirkar et al. (1978) who allowed very small exposure times—
down to 0.01 s—and still obtained good desalination membranes.
(The 0.01 s exposure was the minimum that their equipment was
capable of.) Further, since the disturbances of smaller wavelengths
develop first (Eq. 16b), the smaller ones develop into pores, the
larger ones form bumps and the largest would be beyond the scale
of measurement. This has been noted by Katoh and Suzuki (1981)
in their observations under the electron microscope.

FORMATION OF THE BACKING GEL

It is assumed that the gel is formed mainly in the ice-water bath
due to precipitation and growth of the nuclei from a supersaturated
solution. This growth of nuclei is the rate limiting step, limited by
the diffusion coefficient D, of the polymer. As noted earlier, the
movement of polymer molecules occur through a driving force
which is the gradient of chemical potential. The diffusional flux
of the polymers is extremely difficult to model (Vrentas and Duda,
1979). Thus, the diffusion coefficient D,, of polymer molecules will
be taken to be a constant. Although the assumption appears to be
drastic, it preserves the basic nature of the movement of the
polymer. In the high concentration solution, D, is expected to be
extremely low (Ueberreiter, 1968), much lower than the diffusion
coefficient D of the small solvent molecules. Since the lower reaches
of D is of the order of 10716 m2/s, D, can be assumed to be no
smaller than 10716 m2/s. Thus, the times of gel formation can be
a priori assumed to be extremely high and the rates extremely
low.

Since the diffusion coefficient of the solvent(s) is much higher
than D,,, the solvent is in equilibrium. The supersaturation occurs
both because the ice-water bath temperatures are very low and
because the bath liquid (water) replaces the original solvent in-
stantaneously (relatively) and as water is a very poor solvent, the
polymer concentration is above saturation.

Due to the fact that the rate of growth of the nuclei is very small,
it can be assumed that all nuclei are formed initially. It is known
that even diluted solutions of cellulose acetate (~1 wt. %) carries
microscopic patches of gel (Moore, 1971; Sourirajan, 1970). Further
nucleation is facilitated by the presence of inorganic salts. It is as-
sumed that the number of nuclei do not change with time.

The problem now reduces to a maoving boundary mass transfer
problem. Obviously this is a highly simplified picture, although
the basic mechanism of gel formation mechanism is retained. An
additional condition exists that as the nuclei grow the polymer
content of the solution depletes with time. The exact problem is
very difficult to solve, however, the ingeneous approximate solution
obtained by Wert and Zener (1950) makes that unnecessary.

Solution

The flux J, at the surface of a particle is

= Ppgde
P @ (19)
where A and v are the surface area and the volume of a growing
nucleus. If b(t) is its radius, A = 47wb2 and v = 4/37b% Equation
19 becomes
db
Jp = Ppg T (20)

where p,, is the molar density of the polymer in the gel (nucleus).
Jp isalso

=p. 2P
]p Dp dr (21)
r=hb
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where 7 is the radius in spherical coordinates with its origin at the
center of the spherical nucleus. If n, the number of nuclei per unit
volume is adequately low, the boundary layers of two neighboring
nuclei do not intersect. Thus under quasistatic conditions the
conservation equation in the solution becomes

12 (,2 9&1) =0 (22)
r20r or

subject to the boundary conditions that

Ppl = Ppe {Concentration in the solution
r=b in equilibrium with gel, i.e.,
the solubility of the polymer) (23)
ppl = pp(t) (Concentration in the bulk
(24)
7> ® away from the nucleus)
The solution is
. b
op =p; —(0p — ppe); (25)
An average {p,) can be found, defined by the balance
4
Ppo — (pp) = NPpg (g Wbs) (26)

where n(4/37b3) « 1 and pp, is the initial concentration of the
polymer in the solution. If it is assumed that p,, far from a nucleus
is ~{pp ), pp = {pp). Defining conversion X with

1_X=<;O>—pe (@7)
Ppo ~ Ppe
one has,
dX 1 d
E—*ma(ﬂp) (28a)

Replacing {p,) in Eq. 28a from Eq. 26

dX _ n4mpy, bz@

(28b)
dt Ppo — Ppe di

is obtained.

Eliminating db/dt in Eq. 28b with Egs. 20, 21, and 25, and b2 with

Eq. 26, and using Eq. 27, one has

X-V3 dx

1-X] B_t- = [4872(ppo — Ppe)/ppgll/snz/SDp (29)

Equation 29 has to be integrated numerically. Instead of doing that,

the asympototic solution of Wert and Zener (1950) for large X can

be used (see also Fine, 1964). Thus, at advanced stages of gel for-

mation

In(1-X)
= — 30
' 2{4872(/’;;0 - ppe)/ppg]l/snz/st (30)
and
0.5In (2) @1)

T =
[487r2(ppo - ppe)/Ppg]l/an2/3Dp
where 7 is the time required for 50% of the polymer to turn into
gel.

Results

A very important conclusion can be drawn from the nature of
n, the equilibrium number of nuclei per unit volume. If A is the
average center-to-center distance between nuclei, it would also be
a scale representative of the pore sizes. One may write that

n = A8 (32)

The largest possible number of nuclei per unit volume is n,, the
number of polymer molecules per unit volume. For a 30% cellulose
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Figure 4. Backing formation times 7 for completion of half the gel formation
has been plotted against repr tative pore dimension A[1 — (6pp./
% Ppg)V%). Values used are: (a) D, = 10" m?/s and p,o/ ppg = 0.5; (b) D,
= 1071 m?/s and ppo/ ppy = 0.5; and (¢) D, = 107" m?/s and poo/ ppg =
0.2. For cases (a) and (b), the nuclel densities n have been shown at the top.
in {c}), n has been shown on the plot. py, is zero in all cases. Although D, =
1014 m?/s Is an unrealistic value, it has been shown for comparison.
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Figure 5. Representative pore length scale In the backing A[(1 — (6 ppo/

% Ppg ) /3] has been plotted against ppo/ ppg. For ppo/ ppg > 0.524 (= 7/6),
the nuclel fuse and more blocked pores are obtained.

acetate solution of molecular weight ~10° and density ~10% kg/m?,
n; works out to ~10'8 per em3. Hence, A >>> 10 nm; 10 nm
belongs to the upper reaches of the pore sizes formed in the evap-
oration stage. The pore sizes are better estimated as A — 2b, ...
Since ¢t — «, (p,) — 0, from Eq. 26, b — N(3pu0/47 ppg)'/8.
Thus, the pore sizes ~\[1 — (60,0/ T ppg)'/3]. Estimates of n are
difficult to obtain. For the metallurgical systems studied by Wert
and Zener (1950), n ~ 10* per cm3. For sucrose in water and other
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similar solvents n ranges from 10 to 108 per cm® (van Hook, 1961).
In all it may be estimated that n lies from 102 to 108 per cm?, that
is A ~ 0.1 to 103 um. In Figure 4, 7 has been plotted against A[1 —
(60po/ T Ppg)'/?] from Eq. 31. It is seen that the times for gel for-
mation are very high, being >>105 5. One supposes that this could
be decreased by submerging the membrane subsequently in hot
water bath and hence increasing the value of D,,.

As mentioned previously an important criterion in the backing
formation is the extent of swelling in the gel (Kesting, 1971). In
Figure 5, the pore size estimates

-]

T Pps

have been plotted against (0po/ppg). Since pp, and ppg are the
polymer densities in the casting solution and the final gel respec-
tively, ppo/ Ppg < 1 increasing with increased amount of swelling
in the gel. In Figure 5 it is seen that the pore dimension decreases
with increased swelling in the gel. If

(Bm > I (=0.524), (33)
Ppgl 6

then the neighboring nuclei will fuse and blocked pores will form.
This substantiates the observation that solvents which give swollen
gels (good solvents) give rise to poor backing with irregular and
walled-up pores.

SUMMARY

It is shown that the evaporation combined with the decrease in
volume gives rise to the pores in the skin. The pores are small and
they grow for only short times. The orders of magnitude of the pore
sizes, the skin thicknesses, and the evaporation times agree well with
the experiments. A factor k related to the polymer swelling is
identified which is of great importance. Too low values of  (low
swelling) prevent the formation of the skin. High swelling causes
the formation of poor backing material. The times of formation
of the gel backing calculated from estimated values of the pa-
rameters agree reasonably with the observations.

The results emphasize the importance on the solvating and
swelling properties of the solvent. Skin formation is dependent on
the solution satisfying a swelling criterion (Eq. 17). The formation
of well-defined pores in the backing gel is also governed by
swelling.

NOTATION

A = surface area of a growing nucleus

a,d = membrane thickness and its rate of change
b = radius of a nucleus

= concentration of a solvent

= initial concentration of the solvent

= diffusion coefficient of the solvent

= diffusion coefficient of the polymer in the solution
= flux of the polymer

= magnitude of the skin thickness

= number of nuclei per unit volume

radial distance from the center of a nucleus
time

volume of a growing nucleus

= coordinate in the normal direction

= degree of gel formation, Eq. [26]

= coordinate in the tangential direction

B

nuoa

®R MRS TN IRS~OEE O
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Greek Letters

B8 = rate of growth of a disturbance

K = see Eq. 15

A = wavelength of the disturbance

A = center-to-center distance between neighboring
nuclei

p = total molar concentration

Pp = molar concentration of the polymer
op

Pe ¢

Ppg = concentration of the polymer in the gel

Ppe = solubility of the polymer in water

Pro = initial concentration of the polymer

{pp) = average polymer concentration in the solution

Tg = times available for pore growth

T = times for establishing pores

w = wavenumber 2w A~!

Superscripts

’ = fluctuations

" = x-dependent or constant part of the fluctuations

* = quantities far from a nucleus

APPENDIX

The stability conditions under evaporation are derived for
two-component solvents. The procedure follows the same method
as for a single-component solvent derived in the text. The conser-
vation equations, initial and boundary conditions for a two-com-
ponent solvent are,

bcl 3261
Xi_p, L Al
ot lox? (A1)
502 0202
— =Dy——= A2
ot % ox2 (A2)
Cl| =C10
A3
t=0 (A3)
Czl = C20
A4
t=0 (Ad)
c1=c¢c3=0 onx=0 (A5, A6)
01| =cC1o (AT)
x—> o
c2] = c20 (A8)
x —» 00
The solutions are
x
¢y = cyperf A9
1= cwert 7= (A9)
x
Cg = cgg erf Al0
2=Cgoe€ JiDa (A10)
Under perturbation, the conservation equations become
. 2 g
b_C! =D, 04c) 0o C) (All)
ot ox2  dy?]
dcy 2%y 32,
s _p, |22, 972 Al2
ot Zloxz T oy (A12)

subject to the conditions of zero concentration on the surface,
y I oc 1 l ,

—_— =0 Al3
clx =0 t ox x=0 a ( )
’ ] 302 ‘
—_—= T=0 Al4
“%=0"xz=0 ° (Al4)
and zero concentrations far away from the surface,
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al =0 (A15)
x — o
cal =0 (A16)
x —>

The solutions are in the form ¢} = &,(x)e'Y%eP!, c; = éox)e*ve s,
and a’ = de'“veft, and

A —C10d 2 6 )

= —x w? 4+ — Al7
“ wDt exp ( \/ D, (ALT)
A _CZ(ﬁ 2 B )

=—— —x w2 4 — Al8
Co ] exp ( \/ D, (A18)

The basic rate of shrinkage is obtained from the conservation
of the polymer, or

d a _
aj; {(p—c1—codx=0

Under perturbation, one obtains a similar equation

a dc) dcy
-t —-1)=2
‘£ [(pcl ) ot + (Pcs ) ot

—(p—c1—cg)
x

(A19)

|=0 @’ =0 (A20)

The rest is straightforward. Equations A11, A12, A17 and A18 are
used to obtain

1= (A21)
\/ﬁf\/~+ o \/?u—\/—+ o
where
Ky = — dln(p—ci—cy)| ppler=ciocs= C0) (A22)
oln C1 pp(Cl 0 Cg = 0)
€1 =2¢C10
Ca = Coo
dln(p—c1=ca)| ppler = ci0 03 = C20)
= - A23
k2 dlncy pplcr =0,c2=0) (AZ5)
€1 =C1o
C2 = Cg0

In deriving Eq. A21, the approximations é;(x = a) = és(x = a) =
0, déy/dx(x = a) = dé1/dx(x = a) = 0 have been used in keeping
with the assumption of small boundary layer. Further, the results
that 9%, /0x2%|,=0 = 0%2/0x2|:=0 = 0 have been used.

If 1 refers to acetone and 2 to a second component, then writing
Kz a5 K2 = ~C20/Pplcy = 0, c2 = 0)-0(p — €1 — €2)/ dC2|cy=cioca=cn
one observes that ks — 0 as cgo — 0; in that limit Eq. A21 reduces
to Eq. 13a. At small wavelengths (or large w), Eq. A21 reduces
to

B~ 2w? —| -1 (A249)

K1 Kg

wovaDyt |\ wvaDat ] { Dz
Although Eq. A24 looks somewhat different from Eq. 14, no fea-
tures qualitatively different from a single component solvent can
be obtained. Essentially choosing two component solvent provides
sufficient flexibility in overcoming thermodynamic constraint such
as Eq. 17, as well as providing the right evaporation rates. The
constants k; and k3 can be further modified by adding a nonvolatile
inorganic salt.

Following a procedure set earlier, 7 the times of pore formation
is given by

8wz _ [_, Bw?
7’=2E2—%'—2K Kz——_DT (A25)
Where k = k1 /w\/7D; + ko/w/7Dzand D = [Di! + D71]™!
It is required that k2 > 1/2Dw? or that
1
At Aol e

If £ is the thickness of the skin such that € /3/D; + w2 ~
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£ \/B/Dq + &2 ~ 1 then from Eqs. A17 and A18 and using Eq.
A21

K1 Ka
+
vVw*DiT A 7wDo7

where time t has to be set to 7 given by Eq. A25.

£= (A27)
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