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1. INTRODUCTION

1.1 MEMBRANE FILTRATION

A membrane (from Latin membrana: skin of body) can be
defined as a selective barrier to transport between' two
phases (see Figure 1). A fluid solution (feed) under pres-
sure is brought into contact with the membrane. The (syn-
thetic) membrane is a thin solid layer of a suitable poly~-
mer., The properties of the membrane are such that one or
more components of the solution can pass through the mem-
brane whereas others are rejected. An ideal membrane re-

jects completely the component to be removed from the solu-
tion. -

membrane

feed —=[{00 8500 [0Q0 @ | concentrate

permeate

FIG.1. Membrane filtration.

{microfiltration

[ ultrafittration |

01 1 10 100 1000
. —s nominal pore diameter (nm)

FIG.2 Classification of membrane according to nominal

pore diameter.

13



Several membrane filtration processes can be dis-
tinguished. These can be classified on the basis of the
size of the "particles" To be separatéd (Figure 2) or of
the applied pressure (Table 1).''Microfiltration is applied
in filtration of suspensions and sterile filtration of bio-
logical solutions. Rather large particles can be removed
from the solution. Ultrafiltration is a membrane process
for filtration of 'high wmolecular weight solutions, e.g.
protein solutions. For separation in systems with low mole-
cular weight components reverse osmosis (or hyperfiltration)

is used.

particle diameter ~ pressure  specific flux

(nm) {bar)  (m3/mZday.bar)
microfiliration >50 02-& >1
uttrafiltration 1-100 2-7 01-05
reverse 0SMosis 02-1 ) 7-100 - <005

Table 1¢ Classification of nembrane filtration according to

applied pressure and specific flux.

In Figuré 3 (by courtesy of H.Heskamp) the principle of
reverse osmosis (or hyperfiltration) is given. In low mole-
cular weight systems the osmotic pressure can be very high,
e.g. seawater has an osmotic pressure of about 27 bar.

A larger pressure than the osmotic pressure has to be
exerted on the salt solution to obbtain a pure water product

flux through the membrane.

In fact the membranes mentioned in Figure 1 form a con-
tinuum in properties, ranging from coarse filters with well-
defined pore diameters to essentially non-porous membranes.
The latter perform a separation on the basis of the physico-
chemical pfoperties of the permeants and the membrane mate-

rial rather than on the size of the permeants.

14



0smosis reverse 0SMOSIS

3 p>Al Y

[
semi~permeable membrane

FIG.3. Principle of reverse osmosis.

Membrane filtration has been applied on an increasing-
1y wider scale in recent years to purify water and to reco-
ver valuable materials from aqueous solutions.

Some typical examples of industrial applications in
The Netherlands are:

- production of process water for greenhouses from brackish
ground water, or potable water;

- concentration énd separation of product streams in the
food industry: raw milk, skimmed milk and whey; -

- recovery of indigo dye from waste water;

- concentration and fractionation of starches and proteins;

- treatment of oll/water emulsions.

Advantages of membrane filtration are:

- it is a relatively simple technique, and works at ambient
temperatureé

- only a small amount of energy is required;
- continuous upscaling is feasible.

In the near future we might expect application of mem-
brane filtration on an industrial scale in the field of gas
separation, separation in non-aqueous systems and ethanol-

water separation.
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The three types of membranes mentioned above are usual-
ly produced by a very similar process. A film of a concen-
trated polymer solution (the casting solution) is cast on a
supporting surface and is precipitated by a nonsolvent in a
contrelled way. With microfiltration membranes precipitation
is achieved by imbition of water from a humid atmosphere.
This process is rather slow and a rather open porous symme-
tric structure will result (see Chapter 2, the membrane for-
mation process operative is liquid-liquid phase separation).

In the Loeb-Sourirajan process?), which is generally
used in the preparation of reverse osmosis or ultrafiltra-
tion membranes, precipitation occurs through immersion of
the film in a nonsolvent bath. Precipitation is quite rapid.
In a number of cases, depending on the choice of the poly-
mer/solvent/nonsolvent system, the result is a membrane'ﬁith
a so-called asymmetric structure: a very thin (0.2-0.5 um)
and relatively dense toplayer or "skin", supported by a
sponge~-like substructure (thickness>100 um) (Figure 4).

DT o _ "

- —=—-POROUS
SUBLAYER

FIG.L. Cross-section of an asymmetric membrane.

The toplayer determines the degree of permselectivity,

defined by the degree of salt rejection at a given water

16



flux for desalting membranes. The porous sublayer does not
contribute to the selectivity of the membrane, but it is im-
portant because of the mechanical strength necessary to

withstand high pressures.

1.2 ASYMMETRIC MEMBRANES. AND THEIR CHARACTERIZATION

The asymmetry of the membrane can be shown by elec-
_tron-microscope photographs (as the built-up of two lay-

ers) as well as in the transport properties of the membrane.
One can show the asymmetry 1in the transport properties by
placing the membrane upside down in reverse osmosis opera-
tion. Because of the high internal concentration polariza-
tion (the accumulation of salt in the porous sublayer). the
rejection of the membrane then becomes very small, and shows
a maximum as a funchtion of the volume flux. This is a proof
of the existence of asymmetry.®)

Not only is the dense toplayer responsible for the perm-
selectivity of the membrane, it 1s also the main barrier
for water transport. Up to this moment it is still very
difficultnto characterize the skin properly in terms of its
structure and thickness and the relation of these properties
with transport properties. Although the existence of the a-
symmetry can be shown by electron-microscopy no reliable es-
timate of the skin thickness can be deduced with this tech-
nique.

Many authors have found that the toplayer of ultrafil-
tration and reverse osmosis membranes consists of a so-cal-
led nodular morphology, which is a packing of more or less
spherical particles, each of at least 20 nm in diameter. An
exanple is to be found in Chapter 2 (Figure 5). Some authors
claim that this structure 1is the desired morphology fbr ef-
fective membranes.*' Nodules of cellulose acetate (CA) with
a diameter of 20 nm would incorporate about 100 coils with
i, = 40.000.

Interpretation of the electron-microscope photographs

17



can lead to the conclusion +that the nodules are hard sphe-
res. This might be a good iInterpretation for ultrafiltra-
tion membranes, generally comsisting of more hydrophobic po-
lymeric materials. In this way Bargeman et al.®) could give
estimates of the skin thickness of poly(2,6-dimethyl-1,4-
phenylene oxide) membranes from a combined observation of
transport behaviour, size of the nodules from scanning elec-
tron-microscopy and pore radii obtained from gas adsorption
‘measurements., |

For reverse osmosls membranes interpretation in terms'
of hard spheres seems less likely. The pore radii calcula-
ted from electron-microscopy are much too high (2 nm). The
nominal pore radii calculated from transport measurements
are comparable to the segmental cross section of the polymer
molecule (< 1 nm for CA). »

Clearly one cannot apply Poiseuille's law in this region as
a fixed pore is not very likely.®}

For reverse osmosis membranes it is probably better to
visualize +the nodular structure as a layer with a more or
less regular distribution of segments with regions of low
and high order and without a fixed pore structure. A point
which should be stressed here i1s that no systematic study
has appeared in the literature in which variation in the no-
dular structure (e.g. size of the nodules) has been corre-
lated with concurrently obtained differences in transport

properties.

1.3 SEPARATION MECHANISM OF REVERSE OSMOSIS MEMBRANES

Before we come to the subject described in this thesis
we would like +to devote a few words to another very basic
problem: the mechanism of selectivity of reverse osmosis
(here: salt rejecting) membranes.

The problem of a good characterization of the toplayer
(structure and thickness of the skin) is closely related to

uncertainties about the precise separation mechanism of re-

18



verse osmosis membranes. Possible structures in membranes

found with electron—miéfoscopy are illustrated in Figure 5.
The structures can be observed in the toplayer in the case
of asymmetric membranes or in the whole membrane cross-sec-

tion in the case of symmetric membranes.

FIG.5. Schematic representation of the cross-section of dif-
ferent membrane structures: (a) cylindrical pore mem-
brane; (b) nodular structure; (c) spongelike struc-
ture; (d) nonporous membrane.

Concerning the separation mechanism there are several

schools of thought of which we give two examples:

a.?referential'Sorption—capillarv flow (PSCF) model.
Sourirajan’' suggested that water is preferentially adsor-

bed ontc the membrane pore walls. In this water layer, with

-thickness of several monolayers, hydrated salt-ions are ex-
cluded. In the toplayer of the membrane pores may then exist
through which salt-ions can move vwhen the pore diameter is
more than twice the thickness of the preferentially adsor-
bed wéﬁer layer. If only porés are present with a diameter
smaller than this-value, selective permeation of water and
therefore a positive salt rejection will result.

The effective pore radius is assumed to be about 2 nm in
diameter. The model has not been proved experimentally, as
has been remarked quite correctly by Belfort®): "There is’

19



no direct evidence %o suppord PSCF for solute separation”,

b. Solution-diffusion model.?)

In this (black box) description the transport properties
are determined by large differences in permeability of wa-
ter and solute. The permeability is determined by two fac-
tors, diffusion and solubility. These two factors are not
independent; a high solubility (i.e., swelling) for water
favours also the diffusion of dissolved materials. Lonsdale
et al.?)state that the transport properties of the toplayer
of a reverse osmosis membrane can be compared with those of
a homogeneous film,obtained by evaporation of the solvent,
of the same membrane material. The basic transport relations
are given below.

The driving force for permeation of water is the net
pressure difference, Ap-Am, where Ap is the applied pressure
difference and Am is the osmotic pressure difference.

The waterflux can be represented by®):
D.C v _(Ap-Am)
Jw - WW W (1)
RT AX

where Dw is the diffusion coefficient of wéter and Cw is
the solubility of water in the membrane, v is the partial
wolar volume of water in the feed solution, and AX is the
effgctive membrane thickness. The water/membrane solution
is éssumed to obey (ideal) dilute solution laws;

The driving force for salt permeation is the concentra-
tion difference Acs across the membréne:

;o DsK Ac , (2)
s AX

where K is the membrane solution partition coefficient for
salt, and DS is the diffusion coefficient of salt in the
membrane matrix. The standard index for the membrane selec-

tivity is the degree of salt rejection, R, defined as:

s’ "feed (3)
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where c refers to the salt concentration. in the feed.

feed
Substitution of equations (1) and (R) into equation (3)
gives:
7 Ac ' D KRT =1
Ro= ——f— = 11 + —5- (4)
J Ae tT oDwavw(Ap—Aﬂ)

The salt rejection increases with increasing pressure diffe-
rence. From equation (4) it follows that the salt rejection
approaches unity for Ap»>». However, at very large pressure
the assumption underlying equation (2).,1.e. §SAp<<RTA(1noS),
is no longer fulfilled; Gs is the partial molar volume of
salt in the solution. For Ap»>x one obtaines:

c_. KD ¥
R - - [ permeate] = 1- s s (5)
max : - =

lcfeed JAp+w Cwavw

Equation (5) gives the expected maximum degree of salt re-
jection fora given membrane. ‘

For the determination of the various parameters the
model makes use of the supposition that the transport pro-
perties of the toplayer of an asymmetric membrane and those
of a homogeneous dense film of the same polymer material are
very similar. The solution-diffusion model gives a good phe-
nomenological description of the reverse osmosis process.
If intrinsic transport properties for the polymer are known
(solubilities and diffusion coefficients of water and dis-
solved salts) one can estimate water- and salt flux from e-
gquations (1) and (2) for asymmetric reverse osmosis membra-
nes with a skin of a certain thickness.

What ig lacking however is a bridge between the ther-
modynamic and kinetic coefficients used in the model and the
molecular transport process in the membrane. What we would

like to have is a precise description of the toplayer, its
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- structure characteristics in relation to the formation pro-
cess of the membrane and the ultimate transport properties.
A homogeneous model such as the solution-diffusion model does
not give a satisfactory understanding of the effect of chan-
ging the process variables during membrane formation. For
instance, one can drastically change the transport proper-
ties; even of homogeneous films, by varying the solvent of
the solution from which +the membrane is cast?) (see also
Chapter 6). By using additives to the casting solution one
can obtain a membrane with a waterflux of more than

0.15 m®/m?.day.bar (a factor five higher than without the
additive) though with a salt rejection of only 70%.'%)

These values cannot be understood with the help of equations
(1)-{4) unless DW,GW,DS ‘
varying for membranes prepared from the same polymer.

and K are made empirical quantities,

Our view is that the toplayer of a reverse osmosis mem-
brane is a moderately swollen fine mazed gel of randomly en-
tangled and crosslinked chains. Locally there are regions
with low and reglons with higher polymer order, <+the latter
probably of a crystalline nature. The chains between cross-
link points are flexible encugh so that chain segments take
part as osmotlcally active components in the Brownian moti-
on in the system. Such a membrane has no fixed pore struc-
ture and flow takes place in the membrane matrix. The fric-
tion for molecular transport depends on the rigidity or

flexibility of the chalins between crosslinks.

1.4 DESIRED PROPERTIES OF REVERSE OSMOSIS MEMBRANE MATE-
RIALS

In the past the search for membrane materials with fa-
vourable transport properties has largely been based on em-
pirical research. This situation is still continuing. Un-
fortunately there are only vague correlations avallable be-
tween physico—chemical properties of the polymer and the

reverse osomosis transport properties.
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There is only little pertinent material which may'be
of help to us. Two groups of polymers which are mostly used
are cellulose acetates (CA; degree of substitution 2.4-2.8)
and polyamides.

a. degree of hydrophylicity:

Both materials are moderately hydrophylic. Cellulose aceta-
te sorbs 10-15% water at saturated water vapour pressure.
Polyamides adsorb two to three times as much, see Table 2.

b. differences in salt and water diffusion coefficients:

Values are given in Table 2. The permeability to NaCl (DSK)
is at least three orders of magnitude lower than that of
water (DWGW). The salt diffusivity of the polyamides is lo-
wer, which may be due to a stiffer backbone of the molecule.

c. waterclustering:

The best membrane materials adsorb water without clustering.
Large aqueous domains, which could dissolve salt, must be

avoided.?27t")

The number of papers on the intrinsic transport properties
of reverse osmosis membrane materials is very limited. We
would like to argue here that a logical step in the develop-
ment of new reverse osmosis membranes is to determine befo-
rehand whether a polymer has suitable permselective proper-
ties. The next step is to prepare an effective asymmetric
membrane or to use this polymer as a toplayer for a compo-
gsite membrane.

In Table 2 also values for the product flux and the
degree of rejection are given calculated from equations (1)
and (4). We have assumed a skin thickness of 0.1 um. The de-
gree of rejection is a limiting value, under the prevailing
experimental conditions, for a +toplayer free of imperfec-
tions. Imperfections considerably reduce the rejection va-
lue, but not the waterflux. The waterflux through the top-
layer is assumed to have the same value as that of a dense

23
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film of the same membrane material obtained by evaporation.
Only by reducing the thickness of the toplayer a higher pro-
duct flux at the same rejection value might be expected.
Changing the structure of the toplayer in some way might re-
Sult in a higher flux but inevitably has also a diminishing
effect on the degree of rejection.

1.5 OBJECT OF THIS THESIS

"Although successful developments in the field of com-
posite membranes take ﬁlace there is still a need for new,
preferably more resistant, asymmetric membranes. Two sepa-
rate developments have been followed in the past. On the
one hand one tries to prepare asymmetric membranes with a
skin as thin as possible, i.e. optimizing the flux at a gi-
ven salt rejection value. The second approach is to optimi-
ze membrane surface. area per unit of volume by preparing
membranes which can be packed densely in the equipment used.
The latter membranes are usually in the form of hollow fi-
bres, which have a relatively low water flux, 0.1 m®/m?.day
or less, compared to 1 m®/m?.day for flat membranes (sea
water desalination at 60 bar; rejection > 99%).

This thesis tries to give a contribution to the explana-
tion and, if possible, the prediction of the formation of
the asymmetric structure of reverse osmosis (and ultrafil-
tration) membranes: We shall investigate the thermodynamics
and the kinetics of the demixing process of membrane mate-
rials in solution and the relation between the conditions
of the preparation process and the resulting structure of
the membrane.

In order to make the thermodynamic description ' of the
membrane forming system not too complex we study primarily
ternary systems consisting of polymer/solvent/nonsolvent.
The membranes prepared have no optimal flux and rejection
.properties. For effective membrane preparation usually extra

components are added to the casting solution (e.g. formami-
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. de, inorganic salts or carboxylic acids to solutions of CA
in solvents such as acetone or dioxane). In our researchap-
proach this means studying the influence of these additiveé
on the thermodynamics and the kinetics of the demixing pro-
cesses.,

In this thesis the experimental work has been concen-
trated on cellulose acetate, a widely used membrane materi-
al. Little is known, however, about the demixing processes
and their quantative description.

Improvement of CA membranes is still possible and desira-
ble. We mention three possible improvements which can be the

result of fundamental studies, like the present one:

a. wet=-dry reversibility.

Normal CA membranes have Lo be stored wet. Air drying cau-
ses irreversible deterioration of the transport properties.
This is probably due +to collapse of the polymer matrix in
an intermediate layer between skin and porous sublayer con-
taining small, irregular pores. One might achieve improve-
ments by trying to enlarge the pore diameter in this inter-
mediate layer. One way to achieve this is to control liquid-
liquid phase separation, the process responsible for the
formation of the porous sublayer, as will be shown in Chap-
ter 2.

b. pressure retarded osmosis.

A possible way of gaining energy from a gradient in salt
concentration 1is the application of membranes in pressure
retarded osmosis..In’this process a salt solution is brought
into contact with a solution which has a lower salt concen-
tration. Osmosis- through the membrane results in an osmotic
pressure buil+t-up which is converted to electric power by a
turbine. From the study of Lee et al.'®) it appears that CA
membranes offer a'comparatively good perspective, because
of the relatively porous sublayer which keeps the internal
concentration polarisation within reasonable limits. To make

the process economically feasible considerable progress
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should be achieved in the quality of the membranes. The de-

gired properties are:

- sufficient high rejection for salt, about 90%;

- high water flux, of about one order of magnitude higher
than membranes which are available today: more than
50 em/h (0.17m3*/m?.day.atm at 70 bar and 3.5 wt% NaCl);

- a very porous sublayer. This is in principle possible
with membranes prepared from dioxane-based casting solu-
tions (cp. Chapter 3, section 3.5).

c. improvement of‘reproducibilitv in membrane preparation.

The approach followed in this thesis might result in a
better understanding of factors which influence reproduci-
bility. Such factors are:
-~ presence of water in the casting solution or in the cas- -
ting atmosphere; ,
- evaporation time before coagulation;
- effect of changing coagulation temperature;
- influence of additi&es-to the casting solution;
- explanation of the pfesence of finger-like cavities
(macro voids), which possibly may cause pinhole (= leak)

formation when high pressures are applied.

1.6 LITERATURE SURVEY

An analysis of different approaches in the literature
for the formation of the asymmetry of the membrane shows
that phase separation processes and diffusion during coagu-
lation should be studied in detail. ,

Three views on the formation of the toplayer of asymme-
tric membrane are:

a. The asymmetry is already present in the cast film of the
concentrated polymer solution before precipitation takes
~place. Further steps in the preparation process, such as
coagulation and heat treatment, will only fix the already

27



existing ésymmetry. Representatives of this approach are

Panar*) (nodular morphology) and Tanny.!®)

b. The skin is formed through evaporation from the upper layer
of the cast film. The duration and the conditions of the
evaporation step determine to a great extemt the resulting
properties of the membrane. This approach is followed by
Sourirajan'”) and Kunst'®' (solution structure-evaporation

rate concept), Kesting'®! and Anderson.?®}

c. The coagulation process is responsible for the formation
of the asymmetry. Skin formation and formation of the po-
rous sublayer are the result of a complex interplay of
phase separation and diffusional processes. Authors who

have made important contributions are Frommer?!),

Strathmann22)and Koenhen.?3%?

We do not agree that solvent evaporation in general is a ne-
cessary step to induce the formation of the asymmetric
structure., The following objections.can be made:

- One can prepare excellent asymmetric membranes from poly-
mer/solvent/nonsolvent systems in which evaporation of
the solvent is negligible, e.g. polysulfone/DMF/water and
cellulose acetate/dioxane/water.

- Also systems with a volatile solvent (CA/acetone-formami-
de/water) cast and coagulated under circumstances that
the atmosphere is saturated with the solvent acetone give
excellent asymmetric membranes (Sarbolouki?™*)).

- Asymmetric hollow fibres with a skin at the interior can
be made which have had no contaect with alr during the pre-

paration (Strathmann2?°®Y).

However, in order to prepare an effective membrane it
might be very useful to allow for evaporation in specific
systems. - Most of the experiments in this thesis have been

performed using a CA system in which the solvent is dioxane,

which has a negligible evaporation.
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The degree of structure formation in the casting solu-
tion depends on the thefmodynamics of the system at hand: a
polymer in a solvent/nonsolvent mixture. It is known that a
number of membrane forming polymers (CA,PSn,PP0) crystalli-
ze at higher polymer concentration (see e.g. Chapter 2). We
might expect that at lower polymer concentrations, in the
casting solution , a certain degree of assoclation is pre-
sent, since we assume that the interaction forces do not
differ from those at high polymer concentration.

In our opinion the effect of nonsolvent of this struc-
ture formation cannot be ignored, as hag been done by Kunst.
Structurization can strongly be influenced by adding non-
solvent to polymer solutions. An example is to be found in
the work of McKay et al.?®)for the system polyacrylonitrile/
DMF/water, an ultrafiltration membrane forming system. The
gelpoint in this system is about 5% water at a polymer con-
centration of 10%. Adding a much smaller amount to a solu-
tion of PAN in DMF gives already large changes in the rheo-
logical behaviour on the solution, probably caused by some
kind of network formation in the solution.

At this point we conclude +that basic information on
the formation of the asymmetric structure should originate
from studies of ﬁhe processes taking place during the coa-

gulation step of the membrane formation process.

1.7 HYPOTHESIS ON THE FORMATION MECHANISM OF ASYMMETRIC
MEMBRANES

In Chapter 2 we will deal extensively with the general
picture of the formation of asymmetric membranes. Here we
only review what is needed to understand the structure of
this thesis.

Following Koenhen et al.?®)we hypothesize that two dis-
tinctly different demixing processes determine the formation
of the asymmetry of the membrane. These are illustrated in
Figure 6. ' '
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FIG.6. Formation of asymmetric membranes.

I, After immersing the cast film in a nonsolvent batha large a-
mount of solvent exchanges with a relatively small amount of non-
solvent in the upper layer of the film. The localvcomposi—
tion enters the region where gelation takes place, probably
through local crystallization, and the skin layer is being
formed.

II. Further processes in the polymer film below the skin
take place at polymer concentrations much less enhanced than
in the skin. By diffusion of nonsolvent from the coagulation
bath <through the initially formed skin into the sublayer,
the composition changes continuously and reaches the criti-

cal value needed for liguid-liguid phése separation. Through

nucleation and growth of the dilute phase pores are formed
in the sublayer. The growth of droplets of the.dilute phase
is limited by gelation of the surrounding polymer rich @hase.
" Partial coalescence of the droplets gives a structure of con-

-nected open pores.
This thesis will give evidence of this hypothesis by

trying to establish the occurrence of these separate proces-

ses and to give a thermodynamic description for them. The
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next step is to gather information about the kinetic as-
pects. The kinetics of the procesgses determine which of
them is favoured most (cp. Chapter 2). We assume that the
main driving force for gelation 1is the polymer concentra-
tion (supersaturation) whereas the driving force for liquid-
liquid phase separation is the nonsolvent content of the

system (penetration in the miscibility gap at constant poly-

mer concentration).

At this stage we might take a look at the possibility
of liquid-liquid phase separation by spinodal decomposition
as the leading process for the structure formation in the
toplayer instead of the nucleation and growth mechanism or
of crystallization (gelation). Through the very fast loss of
solvent in the toplayer 'liquid-liquid phase separation is
not very probable: The system would enter the demixing gap
at a high polymer concentration. Penetration of large quan-
tities of nonsolvent. (in order to enter quickly into the
spihodal region) will not be probable. There will be very
1ittle time to effectAliquid-liquid (1-1) phase separation
before a highly viscous gel has been formed. Concentration
fluctuations are .likely to be damped by specific interac-
tions (like crystallization) and the separation of a poly-
mer-rich and a nonsolvent rich phase is hindered. We conclu-
de that gelation (crystallization) is far more likely. The
resulting gel is more or less homogeneous with domains of

high and low order, bubt on a very small geometric scale.

1.8 STRUCTURE OF THIS THESIS

For our experimental research we have chosen the sys-
tem CA/solvent/water. The major part of this thesis des-
cribes the behaviour of the system with dioxane as the sol-
vent. This is a membrane forming system which gives an asym-
metric reverse osmoslis membrane.

Chapter 2 gives a general picture of membrane forma-
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tion of an asymmetric membrane considered <to be applicable
to formation of ultrafiltration and reverse osmosis membra-
nes of various polymeric materials.

Chapters 3 and 4 give experimental evidence of the oc-

currence of liquid-liquid phase separation and gelation :@in

the systenm CA/dioxane/water. The techniques used are turbidi-
metry, Differential Scanning Calorimetry (DSC) and Pulse In-

duced Critical Scattering (PICS). Also some kinetic informa-

tion on these processes has been obtained.

Having established the separate processes experimental-
1y one would like to have a thermodynamic description of the
demixing phenoma. Starting from the Gibbs free energy func-
tion we calculate from the melting point curves the crystal-
liquid transition in the Appendix of Chapter 4 and the bino-
dals of the liquid-liquid phase separation in Chapter 5. In
the free energy function interaction parameters appear which
account for the non-ideality of the system. It 1s necessary
to have reliable values for these parameters. Using osmome-
try in a ternary system, values for the interaction parame-
ters are obtained in Chapter 6.

Chapter 7 is concerned with some diffusional aspects
of membrane formation, the exchange of solvent and nonsol-
vent, and the independent determination of diffusion coeffi-
cients in CA systems with acetone or dioxane as the solvent.
Differences 1in membranes prepared from casting solutions
with acetone and dioxane as the solvents are discussed:ﬁlrela-
tion to gelation and liquid-liquid phase separation in these
systems. )

The description of the formation process and a good
characterization of the resultant membrane present interre-
lated problems. One would like to have some meéns of inves-
tigating the pore structure of a dense gelled toplayer of
the membrane. A-gas permeation method published in the lite-
rature that seemed at first glance an elegant way to deter-
mine a mean pore radius of an ultrafiltration or even a re-
verse osmosis membrane, is criticized in the Appendixandis
considered not to be applicable. Finally, the work presented

in this thesis is recapitulated in a summary.
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2. ASYMMETRIC MEMBRANE STRUCTURES AS A RESULT OF PHASE
SEPARATION PHENOMENA#*)
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2.0 ABSTRACT

In this Chapter we give a description of the membrane
formation mechanism based on ° theoretical and experimental -
knowlegde of phase separation phenomena in concentrated po-
lymer solutions. We demonstrate that different types of
phase separation are responsible for the built-up of the
dense skin layer and.the porous supporting layer in asymme-
tric membranes of several materials: cellulose acetate, po-
lysulfone, polyacrylonitrile and polydimethylphenyleneoxide.
The formation of the porous sublayer will be explained in
terms of liquid-liquid phase separation, coalescence and
gelation. Special attention will be paid to the formation
mechanism of the finger-like cavities in the sublayer. A
possible explanation will be given on thermodynamic and ki-
netic grounds, for the formation of nodular structures in
the skin of the membranes.

¥V Thig Chapter has been published in Desalination,
32,33(1980

#¥*%) Pregent address: Promac, Zaltbommel, The Netherlands.

35



2.1 INTRODUCTION

Most of the commercially available membranes are produ-
ced by the so-called phase inversion process!), starting
from a polymer solution which is precipitated in a nonsol-
vent coagulation bath. The resultant membranes prepared in
this way have an asymmetric structure,i.e. a very thin,more
or less dense skin is supported by a porous sublayer of the
same material. The btechnique of producing membranes by the
phase inversion method has reached a high degree of repro-
ducibility. This development has been sustained by many sys-
fematic studies of the effect of relevant parameters and by
the efforts +to elucidate the mechanism of membrane forma-
tion, 1 12}

The phase inversion process is of a highly complex cha-
racter, in which phase equilibria, the kinetics of phase separa-
tion and changes in morphological structures in non-dilute
systems play a role. Phase separation phenomena in dilute
polymer solutions have been studied intensively. This is not
the case for concenbtrated polymer solutions, due to experi=-
mental difficulties and the complexity of a quantitative
theory. We feel that it would be of great value for the im-
provement of the membrane preparation process if our knowledge
of phase separation phenomena in polymer solutions could be
extended to the medium and high concentration region.

In this Chapter we present a description of different
types of phase separation phenomena in concentrated polymer
solutions. Cloud point curves and calorimetric (DSC)measure-
ments will give indications as fo which phenomena can occur
in different compositional regimes. The gquestion will be
discussed which factors, during the formation of the skin,
determine the membrane type: ultrafiltration or hyperfiltra-
tion membrane. Cavity formation in the porous sublayer will

also receive special attention. .
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2.2 THEORETICAL CONSIDERATIONS ON PHASE SEPARATION IN
'CONCENTRATED POLYMER SOLUTIONS

The following types of phase separation phenomena in
polymer solutions can be distinguished: .
- liquid-liquid phase separation
- crystallization of the polymer
- gelation ’

2.2.1 Liguid-Liguid (Li-L) phase separation

When a homogeneous solution becomes thermodynamically
unstable, e.g. by the introduction of a nonsolvent, the ori-
ginal solution can decrease its free enfhalpy of mixing by
splitting up into two liquid phases of different composition.
In Figure 1 a schematie diagram shows such a free enthalpy
surface and following the line A/B/C/D/E one sees that all
compositions indicated by points between B' and D' of the
phase diagram will split up.in two phases of composition B!
and D'. This process is called liquid-liquid (L-L) phase
separation. There are two kinetic ways for L-L. separation
to occur: either by nucleation and growth of the second
phase or by spinodal decomposition. i

Entering the miscibility gap e.g. at the side of B!
(this is a concentrated polymer solution with a certain,
low, amount of nonsolvent) a nucleus of composition D' (this
is a tiny drop of high nonsolvent content with almost no po-
lymer in it) will be formed in the polymer solution. This
nucleus together with many other nuclei, will grow in size
until they touch each other and coalesce or until theilr
growth stops because of gelation of the surrounding polymer
solution. )

The second kinetic way to L-L phase separation would
occur if one could enter the miscibility gap at point B' so
.quickly that one would pass the dashed line (the spinodal)
before nucleation could take place. - For those compositions
in ' the spinodal region the solution is unstable with respect
to infinitesimally small concentration fluctuations. The so-
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18s18Y9into interconnec-

lution then separates spontaneously
ted regions of high and low polymer concentration ending
up in intertwined networks of phases with composition B!
and DT, As a matter of fact spinodal decomposition is a
highly improbable phenomenon in polymer solutions, since
nucleation and growth kinetics are too fast for the homoge-

neous solution to reach the required composition region.

AGm

- S

FIG.T. Sketch of AGm surface and miscibility gap for the
system polymer (P), solvent (S), nonsolvent (NS).

Of course it is easy now to draw the conﬁection.between
L-L phase separation and the genesis of the porous sublayer
in membrane formation?!)(see also Section IV). The most in-
teresting question here is, which of the polymer phases
will be nucleated when starting with a normal membrane cas-
ting solution. In principle two possibilities exist, depen-

ding on the composition of the initial polymer solution

38



with respect to the so-called critical point, point C;' in
Figure 1. For concentrations higher in polymer concentration
than C} (hence lying on the branch C%B‘) the nuclei will
consist of the dilute phase. The reverse is true for ini-
.tial polymer concentrations below G% (branch C%D‘). Now the
eritical point in polymer solutions is generally located at
rather low polymer concentrations ( <10 weight percent in
polymer). Since in general membrane forming solutions con-
tain more than 10 weight percent of the polymer one would
expect L-L phase separation, with nucleation and growth of
the dilute phase to be the rule.

2.2.2 Crystallization and gelation®®)

When the thermodynamic quality of a  polymer solution
is decreasing, which may occur by loss of solvent, by lowe-
ring of the temperature or by the introduction of a nonsol-
vent, most polymers are able to form ordered agglomerates.
In very dilute solutions +the polymer molecules can form
single crystals of the lamellar type,whichare onlya few hun-
dred Angstroms thick and often many microns in the lateral
direction. From solutions of medium concentration more com-
plex morphologies occur i.e. dendrytes or spherulites. These
structures may contaln appreciable amounts of amorphous po-
lymeric material,

The formation of ordered structures is dependent not
only on the thermodynamic quality of the solution but also
on the ability of the macromolecules to crystallize in the
time available. So if for a certain polymer solution at me-
dium concentration (say about 10 to 20%) crystallization
dnd L-L phase separation are both possible thermodynamical-
ly, then the kinetically slower crystallization process
would be surpassed by the fast process of L-L phase separa-
tion. The .sequence of events might well be changed on in-
‘creasing the polymer concentration. Then, by 1ncrease in
polymer supersaturation the rate of nucleus formation for
crystallization is increased substantially, while that for

the L-L phase separation stays essentially the same, being
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more dependent on nonsolvent content for its nucleation
process. '

In Figure 2 we give a schematic representation of the
free enthalpy behaviour in the region of high polymer/low
nonsolvent content of three component systems, one sees
that at higher concentrations the free enthalpy of mixing
of the solution can be lowered by the formation of solid,
crystalline polymér in equilibrium with a solution of a cer-
tain lower polymer content. At a lower (or higher) tempera-
ture the AGm surface will change its_shape and the crystal-
line polymer will be in equilibrium with a solution of lo-
wer (or higher) polymer concentration. The so-called mel-
ting point curve for a polymer/solvent pair shows this de-

pendence of melting temperature on composition,'®}

sSeparation
gap

FIG.2. Free enthalpy behaviour at high polymer/low nonsol-
vent content, explaining the solution-crystal tran-

sition.
For crystallization at medium and especially at high

concentration, there is a diminished chance to find isola-

ted ordered regions (such as spherulites) which have grown
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to microscopically observable sizé, if time is short. In-
stead, by the increased rate of nucleation and the limited
growth rate, the solution will contain numerous submicros-
copical ordered regions, perhaps no larger than the nucleus.
These microcrystalline regions act as physical crosslinks
in the polymer solution and a thermoreversible polymer gel
is formed. Without excluding crosslinks of a different kind
to be operative in membrane formation, we think that the
type of gelation just described (nonsolvent or temperature
induced nucleation at high polymer concentration) could be
the leading.principle for structure formation in the skin
of membranes and for geiatiqn of pore walls in the substruc-
ture, after L-L separation.

It is very difficult to demonstrate,using standard dif-

fraction techniques?!®)

s. that these gels contain crystalline
material. Calorimetric measurements, however, can be used

for studying these thermoreversible gels.

2.3 EXPERIMENTAL

Materials. The polymers used in this work were Cellu-
lose Acétate(CA), Polyacrylonitrile(PAN), Polysulfone (PSn)
and Polydimethylphenyleneoxide (PPO). Membranes were prepa-
red as flat sheets, starting from 10-25 weight % of polymer
solutions in solvents which are mentioned in the text. The
solutions were cast on a glass-plate and immersed in the co-
agulation bath.

Gloud‘point'ﬁeasurementSa' Cloud points were measured
using the method described”) in Chapter 3.

Optical Microscopy. Following the method first intro-

duced by Epstein®®) the phase separation of polymer solu-

. tions was examined with an Olympus E.M. Microscope. A drop

of the solution was placed between two microscope slides
and by means of a syringe nonsolvent was introduced near
the edge.

Scanning Electron Microscopy (SEM). A high resolution
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IST Super IIT A and Jeol JSM-U3 electron microscope were
used. Membrane samples were fractured at liquid nitrogen
temperature and sputtered with gold with a Polaron and a
Balzer sputter unit. Both cross-sections and upper and lo-

wer surfaces of membranes were investigated.

2.4 RESULTS AND DISCUSSION

Koenhen et all!) were the first to show, in their stu-
dy of a Polyurethane/DMF/water membrane forming system,
that there were two distinctly different types of phase se-
paration operative at different compositions:

- L-L phase separation at low and medium polymer concentra-

tion and variable nonsolvent content and
- gelation at high polymer concentration and low nonsolvent

content.

= Recent work in our group'®' learns that also in the
system cellulose acetate/dioxane/watep»both types of phase
separation can be demonstrated. Curve I in Figure 3 shows
the cloud points measured at 20°C and curve II shows the
solution/gel transition as measured by Differential Scanning
Calorimetry (DSC). Curve I represents a true L-L separation
phenomenon: up to polymer concentrations of 20% the cloud
points are independent of the rate of temperature change.
Cloudiness disappears upon direct reheating at the same tem-
perature at which it appeared on cooling. The phase separa-
ted solution can not be separated into two 1liquid layers:
the layer concentrated in polymer is gel-like. With DSC
measurements no heat effect could be observed during coo-
lings only after aging at temperatures below the cloud
points for some time an endothermic heat effect could be
detected upon reheating. This latter effect is ascribed to
gelation of the concentrated phase after L-L separation has
taken place. Curve II is derived from the presence of DSC
melting peaks on reheating samples with high polymer concen-
tration (40-55% CA) and a rather low content of water. These
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melting peaks only occur after longer aging times at ambient
temperature.

lysulfone (©
cellulose polysulfone (%)

acetate (%)

\
‘ 1\ HOClo)
DMF 10 _ 30

FIG.3. Ternary diagram CA/dio- FIG.4. Ternary diagram of

xane/H,0. Curve I:cloud PSn/DMF/H,0. Cloud
point curve at 20°C; Cur- point curves at

ve II: solution-gel -20°¢ (o) and 40°C (x).
transition. ‘ ‘

Cooling to Lower temperatures (e.g.-10°C) or increasing the
water content makes the endothermic peaks show up on imme-
diate reheating.

Figure 4 gives some further evidence of the phase sepa-
ration types found in membrane forming system. In this figu-
re the cloud point curves for Polysulfone/DMF/water are gi-
ven-at 20°C and 40°C. One sees that only a few percent of
water in the solution is sufficient to induce L-L sepa-
ration here. We have no direct measurements on gelation yet,
but we observe that a PSn solution in DMF, as used for mem-
brane preparation, when stored at room température for some
hours under exclusion of water, gives a precipitate of PSn;
Therefore the usudlly empioyed PSn solutions are on the ver-
‘ge of crystallization (or gelation). From ether work2?) it
is also known that PSn méy crystallige in certain solvents.
The same observation of precipitate formation on storage is
found for solutions of poly (2,6-dimethyl-1,4i-phenylene oxi-
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de) (PPO) in mixtures of trichloroethylene and octanol,from
which UF membranes can be prepared.'2). For this system we
have done some DSC measurements which clearly show heat ef-
fects (erystallization and meltiﬁg peaks) on cooling and re-
heating samples, even for the highest scanning rates. The

results compare well to those reported for PPO/toluene.®®)

2.4.1 Phase separation and asymmetric membranes

We will investigate what can be said about the proces-
ses during membrane formation which lead to asymmetric mem-
brane structures. In this discussion we will treat the for-

mation of the skin and of the porous sublayer separately.

Rebe2 Skin formation
The ultimately determining factor for the skin forma-

tion is the local polymer concentration in the toplayer so-
lution film. This is best illustrated by two completely dif-
ferent techniques of precipitation of membranes from cast
films, coined by Strathmann®) as ) '

1. precipitation from the vapour phase

2. immersion precipitation
In the first method, developed long ago by Zsigmondy and

21Y | the precipitation is accomplished at an effec-

Bachmann
tively unchanged polymer concentration in the toplayer since
the vapour phase is saturated with the solvent. Then, by
diffusion of nonsolvent into the film, the ohly'typecﬂ?phase
separation which can take place is L-L separation, giving an
asymmetric membrane without a sgkin (see Figure 1d in Refe-
rence 9). '

In the immersion technique the solvent depletion from
the toplayer of the solution film-is.extremely fast (diffu-
sion aided by stirring in the bath). An increase in polymer
concentration in the toplayer is the result. This increase
improves the conditions for the second type of phase separa-
tion to occur: gelation. Gelation will be favoured by the
penetration of nonsolvent. The higher the polymer concentra-

tion has become before nucleation in the skin sets in, the
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more numerous and the smaller will be the structural units,
viz. the nuclei, because of higher supersaturation.

It will be clear now which factors favour the formation
of a more finely structured, dense skin and therefore of a
hyperfiltration membrane :

- a higher initial polymer concentration of the solu-
tion will favour the conditions for a larger supersaturation
in the toplayer before nucleation sets in.

- a lower tendency of the nonsolvent +to penetrate the
toplayer will delay nucleation untill sufficient solvent de-
pletion to high polymer concentration has been obtained. A
proper choice of nonsolvent type'and also certain additives
to the coagulation bath (salt, glyceriﬂ, ete.) will serve
this purpose. '

- lowering the temperature of the coagulation batkLwill
increase the supersaturation, while at the same time it will
decrease the growth kinetics of formed nuclel; a denser skin
will result. . '

A contrary effect, favouring the formation of UF mem-
branes, can be found, ' apart from choosing a lower polymer
concentration etec., in the addition of nonsolvent to the po-
lymer casting solution. This effect can be explained as fol-
lows: one frequently observes that the precipitation con-
centration for L-L separation in a HF membrane forming sys-
tem is relatively high, about 30% of nonsolvent at low poly-
mer concentration being allowed before precipitation sets
in, whereas the precipitation concentration for UF membrane
forming systems is often very low, say 5% of nonsolvent con-
tent or lower; compare for instance CA/dioxane/water in Fi-
gure 3 with PSn/DMF/water in‘Figure 4 and see also referen-
ce 3 and 10. One can then calculate, usihg well establis~-
hed solutions for this diffusion problem??)that for the in-
crease 1in concentration to reach the precipitation value at
‘a certain distance (say 1u) below the solution surface a
difference in time of a factor 5-10 .is obtained for the two
sltuations, with the HF system taking the longer time. This
gives the HF system more time to lose solvent from the top-
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layer. Addition of nonsolvent to the casting solution will
diminish this effect, increasing the precipitation rate,

and favouring the formation of a UF type skin.

2.4.3 Nodular structure of the skin

There is an increasing amount of experimental evidence

that the skin of asymmetric membranes consists of spherical
aggregates, called ﬁodules, which in a densely packed or
perhaps partially deformed arrangement form the selective
gkin of UF and 'HF membranes. Most of the data stem from
transmission electron microscopy or from scanning electron
microscopyt?223727 put also filtration (water flux) and gas
adsorption data are used. 2%:2°) The size of the structural
units reported are from 20 to 200 nm in diameter. Figure 5
obtained with SEM shows for the surface of a PPO membrane
(UF) a typical example from our own work. In principle such
a nodular structure could be in line with the picture.given
above for the built-up of ordered structural units (nuclei)

in the skin Ilayer.

2.4.4 The Porcous Sublayer
The formation of the skin will increase the barrier for

the diffusion of solvent out of and nomnsolvent into the sub-
layer of the polymer solution. This means that in the film
below the skin, phase separation will take place at a much
lower polymer concentration as compared to that in the skin.
For concentrations of the original casting composition (or
a little higherrby solvent léss) this phase separation will
be of the L-L separation type as descéribed above in Section
2.2.1 and as can be followed by optical microscopy during
coagulation. ] .

Two types of structures for the sublayer with clearly
different morphologies can be distinguished:

1. sponge structured sublayer .

2, conical voids or "fingerlike cavities" in the sub-

layer
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2.4.5 Sponge structure -

It will be clear from Section 2.2.1 that the pores in
the sponge structure are the'grown-out nuclei of the dilute
phase in the matrix of the polymer solution, which has so-
lidified after L-L separation by gelation at a certain stage.
If the concentration of the polymer at the locus where L-L
phase separation sets in does not increase too much over the
depth of the solution layer, the nucleation density will not
vary very much over the film thickness and a wuniform pore
structure will be the result. In order to obtain an "open
pore" sponge structure, a cerdtain amount of coalescence of
the drops should occur before the walls of concentrated pod-
lymer solution between the pores solidify by gelation. This
can be monitored by choosing the proper initial polymer con-
centration (not too high). A good example of coalescence of
small pores with large voids i1s shown in Figure 6 for a Po-
lysulfone membrane.

R.4.6 Conical voids (fingerlike cavities)

A very important 'feature in immersion-coagulated mem-
branes (in UF membranes as well as in HF) is the presence
of the large voids with a length of several microns to some-
times the total thickness of the membrane. These cavities
were first observed in wet-spun fibres.®°-2®*)The absence of
the voids in dry-spun fibres®3®) and in dry-Ro membranes?®)
indicates that their formation only occurs in the case of
immersion precipitation. ‘

At first it was assumed that the formation was associ-
ated with volume changes in the precipitated polymer

phase.*" Later Graig®®)

proposed the mechanism of penetration
of nonsolvent through defects (cracks) on the surface of the
spinning filament. The same mechanism in the case of
immersion-coagulated membranes was proposed by Strathmann.?) .
In a systematic study of the kinetics of void formation in
PAN fibre spinning, Grobe®?2)came to.the conclusiaon that dif-
fusion of both solvent and nonsolvent to certain areas was

the basis for void formation. In our opinion the available.
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FIG.5. SEM-photograph of the nodular surface of a PPO/UF

membrane (slight tilt of the surface under microscope)

HL0

FIG.6. Cross section of a PSn membrane, showing voids with

opeh_walls._
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experimental data are consistent with this mechanism. Some
typical facts remain interesting for a further considera-
tion:

- through optical microscopy one observes that the
.voids move inward faster than the, diffusion controlled, co-
agulation front.

- the boundary of the voids does not solidify by gela-
tion during its growth, since coalescence with small pores
remains possible (Figure 6).

- often the growth of the voids slows down and ‘the co-
agulation front for L-L separation passes beyond the lower
end of the cavity.

The main driving force for the growth of the void is
the decrease in free enthalpy (AGm) upon mixing the solvent
and nonsolvent in the void. This AGm decrease should be so
large that it can compensate for a possible increase in AGm
when solvent is depleted from the polymer solution surroun-
ding the void. The situation is best illustrated by follo-
wing the arrows in Figure 1 at point X (large decrease in
AGm'if nonsolvent mixes with solvent) and at point ¥ (in-
crease in AGm when a polymer solutions becomes more concen-
trated). The general mechanism can be described as follows:

- when the skin is formed, nonsolvent penetrates into
the underlying pblymer solution faster at certain spots in
the skin (e.g. a thinner part of the skin or a local loose
arrangement of the structural units, giving a more favour-
able pathway for diffusion); this heterogeneous type of nu-
cleus is formed only in systems with a large driving force
for solvent/nonsolvent mixing.

' - solvent diffuses from the surrounding polymer solu-
tion to these statistically spreadiloci and a gradient in con-
centration ranging from practically pure solvent (near the

| __interface of this area with the polymer solution) tononsol-

vent (near the skin surface) is set up; there is fluid in-
terface between the polymer solution and the void.

-~ because mass transfer in the void is faster than

through the polymer'Solution phase, the void may grow faster
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initially than the moving coagulation front proceeds: at a
certain point however, the driving force for solvent trans-
port may vanish because of a decrease in the gradient.
It is emphasized that the contents of the void during growth
is not in equilibrium with the surrounding polymer solution,
in the sense of L-L separated binodal phases. It is clear
that after the void stops growing, normal L-L fype phase se-
paration takes place in the polymer solution surrounding
the void and in front of it. A proof that the void/solution
interface stays fluid during cavity growth 1is given by all
those systems where we find in the membranes cavities with
open walls (see Figure 6).

Our observations are in conceptual agreement with the

321

earlier mechanism proposed by Grobe and with results on

the effect of important monitoring variables to prevent

) 5-9Y gsuch as:

void formation (see Frommer?, and Strathmann
- lowering the tendency of nonsolvent to penetrate in-
to the casting solution (T, salt addition to nonsolvent,
solvent/nonsolvent pair with smaller affinity).
- increasing the skin Tthickness or the density of the
skin (gee above in this discussion).
In the Appendix (2.6) the above given formation mechanism of
a conical or macro void is illustrated using available data

of the system CA/dioxane/water.
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2.6 APPENDIX

In this Chapter we have stated .- that a large driving
force for solvent/monsolvent mixing is favourable for the
growth of finger-1ike éavities{In this Appendix we modify
this statement to the extent that also a solvent/nonsolvent
combination with a rather low tendency of mixing, as ex-
pressed by:the height of the minimum in'the AGm-curve, for
instance dioxane/water, gives macro voids in the resultant
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membranes (for a photograph, see Chapter 3, Figure 7).

In Figure 1 we give AG -curves for the dioxane (2)/wa-
ter (1) combination and for the mixing of CA (3) and dioxa-

ne (2).

dioxane (2)

These curves are calculated with the help of Chap-
ters 4 and 5.

water(1) A3
008 06 0+ 02 00 , 09 02 Ok 05 08 1
0 :, ' Auz(ﬁ)-ﬂ-r\ : |
NS S ';
l ~01 - % H-01
Aty i
RT !
-02 1 % --+02
\\ i ?2
: RS (=

FIG.1. Illustration of the driving force for the growth of a

void using available data for the system CA/dioxane/
water.

At a certain spot under the skin an increased

amount
of nonsolvent is present at time t=t:. Let us assume a volu-

me fraction of water of 0.4. The chemical potential of the

dioxane in this polymer free solvent/nonsolvent mixture is
AUzs(t=t1)e The chemical potential of dioxane in the sur-
rounding polymer solution is Ap,P(t=t1).*) . Dioxane in the

polymer solution can reduce 1ts chemical potential to a lar-

ge extent by diffusing into the region ‘wiﬁh the nonsolvent

The flow of dioxane
causes the composition of the vold +to Increase

(direction of arrow 1 in Figure 1).

in solvent
‘content; the chemical potential of dioxane increases(direc-

*) We assume that the nonsolvent has not yet diffused into

the solution surrounding the nascent voids.
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tion of arrow 2 in Figure 1). At some time, say t?te, the
process stops. The chemical potential of dioxane in the sol-
vent/nonsolvent mixture in the void and in the surrounding
polymer solution (with e.g. ¢3=0.6) are equal (Anzs’p(t=te)),
From the figure it appears that the composition of the 1i-
quid in the void is practically pure solvent.

The dioxane/water system is. characterized by a rather
small AGm minimum’ compared with other solvent/water systems
such as DMSO/water and DMF/water. In systems with a larger
minimum value the driving force for solvent transport from

the polymer solution into the void is expected to be larger.

Note:

Smolders suggested recently') that another driving for-
ce for the growth of a macro woid is the decrease in AGm of
the system when the polymer-molecules change t+to a less ex~-
panded conformation upon increasing the nonsolvent content.
In a kind of syneresis process solvent 1is expelled by the
polymer solution. Measurements of the intrinsic viscosity?',
however, indicate that for the system CA/dioxane/water +the
expansion factor first increases with increase of nonsol-
vent content. At awater percentage near the percentage re-
guired for phase separation the expansion factor for CA has
the value of the pure solvent. The proposed conformational
change needs to be experimentally verified .in concentrated
solution where -interpenetration of polymer coils takes

place to a largé extent.
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3. PHASE SEPARATION PHENOMENA IN SOLUTIONS OF CELLULOSE
ACETATE. I. DIFFERENTIAL SCANNING CALORIMETRY OF CEL-
LULOSE ACETATE IN MIXTURES OF DIOXANE AND WATER.*)

FP.W.ALTENA and C.A.SMOLDERS
Department of Chemical Technology, Twente Universitj of

Technology, Enschede, The Netherlands.

3.0 SYNOPSIS

The nature and kinetics of phase separation of solu-
tions of cellulose acetate (degree of substitution, 2.5) in
mixtures .of dioxane and water are studied by differential
scanning calorimetry. The thermograms . on heating show small
endothermic effects, ‘detectable only after prolonged aging
below the phase separation temperature.

Experiments in two regions of the terhary diagram are
of interest for the description of the formation mechanism
of asymmetric membranes, viz.: 1): at high polymer concen-
trations and low concentrations of nonsolvent (gelation);
2) at lower polymer concentrations and high concentrations
of nonsolvent (liquid-liquid phase separation followed by
gelation). ,

Endothermic effects after prolonged aging are found at
high polymer concentrations (>40%). These results demonstra-
te that gelation is very slow in these systems. At lower
polymer concentrations and high nonsolvent concentrations
(up to 40%) a more rapid type of phase separation can be
.visually observed on cooling. The temperature where turbi-

#)' Published in Journal of Polymer Science: Polymer Sympo-.
sium, 69,1(1981) |
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dity sets in (cloud point) is independent of the rate of
cooling. In DSC experiments no exothermic effect is present.
The endothermic peak, which is situated below the cloud
point, is probably a result of melting of the gelled con-
centrated phase.

3.1 INTRODUCTION -

Several authors have tried to explain the formation of
an asymmetric membrane. Most of the mechanisms are based on
thermodynamic considerations of a polymer 1in a mixed sol-
vent.'~?) Detailed data, however, are missing on thermody-
namics and kinetics of phase separation in concentrated poly-
mer, solutions of e.g. cellulose acetate (CA) from which mem-
branes are prepared.

In this Chapter we study a number of aspects of phase sepa-
ration in solutiong of CA +to which nonsolvent has been ad-
ded. We will keep circumstances during phase separation
constant; hence, exchange processes with a coagulation bath,
as in actual membrane formation, are not considered. Diffe-
Vtrential scanning calorimetry (DSC), as a technique, offers
excellent possibilities for the study of phase separation

phenomena.®? )

With this technique we btry to gain insight
into the demixing process of CA  (degree of substitution,
2.5) in mixbures of dioxane and water. The choice of this
system is based on the frequent use of dioxane as a solvent

in casting solutions.*®~'™)

3.2 EXPERIMENTAL.

3.2.1 Materials ,

The CA is from Eastman, catalogue number 4644, with
acetyl content of 39.8%. Using gel permeation chromatography
(GPC) its molecular weight has been characterized as: Mn =
24.000, F_ = 55.000, M_ = 118.000. Dioxane is 1,4-dioxane
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of Baker Analyzed Reagent grade. The water used is distil-
led twice.

3.2.2 Cloud Point Measurements

Cloud points were determined in well-homogenized solu-
tions. These mixtures were prepared in accordance with the

method -of Van Emmerik and Smolders.®}

The desired amounts
were weighed in small Pyrex glass tubes. These were degassed
and sealed under vacuum at liquid nitrogen temperature. The
tubes were heated at 90°C for at least 2 days to obtéin ho-
mogeneous solutions.

Phase separation (cloud) points were determined by hea-
ting or cooling the thermostat bath at a rate of 1°C¢/h, at

1°¢/10 min or at 1°C/3 min.

3.2.3 Differential Scanning Calorimetry

The solutions were made by welghing the appropriate a-
mounts in sample pans of aluminium or stainless steel. These
pans were hermetically sealed. Only sample pans that showed
no weight loss after. 2 days at 100°C were used. The use of
stainless steel pans is favourable Dbecause of the larger
quantities that this type of pan.cancontain{fMuaDSGapparatus
used was Perkin-Elmer model DSC 2, equipped with provisions
for working below room temperature and with an automatic
baseline corrector.:

3.3 RESULTS

3.3.1 Cloud Points

A series of homogeneous CA solutions (weight fractions

0-25%) was chosen, with constant but different ratios..of

. solvent (dioxane) ‘and nonsolvent (water). When this solution

is cooled, a visual perceptible cloudiness appears at a cer- .
tain temperature. The cloud point curves obtained in this
manner are given in Figure 1.

The appearance of the cloudiness is not dependent on the ra-

57



te of cooling within the accuracy of the observations (about
one degree C). When we heat the phase separated solutions
from a temperature not far belowlthe cloid point, say 5°¢
below it, the cloudiness disappears at the temperature where
it appeared during the cooling stage. When a demixed solu-
tion is centrifuged we obtain a clear dilute phase on top
of a cloudy gel-like concentrated phase. We note that this
is also the result of aging of a solution at a temperature

far below the cloud point temperature (syneresis).

60- dioxane %o | water %
TCC) O &0 40
| ® 65 35
? A 70 30
404

204

0 - 005 010 015 020
CA weightfraction

FIG.1. Cloud point curves in the system CA/dioxane/water

In Figure 2 cloud points have been plotted in a terna-
ry diagram for three temperatures, viz., 20,30 and 60°C. We
observe a dramatic influence of the watercontent on the
cloud point temperature. The results above given indicate a
process of liquid-liquid phase separation for the region of
low polymer concentrations (up to 25%) and fairly high non-
solvent concentrations (up to 40% in the solvent mixture).

In the Appendix additional information on cloud points

and spinodal points is given.
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cellulose acetate

doxane

FIG.2. Ternary diagram for CA/dioxane/water at 20,30 and
60°C. In regions I and II special DSC experiments
have been carried out.

3.3.2 Differential Scanning Calorimetry for solutions with-

in the two-phase region

The area to the right of the curves in Figure 2 indica-
ted by the region I, is the area with visual phase separa-
tion, i.e., we observe a cloudiness upon cooling solutions
having compositions in this region of the diagram. We have
done a few DSC experiments for solutions containing 9-15%
polymer in a mixture of 60% dioxane and 40% water.

Upon cooling these solutions no exothermic heat effect
could be observed. The temperature range is from 100 to
10°¢. The cooling rate was varied between 0.3 and 4OOC/min._

Endothermic effects upon reheating have been found on-

ly after prolonged aging at temperatures below the phase

-

separation temperature. Some results are given in Figure 3.
The samples were aged at 25°C and initially cooled to 10°c.
Then the samples were heated at a rate of 1OOC/min and the
heat effect was recorded.
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FIG.3. Endothermic heat effect for a 10% CA solution in a

' mixture of 60% dioxane and 40% water. Heating after
aging at 25°C. The cloud point for this system 1is
61°C (see Figure 1)

3.3.3 Differential Scanning Calorimetry for solutions ~oubt-

side the two phase area.

A number of experiments have been performed in the area
of high polymer concentrations and low water content; this
is region IT in Figure 2. Visually these solutions,which are
40-50% in polymer concentration,are clear at higher tempera-

tures, say above 9OOC, at water concentrations of up to 20%.

1‘ endo 90 %, dioxane 10 %, water
Jexo

85 ¢, dioxane
15 % water

!
|
|
|
|
|
—+
|

80 % dioxane
20 °/ water

|
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]

L
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|

1

[

|

!
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FIG.4. DSC traces for 4A0% CA in mixtures of different ratios

dioxane/water. Aging for two days at room temperature.
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Below 30% polymer‘concentrétion we could not detect
endothermic effects in DSC heating curves in the range from
-10 to 100°C, after 2 days of aging time at 25°C. At 40%
polymer concentration an endothermic effect wupon heating
could be determined for mixtures containing 15% and 20% wa-
ter, respectively, in the solvent mixture. No endothermic
effects appears in the thermogram at the ratio of 90% dio-
xane/10% water after 2 days of aging at 25°C (Fig.4). The
heating rate is 10°C/min from 10 to 100°C. In these experi-
ments an exothermic effect could not be found duringcooling
with variable cooling rates (0.31—4090/min)Q

The éffect of aging at these high polymer concentra-
tions is demonstrated in Figure 5. The sample with a sol-
vent ratio of 80% dioxane and 20% water is cooled at a rate
of 40°C/min from 100 +to 10°¢C. After aging for different
periods of time an endothermic effect is observed upon hea-
ting (heating rate 10°C/min). The appearance of this endo-
thermic effect can be strongly influenced by the lowest
cooling temperature. ~Cooling %o -10°C and immediately re-
heating gives an endothermic heat effect comparable with
1 h aging at +10°C. '

At étill higher polymer concentrations (55%) endother-
mic effects on heating have also been found at 10% water
content. Still no exothermic effect appears upon cooling,Aé
in the case of Figure 5 the endothermic effect moves gradu-
ally to higher temperatures as a function of the aging time.
No endothermic effect is found on immediate reheating after
cooling from 100 to 10°C. Increasing the water content in
the solvent mixture to 15% gives an endothermic effect on
immediate reheating. There is also an exothermic effect on
cooling, as opposed to all other experiments (Fig.6). Maybe
some higher melting nuclei are still present at the highest

© . temperature used for obtaining a homogeneous solution, 100°C.

In general we can state +that the presence of exother-
mic and endothermic heat effects strongly depends on the
water content and the polymer.concentration of the sample.

Furthermore, the rate of temperature change and the tempera-
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FIG.5. Endothermic effects for 40% CA in mixture 80% dioxa-
ne/20% water after aging at 10°C for different time

periods.

ture to which the sample is cooled determine to a great ex-

tent the kinetics of the process under study. These kinetic

effects appear in a shift in the position of the peaks and

in a change in the area under the peaks in the DSC thermo-

grams. More experiments are necessary to reveal these kine-
tic aspects in full detail. '

{ endo : codling 20%min.

heating 20°/min

&80 100
T(°C)

FIC.6. Endothermic and exothermic effects for 55% CA in a

mixture 85% dioxane/15% water.
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3.4 DISCUSSION

In discussing the results reported here we must distin-
guish Dbetween two types of systems for which thermograms
have been obtained:

(I) Polymer solutions in region I (Fig.2) show a fast type

of phase separation upon cooling, which takes place without

caloric effect; after prolonged aging, however, these sys-

tems show measurable heat effects in DSC measurements upon

heating. ’ } '

(II) Polymer solutions in region II' (Fig.2) which do not

show visible signs of phasé separafion upon cooling, but

which show peaks in the DSC thermograms after aging. We will
discuss these systems separately. ‘

Polymer solutions from region T

For solutions of up to 20% polymer concentration and
with the appropriate . amount of nonsolvent in the mixture,
cloud points can be measured upon cooling. Turbidity appears
on cooling and disappears at the same temperature on heating.
The cloud points are independent of the rate of cooling.
These observations indicate a liquid-liquid type of phase
separation. With DSC experimeﬁts there are no detectable
heat effects during this phase separation.

Upon aging the turbid solutions at room temperature for
several hours, a clear dilute polymer phasé appears on top
of a cloudy, concentrated gel-like phase. This concentrated
phase "melts" on heating. In the DSC experiments this shows
up as an endothermic peak. It follows from the thermograms
that the melting peak falls entirely below the cloud point
temperature. _

. From the peak area in. the thermogfam it can be calcula-
ted that the endothermic effect for a 10% CA solution in a
dioxane(60%)/water(40%) mixture, after aging for 2 days at
room temperature, amounts to 9.6 J/g of'solution, or
5 kJ/mole of monomer units of the bolymer. This value agrees
quite well with published values'®found in gelling systems,
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where crystallization plays a role.

In conclusion it can be stated +that for solutions in
region I upon cooling, Iliquid-liquid phasefseparation sets
in, which is a kinetically fast process. In the system
‘under study +this is followed by a slow gelation process
taking place in the concentrated polymer phase. These gelled
structures melt on reheating; +this process can be detected
by DSC experiments.

Polymer solutions from region TL

At polymer concentrations of 40-55% and fairly low
nonsolvent content (10-20% water in the solvent mixture) we
do not find any visible sign of phase separation upon coo-
ling, but again we find endothermic DSC peaks upon aging
the solutions at ambient temperature. The appearance and
the area of the peaks in the thermograms can be influenced
strongly by varying the polymer concentration or the nonsol-
vent content. Even exothermic effects may appear (Fig.6).
These effects demonstrate that gelatibn/crystallization
occurs in these systems. For most of the solutions studied
the processes leadiﬂg to endothermic heat effects are rather
slow., This is similar to the effects for the two-phase re-
gion I.

The peak areas for region II are smaller than those
found in region I. The peaks found in Figure 4 correspond
to values for the heat effect of 1.2 kI/mole of monomer units
of CA for the solution in a mixture of dioxane(80%)/water
(20%) and only 250 J/mole for the solution of CA in a mixture
of dioxane(85%)/water(15%). For a CA solution in dioxane
(90%) /water(19%) there is no endothermic peak for the normal
aging period and temperature. Probably differences in nucle-
ation of the microcrystalline phase at different water con-
tents could explain these results, but further experimenta-

tion is necessary.

Relevance to membrane formation

A membrane forming system which shows liquid-liquid
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phase separation for certain compositions and gelationlat
differents,higher, polymer content, has been reported ear-
lier by Koenhen et al.®YAlthough the polyurethane/DMF/water
system which was studied in Ref.5, 1s not a very practical
membrane forming system, the same two types of phase separa-
tion were found to be important for the formation of the
layered structure in membranes, viz..gelation being respon-
sible for skin formation and liquid-liquid phase separation
(followed by gelation of the concentrated phase) generatlng
the open, porous sublayer of the membrane.

Cellulose acetate is a well known membrane material,
but it appears that there are no thermodynamic or kinetic
data to be found in the literature about its phase separa-
tion. The experimental results reported here show that both
liquid-liquid phase separation and gelation (or crystalliza-~
tion) are possible for the system CA/dioxane/water. Analo-
gous results have been found 1in our laboratory for other
membrane forming systems.'®}

As an illustration of the membrane structures obtain-
able we give two scanning electron microscope photographs of
the cross-section of membranes formed by caéting a 10wt
solution of CA in dioxane as a O.2-mm-thick film on a glass"
plate, and immersing the film in a nonsolvent (watér) bath
held at two different temperatures, 52°C (Fig.7(a)) and 3°C
(fig.7(b)), respectively. We see the porous structure typi-
cal for liquid-liquid phase separation, in which the pores
are the regions of the dilute polymer phase, which have nu-
cleated and grown in the second,polymer-rich phase.

3.5 CONCLUSION

' From cloud point measurements . and DSC thermograms we
conclude that in the system CA/dioxane/water both liquid-
liquid phase separation and crystallization are p0331ble.
This is relevant to the description of the formation of the

dense skin and the porous sublayer of a membrane.
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(p)

FIG.7. SEM photographs of porous substructure in membranes.
The left parts give a 10x enlargement of the porous
substructure. Coagulation at (a) 52°¢ and (b) 3°¢.
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3.7 APPENDIX

SPINODAL AND CLOUD POINTS DETERMINED BY PICS

Pulse Induced Critical Scattering (PICS) is a techunique
for determining thermodynamic and kinetic parameters of po-
lymer solutions. It is especially suitable for the determi-
nation of cloud points and spinodal points of liquid-liquid
phase separation in a polymer solution. The intensities
of scattered laser light are measured after a fast tempera-
ture step of the sample into the metastable region. For
theoretical considerations regarding the relation between
the intensity of the scattered light and the thermodynamics
of the system the reader is referred +to the original lite-
rature.t”®) '

With this instrument one can also obtain very useful
information on crystallization processes 1in polymer solu-

") gstudied érystallization of PPO in toluene

tions. Koenhen
with the PICS apparatus.

In this Appendix we report results of spinodal and
cloud point determinations in the system CA/dioxane/water.
This is a ternary system; we assume the same theoretical
considerations to be applicable.

Measurements on gelation behaviour have recently been
undertaken. Xinetic information on liquid-liquid phase se-
paration and crystallization processes can contribute much

to the description of the formation of asymmetric membranes.

Experimental

We have built the PICS instrument following the design
given by Derham et al.!) A thin walled capillary cell with
a diameter of 1 mm containing a few microlitres of solution
is cooled stepwise from a temperature well above (say 20°¢)
the cloud point temperature to a temperature below the cloud

point. The 1light source is a helium-neon laser and light
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guides at two angles of 30° (Is0) and 90° (Isg) collect the
scattered light. The light guides pass the light to solid-
state detectors. The temperature is measured with a thermis-

tor.

(a)

—== T (°C)

(b)

T T - T T 1

T(o0) = k0 38 36

FIG.1. Pulse cooling run (a) and cloud point determination
(b) of a 2.6 wt% CA solution in a 65/35 mixture of
dioxane and water. Intensities at two angles of 30°
and 90°. Arrows indicate cloud point (TC).
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In a spinodal point determination experiment the ther-
mostate bath 1is cooled with a controlled rate of about
0.1°C/min. The temperature step is produced by rotating the
sample from a place of high temperature (heated air stream)
to the thermostat bath. The light scattering is followed for
10-30 s. An example is given in Figure la. After  this step
the sample is brought again to high temperature. The inten-
sity of the scattered light is registered during every pulse
and in the course of +time as a function of temperature. The
reciprocal intensity difference I = Ifro,‘ where If is the
intensity at the end of the‘pplse and IO is measured just
above the cloud point, 1is plotted against the temperature,
and the spinodal point is obtained from. this curve>extrap6-
lation to I™'+0 (Figure 2).

11

—=T(°C)

FIG.2. Reciprocal of intensity as a function of temperature.
The sample has the same composition as in Figure 1.

The arrow indicates the spinodal point (TS).
A cloud point can be determined by approaching the e-

quilibrium from the two-phase side, i.e. by heating the pha-

se separated emulsion.!) The emulsion is seeded by a sudden
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step from above to below the cloud point. A sudden increase
in Iso is taken as evidence of emulsion formation. Then the
linear heating of the thermostat bath at a rate of
0.2%min is switched on. This leads to a rapid decline of
I30. The cloud point is the point where Iszo (or Iso) returns
to the baseline (Figure 1b).

In Chapter 3 we have mentioned the occurrence of syne-
resis after entering the demixing region. After waiting for
some time at a femperatuke of only a few degreés below the
cloud point temperature, a clear dilute phase appears on top
of a cloudy gel-like phase. This gel-like phase disappears
only after heating to much higher temperature than the
cloud point. This rather fast process of syneresis interfe-
res with an accurate determination of cloud points and spi-
nodal points. A reasonable reproducibility in repeated runs
was obtained when centrifuging the solution at high tempe-
ratures before evéry'fun to obtain a high degree of homoge-

niety. Still the reproducibility is not better than 0.4°C.

Results and discussion

Spinodal and- cloud points were determined (Figure 3)
for samples with two different solvent/nonsolvent ratios as
a function of polymer weight fraction. The values given are
mean values of at least three spinodal/cloud points runs.
Also given are cloud points obtained from visual observation
(section 3.3.1). There is a large discrepancy in the loca-
tion on the temperature axis. Apparently a PICS determina-
tion of the cloud point is more sensitive since we could not
see any sign of turbidity with the naked eye at +the (PICS)
cloud point temperature.

The fact that we can determine a spinodal point is an-
-other proof of liquid-liquid phase separation in this sys-
tem. (see section 3.4). ,

- For a composition of 65/35 dioxane/water in the solvent
mixture we see that at CA concentrations of 10-15% the mean

spinodal point appears to be situated at the same or at high-
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-er ltemperature than the cloud point. The points 1ie within
their respective range of reproducibility (or accuracy). At
lower polymer concentration the difference between the spi-
nodal and cloud point is much larger; this is also the case
at higher polymer concentration. . The reason for the fact
that cloud points and spinodal points appear To coincide

may be that the critical point is situated in this region,

501
T(°C)
40- /
301
T ; ;
0 10 20

—= (A (wt%)

FIG:BQ Spinodal and cloud points at two dioxané/water ratios
as a function of CA percentage: upper three curves
for a dioxane/water mixture 65/35 (B) cloud point,
(O) spinodal and (—) visual observation; lower cur-
ves for a mixture 70/30 (¥) cloud point, (V) spino-

. dal point and (—) from visual observation.

and at about this dioxane to water ratio. At this point
the metastable region vanishes and one may expect a much
gteeper increase 1in the intensity of the scattered light

as a function of the temperature. Analyzing the pulsed runs
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it appears that the rate of increase of Iz (and TIso) is
much larger at about 15%-CA than at lower or higher polymer
concentrations.

We have not performed a detailed analysis of the kine-
tic aspects of the liguid-liquid demixing process. Only at
the lowest pblymer concentration considered (2.6% CA, see
Figure-1) -we-saw-~a-decrease of-Igg during an increase  of
I30. Following Derham®'this can be interpreted as having rea-
ched the situation where the scattering particles have 'a
size comparable to the wavelength of the light (% 600 nm).
This occurs at about 36.1°C in the case given by Figure 1la,
which.is..about..4..degrees below the cloud point and perhaps
1 degree+below ‘the spinodal point of -the homogeneous solu-
tion. At higher polymer concentrations, coalescence and
subsequently syneresis are likély to influence the intensi-
ty of the scattered light. Only maxima in I3, are observed
and not in Igg.
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4. PHASE SEPARATION PHENOMENA IN SOLUTIONS OF CELLULOSE
ACETATE. Il. MELTING POINTS OF THERMOREVERSIBLE GELS
OF CELLULOSE ACETATE IN MIXTURES OF DIOXANE AND WATER

F.W.ALTENA, J.S.SCHRUDER, R.van de HULST and C.A.SMOLDERS
Department of Chemical Technology, Twente University of
Technology, Enschede, The Netherlandsa

4.0 SYNOPSIS

" Thermoreversible gels of cellulose acetate can be ob-
tained by cooling a concentrated solution of the polymer
(4L0-60%) in a mixture of a solvent (dioxane) and a nonsol-
vent (water). This is a polymer/solvent/nonsolvent systém
which is frequently used .in the preparation of reverse os-
mosis membranes of CA.

Upon heating these gels endothermic effects can be
weasured by differential scanning calorimetry. These heat
effects are ascribed to the melting of a crjstalline phase
consisting of cellulose triacetate units.

The concentration dependence of the melting poihts is
reasonably well described by the Flory expression for the
melting point depression.. In our case we assume equllibrium
between a pure crystalline phase and a liquid phase of a
polymer in a mixed solvent. The heat of fusion per mole of
crystalline units increases from 6 to 12 kJ when the concen-
tration of water in the mixture increases from O to 20%.
With these values a maximum degree of crystallinity of 5%
has been calculated.

Kinetic effects of increasing water content are dis-

cussed.
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4.1 INTRODUCTION

Recently Koenhen et al.lYsuggested that two distinctly
different demixing processes are résponsible for the forma-
tion of an asymmetric membrane, viz. (i) gelation for the
toplayer and (ii) 1liquid-liquid phase separation ' for.the
lower layer. Liquid-1liquid phase separation takes place at
low and medium polymer concentration and variablenonéolvent
content, whereas gelation is operative at high polymer con-
centration and low nonsolvent content. We have shown?) that
these two types of phase separation can also be found in the
system CA/dioxane/water.

Only few authors have studied systems in which both
liquid-liquid phase separation and crystallization take
place.?’™) o
In the present Chapter we try to explain gelation of
CA as a result of a crystallization process, though other
types of cross links are not excluded. Evidence for this
explanation ig based on thermodynamic grounds, viz. melting
points and heats of melting as a function of composition.

No structural information is available at present.

4.2 THERMODYNAMIC CONSIDERATIONS

Following Flory®) we assume equilibrium between the
crystalline phase and the liquid phase. The temperature at
which this equilibrium exists is the melting point Tm. When
we take the pure liquid (the melt) as the reference state,
the equilibrium is expressed in the relation:

O e (1)
where ua is the chemical potential per mole of repeating
units in the standard state, “3 i1s the chemical potential

per mole of crystalline units and My is the chemical poten-

tial per mole of units in the solution.
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We assume that the left-hand part of equation (1) may
be written as follows:

He - ug = -AHu(1-T_/T°) (2)
where AHu 1s the heat of fuslon per mole of repeating units
and T; is the melting temperature of the pure crystal.

An expression for the right-hand part of equation (1)
is derived from the free enthalpy of mixing, usually expres-
sed in the form of the Flory-Huggins equation.®’®) In this
Chapter we will use this equation expressed in volume frac-
tions and with a free enthalpy correction parameter gaccor-
ding to Koningsveld”':

AG
—=L = p11nd1+802Ind2+rdsindstgizd1d2+grsbrdstsgradads  (3)

RT
AGm is expressed in Joules per mole-of lattice sites. ¢1,¢2
and ¢z are the respective volume fractions of the components
used. The indices refer to the nonsolvent (1), the solvent
(2) and the polymer (3) respectively. The ratios of the mo-
lar volumes of the componments (s = vi/vaes; r = vi/vs) are
included in the relation to account for the number of
lattice sites occupied by the components. At present we as-
sume that the contribution of the polymer to the free enthal-
py of mixing 1is sultably well described by one molecular
weight M;, set equal to the number averaged molecular weight
‘Mn’ The g-parameters are binary interaction paramebters, and
if we assume no concentration dependence the g-parameters
equal the Flory-Huggins interaction parameters Yizs, Xi1s and
X23« |

When equation (3) is differentiated with respect to the

number of moles of component 3, equation (4) is derived:

= rlﬂ¢3+r(1;¢3)-¢1fs¢z+(g13¢1+8g23¢2)(¢1+¢2)
~g12b102 (4)

o . . . ’
where H,"Hy is expressed in Joules per mole of units of com-
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ponent 1. Inserting (2) and (4) in equation (1), while mul-
tiplying (4) with vu/vl in order to equalize the units and
taking T = Tm, gives:

T v
-AHu(1- =2 ) = RT —* |-61-502+(g1301+882302) (92+02)

T v
m 1

-g120102 (5)

where vu is the molar volume of the repeating unit, 'and it
is assumed that r+0.

Usually an equation such as (5) is used for a two com-
ponent system (¢;=0), after rearranging:
Rv

1 1 .
(— - _3)/¢2 = - L

T T AHuv ,
m m

|-1+g2302 - (6)

AHu and gsa are derived from the plot of (1/Tm - 1/T;)/¢2
against ¢,.
The experiments for the three component system are per-

formed with a constant volume ratio of components 1 and 2:
b1 = pé2 (7)

Inserting this in equation (5) we find after rearranging:

1 1 Rv -~ ,
(— - —3)/¢2 = —2 -p-s+o,(p?giatp(gratsgrs-giz)
Tm Tm AHuv

tsgas) (8)

In our experiments the proportion ratio p of solvent
and nonsolvent isvaried and the melting point dependence on
the polymer weight fraction (¢3) and the solvent fraction
(¢2) is determined. We will introduce literature values for

the g-parameters.
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L3 EXPERIMENTAL

ke3.1 Materials

Details of the materials are given in Chapter 3.

he3.2 Cloud pointe Measurements

Cloud pointe were determined by using the method des-
cribed earlier.®)

In this Chapter we concentrate on observations of de-
mixing in the very concentrated region in the phase diagram.
The composition of the samples lie preferably outside the
(extrapolated) cloud point lines .of the liquid-liquid phase

separation region.

Le3.3 Differential Scanning Calorimetry

The solutions were prepared as described in Chapter 3.
The low temperature handling of the samples in the instru-
ment was considerably improved by using an improved cooling
head and by careful introduction of liguid nitrogen.?®)

We have shown earlier2?)that measurable endothermic ef-
fects upon heating are only present after considerable aging
periods at low‘temperatures, We now use the fact that this
is a slow process to obtain a quantitative value for the
heat effect. '

This value is determined by substracting the thermogramaf-
ter aging from the one obtained without aging before rehea-
ting. In this way a minimal value for the heat effect is de-
termined. If the fast cooling and imwediate reheating pro-
cedure would result in an endothermic effect upon heating,
this effect is hidden in the baseline noise. The normal
heating rate 1is 10°¢ per minute. The lowest heat value which
we can determine with a certain degree of accuracy is about
0.2 J/g polymer units. In this region the accuracy of the
instrument is very limited. The melting point is determined
as the end of the endothermic peak, where the last traces of

material "melt". The accuracy is not better than % 3K.
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4.4 RESULTS

hebol Turbidity Measurements

Apart from the region where cloud point determinations
have been made at lower polymer concentrations (see Figure
1) we have also studied a region at higher. concentrations of
polymer (dashed region in. Figure 1). One can roughly distin-
guish three different zones in this region according to vi-
sual evaluation of these ternary systems:
I: systems homogeneous at 90°C and also homogeneous at 10°c,
II: systems homogeneous at 90° C, but turbid at 10°¢,
III: systems turbid over thé complete temperature range
from 10~ 90 C.

dioxane - 63 ) 6‘0 ) l»‘O ) 20

FIG.1. Gelafion (A) and liquid-liquid phase separation (B)
in the system CA/dioxane/water. Coexistence lines for
the latter at different temperatures. For explanation
of  symbols I, II and III see text. Dashed line indi-

cates the region where DSC measurements have been
made.
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Especially at high concentrations of polymer the mixing
process is difficult. The general trend, however, seems
clear: increasing the nonsolvent content gives turbidity at
a lower overall polymer concentration. Two important points
may be noted here. First, systems without nonsolvent, i.e.
on the polymer/solvent axis, show phase separation. Second-
ly, many systems which give an endothermic heat effect in
DSC upon heating, are visually clear at low temperature. The
systems which do show turbidity at room temperature have a

very elastic gel-like behaviour.

Lheho2 Differential Scanning Calorimetry

The dependence of the melting point of the mixture on
the weight fraction of polymer is determined as a function
of the water content in the solvent/nonsolvent mixture. The
results are given in Figure 2a. -The values for the melting
points at 40, 50 and 60 wt% CA are obtained by interpolation
of the experimental results. In Figure 2b the values for the
endothermic heat effects upon heating from 20 to 100°C are
given. The systems have been aged at 20°C for a period of
three days. The following observations may be noted:

- the melting points Increase, as expected, with the weight
fraction of the polymer,

~ there is a tendency for the melting point to decrease with
an increasing nonsolvent content,

- in general Q, the amount of heat per gram of CA, increases
with increasing water content. We notice a peculiar maxi-
mum, not yet understood, in the curve for 60% polymer.’

- even without adding water to the system CA/dioxane there

is a small but measurable endothermic heat effect.

In Figure 2 results are presented for samples after a-
ging for three days. If we compare the melting points and

the values for the heat effect at shorter aging periods, we
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can make the following remarks:

the melting points do not differ within the accuracy of
the experiments, .

at high water content.(20%) the value for Q after one day
aging does not differ from that after three days aging,
whereas at lower water content (e.g. 10%) the one day va-
lue is much smaller than that after three days. Hence

increasing the water percentage has a positive kinetic in-

fluence.

(a)

80

(°0) 707

T

0 5 10
—a - water (%)
(b)
0 257 CA(%)
(Jig) ' : gg
? B 40

T

"0 .5 10 15 20
—a= water (%)

FIG.2. Melting points (a) and heat effects (b) from DSC ex-

periments as a function of nonsolvent content in the

dioxane/water mixture.
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bok.2.3 Influence of different _cooling rates_on_the melting

e = I e e e e ]

We have mentioned before +that direct reheating after
cooling gives no appreciable heat effects. On the other hand
we have found small heat effects during heating (10°c per
minute) after cooling at sufficiently low cooling rates. The
polymer concentration is high, about 60%. The water content
in the solvent/nonsolvent mixture is 15-20%. These small
heat effects could be made visible after subtracting the (re-
heating) curves for rapidly cooled samples (40°C/minute and
higher) from the curves for slowly cooled samples (1.25°C/
minute). The heat effect is in the same temperature range as
those in Figure 2a. No effect could be observed at 10% water

content in the mixture.

e e P . St

When we performed the same experiment as under 4.4.2.3,
but if we cooled down to —1006, instead of 2000, we noticed
that:

- endothermic heat effects upon heating are situated below
30°¢,

- only low cooling rates (below 2.5°C/minute) gave ‘these
heat effects upon heating,

- heat effects are also visible at water percéntages of 10%.

From these observations i1t appears that cooling %o a lower

tewperature results in "melting" peaks which are shifted to

lower btemperatures. It gives rise to heat effects occurring

at lower water content and to a slow gelation process.

- - - —— W = = o o - - o o o e tae T - - ————

In Figure 3 we present results obtained in a similar
way as those in -Figure 2, but now with a water content in
the solvent/nonsolvent mixture of 40% and a lower polymer
concentration. The systems lie in that region in the ternary
phase diagram where liquid-liquid phase separation occurs
immediately after cooling to a temperature below about 60°¢.

We notice that the melting point increases with polymer con-
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centration (as in the highly concentrated systems of Figure
2) Dbut the area under the endotherm decreases with increa-
sing polymer concentration. Furthermore, even the lowest
Q-value determined is a factor 2 or 3 higher than that de-
termined in the region of high polymer weight fraction and
low nonsolvent content (Figure 2). These results are not yet

fully understood.

Lg -
801
Tm 45 Q
(°0) 704 (Jfg)
? 60 N *
507 35
404
3
30+ .
T T 2-5
0 10 20

—= (A (%)

FIG.3. Melting points and heats of melting from DSC experi-
ments as a function of polymer weight fraction. These
systenms have a waber percentage of 40% in the dioxa-
ne/water mixture.

A complicated phase separation process takes place:
first there is liquid-liquid phase separation resulting in
a dilute and a concentrated phase , followed by gelation
(crystallization) in the concentrated phase. In terms of
membrane formation the latter phenomena of liquid-liquid
bhase separation and gelation combined take care of the for-

mation and solidification of the porous sublayer.
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In the theoretical section we derived an equation for
the dependence of Tm’ the melting point, on ¢,, the solvent
volume fraction. We expect a linear relationship between
(1/Tm—1/T;)/¢2 and ¢z . From T;, the melting point of the
pure crystal, we have chosen the value of 579K16‘validfor
cellulose triacetate. The experimental data are plotted in
Figure 4 for five different ratios of dioxane/water. Reason-
ably straight lines are obtained. The quantities calculated
from the slope and the intercept of this plot are discussed

in the following section.

dioxane% water%
- A 100 0
L 95 5
[) 90 10
- a 85 15
=3 m] 80 20
& 354
S
e
é;
T 30
25-
204+—— .
0 01 02

FIG.4. Dependence of (1/Tm-1/Tg)/¢2 on ¢», calculated from

experimental data on which Figure 2a is based.
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4.5 DISCUSSION

In this discussion section we would like to focus our
attention on the following three points:

1. Evidence for crystalline regions in the gels,

2. Thermodynamic description of the melting point of the
crystalline regions as a function of polymer concentra-
tion and nonsolvent content,

3. Some further remarkss kinetics, degree of crystallinity

and mixed crystals.

. - e e - -

Thermoreversible gels can be obtained from CA in mix-
tures of dioxane/water. A high polymer concentration is ne-
eessary for the formation of the gel'(see Figure 1). We must
first make certain that the phenomenon of gelation is due
to a different type of demixing than the. liquid-liquid phase
separation found earlier?):

- The systems under study have a composition outside the
(extrapolated) liquid-liquid phase separation coexistence
lines. Even concentrated solutions of CA in dioxane alone
(i.e. without any nonsolvent present) became turbid and
gelatinous when cooled from 90°C to 20°C.

- It takes long aging periods (sometimes days) to obtain
effects of demixing that can be detected by DSC measure-
ments. As we know from earlier measurements liguid-liquid
separation is a fast process.

We think that crystalline regions are responsible for
the physical crosslinks in the demixing that leads to gela-
tion. We do not exclude that crosslinks of a different type
are also operative.

A thermodynamic description of the melting point of the
gel as a function of polymer volume fraction and nonsolvent
content in the system gives reasonable values for the heat
of melting per mole of crystalline units (see below).So far
we have no structural evidence for crystallinity in our sys-

tems. We could not observe a change in birefringence in the
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gel in the same temperature interval in which we performed

our DSC experiments.

e Ty ipr S i Sy Spgpiuauuiping =~ SN SOpuipuniytupiniyipuiuguiydpuipas

A thermodynamic description of gelation often concen-
trates on the melting point dependence as a function of the
polymer weight fraction.®’*?15) There is however a concep-
tual problem in defining the melting point: in general, mel -
ting does not occur at a sharply defined +‘temperature, but
over a certain temperature interval. This is also the case
in our systems. The temperature interval is about 20°C. Se-
veral methods can be used to determine a "melting" point:
- disappearance of turbidity (very inaccurate),
~ the onset of flow of the gel when the temperature is chan-

ged, 10713}

- GCalorimetric determination, as used in this Chapter, where
the melting point is taken at the end of the melting endo-
therm.

Several authors have given a theoretical treatment of
the melting point as a function of the polymer weight frac-
tion. The descriptions of Flory®) and Takahashil®) are sui-
table for gels in which there are crosslinks of a crystalli-
ne nature. From the equation of Flory, one derives AHu, the
heat of fusion per mole of crystalline units and interaction
parameter X between polymer and solvent in a binary systen.
Takahashi calculates £, the number of crystallized units
entering into a crystallite, and cé, the interfacial free
energy per crystalline sequence, using values for AHu and
the interaction parameter already known. Both descriptions
use a value for the melting temperature of the pure crystal
TS. The equation. of Takahashi for the melting point depen-
dence on the polymer weight fraction is limited to low poly-
mer concentrations.

The equation of Eldridge and Ferry'"*) does not require
specific knowledge of the nature of the crosslinks of the
gel. The ihverse of the melting point should depend linear-

1y on the logarithm of the polymer weight fraction. The
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slope of this plot gives AHm, +the heat of melting per mole
of crosslinks. Problems will arise if the dispersion at high
temperature is not complete (becédse equilibrium is assumed
between potential crosslinks " and actual crosslinks),
and if the sequences of the chains which +take part in the
crosslinks are of different lengths or if varying numbers
of chains cooperate in a crosslink. In fhis situation a
spectrum of AHm will result and AHm might vary with the lo-
garithm of the polymer concentration. The relation of
Eldridge and Ferry has been applied to gelation of CA in ben-
zylalcohol by several authors, see ref. 13. They found a va-
lue of -60kJ/mole for CTA and -44 kJ/mole for CA.

Although one usually does not apply +the relation of
Eldridge and Ferry to polymer concentrations higher than 10%,
we calculated AHm from our experimental data at 40-6Q% CA.
The results are given in Table 1.

percentage of water in AHm, heat of melting
dioxane/water mixture (kJ/mole crosslinks)
0 ' =31
10 : -60
15 -50
20 ‘ -38

Table 1: Heat of melting of the gel, calculated from
d(1n c)/d(1/Tm) = AHm/R (Eldridge*)).

The accuracy of the results given in Table 1 is not bebtter
than 10 kJ/mole.

For a further evaluation of the experimental data we
refer to equation (8) and to Figure 4. Assuming a certain
‘value for T; and for the values of the interaction parame-
ters g1, and gis, we shall find values for AHu from the in-
tercept and for g23 from the slope of the curves in Figure 4. .
One could of course equally well choose a different g-para-
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- meter as an unknown variable. At this stage we assume that
no solvent is present in the crystalline phase. For T° we
have chosen the value for CTA as given by Malmls‘?'viz?579K.

The melting point depression equation has been modified
by Hoffman?), to account for a large difference between Tm
and T;. Instead of plottipg (1/Tm-1/Tz)/¢2 against ¢z, we
then have to plot (1/TZ—Tm/(T;)2)/¢2 against ¢,. Different
values of AHu and gzs will then result.

In the case of a binary system one generally plots on
the abscissa the weight’ or volume fraction divided by the
absolute temperature, to account for the usuaily inverse
temperature dependence of the interaction parameter. Because
of the limited accuracy and the relatively small temperature
interval we used ¢, at the abscissa. The limited accuracy
makes it difficult anyhow to determine a temperature or con-
centration dependence of the interaction parameters from

these melting point data.

We used the following parameter values: v; = 18.07;
vy = 85.9; M = 288; p(CA) = 1.3 g/cm3,~g12 = 1.1 and
g13 = 1.4. The results are given in Table 2 and in Figure 5.
water % p Flory Hoffman g23=0.4 g23=0.5
AHu x exp AHu X exp ¥ theor yx theor
0 0.0 6.3 0.18 9.8 0.19 0.08 0.10
5 0.052 8.3 0.22 12.6 0.23 0.10 0.12
10 0.111 8.8 0.26 14,1 0.27 0.14 0.16
15 0.176 9.7 0.33 13.9  0.32 0.19 0,21
20 . 0.25 11.4 0.38 18.0  0.39 0.26 0.29

Table 2: AHu (kJ/mole) and experimental and theoretical va-
lues for y-parameter as a function of percentage
of water. x exp is given by ¥ exp = slope,AHuvl/Rvu)
and X theor = p2®gistp(giatsgas-gi2)+sgas.
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The value for the term X determined from the eXpéri-
ments is given in the columns 4 and 6. We calculate the
X-values given in columns 7 and 8 assuming values for gi, =
1.1 and gis = 1.4 and taking for g,; 0.4 or 0.5 respective-
ly. It is obvious that a very high value of the interaction
parameter gzé (greater than 1) should be introduced to ob-
tain a good agreement between ¥ exp and yx theor.

AHy
{kJ/maol)

1 15-

10¢

0 5 10 1 20
— water [a/o)
FIG.5. Heats of fusion as a function of percentage of water
in the dioxane/water mixture, (o) Flory expression,
(o) Hoffman modification.

A few remarks should be made here concerning the choice
of the interaction parameters: »

- we assumed a concentration independence of the polymer/
solvent interaction parameter gos. A partial justification
of this assumption comes from a separate determination
of this parameter by osmometry. We have found that below
25% polymer in the system and in the temperature range
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from 20-40°C there is only a very small dependence on tem-

18)

perature and concentration. The dependence on concen-

tration is less than the one given by Moore.?*)

- the interaction parameter gis has been estimated from e-
quilibrium swelling measurement data from several authors,
for instance Toprak.'®) .

- for the parameter gi, we have taken an effective value of
1.7,

- The choice of these parameters (giz = 1.1 and gi1s = 1.4)
also serves as a good basis for the calculation of terna-
ry phase diagrams for liquid-liquid phase sepération in
the same polymer/solvent/nonsolvent, if we compare calcu-
lated diagrams with experimental liquid-liquid phase se-

paration cloud point lines of Figure 1.22}

The g-parame-
ters introduced are room temperature values.

In Figure 5 the AHu values of Table 2 are presented.
The apparent heat of melting in our systeﬁs increases with
increasing water content. Only one literature value for the
heat of fusion seems to be available. Takahashi'?) determi-
ned a value of 9.9 kJ per mole of CTA in Dibutylphtalate,
using the Flory equation for the melting point depression.

The experimentally found melting poinﬁ dependence is
qualitatively predicted by equation (8): T, decreases upon
increasing the nonsolvent content at fixed polymer volume
fraction. The theory predicts a much steeper dependence of
Tm on the nonsolvent content.*) To correct mathematically
for this small dependence we have to introduce the dependen-
ce of AHu on the nonsolvent concentration.

Another important point to consider 1is the high gas-
parémeter which follows when comparing the experimental and
theoretical behaviour of Tm as a function of polymer volume

fraction at a fixed solvent/nonsolvent composition-ratio.

* Paulzs\vstates that ﬂhe melting point of a gel in a sol-

vent/nonsolventrmixture is always higher +than without a
nonsolvent.
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Again the experimentally found dependence is lower than pre-
dicted with our set of interaction parameters. The discre-
pancy is present at p = 0(in the absence of nonsolvent) and it
is preserved at higher' p values. Pdssibly a better agreement
can be found when composition dependent interaction parame-
ters are used. .

The simple equation requires future improvement to un-
derstand the apparent dependence of AHu on the nonsolvent
content of the solvent/nonsolvent mixture. One improvement
will be suggested in 4.5.3.3. f

From our results we conclude that water has an,ofdering
effect on cellulose acetate giving rise to a larger apparent
heat of fusion per mole of crystalline units upon increasing

the water content in the solvent/nonsolvent mixture.

Lbe5.3 Some further remarks
4.5.3.1 Kinetic_effects_of increasing water_content
From our measurements we conclude that water increases
the ordering of the cellulose acetate in the gel. We have
also found indications that an increase in the water con-
tent has an influence on the kinetics of the process: The
area under the endotherm approaches its final value faster.
In this way we can understand that it might sometimes
be useful to add a certain amount of nonsolvent to the cas-

ting solution prior to coagulation of the cast film.

Using the value of the heat of fusion, we determine the
degree of crystallinity in the gels. A value of 10 kJ per
mole of crystalline units (Mu = 288) equals 35 J/g polymer
units. A value for Q of 1.2 J/g polymer gives a degree of
crystallinity of about 4%. If we use the same value for the
systems which undérgo liquid-liquid phase separation prior
to gelation the result is 14%, quite a high value for the
degree of crystallinity. Analyzing the melting point depen-
dence of this type of géls we find a value for AHu of 28
kJ/mole.Using this value the degree of crystallinity would
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become about 5%.

4.5.3.3 Surface effects

In our simplified description we did not take into ac-
count the possibility of a mixed crystal, e.g. a crystalli-
ne phase containing (mixed) solvent. Further experiments
are necessary to test whether this assumption is justified.

Equation (5) describes the melting of an ideal (infi-
nite dimensions) crystal in equilibrium with the solution,
without the introduction of surface phenomena. As has been
noted in section 4.4.2.4 of the results, the melting tempe-
rature depends on the temperature of aging; This indicates
that surface effects should be taken into consideration.
The crystal size is expected to be small. Borchard et al.?®}
have treated this problem recently for the case of gelatin
gels. If, in further experiments with our system, the same
results should be found as .in his DSC expériments, then the
melting point taken from DSC experiments would be lower
than the true equilibrium values (surface effects gave an
additional melting point depression). The melting point de-
pendence would give an underestimate of the true AHu value,
and the slope dependence (or the interaction parameter gzs)
would be overestimated by introducing our (nonequilibrium)
melting points. In order to test the theory of Borchard one
should perform the same experiments as given 1in Figure 2a

at different crystallization or annealing temperatures.

In the Appendix the crystal-liquid phase diagram is cal-

culated on the basis of the equations given in this Chapter.

4.6 CONCLUSIONS-

In the membrane forming system. cellulose acetate/dio-
xane/water crystallization is found to occur at high polymer
weight fractions and at low nonsolvent content (water).

The melting point curves for the gel can be described
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by the melting point depression equation of Flory, althoﬁgh
high values of the polymer-solvent dinteraction parameter
must be introduced. The apparent heat of fusion- per mole of
crystalline units increases with the nonsolvent content.
Probably consideration of surface effects can lead to im-
provement of the description. '

Water is a nonsolvent in the system and it has a posi-
tive effect on the ordering of the cellulose acetate, the
rate of crystallization and the final degree of crystalli-

nity are increased upon increasing the water content.
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4.8 APPENDIX

CRYSTAL-LIQUID PHASE DIAGRAM

The crystal-liquid phase diagram can be predicted when
we apply the Flory-Huggins theory for the melting point de-
pression (equation (5)). As an example we consider the sys-
tem'CA/dioxane/water,'

Suppose that the lowerlng of the chemical potential of
the crystalline-polymer can be represented by -equation (2)
(1/Tm-1/Tm)AHu/R, with a constant value AHu-10kJ/mole.Tmaﬂd
I; are the melting point of the gel and of the pure crystal
(579K) respectively. The chemical potential of the polymer
in the liquid phase is calculated at constant ratio of sol-
vent aﬁd nonsolvent with gi2=1.1, gi13=1.4 and g»3=0.4. From
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equation (5) the polymer volume fraction can be calculated
at which the polymer is expected to crystallize. The result

is given in a ternary diagram in Figure 1.

CA

dioxane water

FIG.1. Crystal-liquid (C-L) transition at 300 and 330 X in

CA/dioxane/water. Also shown is the L-IL transition.

This presentation is in accordance with the trend of +the
melting point experiments: introduction of water gives a lo-
wer melting point at constant polymer concentration. CA is
expected to crystallize at higher concentration when the wa-

terpercentage in the solvent/nonsolvent increases.
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5. CALCULATION OF LIQUID-LIQUID PHASE SEPARATION IN A
TERNARY SYSTEM OF A POLYMER IN A MIXTURE OF A SOLVENT
AND A NONSOLVENT.*) '

F.W.ALTENA and C.A.SMOLDERS
Department of Chemical Technology, Twente University of
Technology, P.0.Box 217, 7500 AE Enschede, The Netherlands.

5.0 ABSTRAGT

A numerical method for the calculation of the binodal
of liquid-liquid phase separation in a térnary system 1s
described. The Flory-Huggins theory for three component sys-
tems is used. Binodals are calculated for polymer/solvent/
nonsolvent systems which are used in the preparation of a-
symmetric ultrafiltration or reverse osmosis membranes:
cellulose acetate/solvent/water and polysulfone/solvent/wa-
ter. The values for the binary interaction parameters are
taken from literature sources. The effect of a concentration
dependent solvent/nonsolvent interaction parameter 1is dis-
cussed. Although knowlegde of the interaction parameters for
all compositions in the ternary system 1s rather poor, a
fairly good agreement has. been found between calculated and
experimentally found miscibility gaps, when the solvent/non-
solvent parameter is taken to be concentration dependent and
the other parameters, the polymer/solvent and the polymer/

nonsolvent interaction parameter are kept constant.

*) Submitted for publication to Macromolecules
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5.1 INTRODUCTION

The equilibrium thermodynamic properties of the system
polymer/solvent/nonsolvent play an important role in the des-
cription of the formation process of an asymmetric reverse
osmosis or ultrafiltration membrane. Such membranes are usu-
ally prepared by casting a concentrated polymer solution in
a thin film on a supporting surface and immersing this film
in a nonsolvent bath. Depending on the choice of the system

1223: (1) a uniformly dense

there are three possible results
film having a porosity comparable to that of the bulk poly-
mer obtained from evaporation procedures, (ii) a porous
membrane containing an important void fraction, or (iii) a
thin dense toplayer on a porous supporting layer. The latter
is the desired asymmetric structure. Eiamples are membranes
formed from solutions of cellulose acetate (CA) and polysul-
fone (PSn), coagulated in water. An example of the first ca-
tegory, a homogeneous, dense CA membrane, is obtained when
using acetone as the sgolvent. A rather porous membrane is
the result if triethylphosphate (TEP) is used as the solvent.
Examples of the third category are membranes from casting so-
lutions of CA with solvents dioxane, acetic acid or DMF, and
solutions of PSn with DMF or DMAc as the solvent. Some of
these membranes have reverse osmosis (salt rejection) proper-
ties whereas others have typical ultrafiltration properties.

An explanation of these observations should be based on
two sets of factors: (I) the equilibrium thermodynamic pro-
perties of the three component system polymer/solvent/non-
solvent, such as liquid-liquid phase separation and gelation,
and (II) the exchange of solvent and nonsolvent during mem-
brane formation and the effect on the kinetics of the above—
mentioned demlx1ng phenomena. A proper model for the forma—
tion process of asymmetric membranes should of course inclu-
de both sets of factors.

An iﬁteresting observation concerning the thermodynamic
properties of the systems is that systems which require only

small amounts of nonsolvent (i.e.<10% water) to obtain 1i-
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quid-liquid phase separation; €.g2.CA in TEP or DMF, and PSn
in DMF or DMAc, give a membrane with ultrafiltra-

15373) Tf 5 large amount of water is needed

tion properties.
to achieve precipitation (= 30% water) the result is a mem-
brane with reverse osmosis properties, e.g. CA 1in dioxane,
acetic acid or acetone. These facts are 1llustrated in Fi-

gure 1.

CA PSf

// [ -t -1
water 7 water

b
DMF  acefone . DMF
DMSO dioxane : DMAC
TEP acefic acid

FIG.1. Approximate situation of the liquid-liquid (1-1)
phase separation gap in important membrane forming

systems.

We have suggested before®’®) that the porosity of the
sublayer can be ascribed to liquid-liquid phése separation,
the pores being formed most probably by nucleation and
growth of the dilute polymer phase. In this paper we will
try to predict binodal liquid-liquid phase separation curves
in a few polymer/solvent/nonsolvent systems on the basis of
the thermodynamics of polymer solutions.

Recently Cohen et al.?) proposed a different model for
the formation of porous structures in the coagulation step
during membrane-formationn‘Their model is not based on the
nucleation and growth mechanism but on diffusion-induced 1i-
quid-liquid phase separation at the spinodal in the ternary sys-
tem. In their model, which also includes a solution of the
diffusion problem, the location and the form of the spinodal

and binodal are of decisive importance. These curves have
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been calculated on the basis of the Flory-Huggins theory.”®
The binary interaction‘parameters which enter the equations
have been estimated from literature data. . In our opinion
these parameters have not been taken from the best possible
sources. As will be shown later the spinodal and binodal de-
pend very strongly on the choice of these parameters. More-
over the authors do not give details of their calculation
procedure. This calculation is not a trivial matter.?’®)

Tompa®) was the first to present calculated phase dia-
grams for liquid-liquid phase separation in a ternary poly-
mer/solvent/nonsolvent system. Later Koningsveld et al.?®)
extensively studied the influence of the molecular weight
distribution on the location of the liquid-liquid phase se-
paration gap and the fractlonatlion of the polymer in this
demixing process. In principle Koningsveld's calculation
procedures can be used. The location of the miscibility gap
however depends primarily on the values of the interaction
parameters. For our studies on membrane formation we are at
this stage not interésted in the much less pronounéed.effect
of the molecular weight distribution. Knowlegde of the VaF
lues of the binary interaction parameters is still rather
poor; at least a .strong dependence of the binary parameter
on the compositioh of the system and possibly also ternary
interaction parameters must be taken into account. Our aim
is to compare calculated miscibility gaps in widely diffe-
rent polymer/solvent/nonsolvent systems with experimentally
determined phase transitions boundaries.

If equations for.the chemical potentials of the compo-
nents are avallable, the least-squares calculation procedu-
re of Hsu and Prausnitz'®) seems in principle to be appro-
priate for the calculation of the binodal in a ternary sys-
ten.
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5.2 THERMODYNAMICS OF THREE COMPONENT SYSTEMS

We use the Flory-Huggins theory for polymer solutions?”)
extended to systems with three components by Tompa. 2} In
recent years equabtion-of-state theories have been formula-
ted as improvements of the Flory-Huggins theory, but appli-
cation to (polar) ternary systems is scarce and full of 1li-
mitations, e.g. see Horta.'?!) .

The Gibbs free energy of mixing is given by the follo-

wing relation:

AGm/RT = n11n¢1+nzln¢z+ngln¢a+g12guz)n1¢2+X13n1¢3
+X23n203 (1)

The subscripts refer to nonsolvent(1), solvent(2) and poly-
mer(3). ni and ¢i are the number of moles and the volume
fraction of component i1 respectively. R and T have their
usual significance. xis3 is the nonsolvent-polymer interac-
tion parameter and Y23 is the solvent-polymer interaction
parameter. gi, is the solvent-nonsolvent parameter and it is
assumed to be a function of up, with uz= ¢2/(¢2+01) in the
notation of Pouchly et al.'?}

~ The conditions for liquid-liquid equilibrium are:
Auf = Ay 1 =1,2,3 ()
The superscripts ' and " denote the dilute and concentrated
phases respectively.

~ From equation (1) we derive the following equations for

~ the chemical potentials of the components in the mixture:

Ay /RT = 1n¢1‘¢¢"s¢2‘r¢§+(éIZ¢Z+X1a¢35(¢2+¢3)-SX23¢2¢3 .
douius (dgia/dus)  (3)

Au, /RT = s1n¢2 d1~502-rdat(g1202tx238603) (d1+d3s)
~X130103td1urus(dgra/dus) (4)
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Mis/RT = rlnds-¢1-802-rdst((13d1tx23802) (d2+d1)
. 2120162 (5)

The chemical potentials are expressed per mole of segments
of component (1); s and r are the ratios of the molar volu-
mina vi/v, and vi/vs respectively.

Only binary interaction parameters are consideréd.
Their values have elther been taken from the 1literature
(g12=g12(u2)) or they have been determined from separate ex-
periments (X:1s and ¥23; at this stage assumed to be constant
with change in composition). In the calculations the effect
of constant or composition dependent solvent/nonsolvent (giz)
interaction parameters on liquid-liquid phase separation has
been investigated. '

5.3 METHOD OF COMPUTATION

5.3.7 Calculation of the binodal

Tielines connect the coexisting phases (points on the

binodal curve) which have compositions in the dilute phase.
(61,60,6)) and in the concentrated phase (61,02,03). In or-
der to determine the tieline we must determine +these six
unknowng.Three relations between the variables are given by
equations (3) to (5). The material balance equations (Z¢i=1
for the dilute and the concentrated phase) give another two
equations. By choosing one variable (in our case ¢3) and
substituting the material balance equations into (3) to (5)
the problem reduces to computation of three unknowns from
three non-linear transcedental equations. As independent
variables we have chosen ¢2,¢2 and.¢;, . .
The numerical procedure is essentially the same as that

of Hsu and Prausnitz.®

They used a least-squares procedu-
re, which appears to be effective. The objective function
which has to be minimized is:

F = If,2 . (6a)
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with £, = (Aui-Aug), i=1,2,3 (6D)

and the chemical potentials are given by the equations (3),
(4) and (5). By expressing the chemical potentials per mole
of segments of component 1 the contributions of the residu-
als fi are of comparable size.

The coexisting compositions are found by an iterative
process. We have used the numerical procedure given by Gill
and Murray.'®) This procedure uses first (and second) deri-
vatives of the expressions for the chemical potentials. In
this way considerable improvements were obtained as compared
with the calculation procedure used by Hsu:

- no penalty functions are needed to avoid a trivial solu-
tion, '

- scaling of the volume fractions is not necessary,

- the starting point of the iteration process is less sensi-
tive than in the method used by Hsu.

Convergence was considered to be attained when F<10 7.
The CPU time required for the calculation of 20-50 tielines
in the ternary diagram was about 1-3 seconds, depending on
whether concentration dependent gi» parameters were used or
not. The complete miscibility gap is obltained by varying the
chosen variable, the polymer concentration in the dilute
phase ¢33, by a factor ten. .

5¢3.2 Calculation of the spinodal

The equation for the spinodal is:®)

"G22G3s = Gao3? (7)
BZAGm
where Gij = ——
3¢i3¢j
It follows, ubing equation (1):
1 1 1 14
Gz, = — + - 2g1212g12(ur~uz)+giourus (8)

b1 :Va2d2
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1 1

. ' K 1 :
- 2x13t2u2?2(14uy)giztuz *uigie (9)

G;a = — +
b1 Vids
1 X2 3 : ' , !

Gzs = — =X13t —— -gi12-U1U2g12-U1U2"g12 (10)
O8] V2 '

1 - 1
where g1, = 0g12/0u, and gi2 = 8%g12/3u2?.

We assumed vi=1. )
For the case of constant interaction parameters, the equa-

tions reduce to the equation given by Tompaa‘:

ZVi¢i‘22ViVj(Xi+Xj)¢i¢j+4V1V2V3(X1X2+X1X3+X2X3)¢i¢z¢a =(O |
- 11

where 2y1 = X12+X13-X23/Vz _
2%2 = X12tX23/Va-X13 , (12)
2¥s = X13tXz23a/Va-X12

When the interaction parameters are known and one variable
is chosen (e.g. d3), substitution of the material balance
equation Z¢i=1 in equation (8) will give one equation with
one variable to be solved. This is done by using the same
numerical procedure as has been used for the calculation of
the binodal.

5.4 BVALUATION OF THE BINARY FUNCTION gi»

The function gi2 1s needed at the temperature at which
cloud point curves have been obtained. The parameters are
calculated from literature data on GE, ' generally obtained
from vapour pressure experiments. For a two component sys-
tem GE is related to the Gibbs free.energy of mixing by the
equation: '

ot = AG ;. ~RT(x11nx1+x21nxs) (13)
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where xi1 and x, are the mole fractions of the nonsolvent
(1) and the solvent-(2). For 1 mole of mixture:

T AG .
mix

RT

= x11Indi+xsIndotgiax1 2 (14)

From equation (14) gi2 is calculated as a function of ¢,.

Only for a few solvent/water systems experimental data
on GE are available (see compilation of literature referen-
ces by Wisniak and Tamir®*)). In Table 1 the sources are
listed from which data on GE have been taken.

solvent nonsolvent: water

dioxane Kortum®®), Goates®®), Malcolm!”}
acetone Oryel'®), Othmer!®)

DMF Saphon?}

DMSO Lam?'), Chan??)

acetic acid*) Gieskes?3®), Haase?™

TEP no data available

DMAc no data available

*) Conflicting data

Table 1: Literature sources on GE of solvent/nonsolvent

mixtures.

The binary parametergiz calculated from these data is gi-
ven for the different solvents in Figure 2. For acetic acid
we have used data of Haase?™)

The magnitude of glz'and its variation with concentra-
tion influence +the thermodynamic properties of a ternary

"system to a great éxtent, see e.g. Aminabhavi.2S)
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acetone

_1_

FIG.2. Concentration dependent interaction parameters in bi-
nary solvent/water systems. .

5.5 EVALUATION OF BINARY PARAMETERS x13 AND ¥z

The interaction parameter ¥is: i1s determined from equi-
librium swelling ‘measurements carried out by Mulder?®) for
instance at different temperatures. We have used the value
of 1.4 for the interaction parameter for CA/water and the
value of 3.7 for PSn/water (25°C).

The solvent/polymer parameter X,s is taken from work
done in our laboratory,27) . We determined this parame-
ter using osmometry. For CA/acetone and CA/dioxane we have
found the values 0.45 and 0.40 respectively, at 10 wt%poly—
mer and 25°C. In this Chapter we do not consider the concen~-
“tration dependence of this parameter. For other polymer/sol-
vent combinationg there are no data available. '
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5.6 RESULTS AND DISCUSSION

5.6.1 General

The predicted polymer concentration in the dilute phase
rapidly approaches a very small value. For each successive
tieline givén in the figures the polymer concentfation in
the dilute phase is a factor ten lower if one moves to the
right. - In some figures tielines have been calculated for a
polymer concentration ¢; of 1073%%, Of course this value can
have no physical meaning.

Tompa®) calculated tielines for a simple case: Vi=v,;
X12=X13=1.5 and ¥x23=0. The results of our calculations with
these values for the parameters agree completely with his

phase diagram.

5.6.2 Constant interaction parameters

Our procedure allows for arbitrarilj chosen values of
the interaction parameters Xij and molar volume ratios vi/vj.
All practical systems which we consider have a large ratio
of solvent and nonsolvent molar volumes. i.e. vi/v, = 0.2,
For the polymer volume ratio we have chosen vi/vs = 0.002.

First we will consider the case of changing the solvent
in the system (thus changing Xi1.) while keeping the polymer-
solvent and polymer-nonsolvent parameters constant. At two
fixed values of xi13, 1 and 1.5, +the effect of changing the
solvent-nonsolvent parameter can be seen from the Figures
3a and 3b. Increasing the Yi. parameter results.in a quite
drastic change in the location of the miscibility gap. It
appears that a low tendency of mixing of solvent and nonsol-
vent, as expressed by a large value of X1z, favours the
mixing of the ternary system: more nonsolvent is needed for
liguid-liquid phase sepérafione Another interesting point
to observe is the polymer concentration in the concentrated
phase which is much higher at low ¥i1. ‘than at high xi, for
the same degree of penétration of the liquidéliquid phase
separation region (here measured as ¢2 at the same ¢; at

curves for different Xi12). The tendency of the location of
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{a)

polYmer(B)

D

solvent(2) ansoWenfﬁ)

(c)

polymer

{b)

polymer

solvent nonsolvent

(d)

polymer ,

TR

sotvent ) nonsolvent solvent

nonsolvent

FIG.3. Tielines and binodals in polymer/solvent/nonsolvent
Effect
of varying X1z (values given in the figure) at (a)
X13=1.0 and (b) xi13:=1.5.

wer number at each curve)

systems for constant interaction parameters.

Effect of varying x»s (lo-
at certain values of Yxi»

(upper number for (c) ¥1:=1.0 and (d) xi1s:=1.5.

the miscibility gap to move to the right in the ternary dia-
grams is not yet understood on physical grounds.

Secondly, we consider the influence of a changing sol-
on the location of the

~tielines. Results are presented in Figures 3c and 34.

vent quality for the polymer (y23)
At low values of xi12 the effect of increasing ¥.s is consi-
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derable, but in opposite direction of increasing ¥,,s where=-
as at high values of xi2, especially at xi12=1, there is only
a small effect on the location of the liquid-liquid phase
separation region. A higher value of yx;3 decreases the
amount of nonsolvent necessary for phase separation. This
is also the result of choosing a higher Y13 parameter. Qua-
litatively these effects are not difficult to understand.
The effect of changing xi13 can be seen more clearly by com-

paring Figures 3a and 3b.

5.6.3 Comparison with phase diagram for CA/acetone/water

from Cohen et al.
Cohen et al.?) have calculated the binodal for the sys-

tem CA/acetone/water and CA/acetic acid/water. For the ace-

tone system they used the following interaction parameters:
X12==0.30,%135=1 and x23=0.2 with vi:vy:v3=1:4:500. We cal-
culated tielines of the liquid-liquid phase separation with
the same set of parameters. Our results and the diagram of
Cohen are compared in Figure 4. There are small differences
in the location of the binodals. Cohen gives no details of
his calculation procedure,so that the exact origin of these
differences cannot be traced.

In our opinion a much better choice of the interaction
parameters is possible from literature data. Swelling mea-
surements indicate a CA/water parameter of about 1.4. The
CA/acetone parameter takes the valqe_of about 0.45. More
important ,however ,is the influence'of the solvent/nonsolvent
parameter. From PFigure 2 -we conclude that Y1, has at least
a large positive value, and not a value of -0.3 as assumed
by Cohen. Cohen et al. based thelr estimate of the Y1, para-
meter only on the enthalpy of mixing and not on the
free energy of mixing as they should have done.

In Figure 5 +the phase diagram is given for a positive
value of Y12, i.e. 0.5. The other parameters are kept at the
values which Cohen used.. The spinodal has also been cal-
culated for this case. The result could have a very serilous
effect on the conclusion of the study of Cohen et al., that
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acetone water acetone water

FIG.A. Comparison of calcu- FIG.5. Effect of change in

lated binodal with acetone/water interac-
literature (Cohen et tion parameter from
al.?), solid curve) -0.3 to 0.5.The left full
for the system CA/a- ' curve has been taken
cetone/water. Values from Cohen et al,

of interaction para- The right full curve is
meters are given. the spinodal.

phase sepération at the spinodal produces the porous sub-
gtructure of CA membranes. It appears to us that a curvatu-
-re of the binodal and the spinodal at high polymer concen-
tration as shown by the Cohen curve in Figures 4 and 5, is
necessary to reach their conclusion. From Figure 5 we see

that the curvature disappears if yi1, is given a more reasonable

i.e. positive value. We suggest that their description
could very well depend too critically on the choice of the
interaction parameters. Another, more basic objection to

their conclusion is that spinodal decomposition at not too
high polymer concentrations (such as in the casting solu-
tion) has not yet been found experimentally.

5.6.4 Concentration dependent g1, parameters

Keeping the other interaction parameters constant, we

now consider a composition dependent gi, parameter (cf. Fi-
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gure 2); gi2 is calculated from literature data on GE. In
our calculations we use the data for each solvent from the
first mentioned author in Table 1. There can be considerable
differences between data of different authors, e.g. in GE

232241 Thege differences are reflec-

for acetic acid/water.
ted in the results of the calculation of the binodals.

For the g12(¢2)-function a fourth grade polynomial
relation has been chosens; the coefficients were found by
using a least squares method. The function fits the gi. va-
lues calculated from the experimental data within 3%. Using
this giz-function we calculated AGmix (equation 14) over the
full composition range to check if demixing in some range of
the solvent/nonsolvent mixture without polymer is predicted.
This would of course have a serious effect on the subsequént
calculations. For instance the gj,~-function calculated from
the data of Goates'®) on dioxane/water predicts ligquid-1i-
quid phase separation at about a 50/50 mixture of dioxane/
water. The coefficients of the interaction parameter func-

tion gi» are given in Table 2.

solvent vi/v, (25°¢) gra=atbdrtcdy2+dds *ted, ¥

a b c d e
dioxane 0.2092 0.92 -0.69 7.15 -12.91 8.17
acetone 0.2442 1.10 =042 4.09 -6.70 4.28
DMF 0.2336 0.50 0.04 0.80 -1.20 0.82
DMSO 0.2540 -0.25 -0.69 1.15 -2.9 2.09
acetic acid 0.3151 - not considered further

Table 2: Concentration dependent solvent/nonsolvent inter-

actlon parameters.

5.6.5 Comparison with experimental data
5.6.5.1 Cellulose acetate (CA)

There is not much information on the location of the
ligquid-liquid phase separation gap in CA systems. Frommer?®)

and Guillotin®*) give values for the precipitation concentra-
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tion for water at about 20% polymer. We have determined
cloud points for CA/dioxane/water®) and also for CA/DMF/wa-
ter (Figure 8). Strathmann?®) and Lemoyne®) give data on CA/
acetone/water which deviate from the above mentioned sour-
ces.

CA/dioxane/water

Experimental pointé and curves are given in.Figure 6.
The full curve is calculated using the gi, function from
Table 2, and with x13=1.4 and X23=0.4%.

We note a fairly good agreement in the position of ex-
perimental and calculated curves. The set of interaction
parameters used appears to describe the demixing of the sys-
tem reasonably well.

The only computed effect of introducing a smaller . X223
value is that the polymer concentration in the concentrated
phase is higher at about the same solvent/nonsolvent ratio
as compared to the situation drawn in the diagram.

CA

dioxane water aceftone water

FIG.6. Calculated binodal FIG.7. Calculated binodal and

for CA/dioxane/wa- tielines for CA/acetone/
ter (full curve). water. Literature data
Dashéd curves from from Frommer (+),

cloud point measu- Guillotin (.) ; Strathmann?®®
rements at 20°C : and Lemoyne °):

(1left) and 60°C binodal (--=-==o- ) and
(right).3!Single tielines (=.=uemu=u=),

point data from Frommer!)
(+) and Guillotin*)(.) at 20°C.
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When a smaller value of vi/vs is used (a value of 0.002
means a molecular weight of 9000; whereas the CA often used
" has a molecular weight of about 20.000-30.000) no effect on
the location of the miscibility gap is found. The distance
between the tielines, differing a factor ten in the polymer
concentration in the dilute phase, then becomes much smaller.

A similar agreement iIn location between experimental
cloud point curves and theoretical binodals can be obtained
by taking an effective, .constant, xi12 value of 1.1 instead
of g12(d2).

The data from Frommer and Guillotin do not agree with

our measurements. The reason for this deviation is not
clear.
CA/acetone/water

- o o e o b re o D e

The experimental information on liquid-liquid phase se-
paration in CA/acetone/water 1s not very distinct. Strath-
mann?®) has given so-ealled tielines. These lines cannot be
real tielines because he ignores the obscuring effect of ge-
lation of the concentrated phase at some stage of the sepa-

ration into two liquid phases in equilibrium.Lemoyne®’

gives
a gelation line in the ternary diagram, but he also gives
tielines which connect a dilute phase with a concentrated
phase that lies within the gelation region bf the system.
Our calculated diagram (gi. from Table 2, xi1s=1.4 and
X23=0.45) agrees quite well with the data points from Frommer

and Guilotin, see Figure 7.

CA/DNF/water

Results are presented in Figure 8. Our own experimen-
tal data confirm the results of Frommer and Guillotin. The
calculated curves for polymer/solvent interaction parameters
of 0.0 and 0.4 (the precise values are not known)ck)notagrée

well with the experimental data.

Again two calculated binodals are given, in Figure 9,
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for x23 is 0.0 and 0.4.  The agreement in position between
calculated curves and.experimental points is much worse
than with the other solvents considered. One reason might
be the peculiar behaviour of the binary solvent/nonsolvent
system itself. This is the only system with a strong nega-
tive value for xiz.

DMF . water " DMSO ., water
FIG.8. Calculated binodals for FIG.9. Calculated binodals
CA/DMF/water. Dashed for CA/DMSO/water
lines from ouf cloud . for two values of
point experiments at 20°¢ X23. Literature da-
(left) and 40°C (right). ta from Frommer (+)
Literature data from and Guillotin (.).

Frommer (+) and
Guillotine (.)(at 20°C).

e e e e ]

Demixing data for PSn/DMF/water have been given by
Broens®?,. Wijmanszg\ and Coplan.®®) Only a small amount of
water, usually a few percent, is needed to achieve precipi-
tation.

From Figure 10 it is clear that the demixing behaviour
is mainly determined by x1s (we used a value of 3.7). Large
variations in xlg:and X23 only have a small absolute effect
on the precipitation concentration. Changing the solvent,
for instance by taking DMAc instead of DMF, would have this
small effect, A more precise comparison with experimental
data can be carried out if ¥23 and X:12 are known for both
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solvents. The relative influence of a change of the solvent

on the membrane forming properties is known to be large.2°}

PSn

water

FIG.10, Binodals in PSn/DMF/water at different values of

interaction parameters X12/X13/X23 (given in figure)

Summarizing the results we can make the following re-
marks:

~ A method of computation of phase diagrams has been deve-
loped, which works quite well.

- On the basis of literature information the solvent/nonsol-
vent interaction parameter gi, 1s assumed +to be composi-
tion dependent. From our study we conclude that GE, the
excess free energy of mixing has to be considered and not
only the enthalpy of mixing.!! Other binary parame-
ters have Dbeen kept constant. At this stagé a more preci-
se study does not seem relevant without detailed informa-
tion about the ternary interaction parameters in the sys-
tem and the molecular weight distribution.

- A change in the solvent. of the membrane forming system is
reflected in a change in gi;. The qualitative and quanti-
tative effects on the position of the liquid-liquid phase
separation gap.can be predicted reasonably well. This is
shown for CA systems for which binary parameters are
known. )

- For PSn a large polymer/nonsolvent interaction parameter
determines the demixing behaviour to a great extent. .

Changes in other binary parameters have only a small ef-

fect on the precipitation concentration.
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5.7 CONCLUSIONS

For the calculatlon of the binodal in a system of poly-
mer/solvent/nonsolvent we have developed a method of compu-
tations which works well. .

Introduction of a concentration dependent solvent/non-
solvent interaction parameter gives a reasonable agreement
between the experimentally found miscibility gap and the
calculated binodal of the liquid-liquid phase separation.
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6. THERMODYNAMIC PROPERTIES GF CELLULOSE ACETATE IN
SOLVENT/NONSOLVENT MIXTURES STUDIED BY OSMOMETRY

F.W.ALTENA, R.J.MOSSEL, H.G.XKOETSIER, J.W.A. van de BERG and
C.A.SMOLDERB ;
Department of Chemical Technology, Twente Univefsity'of
Technology, Enschede, The Netherlands.

6.0 ABSTRACT

Using osmometry data,interaction parameters of a terna-
ry system of a polymer in a mixed solvént/nonsolvent have
been determined in order to predict the composition of the
system where liquid-liquild phase separation occurs. The Flo-
ry-Huggins theory for a three component system 1is applied
to cellulose acetate/dioxane/water. Both osmotic pressure
and preferential sorption are determined at polymer concen-
trations of up to 10%. Comparison between predicted and ex-
perimental values of the osmotic pressure and the preferen-
tial sorption shows that reasonable agreement can only be
found if, in addition to a concentration dependent solvent/
nongsolvent interaction parameter, a ternary parameter is in-
troduced and the pdlymer/nonsolvent interaction parameter
is allowed to vary with the composition of the system. The
interaction parameters are extrapolated outside the experi-
mental composition range to predict liquid-liquid phase se-
paration. This turned out to be unsuccessful. The binary
CA/solvent parémeﬁers determined for acetone and dioxane do
not agree with literature data.
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6.1 INTRODUGCTION

The thermodynamics of systems consisting of a polymer,
a solvent and a nonsolvent play an important role in the

n The basic

description of asymmetric membrane formation.
processes go&erning the structure formation are liquid-1i-
quid phase separation and gelation. ,

In order to describe both processes we need a reliable
expression for the Gibbs free energy function of the fluid
polymer solution. In this Chapter we start from the Flory-
Huggins theory?) in an extended version valid for three com-
ponents. For our purpose, which is the selection of a mem-
brane forming solvent/nonsolvent comblnatlon for a glvenpo-
lymer material, we consider this semi-quantitative approach
as beilng sufficient.

In this theory interaction parameters account for the
non-ideality of the system. From earlier studies it is clear
that these parameters generally depend on the composition
of the system.?®)

Osmometry 1is a means for determining accurate values
for the interaction parameters in a rather concentrated po-
lymer solution. This is particularly the case for a binary
polymer/solvent system. Both concentration and temperature
dependence have been found in this way."*' As far as we are
aware, osmometry in a ternary system has never been applied
for the determination of interaction parameters 1in concen-
trated ternary systems. In this Chapter we investigate the
possibility of obtaining the interaction parameters from
such an experiment. To this end not only the osmotic pres-
sure (or the potential of total sorption®)) but also the
preferential sorption must be measured. Both quantities
were measured in the same osmometry experiment for solutions
of up to 10 wt% polymer.

The system to be studied here is cellulose acetate
(CA)/dioxane/water. The nonsolvent content is such that 1i-
Quid—liquid phase separation does not yet occur (below 30%

by weight of nonsolvent (NS) in the solvent (S)/nonsolvent
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(NS) mixture). Also values for the binary parameters CA/dio-
xane and CA/acetone are obtained from these experiménts.

With the interaction parameter thus obtained the total
gsorption coefficient at infinite dilution‘is calculated and
compared with the value determined from intrinsic viscosity
measurements of CA in mixtures of dioxane and water.

The interaction parameters determined in a limited com-
position region have been extrapolated to higher polymer
concentrations and higher nonsolvent content to. predict the
thermodynamic properties of the system at phase separation

conditions.

6.2 THERMODYNAMIC RELATIONS

6.2.7 Concentration dependent interaction parameters:

chemical potentials

We start from the Gibbs free energy function:?®)
AG
— = nilnditnzlnoztnsindstgiza (Uz)nidatgrs(ds)nids
RT +g23(¢3)n1¢3+gT<uz’¢3)ﬂ1¢2¢3 (1)

The indices refer to (1) nonsolvent, (2) solvent and (3) po-
lymer. In equation (1),ni and ¢, are the mole fraction and
the volume fraction of component i. The binary interaction
parameter gi. (solvent/nonsolvent) is assumed to be a func-
tion of the composition of the solvent/nonsolvent mixture

uz = ¢2/(01+¢2) = ¢2/(1-¢s). The ternary parameter g, com-
prises all non-binary effects.

Differentiation with respect +to the respective mole
fractions, yields the following equations for the chemical
potentials of components 1 and 2:
>AU1 '

—— = Ind1+(1=-8)d2+(1-r)datg1r02(d2tds)-urusdagia
RT< +g13¢3(¢2+¢3)-¢1¢1g¥3-5¢2¢3(g23+¢3g§3) (2)
+0203{gg(1 —2¢1)~u1u2g%-u1'¢3g§}
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sAu»

= Sln¢2—8¢z—¢1-£¢3+g12¢1(¢1+¢3y+ui¢2g;2 )
-¢1¢3(g13+¢3g;3)+8g23¢3(¢1+¢3)-Sg§3¢2¢3 (3)
2
tgp0103(1-20,)+ul0203gp-u102038%

RT

where the gi, and the gT-parameter are a function of u, and
the superscripts’ and * denote the partial derivatives with
respect to u, andds respectively. The symbols s and r refer
to the ratios of ‘the molar volumes vi/v, and vi/Vs, respec-
tively. ‘

A The osmotilic pressure and the equation for the preferen-
tial sorption are derived in thenext section. Comparison
with experimental values (in the Results section) shows that
besides introduction of a ternary parameter, another parame-
ter has to be chosen as composition dependent. When the po-
lymer/nonsolvent parameter is taken to be a function of the
composition of the solvent/nonsolvent ratio u,, a fairly
good agreement is obtained between experimentél quantities
and values derived from the theoretical equations. The in-
teraction parameter gis then incorporaﬁes also ternary in-
teractions. Equations (2) and (3) should contain extra terms,
‘PesSpP.s -u1u2¢3g§3 and +ui¢3g13, In the subsequent derivations

these terms are included in the equations.

6.2.2 Osmotic pressure and preferential sorption

We assume osmotic equilibrium between two phases, one
with a mixture of solvent and nonsolvent (composition ¢1Q)
and the other with polymer dissolved in this mixture . The
quantities in the polymer‘free phase are denoted with the

superscript °, At equilibrium we have:

AUl‘[‘Tf\)l/RT (Z{,)

]

.0
Ausy

Au,+mV,/RT (5)

Il

Au3

The equation for the osmotic pressure wfollows from substi-
tution of (3) in (5):
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TV b2 o . 2 o
-—= Sln(—5)+s(¢z-¢z)+¢?-¢1—r¢s+g12¢1-g12(¢1)2
RT 0P
2
+g12¢1¢3+u1¢2g;2 (69)2 ¢zg12 ¢1¢3(g13+¢ag13) (6)
+u1¢3g13+sg23¢3(¢1+¢3) S¢2¢3g23+gT¢1¢3(1 -202)
+u1¢2¢3gT-U1¢2¢3gT

The osmotic pressure m can be calculated from equation (6)
at constant ¢z if ¢:1(or ¢,) and the values for the interac-
tion parameters are known. The value of ¢1 can be found from
the equation defining the preferential sorption: This equa-
tion is derived from equations (4) and (5) by eliminating =
and substitution of equations (2) and (3):
2

lﬂ(_—) In(— )+(1 S)ln(_—)+g12<¢2 01)+g32 (69-03)

b2 05 03
-u1¢2g12+¢1¢2g12-u1¢3g13 +(g13- Sg23)¢3 ‘ (7)
+gT¢s(¢2 -01)- ¢2¢3U1gT =0

Above we have followed the derivation outlined by Scott”),
who derived expressions for the osmotic pressure in a terna-
ry system with s=1 and constant (composition independent)
parameters, and of Krigbaum and Carpenter®), who have given
equations for s#l1. Our equations reduce in the case of con-
stant interaction parameters to their expressions. We can
also compare our expressions with those obtained by Zivny
and Pouchly.®}
The preferential sorption is expressed by the factor:

€ = u;-0% = b5 -l (8)

as the deviation of the comﬁosition u; of the liquid mixture
in the polymer phase from the volume fraction of nonsolvent
in the polymer free phase.

We are interested in the behaviour of the osmotic pres-

sure and the preferential sorption upon increasing the non-

solvent content of the mixture. Except for the temperature
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the ternary system possesses two degrees of freedom, the
compoéition of the solvent phase $? and the volume fraction
of the polymer ¢3. These quantities determine the equili-
brium values of m and €. The osmotic equilibrium can ele-
gantly be represented for all compositions of the system by
plotting osmotic isobars and coexistence lines.®) An example
relevant for our system is given in Figure 1. Coexistence
lines represent the composition of the solvent mixture in
the polymer phase, which, at an appropriate osmotic pressu-
re difference, can be at equilibrium with a mixed solvent
with fixed composition $?. Osmotic isobars connect points
having the same osmotic pressure.

In Figure 1 osmotic isobars and coexistence lines are
given for the following set of interaction parameters:
gi12=1.1, gi13=1.4, g23=0.4 and s=0.2. The preferential sorp-
tion € can be read from the deviation of the coexistence
curve from the vertical lines Which‘represent (chosen) 6%
values. Four osmotic isobars at selected values of mv3/RT
are given. )

The chosen binary interaction parameters have previous-
1y'9) been used to calculate the liquid-liquid phase separa-
tion gap in the system CA/dioxane/water.With these parameters
a fairly good agreement was obtained between the locations
of the calculated binodal and the experimentally found de-
mixing gap. Figure 1 contains the osmotic isobar m=0, which
according to Pouchly®) limits the region of restricted mis-
cibility. Indeed this follows from equations (4) and (5) for
the case of limiting high molecular weight (r+0). The phases
that coexist at demixing are given in the figure (full dots).
The dashed lines connect the two coexisting phases. The open
dots indicate thé points where inversion of the sign of the
preferential sorption takes place.

We observe a. predicted minimum in the osmotic isobar as
a function of uje. This indicates a maximum of the osmotic
pressure as a function of the composition of the solvent/
nonsolvent mixture. Furthermore, with this choice of the in-

teraction parameters and at a certain polymer volume frac-
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tion, say 10%, we expect a positive value of the preferen-
tial sorption at low ui valueé (preferential sorption of
component 1, water) which increases, passes through a maxi-
mum and becomes negative at about. u;=0.3.

10 J — :
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3 (& ///
t 0.8‘ , =01 02 I~
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0004 {8
021 0.001| l: \\\ 5
' 00 AR
N\ 1 \‘
O.G - T ¥
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FIG.1. Coexistence lines and osmotic isobars in a ternary
system. Values for m™1/RT are indicated for the iso-
bars; values for ¢? are indicated for the coexisten-
ce lines. Parameter values: gi.=1.1, gis=1.4, £23=0.4
and s=0.2. Zero preferential sorption (o). Phases
coexisting at demixing (e).

6.2.3 The dilute region

We are interested in the comparison of the behaviour
of osmotic pressure and preferential sorption of both the
concentrated and the dilute region. Experiments in the con-
centrated region require considerable experimental effort.
The dilute region 1is much more accessible by osmometry at
low polymer concentration or by intrinsic viscosity measure-
ments. Hopefully,by measuring the thermodynamic properties
both at limiting low and rather high polymer concentrations,
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a sufficiently accurate description of the thermodynamic be-
haviour of the ternary system can be obtained.
In the dilute solution limit (¢3+0) one finds?’''):

mV1

= rda Y03+, .. ‘ (9)
RT .

We follow the derivation of Pouchly et al.''):

o R VEY 2
Y(01) = —(Mza-A1M11) (10)
2RT
with Ay = =M;3/Mi, ‘ (11)
N2 ’ .
Mij =3 Gu/auiauj (12)
G, = AGm/V(1—¢3) | (13)

where AG_~ 1is given by equation (1) "and V is the volume of
the total system. '

After differentiation we find for the quantities Mij:

"Ml]_\)]_ 1 S 1 1"
= — + — - 2g7,+2(62-02)g12+6705g12 (14)
RT o1 ¢2
Mi3v,y
= s~ 1+g13 Sg23+(¢1 ¢z)(g12 -8y )
RT
-¢1(g13)¢ +O+ ¢1¢2{g12-(gT)¢ +O} (15)
Masv:
= 9(¢1+S¢z)+(g12 -Ep )¢1¢z-(g12¢1+8g23¢2 )
2RT

+¢1(g13) +¢1¢z(g“) +S¢2(gza) (16)
Uz T

The g-parameters and the derivatives with respect to uz, in

) sq+ The
$3>0
derivative with respect to ¢3 1s calculated at constant Uz .

the above equatlons are the limiting values (g

The total sorption .ecoefficient Y can be determined
from low pressure osmometry or from intrinsic viscosity

measurements as a function of the composition of the sol-
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vent/nonsolvent mixture.
According to Shultz and Flory'?) the linear expansion

factor ¢ is a measure for the overall sorption:
- .
T(07) = (a®-a®)/20,M" (17)
where Gy = (27/2%/2w/2N,) (¥, /v1) (M/ (2))¥*(18)

M is the molecular weight of the polymer, N, Avogrado's
number, Vs design%tes the partial specific volume of the
polymer and (f’i)§ is the mean-quare end-to-end distance
in the unperturbed state. We follow Flory by taking:

o =a; o= [n]/[ngl (19)”.'

This gives us an opportunity to compafe osmotic data at me-
dium polymer concentration and interaction parameters deri-

ved from them with intrinsic viscosity data.

6.3 EXPERIMENTAL

6.3.1 Osmometry
A membrane osmometer was constructed with a design as

given in Figure 2. This osmometer is very similar to the

one used by Koenhen.") The.device meets most of the require-

ments for  proper functioning (see e.g. Schafer!®)):

- a convenient and frequent change of solvent and solution
is possibles

- the time required for osmotic equilibrium is short and
concentration variations during measurement are negligible
(volume fransport through the membrane is minimal);

- a sufficient support for the membrane is available;

- the pressure difference across the membrane can externally
be changed; equilibrium is attained starting from lower
pressures®®);

- the temperature control is adequate: the osmometer is im-
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mersed in a thermostat bath.
The pressure (compressed air) is exerted on the polymer
solution via the mercury filled U-tube. The mercury pre-

vents evaporation of the solvent.

®
: C{ 7 ®
W
ZJﬁ 2 O]
. @0
solvent solution
&
|

S

FIG.2. High pressure membrane osmometers: C)nwmbrane,c:)po-
rous steel plate, @teflon gasket, @filling ports
connected to valves,(:)glass capillary,C:)mercury
filled capillary U-tube. ’

6.3.2 Membranes

The membranes used were Sartorius allerfeinst, cata-
logue number 11539, with a diameter of 47 mm. The membranes
are made of regenerated cellulose. They are conditioned to
the desired solvent within the cell in 8 steps of Zh dura-
tion. After the experiments no CA could be detected at the
solvent side of the cell. Before an experiment with a mixed
sélvenﬁ the membrane is carefully conditioned and the solu-

tion and solvent compartments are flushed several times.

6.3.3 Experimentai procedure
6.

- —— T - —_— - e - e = -

At the solution side +the initially present solvent is

replaced by the solution.The bottom filling port is closed,
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and temperature equilibrium is reached in about 15 min. Then
the upper valve is closed and this marks the start of the
experiment. Through permeation of the (mixed) solvent the
level of the meniscus in the mercury column changes. This
change is used to correct the pressure until equilibrium is
attained. The pressure is increased step-wise for about
3h. Equilibrium follows after another 3h during which the
pressure is not changed. The osmotic pressure reproduces to
within 3% in duplicate measurements.

After the experiment the welght fraction of theﬂpolymer
in the solution is determined by evaporation of the (mixed)
solvent and subsequent weighing of the polymer. The hydro-
phylicity of CA limits the accuracy of the determination of
the weight fraction to a value of about 2%. During the mea-
surement CA takes up a small amount of water. » \

The volume fraction of the polymér (before mixing) is cal-

culated from addition of volumes of polymer and solvent.

The value of € is determined by analyzing the composi-
tion of the solvent mixture in the solvent compartment side
of the cell after equilibrium is attained. The solvent side-
of the cell is sealed from the environment during the osmo-
tic experiment.

The refractive index increment (the reference is taken

from the original mixed solvent composition $?) is measured
with a Brice Phoenix refractometer. The accuracy in the re-
fractive index measurement is about 2.107 %, The estimated
accuracy of the determination of the composition in the sol-
vent compartment is about 2.7107%. . The value of € follows
from a mass balance of the total cell. The two cell halves
have volumes of 12 cm® (solvent) and 20 cm® (solution).
‘ The reproducibility, however, in the determination of €
is worse than 2.10 "%, For instance the values given in Fi-
gure 5 are mean values of duplicate measurements. The errof
in'e is about 3.107%.

Another way to determine € is via the determination of the
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refractive index of the polymer in the solvent/nonsolvent
mixture in the solution compartment. Our apparasus, however,
does not allow us to take a sample of the polymer solution

at osmotic equilibrium.

A capillary viscometer of the Ubbelohde suspended me-
niscus type, with efflux time of 90 s for dioxane 25°C, was

used.

6.3.4 Materials

Details of the materials are given in Chapter 3.

6,4-RESULTS AND DISCUSSION

6.L.1 Binary CA/solvent interaction parameters

a. Concentration dependence

For a binary system (01=0) equation (6) reduces to:

TV o

T % :
=lnds~d2- _¢3+{g23-<1'¢3)g23}¢§ (20)
RT s

From %this equation the Flory-Huggins interaction parameter

Xzs can be calculated:

9g2 s

X23 = g23~-(1-03) (21)
dds

A concentration dependence of gzs of the following form is

assumed”) :

1
823 < g23+g23¢3 (22)

Substitution of (22) in (21) gives:

) 1
X223 = (gza‘gza)+2gzs¢3 (23)
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The value of .3 and So of the‘gzg-function can be found
from the osmotic pressure measurement in the binary system.
The concentration dependence of the polymer/solvent
interaction parameter of the binary systems CA/dioxane and
CA/acetone are given in Figure 3. Beyond a polymer weight
fraction of 0.15 filling of the cell became very difficult.
Figure 3 shows that dioxane is a better solvent for CA than
acetone. The concentration dependence is not very large. On
the X23-axls we have given the value for dioxane at low
polymer concentration, determined with the help of ailow
pressure ogmometer (Hallikainen model 1361 automatic osmo-
meter, with the same type of membrane as used in the high
pressure osmometer). From Figure 3 and equation (23) it fol-

lows for dioxane:

g23 = 0.52'1'0.12(])3 (24)

00 005 010
—= P3

FIG.3. Binary pblymer/solvent interaction parameter xa2s as
a function of ¢,: dioxane (o) and acetone (o).

The only literature source with which we can compare

our Yzs-results is Moore et al.'®’!®) In Figure 4 the data

are compared.
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FIG.4. Comparison of Xz3 determined in this Chapter (a) with
literature data from Moore®®Y(b): dioxane (o) and

acetone (o).
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The temperature dependence of the interaction parameter
is another point of interest. This T-dependence can be used
to determine the two contributions to ¥, the enthalpic (XH)

and the entropic contribution (XS) to the interaction para-

meter:
3(x.T)
Xg = —— (25)
aT ~
9X
Xg = =T — (26)
H T -

A rather precise value of Xg is desired. For example a rela-
tive error of 0.1 in Xy means that x has to be determined
with an accuracy better than 0.01 (temperature interval 20K).
Our experiments reproduce to within about this value.
Although a precise measurement is not possible, osmo-
tic pressure measurements carried out at diffefent tempera-
tures indicate a value of XH=O-1-O=3 for dioxane. This value
is found when osmotic pressures are measured at 25°C and

AOOGV (for ¢3 =0.05 and 0.1) wusing the same solution at the
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two temperatures. In practice this means that after an expe-
riment at 25°C, the upper valve 1s opened, and the whole

cell is brought to 40°¢C. At this temperature the valve is

closed and again the osmotic pressure is determined. This

type of relative measurement gives the most reliable infor-

mation on Xg with our apparatus. ,

Again comparison with Moore learns that the results of
this study and those of Moore disagree. Moore finds negabti-
ve values for Xg in the system CA/dioxane. A comment which
can be made here concerns the accuracy of the determination
of the chemical potential difference of the solvent in
Moore's experiments. An accuracy of about 10% in RTlna,
where a 1s the activity of the solvent, is given by Moore.
Assuming this value to- be correct, no reliable information
on the temperature dependence of y (and so of XH) can be
extracted from the experiments. We seriously doubt the sign
and the magnitude of Xg found by Moore.

6.4.2 Ternary system: osmotic pressure and preferential

sorption
The values found for the osmotic pressure and the pre-

ferential sorption in the ternary system CA/dioxane/water
are given in Figufe 5. Measurements at two polymer weight
fractions in the solution, 5 and 10%, have been performed.
The osmotic pressure passes through a maximum upon increa-
ging the water content (69) of the solvent/nonsolvent mix-
ture. If mis. extrapolated to zero (dashed lines in Figure 5)
we find the nonsolvent concentration where the system de-
mixés into two-liquid phases. This value is about 0.33. This
is in good agreemént with the value found from cloud point
data'”), about 0.31 at 10 wt% CA. ‘

As‘already has been mentioned in the experimental sec-
tion, there is a large error in the determination of €. The
@oints given in Figure 5 are mean values of duplicate mea-
surements. It appears that in general the preferential sorp-
tion for 10% CA solutions is smaller than the value at 5%.

This is not expected on the basis of Figure 1. Even more im-
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portant 1s the sign of e: experimentally we find negative-
values. This means that dioxane is preferentially adsorbed,
whereas from Figure 1 it follows, that water adsorbs prefe-
rentially.

03 4

FIG.5. Osmotic pressure 7 and preferential sorption & of CA/
dioxane/waﬁer as a function of water content ¢? at
10 wt% (o) and 5 wt% (o).

6.4.3 Ternary system: intrinsic viscosity measurements

The intrinsic viscosity of CA in the dioxane/water mix-

ture is given in Table 1 and in Figure 6.
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o9 [n] - (as-w)/z‘cMM% Y(eqn.(10))

0.0 0.854 1.02 0.0168 0.0203
0.05 0.902 1.039 0.0350 | 0.0200
0.10 0.914 1.044 0.0398 0.0342
0.15 0.889 1.034 0.0300 0.0455
0.20 0.881 1.031 0.0270 0.0490

0.25 0.865 1.024 0.0233 0.0354

Table 1: Total sorption coefficient from intrinsic viscosi-

ty measurements.

The calculation of Y proceeds as follows:

- we assume the linear expansion factor in pure dioxané to
have the same value as for acetone, a=1.02 (Kamidel®V).

- according to Kamide: (M/(Eé))3m=1,344.1023 for a molecu-
lar weight of M=6.10%.

- the partial specific volume of CA: ¥3=0.70.1%

-005.
oot T
003
[1]].102cm3/g :
1 -002
090 1 r001
00
080 4

00 005 00 o5 020 05
—=
FIG.6. Intrinsic viscosity [n] (o) and total sorption coef-
ficient Y (e) as a function of water content in the

dioxane/water mixture. Y calculated from eqns.. (10)-(16)
with interaction parametersof Fig.10(dashed curve).
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Both Y(6}) and the intrinsic viscosity show a maximum in the
curve as a function of composition. This maximum is situa-
ted at the same nonsolvent concentrations as the maximum in
the osmotic pressure at higer polymer concentrations (see
Figure 5).

Also shown in Figure 6 is the Y-function calculated with the
Iinteraction parameters determined from the osmometry and
preferential sorption data ata higher polymer concentration

(see the next section).

6.4.4 The interaction parameters

We would like  to discuss here the merits of determi-
ning interactlion parameters in a ternary system using osmo-
metric and intrinsic viscosity measurements.

We know that the osmotic pressure and the preferential
sorption coefficient are very sensitive to changes in the
interaction parameter values. An example is given in Figure 7.
Here we changed the value of the polymer/nonsolvent interac-
tion parameter gis and we observe the influence on m and €
at a polymer volume fraction of 0.1. One of the curves, with
g13=1.4.1s directly related to Figure 1.

One of the interaction parameters is definitely compo-
sition dependent, viz. Xi12s or gi2(uz). The functional de-
pendence can be calculated from literature data on the ex-
cess free enthalpy of mixing the two molecular weight .
compoﬂentse Precise knowlédge of this parameter is desired
since first and second derivatives contribute to the equa-
tions for the osmotic pressure and the preferential sorption
(cp. equations (6)-(7) and (10);(16)). In the following we
take gi12 as a known parameter at all compositions. The func-
tion that represents the literature data on GE for dioxane/

2 0)

water taken from Kortum is (represented in Figure 10):

g12(2) = 0.208+3.9602-5.430,+2.5305+1.2305 (27)

With this gi,-function and constant interaction parameters

of gi13=1.4 (from swelling measurements at ¢3+>1) and g,3=0.4
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we have been able to calculate:the location of the liquid-li-
quid phasé separation gap.'?) Now we calculate T and € with
this set of interaction parameters from equations (6) and
(7) (procedure I in Table 2). The result is given in Figure
8. We note an oscillating behaviour of m and a very high va-
lue of €. If we take gp3 from equations (R24) the result is

practically the same.

(a) 031
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00 01 2 o 03
=P

FIG.7. Effect of varying gis (values indicated in the figu-=
re) on osmotic pressure (a) and preferential sorption
(b); gi2=1.1;5 g23=0.4 and s=0.2.

135



To improve agreement between the experimental and cal-
culated values a ternary parameter is introduced. A simple

form was chosen for gt
2
gp = atbustcuztdds (28)

At the polymer concentrations used (03<0.1) we neglect the
influence of the partial derivatives of gis with respect to
$s. This term contributes less than 5% of the main termwith

g1s in equation (6).

(a)

TV, o]
1403
RT 10

T QS:

Th NG
__,.qq
FI1G.8. Predicted.osmotic pressure 7 (a) and preferential

sorption-e (b) with g,,=g;,(u,). Other parameters:
g135led, g,3=0.4 and s=0.2

Several ways of choosing +the unknown parameters g,,
and g have been investigated. These are summarized in

Table 2.
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procedure g12 g2 €13 g result number of

variables
T eqn.(27) eqn.(24) 1.4 - Fig.8 none
II ibid. ibid. 1.4 eqn.(28) - L
I1I ibid. ibid. e¥)  ibid. - 5
v - ibid. ibid. et+fu,*'ibid, Fig.9 6

and 10

¥ a,b,c,d (eqn.(28)) and e and f are variables to be deter-

mined.
Table 2: Selected variables for optimization procedure.

We determined the variables in g and gi13 from a non-linear
least-squares optimization procedure for the osmotic pres-
sure equations (6) for n(=6) data points. The number of va-
riables 1s given in Table 2. Neither procedure II nor pro-
cedure III did yield anacceptable result. No good fit can be
obtained between calculated and experimental values if gTis
varied at a constant value of gis. A reasonable agreement was
found when gis also is assumed to be a function of the com-
position of the solvent/nonsolvent mixture (procedure IV).

This means that the interaction between polymer and nonsol-
vent depends on the amount of solvent present. The results
of procedure IV are given in the Figures 9 and 10. Figure 9
gives the best fit between experimental and calculated va-
lues for the osmotic pressure and the preferential sorption
for the two polymer weight fractions at which we performed

our experiments. The values for the interaction parameters
found in the optimization procedure are given in Figure 10,

Some remarks concerning these results have to be made:

© - The disagreement in the predicted and experimental € va=-

lues is not serious: the absolute size of € has only a mi-
nor effect on the calculated g-parameters and the agfeement
between experimental and predicted osmotic pressure.

- The osmotic pressure equation involves the subtraction of
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large numbers to obtain a small value for mv,/RT. This makes
it difficult to optimize.
- The experimental maximum in the osmotic pressure curve is
gituated at 10% nonsolvent. Fromlthe calculations we find a
maximum at 15-20% water.
~ The ternary parameter corrects mathematically the inter-
action of nonsolvent and solvent in the presence of polymer.
Horta?!)! gives a physical interpretation of g in terms of
the surface-to-volume ratios and free-volume dissimilarity.
In order to do this, he has to introduce some simplifying
assumptions in his derivation of ¥ and € from the Flory-
Prigogine/Patterson theory. In our case, because of another
"ternary" interaction parameter gi3(u,), the situation ise-
ven more complex. The molecular interpretation of the size
and the form of the functions for the interaction parameters
is left for future study.
- Usually lng<lg12i and sign (gT) = sign (gi12). The terna-
ry parameter modifies gi2 and the result is that the prefe-
rential sorption of component 1 is lowered. This weakening
effect 1s expected to decrease with increasing polymer con-
centration.®) We find a negative sign for gp. The dependen-
ce of gp on 3 is'negligibly small in our case. Because of
the other introduced ternary interactlion parameter gis we do
not attach much significance to the sign of gpe
- Both a small value of s-1 and a high value for gi, influ-
ence the preferential sorption in the sense fhat upon de~
creasing s-1 and increasing gi, the preferential sorption of
component 1 increases. In our‘case this would mean a positi--
ve vaiue for €. The experimentally found negative e-values
indicate that the effect of gi, must be compensated by gis.
Another way.to obtain interaction parameter values 1is
from intrinsic viscosity measurements as a funcetion of the
solvent/nonsolvent ratio. In Figure 6 experimental .and cal-
culated values of the total sorption coefficient Y are gi-
ven. The calculated Y (dashed curve) is obtained by substi-

tuting the interaction parameters from Figure 10 in the e-
quations (10)-(16).
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FIG.9. Comparison between experimental and calculated osmo-
tic pressure 7 and preferential sorption £ : 10 wt%
CA (e); 5 wt% CA. (o). Full curve calculated with in-
teraction parameters as given in Figure 10.

The experimental and .calculated Y differ qualitatively in
the same manner as the osmotic pressures at higher ¢3. Again
an experimental maximum is found at 10% water content, where-
as the theoretical curve has a maximum at -about 20% water. '
Quantative agreement depends on a) the validity of the as-

sumptions underlying equations (17) to (19) and the precise
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values of the constants which appear in these equations and
b) on the same factors which cause the discrepancy between
calculated and experimental values for preferential sorption

and osmotilic pressure at higher ¢s.
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FIG.10. Interaction parameters gis and g calculated from
optimization procedure; g1, and g3 are known pa-

rameters.

The main purpose of this study is to obtain information
on the interaction parameters and to use this ihformation to
predict.liquid—liquidvphaSG separation., To obtain a quick in-
sight in the location of the miscibility gap and the coexis-
ting phases a plot such as Figure 1 is useful. With the in-
teraction parameters of Figure 10 we calculated the coexis-

tence lines and the osmotic isobars of Figure 11. Only the
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FIG.11. Osmotic isobars and coexistence lines calculated
with interaction parameters from FPigure 10. Values
for mvi/RT and ¢? are given. Phases coexistihg at
phase separation are indicated by full dots.

relevant part of the diagram is shown. At infinite molecu-
lar weight the following phases are in equilibrium: a poly=
mer-free phase with composition $9=0.2 and a concentrated
polymer solution phase with ui1=0.3 and ¢3=0.3. This latter
finding compares favoufably with experimental information on
demixing.'?) The polymer free phase, however, is expected to
have much larger nonsolvent content, ui1>0.3.

6.5 CONCLUSIONS

Osmometry can'in principle be used to determine inter-
action parameter values at high polymer concentrations from
both osmotic pressure and preferential sorption.

The complexity of the thermodynamic behaviour of CA/di-
oxane/water manifests itself by the necessary introduction
of composition dependent binary and ternary interaction pa-
rameters. The Flofy—Huggins theory then gives a fairly good
phenomenological description of the osmotic experiment.

The derived interaction parameters cannot yet be used
successfully in predicting the liquid-liquid phase separa-
tion gap.
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7. DIFFUSION DURING MEMBRANE FORMATION
7.0 ABSTRACT

A variety of CA membranes can be prepared by varying
the solvent in the membrane forming system. Thermodynamics
and kinetics of demixing processes and diffusional exchange
of solvent and nonsolvent determine ‘together the resulting
membrane structure. ‘

Measurements of diffusion during membrane formation
are reviewed. The nascent skin ismmotfound to be a big
barrier for solvent diffusion. This follows from a sinula-
tion of the effect of a skin on binary diffusion and from
a separate determination of diffusion coefficients in bina-
ry CA/solvent and ternary CA/solvent/water systems.

Solvent and nonsolvent flow can be related to the ther-
modynamic properties of the system. A composition path can
be calculated which represents +the local composition change
in the solution up to phase separation. This composition
path depends on the solvent/nonsolvent interaction parame-
ter. ﬂ

Indiffusion of water depends very much -on the solvent
chosen for the casting solution. Comparison of properties
of CA membranes from sclutions in dioxane and acetone leads
to the conclusion that a nascent skin discriminates in some
way between solvent and nonsolvent flow. Apparently a skin
is a stronger barrier for nonsolvent than for solvent diffu-
sion. No explanation can be given at present. More research
.to understand this discriminating effect is needed. - More
guantitative information is required on the kinetics of ge%
lation and on the diffusion at high polymer concentration

in ternary systems.
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7.1 INTRODUCTION

Membranes of cellulose acetate (CA) can easily be pre-
pared by casting a concentrated polymer solution (10-30wt%)
on a supporting surface, and by subsequent immersion in a
nonsolvent (water) bath. Depending on the solvent a variety
of membrane properties can be obtained, ranging from hyper-
filtration (reverse osmosis) to ultrafiltration membranes.

Important morphological properties are the overall de-
gree of porosity and the presence of a skin, a dense top-
layer with permselective properties very different from the
porous sublayer.

First we will consider +the dependence of the membrane
porosity on the choice of the solvent. Values for the degree
of porosity (wt% water per gram of dry polymer, present in
sponge substructure and fingerlike cavities) have been given
by Frommer®) and So.2} A quite interesting correlation has
been proposed by these authors. The degree of porosity
the membrane can be related to the tendency of mixing of sol-
vent and nonsolvent. This relation has been put down by So
et al. as the correlation of the porosity with the solubili-
ty parameter of the solvent (reproduced in Figure 1). The
higher the solvent solubility parameter the higher the ten-
dency of mixing of the solvent with water (8§=23).

Instead of taking the difference in the solubility pa-
rameters as a measure for the tendency of mixing, we choose
the much more exact excess free energy of mixing of the sol-
vent and the nonsolvent.*)

The minimum values of GE fdr the solvent/nonsoclvent
pair for some of the solvents in Figure 1 are given in Table
1. (as far as this quantity is available from the literatu-
re). The GE value for TEP is somewhere iﬁ between acetic a-

cid and DMF, judging from the excess enthalpy available.?}
¥ Another quantity that can be used and is related to GEis

the maghitude of the solvent/nonsolvent interaction para-

meter (cf. section 5.4, Figure 2)
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When we compare the rather scattered o values of Table 1
with Figure 1 the proposed correlation does not appear o be
so strong anymore. From dioxane to DMSO with large changes
in G7/RT the porosity does not increase very much. We con-

clude that the membrane porosity cannot simply be related to
the tendency of mixing. ‘
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FIG.1. Correlation between membrane porosity and solubility
parameter of the soivent. Reproduced from So et al.?}
Membranes cast from 20% CA solutions in the solvents
mentioned. -

The tendency of mixing is one important factor contri-
buting to the rate of diffusive exéhange. We agree with
Frommer and So that in general the membrane porosity isiar-
gely governéd by the rate of diffusive exchange of solvent
and nonsolvent during the precipitation of the polymer. The
formation of a skin, however, is expected to behave as a
rate limiting barrier for solvent and nonsolvent transport.
To have some quantitative idea of the overall ratio of sol-
vent and nonsolvent flow one can calculate from pofosityva—‘
lues of 40 to 80% that the ratio of indiffusing nonsolvent.
and outdiffusing solvent volumes is about 0.1 to 0.2. An e-
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quilibrium swelling value of 15% found for the solvent pro-
pylenéoxide (Figure 1) indicates that the final membrane has
a porosity or swelling value comparable to a dense film of
CA obtained by evaporation of the solvent.

Some information on the permeability of the skin in the
final membrane and possibly in the nascent state may follow
from the study of the filtration properties. Going fromace-
tone to DMSO (see. Figure 1 or Table 1) the skin has a rapid-
ly decreasing ability to reject dissolved salts. Simultane-
ously the water flux increases from 0.02 cm/h for acetone to
100 em/h for DMSO (at 4O bar).'®) Membranes from a DMSO so-
lution have a much more open and probably much thinner skin.
These latter membranes are of the UF type. Therefore,although
the porosity does not increase very much from dioxane %o
DMSO in Figure 1, the permeabilities of the membranes do in-
crease, and again this can be roughly - correlated with the

tendency of mixing.

‘solvent GE/RT(min) poydsity(%)
THF ) . 0.20 32
acetone ") 0.46 L7
dioxane °) ‘ 0.48 81
acetic acid 6} 0.34% 82

DMF 71 0.07 83

DMSC @) -0.50 86

Table 1: Correlation between minimum of excess free energy

of mixing and membrane porosity.

Some of the membranes from Figure 1 have such a low
void fraction that they may be considered as consisting en-
tirely of skin structure. Others have a very thin open skin
layer with no salt rejection properties.

The skin selectively depends on the solvent used in the
casting solution. This can to some extent be simulated by
measuring the intrinsic reverse osmosis properties of films

obtained by evaporation of the solvent. Such films show con-
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siderable differences in permseleétivity depending on the
solvent that is evaporated.*!'™!?]

How can we explain these large differences in membrane
properties if the solvent is varied, on the basis of the hy-
pothesis on membrane formation outlined in Chapters 1 and 2°?
This question is the subject of this Chapter. We will first
review results of diffusion experiments during membrane for-
ration. Secondly we will try to combine these data with the
concept given in previous Chaptérs regarding the demixing
processes involved in the membrane formation: liquidlliquid
phase ‘separation and gelation. It will become apparent that
more experiments are necessary Lo obtain a better understan-
ding of asymmetric membrane formation. ‘

7.2 EXCHANGE OF SOLVENT AND NONSOLVENT

The formation of an asymmetric membrane 1is a complex
process involving both thermodynamics and kinetics of demi-
xing processes and the exchange of solvent and nonsolvent
during the precipitation of the solution. Several authors
presumet®71*) that the formation of the skin occurs in a
very short time interval after immersion in the coagulation
bath (say in the order of microseconds). No experimental
technique is available to study in-and outdiffusion in this
short period of time. However, in our opinion study of the
exchange process over longer periods of time (say minufes)
may be useful for the following two reasons:

- The formation of a dense skin with diffusion properties
much different from the sublayer of the still fluid polymer
solution is bound to have some influence on the following
exchange of solvent and nonsolvent. Measurement of the in-
and outdiffusion can thus provide a means to study the bar-
rier properties of the already formed skin. .

- Aithough a rapidly initiated skin is present, exchange of
solvent and nonsolvent over a longer period of time may in- -

duce significant changes in the morphology of the skin. An
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example of a relatively slow change can be found in the pre-
paration of a membrane in a two-bath procedure. Coagulation
in a bath of low temperature for a short time (say 1 min) is
followed by immersion in another bath at a highertemperature.
The immersion time in the first bath (in the order of mi-
nutes) determines to a great extent the permselectivity of

the final membrane.

7.2.1 Outdiffusion of solvent

As far as we know only Frommer') has given experimen-

tal information on the diffusional exchange in CA membrane
forming systems. The outdiffusion can be easily monitored
by determining the solvent in the coagulation bath as a
function of time. Frommer has found that the concentration
varies with the aquare root of time. The slope of the plot
of ct/cw, where cy is the concentration at time t and c_ at
t+o, against the:square root of time, is found to have the
same value for acetone, acetic acid, DMSQO and DMF, about
0.12 and for TEP about 0.07.!' One might infer from these
measurements that the initial solvent outflow is the same
in most.cases, ,

We have done'similar experimentsls‘, with the solvent
dioxane. The concentration in the bath is determined as a
function of time, and as a function of the polymer weight
fraction of the casting solution. The outdiffusion is trea=-
ted with a binary*) model'®) of outdiffusion from a sheet
with constant diffusion coefficient in a well-stirred Dbath
of a limited volume.'”) The mathematical equations are given
in Appendix 1. An apparent diffusion coefficient can be cal-
culated from the concentration profile in the bath as a func-
tion of time., The results are given in Table 2.

How can theése results be interpreted? One possibility
might be that we measure outdiffusion through an already
‘formed dense skin with a very low diffusion coefficient.

According to Anderson et al.'*', who studied the binary sys-

*) Treated as if there were only two components diffusing.
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cpol(wt% CA) DS‘*1OG(cm2/s)

13 2.9 + 0.1
15 ‘ 2.1
17 1.9
20 1.8 + 0.2

Table 2: Apparent diffusion coefficient of dioxane calcuted

from experimental data using a binary model.

tem CA/acetone,one should expect a very strong dependence of
the diffusion coefficient on the polymer.concentration. The
diffusion coefficient 1is expected to vary over 4 decades
(5.107°-10"%cm/s) from pure acetone to 90% polymer. . From
our experiments (see below), however, it appears that the
concentration dependénce is smaller.

We now simulate the influence of a skin with a certain
thickness and a constant diffusion coefficient which is
smaller than that in the sublayer. The following situation

is considered:

FIG.2. Binary outdiffusion from a film consisting of a skin
(D=Dsk, thickness Ax) and a sublayer (D=Df, semi-
infinite)

Both the solvent bath and the polymer solution layer are.con-
sidered to be semi-infinite. The diffusion coefficient in the
skin is Dsk and in the film,Df. The skin thickness is Ax.

In Appendix 2 the solution for this problem (initial concen-
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tration ‘in the film c=c _, in the bath c¢=0) is given.!”) If

we assume certain values for Df, Dsk and Ax the total out-
diffusing mass F’IJC can be calculated. The influence of the
properties on the apparent D can be found by calculation of
DS from the binary problem without a skin (Appendix 1). The
ratio of DS and Df is given in Table 3 for several values of
skin thickness and the ratio of Df/D

sk*
Dp/Dgy
Ax (um) 1 10 102 10°%
0.1 DS/Df: 1 1 0.92 0.44
0.2 1 0.99 0.84% 0.24
0.5 1 0.96 0.65 0.07
1.0 1 0.92 0.44 0,02

Table 3: Apparent binary diffusion coefficient expressed as
the ratio of ES/Df for a skinqed membrane with skin
with thickness Ax and diffusioh coefficient Dsk'

One will always find an apparent value for the diffu-
sion coefficient DS smaller than Df. From Table 3 it can be
seen that the skin only forms a considerable barrier when
the skin thickness 1s large and the diffusion coefficient
of the skin is much smaller (orders of magnitude lower) than
the diffusion coefficient of the sublayer, In asymmetric

membranes the skin thickness is about 0.1-0.2 um. This

'means that if Df/DSk:1OO there is hardly any yetarding in-

fluence of the skin.

Next we will critically evaluate the magnitude of the
apparent diffusion coefficient given in Table 2. From mea-
surements of diffusion coefficients under well defined con-
ditions in both binary and ternary systems more can be said

about the barrier properties of the skin layer.
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7.2.2 Determination of diffusion coéfficients in binary and

ternary svstems

Measurements of the diffusion coefficients were carried
out in a Spinco Model Eanalytical ultrscentrifuge.®) A free
diffusion experiment was set up in a double sector synthetic
boundary cell. A Rayleigh interferometer was used to measu-
re the refractive index as a function of composition in the
cell. The creation of a boundary is difficult at high poly-
mer concentrations (>10%). Accurate determination of high
diffusion coefficients (>10 5cm2/s) is also difficult. The
concentration difference was 1% in polymer for the binary ex-
periment or 1% in the solvent/nonsolvent composition (e.g.
composition 95/5 versus 94/6) for three components present.

The application of this method +to study diffusion in
ternary systems requires some explanation. Consider a free diffu-
sion experiment in the cell. Two semi-infinite media with a
different composition touch at x=0, t=0. We assume a general
form of Fick's law to be valid:!®}

w

QO
N

Q

9c; 7 D i .
- - 1‘193 (1)
at j

The system consists of 2 solutes, these being the components
nonsolvent (1) and polymer (3), in one common solvent (2).

The boundary conditions for each solute are:

t=0 x<0

c
x>0 ci=cz(w) Ac§=ci(m)—ci(—W) (2a)

>0 X==00 Cc,=C,
i i
c

(
;e (=) (2b)

D11 and Dss are the main diffusion coefficients; Dis; and Das
are the croésterms. They are taken as independent of concen-
tration in the narrow concentration interval of the experi-
ment. The two coupled differential eguations have been sol-

ved by Toor '°):
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Di1:1-Ds

Acy = b1 + ——— ¢d3 (3a)
Ds1 .
D3s-Ds v
Acs = g + — 2 (3p)
Dis
[Dii-DT[Acg+Di-Ac?
05 = l—lr. 1,5=1,3  (3c)
D.-D. -
i 1#]

with Dy = £(Dy1+Dsg+ V(D11-Dss) °+4D1sDs1  (3d)
Ds = #(Dy1+Dss- V(D11-Dss)°+4D13Ds1  (3e)

X
f. = erf

(3f)
5 —
/iDE

In prinéiple both main and cross terms can be determined
from a ternary free diffusion experiment. A Rayleigh inter-
ferometer is,however,not accurate enough.'®)
We assume that Di1>>Dss and that DigDs1<<(D11)%. In this ca-
se it follows from equation (3d) and (3e) that D:;=Di: and
D3=0. In the experiment no initial polymer concentration gra-
dient is applied.

AcS = 0 (4)
From equation (3a)-(3c):

x
b, = Act erf|——— _ (5a)
' V4iDi1b
| Day
(b.3‘: - — AC]_ (5b)
Di:
0 x |
and Acy; = Aci erf|——0 (62a)
V4Dt
Dss X D33 o
Acs = erf - Aci (6b)
Dis V4D11% Di:
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And if Ds3<<Dis and D31<<D11, Acs is small in comparison to
Aci. This latter approximation may be a rather crude one.

This quasi-binary approach gives us D11, the diffusion
coefficient of nonsolvent (or the solvent) where the polymer
present in the polymer solutions may have a retarding influ-
ence.

The results are summarized in Tables 4 and 5 for the
two ternary systems studied: CA/acetone/water and CA/dioxa-
ne/water. There 1s not yet a complete set of measurements
forall compositions.

D11.1O-7 sz/S

wt%CA 0] 1 2 L 5 10
wt% H,0
0 9.2 11 12
5 ; 260 210
10 200 170 140
15 135 88 50

Table 4: CA/acetone/water. Diffusion coefficient D;; as a
function of polymer concentration and water percen-

tage in the solvent/nonsolvent mixture.

wt3CA O 1 2 3 4 5 7T 10
wt§ Ha0 |

2.1 2.4 2.6 2.7 2.9 3.6
5 100 100 74 69

Table 5: CA/dioxane/water. Diffusion coefficient D11 as a
function of polymer concentration and waterpercen-

tage in the solvent/nonsolvent mixture.
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The binary diffusion coefficients are much larger for
acetone than for dioxane. The results are represented in
Figure 3. The increase with concentration in both cases in-
dicates the importance of the thermodynamic factor for the
diffusion coefficient.

We can compare our data with literature values for CA/

201, also given in Figure 3. For a molecu-

' acetone of Singer
lar weight of 5.3.10% (the CA used here has about the same
ﬁw) he found a diffusion coefficient (d3+0) of 7.7.1077¢cm?/s
in acetone. Park?!) determined diffusion coefficients for
much higher CA concentrations in acetone. From Figure 3 it
can be seen that the interdiffusion coefficient for CA/ace=-

tone varies probably over 2 decades from 0-90% polymer in-

stead of 4 decades as assumed by Anderson.t®)
10-6‘:;’
L
D (ems)
1074
08 —
00 05 10

—= (A (wt%)

FIG.3. Binary interdiffusion coefficient as a function of
weight fraction CA in acetone (0) and dioxane (O);
literature data of Park (@)2') and Singer (®)2%

(acetone).
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The apparent diffusion coefficients Dii derived from
the ternary experiment have the same order of magnitude as
the binary solvent/nonsolvent diffusion coefficient. The va-
lue of 1.35.10%cm?/s for 15% water in acetone agrees with
literature data.??)

Introduction of water has the effect of decreasing the
diffusion coefficient. This is interpreted as a retarding
effect of the polymer on diffusion of the low molecular
weight substances. When the amount of water, at consﬁantjpo—
lymér concentration, is increased, Dii decreases. This is in
agreement with the behaviour of the.binary system acetone/
water.22)

If only binary diffusion coefficients are considered a
diffusion coefficient for dioxane of about 10" %cm?/s obtai-
ned from the film experiment (see 7.2.1) cannot be explai-
ned. We would expect a much smaller apparent value because
of the influence of a (dense) skin. The magnitude of the de-
termined diffusion coefficient is of order of the ternary
diffusion coefficient in Table 5.

We conclude from these measurements that the apparent
diffusion coefficient meaéuredjjlthe film experiment is not
a binary coefficient but the diffusion coefficient -of dio-
xane in water in the presence of polymer. The barrier ef-
fect of the skin on solvent diffusion is apparently not
very strong. o

Although the obstructive effect of a skin on the sol-
vent outdiffusion is not spectacular, variations in the dif-
fusion coefficients of a factor 10 can have a considerable
influence on the change in local composition in the toplayer
of the film (see 7.3). It is necessary in our opinion toex-
tend the measurement of ternary diffusion coefficients to

much higher polymer concentrations.

7.2.3 Indiffusion of nonsolvent

- At the end of the membrane formation process a consi-
derable amount of nonsolvent is present in the coagulated

film. The indiffusion of water during coagulation can be

155



followed by optical microscopy (see Chapter 2).

Frommer!! followed the coagulation front in the CA so-
lution. A simple model (Appendix 3) may be used: a semi-in-
finite polymer solution in which the nonsolvent penetrates
from the bath. At the coagulation front the local water per-
centage 1s the precipitation value, known from the liquid-
liquid phase separation diagram, and is fairly inde-
pendent of polymer concentration.?3Y We used the data of
Frommer (Figure L of refe 1) to calculate the apparent dif-
fusion coefficient and to give an estimate of the nonsolvent
inflow in the precipitating film. The results are given in
Table 6.

solvent c¥ DNS*1O‘Gcm2/s JNS(O+2min) JNS(2+4min)

%10 * g/em?s  *10 *'g/cm?s

DMSO 0.15 5.1 2.3 1.0
DMF 0.12 2.2 1.5 0.
dioxane 0.30 1.9 Te4 0.
acetic acid  0.31 0.6 0.8 0.3
TEP 0.10 0.1 0.4 0.2
acetone 0.28 0.1 0.4 0.1

Table 6: Nonsolvent diffusion coefficient and nonsolvent
flow calculated with a binary model (Appendix 3)
using data of Frommer.!) c* is the water content

at liquid-liquid phase separation.

The nonsolvent flow has been estimated over twd penetration
periods: averaged over the first two minutes and averaged
over the second two minutes.

If we apply another simplified model for nonsolvent dif-
fusion, that of Strathmann, also given in Appendix 3, we
find values of DNS about 3 times as large as given in Table 6.

Going from DMSO to acetone, both apparent diffusion co-
efficient and nonsolvent flow decrease very much. The coef-

ficient for dioxane has about the same value as found for
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solvent outdiffusion (cf. 7.2.1),' Going down in the table
the decreasing value of the nonsolvent flow may reflect the
retarding effect on nonsolvent diffusion of a thicker and/
or a denser skin formed at the interface solution/coagula-
tion bath. ‘

The estimated nonsolvent flow has to be compared with
the solvent flow. The average solvent outflow in the first
2 seconds is about 8.10 *g/cm?s, in the first 30 s about
2.107*g/cem?s (20 wt% CA solution). For 30,60 and 120 s we
calculate a nonsclvent flow of 2.8; 2.0 and 1.4.10 *g/cm?sy,
respectively. The ratio JNS/JS in the first 2 seconds is at
least 0.2 and at t=30 s about 1. The absolute value should
be treated with some reserve as both descriptibns are essen-
tially binary. Especlally in the case of nonsolvent diffu-
sion we did not take into account the simultaneous outdif- *
fusion of dioxane. ‘A smaller value of the nonsolvent flow
rate would also suffice to have the same penetration distan-
ce of the coagulation front.

7.3 COUPLING OF DIFFUSION AND CHANGE IN LOCAL COMPOSITION

An interesting approach has been followed by Cohen®™*}
to relate the solvent and nonsolvent diffusion to the ther-
modynamic properties of the systen. Although some, maybe
crude, approximations have to be made, it is worthwhile con-
sidering the consequences of the model. ' -

In Figure 4 a schematic representation of the diffusion
problem is given. The fluxes of solvent (J,) and nonsolvent
(J1) are considered. The volume fraction of polymer (or the
weight fraction, if desired) is ¢3=1-01-02.

Upon immersion the cast film equilibrates with the non-
solvent bath. After a time %, nonsolvent(1) and solvent(2)
will have -diffused in or out of the layer with thickness.
z=1(t). In the interior (z>1) the original casting solution
composition is maintained: 6, 05 (usually $$=0). At the -
surface the compositiqn is ¢§,¢§ (normally ¢§=O). The flow
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FIG.4. The diffusion problem: at time t=0 the whole layer is
homogeneous. At time t a diffusion layer has propa-
gated to z=1(%). The composition in the casting-solu-
tion is 65,05; the composition in the bath is 6%, 03.

of the solvent and nonsolvent 1s treated, as usual, as a one
dimensional process. The model describes the local composi-
tion change in the film up to the point of reaching the com-
position required for liquid-liquid phase separation.

The complication arising from the motion of the membra-
ne/bath interface can be avoided by introducing a new posi-

tion coordinate m 2%,

which measures the volume of polymer
per unit area of the membrane between the interface and the
point of observation. The independent fluxes J1 and J, are
measured through a surface at fixed m. The fluxes are as-
sumed to be linearly related to the driving forces, the gra-
dients in the chemical potentials. Strictly speaking this
is only possible in a system not far from equilibrium, which
is a condition which may not be fulfilled upon immersion in
the nonsolvent bath. Crossterms are neglected. Then by

definition: Di(disdz) U1

cd = - b1 (7a)
RT am

. Da(d1,01) o2

I, = - 02 (7b)

RT . om
where Di and D, are the diffusion coefficients for solvent

and nonsolvent in the polymer-fixed reference frame.
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Cohen assumes that the coefficients are probably com-
position dependent, but that the ratio o = D;/D; isnot, and
takes the wvalue of about 1.

Furthermore a steady state distribution is assumed to
be present if 1(t) is smaller than the film thickness.

That implies that at any instant J; and J, are independent

of m throughout the layer. Their ratio can be written as:
J1 didur
— =0 =0 (0 <0) (8)
d2 b2du2 ,

If the chemical potentials are expressed as functions of the
volume fractions, one finds (a=1):

doa. _ G¢2(3U2/3¢1)—¢1(5U1/3¢1) (9)
dda $1(001/36¢2)-0d2(812/302)

)

Equation (9) is a first order differential equation for ¢
and ¢, in the diffusion layer. If the casting solution and
the surface compositionare specified, a curve in the (d1,¢2)-
plane for which o is ﬁonsfant can be calculated. This curve
can only be calculated if the surface composition is situa-
ted outside the binodal, in the homogeneous one-phase region.
When a composition near the spinodal of the ligquid-liquid
phase separation fegion is reached, the partial derivatives
in the right-hand part of equation (9) vanish and the cas-
ting solution compoéition cannot be connected with a surface
composition by a constant o-path.

‘The chemical potentials u: and u, can be found from the

26)

Flory-Huggins theory (see also Chapter 5):

Il

Aug 1n¢1-¢1-3¢2-f¢3+(X12¢2+X13¢3)(¢2+¢3)-SX23¢2¢3 (10a)

Il

Aua Inds-d1-sda-rdat(x1202+sX2303) (datds)=-X13d103 (10Dp)
" where s and r are Vi/v, and vi/Vs, the ratios of the molar
volumes Vi and Xij are the interaction parameters of compo-
nents 1 and j.

So far we have followed the derivation of Cohen et al.
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For some practical systems we will now consider the conse-
quences. Several paths in the ternary diagram are plotted
for an initial composition of 10% CA in the casting solution.
The results are given in Figures 5 and 6, The values of O
are also given. We only consider the numerical (absolute)
value of 0. A small o means that more solvent flows out of
than nonsolvent into the cast polymer solution film.  When
solvent and nonsolvent fluxes are of comparable size, o=1.

O0f course one cannot freely choose the ratio of the non-
solvent and solvent flux. The fluxes are determined by the
concentration profiles of the respective components in the
£ilm in the course of time. These profiles can in principle
"be calculated from the solution of the diffusion equation.
What factors debtermine the expected initial small value of
o and the necessary change to a larger value (o+1 for the
sublayer) is a crucial point and will be the subject of fu-
ture research. »

A crude measure, following from the model, for the ini-
tial ratio of nonsolvent and solvent fluxes may be [¢1Au1/

v2812] 3054501
lated at the interface from equation (10)*Y . and the volume

where the chemical potential steps are calcu-

fractions of solvent and nonsolvent at the interface in the
film at small nonsolvent content. This ratio is small(<<0.1)
and stays small when the solvent is varied. On condition
that the coagulation bath consists of pure nonsolvent (ini-
tially), the composition of the upper layer of the cast solu-
tion film always follows a path with a low o-value.

In our description of asymmetric membrane formation
(Chapter 2) skin formation is the result of a path with a
low o-value, whereas in the lower layer of the film a high
o is involved. ' ’

In Figures 5 and 6 composition péths are given for poly-

#1 We have to assume that a small amount of solvent has dif-
fused into the bath and vice versa that some nonsolvent
has penetrated into the film; otherwise the chemical po-
tentials diverge (equation (10)).
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mer/solvent/nonsolvent systems which represent to some .ex-
tent CA/dioxane/water (Figure 5) and CA/DMSO/water (Figure
6). The binodal of the liquid-liquid phase separation (L-L)
is drawn for reference. Only the solvent/nonsolvent inter-
action parameter Y1, differs in Figure 5 and 6. We observe
that at a low absolute value of o (0.1) the X12 parameter
has only a small influence on the location of the composi-
tion path. At higher values of o (0.9) the change in polymer
concentration is much steeper at high yxi1, than at low YXi2.
Consequently, the model predicts that at same value of o the
composition path at high Y1, intersects +the binodal at a
much ‘higher polymer concentration than at low K12 This
could be relevant to the growth possibilities of the dilute
phase nuclei in the nascent porous sublayer. In the case of
a low Xi2 nucleation and growth occur at an average lower
polymer concentration and- the volume fraction of the dilute

phase (determined by the lever rule) will be much higher.

solvent nonsolvent

FIG.5. Composition paths for various values of o in the
system P/S/NS with parameter values: X12=1,x13=1.5,
x23=0,8=0.2 and r=0,002, Binodal for liguid-1liquid
phase separation calculated with the methoddescribed
in Chapter 5.
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polymer

selvent nonsolvent

FIG.6. Composition paths for various of ¢ in the
system P/S/NS with parameter values: X12=0,X1:=1.5,
x23=0, s8=0.2 and r=0,002. Binodal for liquid-liquid
phase separation'calculated with the method descri-

bed in Chapter 5.

Time does not play an explicit role in the model. Kine-
tic factors are of course important. But in order to calcu-
late actual concentration profiles and the penetration of
the coagulation front as a function of time, specific know-
ledge of the diffusion coefficients 1s required.

The assumption that the ratio of diffusion coefficients
is one, must be tested for all systems considered. o may de-
pend on the location in the ternary phase diagram.*' In this
case the local compositlion path cannot be represented by one
o but by a path consisting of small elements each with their
own 0. ‘

The skin is probably formed in the following way: a lar-

ge amount of solvent sxchanges with a relatively small amount

#¥) An absolute value for o larger than 1 could, for instance,
explain the much higher apparent diffusion coefficient

for water in some systems.
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of nonsolvent. Measurementsjllthe.first few seconds support
this assumption (section 7.2.3: 0=0.2). The densification of
the skin and the resulting obstruction for in-and outdiffu-
sion depends onvthe'gelation behaviour of CA in the respec-
tive solvent. This gelation probably occurs at low nonsol-
vent content (Figures 5 and 6). Again kinetic factors are
expected to be of utmost importance. Unfortunately, little
information i1s available on the kinetics of the phase tran-
sitlons involved.

" 7.4 DIFFUSION AND PHASE SEPARATION GOMBINED

Now we come back to the questions put forward in the
introduction. We observe that:
-~ the porosity of the membrane depends on the choice of the
solvent;
- an increase in the tendency of mixing of solvent and non-
solvent gives a more UF type of membrane (a high permeate
flux and a vanishing‘réjection for NaCl).

7«41 Liguid-liquid phase separation

In Chapter 5 we have shown that the location of the
miscibility gap is primarily determined by the value of the
solvent/nonsolvent interaction parameter ¥Xi,. This is true

for the solvents considered: DMSQ, DMF, acetone and dioxane.

Te4.2 Gelation and crystallization

Gelation is discussed here in terms of local crystalli-
zatlion of the polymer. From our own work only for the CA/
dioxane/water system experimental information on the crys-
tallization has been obtained. Crystallization occurs at ra-
ther high polymer concentrations, but appears to be a slow
process under the circumstances studied (Chapter 4). Intro-
duction of water improves the conditions for crystallization.

For CA/acetone,information on the gelation behaviour

271

has been given by Fahey and Lemoyne.?®) Together with
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visual observations on the appearance of cloudiness (Chapter
L) these data are given in Figure 7. We have not yet perfor-
med DSC experiments on GA/acetope/water gsystems to see if

the transition is accompaniedbj heat effects.

CA

dioxane

7
acetone

|

T 7 T T

solvent water

FIG.7. Gelation and liquid-ligquid phase separation transi-
tions in CA/acetone/water and CA/dioxane/water. Bi-
nodal curves (curves on the right) are taken from
Chapter 5.

Preliminary experiments in our laboratory®®) on the ap-
pearance of turbidity as a function of composition with the
PICS technique (see Appendix Chapter 3) do indeed indicate
that systems with acetone as the solvent show gelation beha-
viour at a lower polymer concentration +than the dioxane
based systems.

Application of the Flory meiting point depression equa-
tion (see Chapter 4) shows that one might expect crystalli-
zation of CA in acetone at a lower ©polymer concentration
than in dioxane  because of the higher polymer/solvent inter-
action parameter. This parameter affects one term in the
melting point equation, the chemical potential of the poly-
mer in the liquid phase.

Another important factor +o be considered is the abili-
ty of CA to crystallize. This affects the lowering of the
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chemical potential in the (solvent free?) solid state. Re-
cently Kamide et al.?°) demonstrated that the equilibrium
chain stiffness of CA depends very much on the solvent. The
chain becomes stiffer when one goes from THF via acetone to
DMAc as the solvent. The general view®!) is that the  chain
inflexibility of cellulose derivatives 1s an important fac-
tor causing the CA molecules to crystallize. Recently Navard
et al.%2?) found that CA also crystallizes in trifluoroacetic

acild.
743 Diffusion

Toplayer
The thickness of the skin is determined by the thick-
ness of the gellayer during precipitation. This layer will

83Y: (i) when the concentration for gelation

become thicker
is lower and/or (ii) when the liquid-liquid phase separa-
tion curve 1s shifted to higher water concentrations. It
then takes more time Dbefore the liquid-liquid phase sepa-
ration process can combete against gelation.

For solvents such as DM30 and DMF the amount of water
required for liquid-liquid phase separation is relatively
small (see Table 6) compared with the amount needed for CA
in dioxane or acetone. We expect that in the systems first
mentioned liquid-liquid phase separation will take over ra-
pidly. A thin gelled layer results. The structure of this
layer, the retarding influence on solvent and nonsolvent
diffusion,. and the degree of porosity of the (UF type of)
resulting membrane depends on yel unknown factors such as
the location of the sol/gel transitions in DMSO and DMF sys-
tems, on the amount of nonsolvent present during gelation
and the kinetics of the gelation process. A thin gelled layer
is eipected to be a small barrier for transport of nonsol-
vent into the precipitating film (see Table 3, which can
also be used for nonsolvent indiffusion, and Table 6).
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From the diffusion model (section 7.3) we have seen
that a low degree of porosity in. the resulting membrane is
possibly due to the fact that at all locations in the film
the binodal composition 1is reached at high polymer concen-
tration. Thig latbter fact means that a) there is a limited
possibility for growth of nuclei and b) conditions for ge-
lation of the concentrated phase around the droplets of the
dilute phase are favoured. Obviously no interconnected pore
structure in the sublayer 1is formed with solvents such as
acetone of THF. '

A high degree of porosity is found if the local compo-
sition path reaches the binodal at low polymer concentra-
tion. Apparently this happens for solvents such as DMSO,

DMF, acetic acid, dioxane and TEP.

e o o m o e o Wy Gt G o e o

The amount of water needed for liquid-Iiquid phase se-
paration is large 1n solutions with diexane or acetone as
the solvent. A rather thick skin is expected for membranes
cast from casting solutions with dioxane or acetone as basic
solvent. The phase separation behaviour of CA iIn acetone and
dioxane is considered to be very similar: (i) the interac-
tion parameters are about the same, (ii) consequently the
location of the liquid-liquid phase separation gap is about
the same in the ternary diagram, and (iii) the composition
path predicted is similar. But how can we explain the low de-
gree of porosity of the sublayer in the membrane formed from
the acetone solution? In our opinion in sufficient informa-
tion is available at this moment.- .

The diffusion of nonsolvent is smaller for CA/acetone/
water. This means that the upper precipitated layer of the
polymer solution discriminates to some extent beltween the
solvent and nonsoivent transport. From the experiments of

1Y i+ seems that the solvent flow is not hindered

Frommer
(more precise measurements are needed to establish this lat-

ter observation more firmly).
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A dense polymeric structure may be necesgsary to perform

this test on selective solvent/nonsolvent transport. The
local polymer concentration and the distribution of polymer
in. amorphous and crystalline regions are important with res-’
pect to diffusion. A dense layer in the acetone system can
be formed in several ways different from the densification
in the dioxane based system: ;
a) Evaporation may rapidly produce a dense toplayer. This
toplayer is supposed to be much permeable for acetone than
for water. The sublayer subsequently loses much solvent and
relatively 1little nonsolvent enters the precipitating film.
Crystallization occurs at high polymer concentration without
much nonsclvent present;
b) The local polymer concentration necessary for gelation is
low (in accordance with observations). An initially not very
dense skin is formed in the presence of water. In a synere-
sis process the remaining solvent 1s expelled and a dense
layer results which may or may not be more permeable to ace-~
tone.

Evaporation, case (a) is obviously an important factor
if we use acetone (or THF, propylene oxide) as the solvent.
In that case a densification occurs without presence of wa-
ter. Possibly this layer has a betlter permeability for ace-
tone or a lower permeability for water than a dense toplayer
formed in the presence of water (case (b)). This proposed

difference in permeability should be tested with experiments.

7.5 CONCLUSIONS

The nascent skin during membrane formation is not found
to be a substantial barrier for solvent diffusion out of the
precipitating polymer film. .

The local composition change in the precipitating film
can, in part, be regulated by the cholce of the solvent. The
.location of the path in the ternary diagram for the upper
layer of the solution isnot affected by the solvent/nonsol-.
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. vent interaction parameter; the ratio of nonsolvent and sol-
vent fluxes is expected to have the same small value in the
initial stage of membrane formation. The magnitudes of the
fluxes, however, may be affected by The solvent chosen, and
are likely to influence the kinetics of the gelation process.
At a later stage when by the retarding influence of the skin
the nonsolvent and the solvent flow are of comparable size,
the composition change depends very much on-the solvent/non-
solvent interaction parameter. A high tendency of mixing
(a low Y12 parameter) gives a predicted path which reaches
the binodal at a much smaller polymer concentration than at
high ¥i12. The growth possibilities of the nuclei for the po-
rous substructure are consequently favoured.

During the process of membvane formation a more or less
dense skin is formed. Comparison between membranes formed
from a CA solution in acetone or dioxane shows that the ini-
tially formed skin in the acetone based system discriminates
between solvent and nonsolvent flow: the nonsolvent flow is
much smaller than in the dioxane based system. At present
it is not clear whether differences in gelation behaviour
between . the two systems are responsible for this phenome-

non.
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7.7 APPENDIX 1

DIFFUSION OF SOLVENT

FIG.1. Diffusion of solvent from a sheet with constant dif-

fusion coefficient Dfe

dc ac
Diffusion equation: — = Dp O<x<1
9t 9x2
Initial condition: c(x,0) = c,
ac dc
Boundary condition: a — = D —  x=0, >0
ot Tox
For short times®”':
My ” 2a(1+a)
— = 1- 7 ———~—————-exp(—Doq§t/lz)
M, n=11+a+a2q; +

Where M_b and Moo are the amounts of solvent in the bath at
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time = t and at equilibrium (t-«) resp., and q, are the roots
of

where o = a/l i.e. the ratio of volumes of bath and polymer
solution and 1 is the film thickness.‘The number of terms
needed in the summation is about 50.

From the mass balance: 1le
o)

M =

[ee]

1+1/a

. . . . 3 - 3
Experimental situation: 25cm”, Vbath_ 375 cem”,

Vpolym.sol.:

1= 0.5 cm,a = 15, so M_ = 0.05 for c_ = 0.8 (weight fraction
solvent in solution). '

7.8 APPENDIX 2

DIFFUSION OF SOLVENT THROUGH A SKINNED MEMBRANE

The solution of the problem has been given by Crank.!'”}
1

M D_,t 2

% sk S .n
— = 22— {142 V BYexp(~n?(AxP D )}
(Ax)co m(Ax)?| n=1 sk
VAD) anerfc(nAx/VDskt)
n=1
with B = (1-k)[1+k)

k= (Dsk/Df)g

The initial conditions are: c(x,0) = ¢, for -1 <x<e
c(x,0) 0 for =x<-1
Mt\is the total amount of solvent leaving the medium through

unit area of the surface at x = -1.
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7.9 APPENDIX 3

PENETRATION OF NONSOLVENT

FIG.1. Diffusion of nonsclvent in a sheet with constant dif-

fusion coefficient DNS’

dc 9%¢
Diffusion equation : —— = Dya t>0; x>0
: 3t Ix?
Initial condition: c(x,0) = 0 x>0
Boundary condition:c(x.t) = e, =1 x<0; >0
. - x
The solution is: e(x,t) = 1-erf
2/ Dyt

At t=t¥*: c(x,t¥)=c*, which is known from the liquid-liquid
phase diagram. c* is the water content at phase separation.
The total amount taken up by the film in time t is:

1
— 2
My = 2(DNSt/W) c,

Another approximation has been given by Strathmann®?®':

Suppose the precipitation front is at x* at time t=t*. The
nonsolvent flux can be approximated by:

) _ DNS(1-0“)€

°NS *or

. XFT

/T is a geometric factor to correct for the porosity and the
totuosity of the precipitated polymer layer. For e£>50%: 1=22.
The rate of penetration of the coagulation front is propor-
tional to JNS: % dxc*
+ e¥%) —
2 dt

1-c

J = (

NS

Combining the above equations leads to:
()2 = = Tmet)
172 T(1+c%)




APPENDIX

'APPLICABILITY OF GAS PERMEATION METHODS TO CHARACTERIZE
ULTRAFILTRATION OR REVERSE OSMOSIS MEMBRANES.*)

F.W.ALTENA, H.A.M.KNOEF, H.HESKAMP, D.BARGEMAN and
C.A.SMOLDERS

Department of Chemical Technology, Twente University of
Technology, Enschede, The Netherlands. :

SYNOPSIS

The measurement of the gas permeability coefficient as
a function of the mean pressure across the membrane can be
used to determine a mean pore radius of the membrane. Expe-
riments are performed in the pore size region where both -
viscous flow and slip flow contribute to the gas flux. This
method has been applied by several authors +to characterize
asymmetric ultrafiltration or hyperfiltration membranes. In
this Appendix this method is criticized on two grounds. In
the first place, accurate measurements show an unexpected
dependence of the mean pore radius of microporous membranes
on the type of gas used. Secondly, in the pore size region
where ultrafiltration or hyperfiltration membranes have
their expected pore. radius, the viscous flow contribution
to the permeability coefficient cannot be determined with
sufficient accuracy. This means that the above-mentioned me-

thod cannot be used to determine a mean pore radius.

*1 Submitted for publication to Journal of Membranes Science.
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INTRODUCTION

The measurement of the flow rate of a gas through a po-
rous medium can provide a means +to determine a mean pore
radius of the porous material. In recent years several

*Y have used the method suggested by Yasuda!) +to

authors?”
characterize ultrafiltration or hyperfiltration (reverse os-
mosis) membranes. The flow rateof the gas can be converted

to a gas permeablility coefficient, which 1is a linear
function of the mean pressure across the membrane. A mean
pore radius is calculated from the coefficients of this
functional dependence, using theoretical equations original-
ly given by Carman.®)

We have several objections against the use of this
method. The first objection is that Yasuda's method does
not result in an uneguivocal pore radius. We have tried to
reproduce some of Yasuda's experiments on a Millipore filter
with a nominal pore radius of 50 nm. We have found that the
pore radius determined depends on the type of gas used. With
helium the value found for the pore radius 1is consistently
about half the value obtained with nitrogen or carbon dioxi-
de. Yasuda')® however obtains approximately the same values
for all gases. This discrepancy is, as will be shown in this
Appendix,not due to lack of accuracy of the measurements, but
is probably caused by the incorrect use of theoretical equa-
tions.

The second objection to the use of the method is that
only relatively large pores contribute to the convective
flow of the gas. The authors who made use of the method of
Yasuda did not "obtain pore radii below 25 nm.'” *) For stan-

V' this value

dard ultrafiltration membranes of polysulfone?
is in our opinicn not realistic.

Kakuta et al®) have calculated even smaller values for
reverse osmosis membranes of cellulose acetate. A surpri-
singly low.value of the pore radius has been given, vigz.
1.5-2 nm. We calculated from their experimental plot of the

permeability coefficient versus the mean pressure a pore ra-
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dius of about 8 nm (nitrogen). Furthermore their measure-
ments for helium do not seem to be very accurate: a much
smaller value for the pore radius would also- fit the expe-
rimental data for helium.

In this Appendix we deéscribe the experiments which we
have performed. We used the same theoretical relations as
Yasuda.!! The calculation of the pore radius from the expe-
rimental data has been improved. One of the main conclusions
is that insufficient accuracy of the measurement of the
pressure decay across the membrane prevents an accurate de-
termination of the pore radius if the pore radius is of the
order of 10 nm or smaller. Lowering the pore radius results
in a relatively smaller convective contribution to the per-
meability coefficient. TFlow in pores with radii below 10 nm
diameter is usually of the Knudsen (non-viscous) type. In
this region a pore radius can not be determined with Yasuda's
method.

THEORETICAL CONSIDERATIONS

For the flow of gas through a porous structure Darcy's

law takes the following form:®’°®}
B_pAp
V2 = ﬂ;zl (1)

where v, is the flow velocity of the gas at (outlet) pres-
sure ps, and Ap = p;-p, is the pressure difference across

the membrane, p = #(pi1tp,) is the mean pressure, B, is the
specific permeability coefficient, n is the viscosity and 1
is the thickness of the membrane. For the gas flux through

the membrane we can write, if we combine constant factors:

Jd = K'—'I (2)
where K is the permeability coefficient. If the mean pore

diameter 1s comparable 1in size to the mean free path
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(0.01-0.1 pm at room temperature and at atmosphericpressure)
K contains another (non-viscous) term.  This effect is due
to the so-called slip effect, and can be included in K:

B, .
K =K +ﬁ—p (3)

o
Ko and BO are characteristic of the porous medium and the
gas.
The gas flux is measured by the pressure decay in a
gas ballast chamber of fixed volume Vo connected to the mem-
brane test cell. Following Yasuda:)

d(pV) B d(ap)

I =% = Voa (4)

Combining (2), (3) and (4) gives, after deleting constant
factors (see below):

d(Ap) B, _
- ——(—1—%—- = (KO-!— ?‘!‘. p) Ap (5)

with p = $(pi+p2) = 5(Ap+2p,), where in our case p, is the
atmospheric pressure. Equation (5) becomes:

d(Ap) B, ' B,
g = (Kt 57 p2) bp + 2 (4p)? (6)

The flux equations has been rewritten in a differential e-

quation for the pressure difference across the membrane.

For simplicity we write p = Ap, a = KO+ Eg p, and Db = ﬁg,
n 2n
Equation (6) becomes:
dp -
- 3 = ap + bp? (7)

In the foregoing constant terms have been omitted because
only the ratio of a and b defines the pore radius to be cal-
culated (see equation (12)).

Yasudal), Shimizu?), Cabasso®) and Kakuta®) all follow

51

Carman by putting:.
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B, = - (8)
koq
Ledm
K = v (9)
°  3k.q?

where m is the equivalent pore radius, € is the porosity,q?
the tortuosityfactor and ko and §/k; are assumed to be con-
stants(Carman®' suggested the values of k, = 2.5 and

§/k1 = 0.8). v is the average molecular velocity of the gas
with molecular weight M:

8RT 2 '
F = |—— (10)
™™

Combining (8), (9) and (10) gives:

1
B, 16 |2RT|*
m = — _— (11)

Ko 3 |mM

or when using a and b defined by (7):

1
2nb 16 |2RT}|*®

—_— (12)
a=-2b Potm 3 |mM

m =

This is the desired pore radius to be calculated from the
experiments.
EVALUATION OF EXPERIMENTAL DATA

In the experiments the pressure decay p = p(t) is mea-
sured. Yasuda!)® determines dp/dt from this decay recorded

on a strip chart recorder. Ko and BO can be determined from
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equation (5) wusing the slope and intercept and from equa-
tion (11) m can then be calculated.

We have taken a different approach by rewriting equa-
tion (7) and intergrating from chosen points of p = p(%),
vigzg. pbwat t = to and Pg at t = te:

Pg te
dp
=~ | dt (13)
ap + bp2
Py to
It follows:
1 atbp a+bp
- |1n el - 1In ol = t -t (14)
a o o e o
. e o

In principle .we only need two points (te, pe) at fixed

: (to, po) of the pressure decay to solvé a and b from non-
lineair equations of the type(14). We prefer this method of
data analysis to the one used by Yasuda because the pressu-
re itself can be determined more accurately than dp/dt.

In practise it is better to take more points (te(i),
pe(i), i =2,..n) and to evaluate at least 10 (n>10) equa-
tions (14) to calculate a and b. This is done by a numeri-
cal procedure using a non-linear least squares algorithm
which solves n equatlons simultaneously. The choice of the
points on the pressure decay curve could be a source of in- °
accuracy. We have tried two procedures:

- a fixed (to,pO) is chosen, (0 seconds, 3.5 bar),
and n points »(te,pe) on the curve are equally spaced in
time; n equations(14) are solved for each (te,pe)-(to,po)
pair.

- In the second procedure the point (to,po) is varied; n
points are chosen on the pressure decay curve, and equa-
tion (14) is solved with pairs (%2,p2), (b /341°Pn/0ey)
and (t2,p2), (tn/2+2,pn/2+2) ete. (n even>4).
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Thesevtwo procedures do not give different results.
When a and b have been calculated the experimental
p = p(t) curve is compared with the calculated one. Ffom e-
quation (14) it follows:
a

p = - (15)
exp{-a(to-t)+0} - b

a .
with ¢ = 1n ( — + D) (16)
Py

REQUIRED ACCURACY OF PRESSURE MEASUREMENTS

In the experiments the pressure difference across the
membrane p decreases from p_ (about 3.5 bar) to zero. As
will be seen below, b<<a. Thus, when p is small, dp/dt is
mainly determined by a and a high precision of b cannot be
expected (see equation (7)).

In the case of Millipore VM type membranes the follo-
. wing approximate values of a and b have been found (see sec-
tion results): _ Helium: a=0.2, b=0.002; Nitrogen: a=0.1,
b=0.01. From (7) we see that a relative error Ap/p of 0.01
gives a relative error in b and consequently in m (cfu(12))
of Ab/b of 0.1 for nitrogen and 0.5 for helium (at p=1bar;
dp/dt held constant). A precise determination of b (or m)
can only be expected when Ap/p = 0.0001. In this case the
respective relative errors are 0.01 (N,) and 0.05 (He). TWe
conclude that a very preclse measurement of p, the pressure
difference across the membrane, is required. Yasuda'! deri-
ves values for the pressure gradient from a strip chart
recorder. The reading error thus introduced i1s of the order of
0.01. No precise’deﬁermination can be expected. An absdlute
precision of about 0.003 bar is required to obtain m with

sufficient accuracy.
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EXPERIMENTAL

The experimental seb-up is shown in Figure 1. The pres-
sure decay in the reservoir (0.01 m®) is measured by the
pressure transducer (Viatran 304, 0-150 PSIA, 3000 uV FSO).
The ballast chamber is pressurized to a pressure of about
5 bar. The valve between gascylinder and ballast chamber is
closed, the ball-valve between the ballast chamber and the
cell with the membrane is opened and the pressure decay is
recorded. In order to avoid an initial transient stage of
pressure decay, the chamber is pressurized to a pressure
50% higher than the pressure (3.5 bar) needed in the measu-
rement.')  The gas is allowed to flow through the membrane
before the reading of the pressure is taken. We have used a
Millipore filter holder XX 4502500.

—— from gas cylinder

— valve

——gas ballast chamber

pressure transducer
voltmeter

ﬁ,} [—umpliﬁer
PIV > [ AD

Q—valve ~ Lpoen

FIG.1. Experimental set-up for gaspermeation experiment.
The pressure transducer is coupled on line to the A/D
converter of a PDP 11 minicomputer. Amplification of the

signal of the pressure transducer was necessary (Tektronix
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AM 502,200x). The data of the minicomputer were handled off-
line to calculate the equivalent pore radius. Calibration
of the A/D readings versus the signal of the pressure trans-
ducer (digital voltmeter, HP 3465 A) was performed: The un-
certainty in the static pressure measurement appeared to be
+ 0.003 bar. The initial pressure decay is about 0.01 bar/s.
The A/D converter averages 16 samples‘of the pressure signal
(total time 8 msec), and gives no extra contribution to the
uncertainty. '

The absolute pressure reading of the pressure transdu-
cer is calibrated with an Industrial Air Dead Weight Tester
of Barnet, type 3320 (10-1000 PSI), whiqh has a sensitivity
of 3.107% bar. The deviation of linearity of the pressure
transducer is about this value and well within the specifi-
cations of the manufacturer.

The experiments were performed in a thermostated room
at T = 20°. The atmospheric pressure is read from a
Lambrecht mercury column manometer, reading error * 2,10 *

bar.

RESULTS AND DISCUSSION

We have performed experiments on a Millipore type VM
membrane. This membrane has a nominal pore radius of 50 am,
given by the manufacturer. '

Using the procedure described in the section on evalu-
ation of experimental data we calculated values for a and b
from the pressure decay curve from 20 or 40 equations of
the type (14). We have used three gases: helium, nitrogen
and carbon dioxide. The pressure readings were taken at in-
tervals of 0.5 minute, during 20 minutes. The calculated
values for a, b and the resulting pore radius m are given
in table 1. '
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a b m(nm)
helium 0.237 * 0.003 - 0.0029 = 0.001 15 £ 5
nitrogen 0.108 £ 0,002 0.0084 = 0.0007 40 = 4

carbon dioxide 0.094

I+

0.005 0.010 = 0,001 38 = 4

Table 1: Pore radius of a Millipore VM membrane.

' The given inaccuracy has been estimated by choosing a
and b values such that F < 5.10™ %, where
40
F =2 (pyuq0(ty)-p
n

(tn))z, We have used equations (15) and

calc exp

(16) to determine Pcalc(tn)' This value of F means that the
difference ’pcalc(tn)"pexp(tn)[ for each point is about
3.1072 bar, the uncertainty in the pressure measurement.

When we started our experiments we considered Yasuda's
method a useful tool to characterize porous membranes. De-
.termination of dp/dt from the pressure decay curve seemed
to us rather inaccurate. This problem could be circumvented
by solving a set of non-linear equations in which the pres-
sure appears itself instead of the derivative. -After sol-
ving this problem it became evident that very accurate pres-
sure measurements were needed to obtain sufficient accuracy
in the equivalent pore radius. Above we have given the re-
sults of sufficiently accurate measurements.

Application of the method of Yasuda to characterize po-
rous membranes now appears in our opinion of very limited
value because of two major problems. From our experiments
we find a much smaller pore radius for helium (15 nm) than
for nitrogen or carbon dioxide (about 40nm). This diffe-
rence cannot Be’due to lack of accuracy of the measurements.
To obtain a pore radius for helium of about A0 nm one would
have to allow for a systematic error in the pressure mea-
surement of as large as 0.03 bar. The expected accuracy is
about 10 times better.

Secondly, in using the equations of Carman®)we assume
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that both terms of the permeability coefficient, the vis-
cous flow and the‘slip'éontribution= are present. Conside-
ring the mean free path of the three gases uéed (He:270 ;
N,:90 and C0,:160 nm at 1 bar and 20°C7)), we see that the
pore diameter is of the order of the mean free path. If
there should be a larger number of pores of a much smaller
diameter the situation would be different. These pores con-
tribute much less to the viscous flow through the membrane
but might contribute a relative higher amount +to the non-
viscous flow. As we know, the permeability coefficient
should be a linear function of the mean pressure. For many
porous media K passes through a minimum at small values of
P, when the region of Knudsen flow is reached.®) This re-
gion is reached sooner for helium because of the larger
mean free path. The same reasoning applies to K as a func-
tion of the pore radius. Therefore,, if a large number of
small pores is present, then there is a large contribution
of these to the non-viscous term of the permeability coef-
ficient, and an appafently smaller pore radius will be
found. 1In this way a complex averaging over the pore size
distribution occurs in the gas permeation experiment.
Another reason for the discrepancy of the results
could be the fact that the theoretical equations are incor-
rect, a problem already touched upon by Carman himself.,3}
We have no intention to deal with this issue here.
Extending our studies to the pore size region where
toplayers of ultrafiltration or even hyperfiltration mem-
branes have their expected pore size, adds another problemn.
That 1s: to determine the cdnvective»term of the permeabili-
ty coefficient with sufficient accuracy. Some simple calcu-
lations using equation (15) show that we cannot discrimina-
te between pore radii of 2 and 4 nm: as far as the accuracy
of the pressure measurement is concerned the convective con-
tribution could be equally well absent. - Application of
Yasuda's method to determine a pore radius means +hat an
averaging takes place over the relatively large pores. A

similar discrepancy as we have seen with the Millipore mem-
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branes can be seen from the plots of the permeability coef-
ficient against the mean pressure of Kakuta.®' A smaller
value for helium than for nitrogen might also fit the inac-

curate data.

CONCLUSION

The gaspermeation method as described by Yasuda is in-
adequate to determine pore radii in microporous or asymme-

tric ultrafiltration and reverse osmosis membranes.
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| SUMMARY

In this thesis the relationship between the formation
process of asymmetric membranes and phase separation pheno-
mena in polymer solutions is investigated.

Chapter 1 is a general introduction on membrane forma-
tion and related problems. A good characterization of the
skin of an agymmetric membrane in terms of its thickness and
structure and knowledge of the relation of these properties
with transport behaviour is desired but not yet available.
Most of the work presented in this thesis is performed on
the study of the phase separation behaviour of cellulose a-
cetate (CA) solutions. In many commercial membrane filtra-
tion installations CA membranes are used. However, improve-
ment of CA membranes is still desirable. Knowledge of the
formation mechanism of asymmetric membranes may provide
guidelines along which future improvements can be achieved.
Some views on membrane formation published'in the literatu-
re are briefly mentioned. A controversial point is the ne-
cessity of an evaporation step in the asymmetric membrane
preparation process.

'In Chapter 2 a general description of asymmetric mem-
brane formation is given based on theoretical and experi-
mental knowledge of phase separation 1in concentrated poly-
mer solutions. Gelation and liquid-liquid phase separation
are responsible for the formation of the dense skinlayer
and the porous supporting layer, respectively. The descrip-
tion is thought to be applicable to several ultrafiltration
and reverse osmosis membrane materials: cellulose écetate,
polyacrylonitrile, polyphenyleneoxide and polysulfone. The
formation of macrovoids in the sublayer receives special at-
tention.

In Chapter 3 the nature and the kinetics of phase chan-
ges in a specific polymer/solvent/nonsolvent ternary system,
viz. CA/dioxane/water, are investigated. The techniques used

were turbidimetry (cloud points), Differential Scanning Ca-
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lorimetry and .Pulse Induced Critical Scattering. Liquid-1i-
quid phase separation occurs at low to medium polymer con-
centration and high nonsolvent content, whereas gelation oc-
curs at high polymer concentration and low nonsolvent con-
tent.

In Chapter 4 DSC measurements on gelation are extended.
Gelation is discussed in terms of local crystallization. The
melting points of the gels as a function of the composition
of the ternary system can be described by the Flory melting
point depression equation for a polymer in a mixed solvent/
nonsolvent. Kinetic effects are discussed.

In Chapter 5 a numerical method to calculate the bino-
dal in a ternary system of a polymer in a solvent/nonsolvent
mixture is presented. The Flory-Huggins theory for three com-
ponents is applied to the membrane forming polymers: cellu-
lose acetate and polysulfone. Concentration dependent sol-
vent/nonsolvent interaction. parameters are taken into ac-
count., It is shown that, when the solvent is varied, the va-
lue of the solvent/nonsolvent interaction parameter primari-
1y determines the location of the miscibility gap in cellu-
lose acetate systems. For polysulfone the large polymer/non-
solvent interaction parameter overwhelms the influence of
the other interaction parameters.

The knowledge of interaction parameters is rather poor.
With osmometric measurements, described in Chapter 6, the
osmotic pressure and the preferential sorption can be deter-
mined in moderately concentrated CA solutions of up to 10%
polymer. Binary polymer/solvent and ternary interaction pa-
rameters are calculated from the experimental quantities
using the Flory-Huggins equations. As known variables we
take the polymer/solvent parameter (determined from separate
experiments) and the. solvent/nonsolvent parameter (taken from
the literature). With the calculated interaction parameters
the composition at 1liquid-liquid phase separation can be
predicted, but this is not yet in accordance with experimen-
tal information.

In Chapter 7 some aspects of diffusiqﬁ during membrane
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formation are studied. Measurements of outdiffusion of sol-
vent indicate that the nascent skin is not a substantial
barrier for solvent transpord. Separate diffusion coeffi~
cient measurements in ternary CA/solvent/water systems are
performed. The local composition in the precipitating film
can be related in a model description to the gradients of
the chemical potentials of nonsolvent in the film. The ratio
of nonsolvent and solvent fluxes determines the direction of
the composition path in the ternary diagrém.Thedifferences
in the phase separation behaviour of membrane forming> sys=-
tems with acetone and dioxane as the solvents‘arediscussed.
In the precipitating film from the acetone solution the nas-
cent skin apparently discriminates between nonsolvent and
- solvent flow. The nonsolvent flux is much smaller than with
dioxane as the solvent.

Finally, in an Appendix a gaspermeation method published
in the literature is critically evaluated. It is shown that
the method cannot be applied to determine a mean pore radius

of ultrafiltration or reverse osmosis membranes.
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SAMENVATTING

In dit proefschrift wordt het verband tussen het vor-
mingsproces van asymmetrische membranen en fasescheidings
verschijnselen in polymeeroplossingen onderzocht.

Hoofdstuk 1 vormt een algemene inleiding <tot het on-
derwerp. Een factor van belang is dat de precieze struktuur
en de dikte van de toplaag en het verband tussen deze eigen-
schappen en het transport gedrag van het vervaardigde mem-
braan nog nader vastgesteld dienen te worden. Het experi-
mentele werk in dit proefschrift is geconcentreerd op de be-
studering van ontmengprocessen in cellulose acetaat oplos-
singen. Cellulose acetaat (CA) membranen worden veel ge-
bruikt in commercitle membraan filtratie installaties.
Verbetering van de membranen is echter gewenst. Kennis van
het vormingsmechanisme van asymmetrische membranen kan ons
een richtsnoer verschaffen waarlangs verbeteringen in de
.toekomst bereikt kunnen worden. Enkele benaderingen die
in de literatuur gegeven zijn voor de membraanvorming
worden aangestipt. Een controversieel punt is de noodzaak
van een verdampingsstap in het membraan vervaardigings pro-
cédé.

Fen algemene beschrijving van de vorming van asymmetri-
sche membranen wordti gegeven in Hoofdstuk 2.‘Zijiﬁ gebaseerd
op theoretische en experimentele kennis van fasescheiding in
geconcentreerde polymeer oplossingen. Gelering en vloei-
stof-vioeistof ontmenging zijn verantwoordelijk voor de vor-
ming van respectievelijk de dichte toplaag en de poreuze on-
dersteunende laag. De beschrijving is toepasbaar op verschei-
dene polymeren waarvan ultrafiltratie en hyperfiltratie mem-
branen vervaardigd worden: cellulose acetaat, polyacryloni-
tril, polyphenelyeneoxide and polysulfon. De vorming van
peervormige holten in de onderlaag krijgt bijzondere aan-
dacht,

In Hoofdstuk 3 worden de aard en de kinetiek van fase-

scheidingsprocessen in een bepaald polymeef/oplosmiddel/niet-
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oplosmiddel systeem nl. CA/dioxaan/water onderzocht. De ge-

bruikte technieken zijn troebelingspunt bepalingen,Differen-
tiele Scanning Calorimetrie en Pulse Induced Critical Scat-

tering.

Bij niet al te hoge polymeer concentratie en een hoog gehal-
te aan niet-oplosmiddel wordt vloeistof-vloeistof ontmenging
waérgenomen. Gelering treedt op bij hoge polymeerconcentra-

tie en lage waterconcentratie in het systeem.

In Hoofdstuk 4 wordt gerapporteerd over de émelfpunt—
bepalingen met DSC aan gelen'van CA in dioxaan/water meng-
sels. De gelering wordt toegeschreven aan kristallisatie op
lokale schaal. Het blijkt mogelijk te zijn de afhankelijk-
heid van het smeltpunt van de polymeerconcentratie en de sa-
menstelling van het oplosmiddel/niet-oplosmiddel mengsel te
beschrijven met de theorie van Flory voor de smeltpuntsver-
laging. Kinetische aspecten worden onderzocht.

In Hoofdstuk 5 is een numerieke methode beschreven voor
de berekening van de binodaal in een ternair systeem poly-
meer/oplosmiddel/niet-bploSmiddel. Gebruik is gemaakt van
de Flory-Huggins theorie voor drie cpmponenten; Het ontmeng-
gebied wordt berekend voor twee membraanmaterialen nl. cel-
lulose acetaat en .polysulfon. In de berekening wordt een con-
centratie afhankelijke oplosmiddel/niet-oplosmiddel inter-
actieparameter meegenomen. De grooltte van deze parameter be-
paalt voornamelijk de plaats van het ontmenggebied 1in het
systeem CA/oplosmiddel/water. In het systeem met polysulfon
blijkt de grote waarde van de polymeer/niet-oplosmiddel pa-
rameter de invloed van verandering in de andere interactie-
parameters te overheersen.

Er is niet.veel bekend over de grootte van de interac-
tieparameters in sysfemen met drie componenten. Met behulp
van osmometrie worden in Hoofdstuk 6 de osmotische druk en -
de preferentiele adsorptie bepaald van hatig geconcentreerde
CA oplossingen in mengsels van dioxaan. en water. De polymeer/
niet-oplosmiddel en de ternaire interactie parameters worden

berekend uit de vergelijking van waarden van experimentele
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grootheden en de voorspelling hiervan met de Flory-Huggins
theorie. De oplosmiddel/niet-oplosmiddel parameter (uit de
literatuur gegevens afgeleid) en de polymeer/oplosmiddel in-
teractie parameter (uit een afzonderlijk experiment bepaald)
worden bekend verondersteld. Met de berekende interactie pa-
rameters is getracht het ontmenggebied te voorspellen. Het
gevonden gebied is niet in overeenstemming met experimente-
le gegevens uit Hoofdstuk 3.

In Hoofdstuk 7 wordt de diffusie van oplosmiddel en
nietaoplésmiddel tijdens membraanvorming nader onderzocht.
Metingen van de oplosmiddel diffusiestroom geven aan dat de
huid in wording geen grote barridre vormt voor het oplosmid-
del transport uit de precipiterende film. Diffusiecoeffi-
cienten in ternaire CA/oplosmiddel/water systemen zijn af-
zonderiijk bepaald. In een modelbeschrijviﬁg wordt de ver-
andering van de plaatselijke samenstelling in de film in ver-
band gebracht met de gradienten in de chemische potentialen
van oplosmiddel .en niet-oplosmiddel. Het quotient van de wa-
.ter~ en oplosmiddelstroom bepaalt de richting van de veran-
dering van de lokale samenstelling in het ternaire diagram.
De verschillen in het fasescheidings gedrag van CA in oplos-
middelen acetone en dioxaan in relatie tot membraanvorming
worden besproken. De waterstroom bij membraanvorming uit een
CA oplossing in acetone blijkt veel kleiner te zijn dan bij
een oplossing in dioxaan. De zich,vormende.ﬁuid van het mem-
braan uit de CA/acetone oplossing gedraagt zich kennelijk
selectief ten opzichte van oplosmiddel- en watertransport.

Tot slot wordt in een Appendix ingegaan op een gasper-
meatie methode, gepubliceerd in de literatuur, waarmee een
gemiddelde poriestraal van een membraan bepaald zou kunnen
worden. BEr wordt-aangetoond dat de methode niet gebruikt
kan worden voor ultrafiltratie en omgekeerde osmose mem-

branen.
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