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SUMMARY

A study has been made of the formation of membranes from solutions
of poly(2,6-dimethyl-1,4-phenylene oxide) (P.P.O.*') in trichloro-
ethylene/alcohol mixtures and using methanol as the precipitation
agent. The mechanism of the formation of the sponge - like struc-
tures proves to be a ligquid - liquid phase separatiaen phenomenon
with nucleation and growth of the diluted phase. The waterpermea-
bility of this extremely hydrophobic polymer membrane (which only
1s obtained for high percentages of octanol in the polymer solu-

[
tion) is possibly due to crystallization in the concentrated poly-
mer regions, like the skin at the surface and the concentrated

work which hag been done to ob-

tain more information concerning the phase separation involved

in the formation of asymmetric membranes. We have prepared
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phenylene oxide) (P.P.O.) by means of the so called coagulation
technique.
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iough succes has been achieved in the past in developing

embranes, especially for ultra-
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filtration purposes, there are applicacions where enhanced sta=-
bility of the membrane material is required e.g. the use of ultra-
filtration membranes in the dairy industry. From the litterature
it is known that P.P.C. has outstanding chemical and physical
properties. It has high hydrolitic stability in a broad pH-range
and it is resistant to chlorine attack from sodiumhypochloride,
which is often used as a membrane cleaning agent. The high glass
transition temperature (ZIOOC} of P.P.O. indicates that it is
possible to use P.P.O.—-membranes at elevated temperatures. Steri-
lization of the membranes with hcet water vapor in the diary-in-
dustry should be possible.

The main objective of our research-programm was to develop an
ulcrafiltration membrane of P.P.O. for use in the dairy-industry
with the following requirements:

a. high waterflux at moderate prassure: fluxes greater than
20 cm3/cm2, hr at 3 bar.

b. high permeability for low molzacular weight substances, like
salts and lactose.

c. good protein rejection: greater than 95%.

The research programm was initiated from our knowledge of the
demixing process, taking the line of the thermodynamics and
kinetics of phase equilibria in polymer solutions. Koenhen et al.
{1) reported on research done on the system polyurethane dimethyl-
formamide - water, and in this work one can find a review of the
results of other workers, in the field of membrane formation
mechanisms.

We have tried to verify the mechanism proposed earlier (1) in-
volving a cocagulation mechanism along the following scheme:

a. direct desolvation of the toplayer where most likely gela-
tion or crystallization takes place.

b. formation of the porous sublayer by means of liquid -~ liquid
phase separation. Nucleation and growth of the concentrated
or diluted polymer phase occurs. In the case of nucleation
and growth of the diluted phase the concentrated phase forms
the continuous matrix, and the final structure, after complete
desolvation is the typical sponge - like structure.

The solidification of the dense top-layer is a rather obscure
process since in general the rate of phase separation is very



with the nonsolvent. The mechanisms of spinodal demixing is° possi-
ble, and the result is a favorable fine mazed network, interwined
by finepores. Cristallization in polymer rich regions may.follow
here. The tendency of a polymer solution to crystallize when

high enough in concentration is probably very important for the
final membrane structure and performance.

Following Ziabicki (2) and Gr&be et al.(3) in their view on coag-
ulation during wet fiber spinning processes, we believe that the
initially formed dense too—layer plays an important role during

es if mass-t
solvents and precipitants are probably determined to a great
extent by this skin layer, because of the different diffusion
constants in the skin La'y'er' for the mobile components LeaVJ.nq
or entering the membrane during coagulaticn. In this way the
top-layer strongly affects the kinetics of solidification and
thereby the resulting morphology. We feel that that this fact

was, until now undervalued by membrane chemists.

THEORETICAL CONSIDERATIONS

Liquid - liquid phase separataion

The modeldescription for polymer solutions by Flory (4) and
Huggins (5) yields an expression later modified by Koningsveld (6)
for the Gibbs free enthalpy of mixing of a2 polymer and a solvent
which is expressed here in weight fractions:

AG
=M= wainw + M yanw, o+ g zww (1)
RT Q o T 2 i = 1"o
i
1n which AGM = free enthalpy of mixing, R = universal gas constant,
T = absolute temperature, wo = weight fraction of solvent, w1 =

weight fraction of polymer species 1, Mo = molecular weight of
the solvent. Mi = molecular weight of the polymer species i, and
g = emperical correct:ion parameter. The entropy of mixing (the

first two terms on the right-hand side) 1s small compared to

the entropy of mixing of low molecular weight substances, ha-
the entropy ©If mixing 10w molecular weirgnti substances »

cause the factor MO/Mi is small for polymers in solution. A small
endothermirc enthalpy of mixing represented by the term g I wiwo,
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point in the AGM—W curve, we refer to the work of Koenhen et al.(1l).
In this place we should l:ike to confine ourselfs to the remark that
the different types of demixing will have important consequences

on the ultimate structure of the membranes.

Crystallization

Crystallization is a different form of phase separation which can
occur in polymer solutions as well (7). It is known that crystalli-
zation of P.P.0O. is possible from toluene solutions (1,8). Also
crystallization of P.P.0. has been reported from other solvents
(9,21)

Swelling of linear polymer networks using the concept of the

solubility parameter

The solubility behaviour of polymers can be predicted to a reason-
able extent by applying the Hildebrand relation (10), which connect:s
the energy of mixing of two components to their individual energies
of evaporation:

ﬁfﬂiﬁ =v_ (6, — 6 )2
¢1¢2 m 1 2
(2)
5 AE %
§ = [C.E.D.]? = vap
vm

where AE_ i, = energy of mixing, ¢1¢2 =.volume fractions of the com-
ponents, V_ = average melar volume based on mole fractions, 6,06, =
solubility parameters, C.E.D. = cochesive enerqgy density, and AEvap =

energy of evaporation. Hansen (11) divided the solubility parameter
anto contributions from disperse interactions (6d}, dipole interac-
tions (ep) and donor-acceptor or hydrogenibond (6h) interactions and
he introduced cthe notation

d P 6h (3)
If there are no specific interactions upon mixing of two or more
componants, it is possible to express each term of the solubility

parameters for a mixture solvent as:

Smyi =

ULl

@ s . i =d,p/h (4)

j.1"° i
=1 It 3 n = number of solvent components
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According to Froehling et al (12) we can predict the interaction

of a swelling agent with a peclymer, because the affinity of a
swelling agent (in our case a mixture of solvent and nonsolvent)
with respect to a polymer is inversely proportional to its distance
from the polymer in the 59' Sd, 6h -space. Therefore, swelling value
measurements can in principle be used toe obtain the correct set of
§-parameters for a polymer. Equation (5) gives the expression for

the polymer-swelling agent distance 1n the §-space

A= (S -3 )2 + (& - 6 )2 + (& - 4 y2 '
P.S P.P a,s d,P h,.S h,P’ (5)

where the subscript S and P refer to solvent and polymer rescpecti-
vely.

Chen (13) showed that the contribution to the energy of mixing in
polymer solutions, caused by dispersion forces and dipole forces

could be taken together into one enthalpy parameter X (this 1s a

H
Flory—~Huggins-type correction parameter for the enthalpy of mixing),

2

= _m - & - 2
XH = RT [(‘Sd,P Sa,s' * p,p ~ Sp,8? ] (6)

Together withérlthis parameter produces good predictions for the
solubilaty of polymers.

Diffusion from coagulating polymer films

To measure the transport rates of the mobile components during the
coagqulation of casted polymer films, we use the diffusion equation
from the treatise by Crank (14):

M 8

- 120 t
log (I—M—z,)=1ogn2"2—'3—03—'4'-? (7)

where M, 1s the amount of diffusant sorbed or desorbed at time t,
M_ the same at equilabrium, D is the diffusion co&fficlent, t is
time and 1 the thickness of the layer through which diffusion takes
place effectively.Eq (7} is the solution of the diffusion equation
for a sharp boundary layer (sheet), provided that the condition

of a homogeneous coagulation bath is fullfilled. The diffusion
coefficient can be obtained by plotting log (1 - EE )} againsu. c,

if the length of the d:rffusion path 1 is known. =



Various membranes have been prepared, from different solution com—
positions. The solvent trichloroethylene always contained a certain
amount of alcohol (between 0 and 22% by weight) from the following
range: methanol:; ethanol butanol and octanol. The precipitation
agent (i.e. the coagulation bath) in all cases was methanol. A 10%
(by weight) polymer solution was prepared and casted with a Doctors
knife as a 0,2 - 0,4 mm thin film on a glass plate. The P.PF.0. sample
used had M_ = 21.600 and M_ = 37.700 as determined by osmometry and
light scatgering, repectively. All solvents used were of analytical
grade. In all cases the evaporation step after the membrane had been
casted, was as short as possible.

Opical microscope studies

The phase separation of P.P.O. was examined with an Olympus E.H.~-
microscope. The same technique as introduced by Epstein (15) was
used. A droplet of polymer solution is placed between two microscope
slides. By means of a syringe nonsolvent 1s placed near the edge and
the coagulation process is studied either visually or by taking
photographs.

Scanning Electron Microscopv

Cross sections of the membranes were examined with a Jeol J.S.M.-U3

R s Te v o m e o o~ e T et o e
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sSCanning electron MiCroscépe (S-E-I‘io). The samples were y‘.::ydj.t:d by
cryogenic breaking and afterwards drying at room temperature (16).
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Diffusion experiments

Tnin films (0,4 mm) of a 10% P.P.O.-solution were casted on a glass
plate using a Doctors-knife. The precipitation bath (methanol) was
kept in rocking movement (for stirring action) during the coagulation.
The composition of the bath 1is followed by means of gaschromato-
graphic analysis using a Beckmann model 409 instrument.

Swelling measurements
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pieces were immersed in a swelling agent, whlgh was a mixture of
trichloroethylene, octanol and methanol, at 20°C for 72 hours. After
this time the film was wiped with a filterpaper and weighed in a
closed sample vessel. The degree of swelling 1s expressed as relative
weight increase.
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rafiltration experiments were carried out in a stirred 2Amicon
pressure cell at an operating pressure of 3 bars. In the experi-
s a 0 p.p.m. solution of Human Albumin or a 100 p.p.m. lactose
ution was used as a feed solution. The concentrations in feed

pro t were determined by Total Organic Carbon measurements,
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RESULTS

Optical microscope studies
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The coag aulation process was aetudied

dissolved in a mixture of trichloroethylene (78%)/octanol (22%). In
the same way as reported by Koenhen (1) coalescense of droplets can
) S emmen desn  reemew s Mia < -~ ad A emiemsmran e e o
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1s the mechanisms for the demixing process.

Membrane casting experiments

10% P.P.O. 1in traichloroethylene (100%); precipitation agent methanol

The coagulation is very slow. The result is a rather transparant

mrmlest e e e bl mmamad macmlhiomd el mde e~ A o e cysr e e PR IE -3 SRRy
brane with goGa meliianiCasr Screngat aiia a irosSsy Surrace, wicdi Lo

waterpermeability at all.
108 P.P.0O. in traichloroethylene (95%)/methanol (5%), precipitation

agent methanol
The coagulation is very fast. The result 1s a white membrane with

good mechanical strength. In figure 1 a S.E.M.-photograph is shown.
From this picture one can conclude that liguid - liquid phase sepa-
ration has occurred.

10¢ P.P.O. in tri (95%)/5% of alcohol from the range, ethanol,

butanol, hexanol and octanol; precipitation agent methanol

in fig. 1. In alle cases liquid - ligquid phase separation occurred.
Membranes of good mechanical strength were obtained but up to a

pressure of 40 atm not one of

10% P.P.O. dissolved in a mixture of trichloroethylene with in-—
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creasing amount of octanol

10, 15, 18, 20 and 22, weaght % of total solvent:; precipitation
agent is methanol. From figure 2 to 6 it is seen that starting with
composition of 15% octanol in the solvent, the socalled finger like
cavaties appear. At a level of 18% octanocl the membranees become.

permeable to water at 2 bars as is shown in table I.

TABLE I
k) 2
¢ octanol Jw (waterflux) cm™/cm™ hr
in solvent .
S 0

10 0

15 [a]

18 < 90,5

20 l to 2

22 5 to 25
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For the 22% octanol membrane we measured the protein and laccose
rejection in a stirred low pressure Amicon cel. Lactose rejection
was always zero and rajection for Human albumin was higher than 90%
at a flux of about 2 cm3/cm2 hr. Note that these are results for
membranes whose performances have not yet been optimized.

108 P.P.0O. dissolved in a mixture of trichloro-ethylene with ain-
creasing amount of octanol. The precipitaticn agent is now octanol.
From figure 7, 8 and 9 it is shown that when octanol is used as
precipitation agent liquid - liquid phase separation determines the

overall structure, but crystallization in the concentrated phase

cbviously has occurred too. The final result is a rather loose, open
structure but membranes produced in this way have very little
mechanical strength.

Dif fusion-measurements

From equation 7 it should be possible to compute the diffusion for
traichloroethylene, octanol and methanol, if the diffusion length

1 were known. In ocur opinion this distance is equil to the thickness
of the skin. The measurement of thas thickness however, from S.E.M.
photographs is very difficult and not very accurate. It is therefore
not possible to calculate the exact diffusion constant but for these
coagulating films one can compare the trends in diffusion behaviour
of trichlcoro-ethylene and octanol. Table II and figure 10 give some
experimental results.

TABLE II
TIZD -1 3
§ octanol in solvent — (sec ") =10
4x2,3x1
tri oct
5 5,05 -

1 5,65 1,05

15 5,68 1,41

20 5,96 1,7}

22 5,60 2,37

As is shown in figure 10, the applicabilatyof eq (7) for the experi-

mental data is very good.



Fig. 7 22% octamol in solvent Fig. 8 22% octanol in solvent
precip. in octanol precip. in octanol

Fig. 9 22Z octanol in solvent Fig. 12 10Z octanol in solvent
precip. in octanol precip. im wmethanol
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Fig, 14 20% octanol in solveant
precip. in methanol/water
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Fig. 13 22Z octanol in solvent
precip. in methanol
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Fig. 10 Values of - log (1 -Mt/Mw=) plotted as a function of time, for diffusion
of trichloro—ethylene and cctanol from coagulating P.P.0O. films.

From table II 1t 1s clear that the diffusion of the trichloro-ethyl-

ene into the coagqulation bath is much faster than the diffusion of

octanol. The diffusion of tri stays almost constant whereas the

octanol diffusion increases with higher octanocl contents in the

solvent. Together with this result we measure an i1ncreased penetra-

tion rate for methancl into the membrane.

Swelling experiments

The results for the swelling experiments of P.P.O. in mixtures of
tri, octanol and methancl are plotted in figure 11. The magn:itude

of the relative weirght increase (swelling ratio) appears to be inverse-
ly proportional to the calculated distance 4.
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Fig. Il Relative weight increase for P.P.0. films in mixtures of tri, octanol

and methanol, plotted as a function of the distance parameter A (see
equacion 3).

DISCUSSION

The membranes prepared with a low percentage of alcohol in the
solvent do not exhibit water perrueaulli:_y. The liquid - llq
separation which occurred in this case results in a membrane struc-
ture where the walls of the pores or the skin are too dense for any
water transport to take place. Since P.P.O. is a very hydrophobic
polymer one should not expect water to permeate by a molecular diffu-
sion mechanism trough dense polymer regions.

It should be possible to influence the precipitation precess in

such a way that the walls of the pores in the sponge layver and the

toplayer of the membrane become more open by introducing a different
kind of structure.

crystallization of the P.P.0O. in the concentrated phase regions can
nfluence to a great extent the membrane structure and performance.
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dynamlc point of view a more favorable process than the liquid -
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separation i1n the system P.P.O.-toluene, high values for the Flory-
Huggins interaction parameter are needed. From therr work 1t was
concluded that the phase separation was due to a crystallizatioﬁ
phenomenom, at rather low interaction parameter values. Therefore,
for low interaction parameter values, it is possible that at a cer-
tain concentration,crystallization is more favorable than the liquid -
liquid@ phase separation. From the litterature it is known that P.P.O.
can crystallize into irregqular spherical shapes (20, 21).

From equation (6} we can derive that lcw interaction parameters are
possible when the differences in §-parameters between the components
of the solution are small. From the results of the swelling experi-
ments we conclude that 1t is permitted to use the concept of the
solubility parameters for the system P.P.O./tri, octanol, methanol
(fig. 11). So if crystallinity should be introduced intc the membrane
we must prepare a solvent mixture of trichloro-ethylene with a cer-
tain amount of a non-solvent which 1is more compatible with P.P.O.
than methanol (the precipitation agent). Table III shows that the
codrdinates in the two dimensional Gd' 69 -space of the higher
alcohols are nearer to the P.P.0.-cod0rdinates than is the case for
methanol.

TABLE IIX
Solubility Parameters
1)
Substance ﬁp Gh
methanol 6,0 10,9
ethanol 4,3 9,5
butanol 2,8 7.7
pentanol 2,2 6,8
actanol 1,6 5,8
p.p.0.2) 1.3 2,4

1) Taken from Havosen and Beerbower (17)

2) Taken from Koeohen en Smolders (18)
The diffusion experiments show that the diffusion rate of trichloro-
ethylene into the bath is higher than the diffusion rate of octanol.
By this exchange of the solvent, the solution below the initially
formed skin becomes more concentrated in octancl and in this way the

possibility for P.P.O.-crystallization increases.
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The results of experiments using pure octanol as a precipitation
agent show (fig. 7, 8 and 9) a grainlike structure in the concentra-
ted phase. The membranes so prepared do not have any mechanical
strength. At this high amount (22%) of octanol in the solvent, finger-
like cavaties are clearly observed in the membrane (f£ig. 7). From
this result we conclude that liquid - liquid phase separation is in-
volved, with crystallization in the concentrated phase, due to the
high concentration of octanol.

At a level of 15% and higher for octanol in the solvent the charac-
teristic fingerlike cavaties become visible, see figures 3, 4, 5 and
6, when methanol is used as a precipitation agent. In the same series
one obssrves structural changes in the skin, which becomes more
grainlike (figures 12 and 13). The consequence of these structural
effects is an improving mass transfer during film formation and a
higher waterflux for the final membranes. Indeed we find increasing
octanol diffusion and also the penetration rate of methanol increases
Moreover . in all. these latter cases we observe the formation of
fingerlike cavities. The explanation of the presence if these cava-
ties given by Grdbe et al (3) seems to be the most acceptable:

a nucleus of the polymer poor dilute phase just under the skain can
preceed the solidification front because mass transfer will be favou-
red in such a liquid region.

Another indication that the properties of the skin determ:ine to a
great extent the resulting morphology is illustrated by the fact

that a membrane coagulated in a mixture of 20% water 1in the preci-
prirtation bath (methanol) does not show the fingerlike cavities
{(compare -fig. 14 and fig. 5). Further investigations on the thickness
and structure of the skin in relation to transport phenomena during

coagulation are in progress.
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