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Abstract : The present study was undertaken to investigate the effects of low molecular weight
inorganic additives(electrolytes) contained in precipitant on membrane performance,* The
svstem studied was polysulfone(13 wt %) / dimethylformamide / water(or water+additive)
and additives employed were NaCl, NaOH, KCI, LiCl, CaCl,, etc. Asymmetric ultrafiltration
membranes were manufactured from the immersion precipitation method by varying types
and amounts of additives and tests on the structures and performances of the resultant mem-

branes were made by measuring water content, porosity, membrane thickness, pure water flux,
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dextran rejection (available only for NaCl), and SEM photographs. In addition, experiments
on solvent outflow time and cloud point (phase separation) were carried out for elucidation
of membrane formation mechanism, For the effective discussion of the “additive”effect, we
divided the additive concentration range into three regions( low concentration, 0<m<(0.7;
intermediate concentration,. (.7<<m<3: high concentration region, m>>3) and analyzed

the experimental data in each ragion by taking account of the specific nature(e.g., the “salting-

out"effect) of salt, decrease in water activity, increase in density difference between cast solvent

and precipitant, variation in viscosity and mutual miscibility of liquids, etc., resulting from
the presence of additives, which affect equilibrium thermodynamics and kinetic aspect during

membrane formation process,

INTRODUCTION

Several attempts have been made to improve
the performance of asymmetric ultrafiltration (UF)
or reverse osmosis (RO) by simply adding low
molecular weight components in either casting
solution' ~* or precipitation bath.*" Particularly,
Frommer et al’ investigated the effect of salt
contained in precipitant on membrane performan-
ce, according to which the “salt-gelled” mem-
branes exhibited the lower pure water flux (PWF)
and the increased salt rejection (R) compared to
the salt-free case, attributable only to the effect
of the decrease in water activity(ay) by the pre-
sence of salt. However, to our knowledge few pa-
pers have appeared so far on the comprehensive
study of the effect of additive contained in preci-
pitant on the formation mechaism and the proper-
ties of asymmetric UF membranes, Hence, in this
paper the system of polysulfone(PSf) / dimethyl-
formamide (DMF) / water or (water+additive)
was selected to study the “additive”effect. Asym-
metric polysulfone UF membranes have been pre-
pared by precipitating in water or aqueous solution
containing such inorganic additives (electrolytes)
as NaCl, NaOH, LiCl, KCI], CaCl,, etc. using cas-
ting solution consisting of 13 wt % PSf in DMF
at 20°C. The structural (or performance) differen-
ces among the membranes thus obtained were
analyzed by measuring the solvent outflow time,
the amount of nonsolvent required for precipita-
ting the polymer from casting solution, water
content, porosity and thickness of the resultant
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membrane, membrane performance (like PWF
and dextran rejection) and morphology. In addi-
tion, qualitative explanation was given in terms
of the specific salt effect (for instance, the salting-
out), and changes in activity, density, viscosity,
mutual miscibility, etc, of liquids attendant upon
the addition of electrolytes, affecting the equilib-
rium phase separation (binodal) curve and preci-
pitation path, (as represented by the nonsolvent-
in to solvent-out volume flux ratio, J,/ Jz),%m

EXPERIMETAL

The polymer used as membrane material was
polysulfone purchased from Union Carbide (P-
1700: average M.W., 30000: density, 1.24 & / cm*:
and Tg, 190C). All of the reagents used were
GR grade, The polysulfone membranes used in
this work were prepared by casting the polymer
solution of 13 wt % in DMF on a glass plate (cast
film thickness of 300 #m) and immersing it almost
immediately in precipitant (water or aqueous
solution of inorganic additive) at room tempera-
ture, Experiments on performance (PWF and R)
and structural characterization (water content,
porosity, and thickness) of the resultant membrane
were carried out as described previously,”‘ 1220 he
procedure for determining the incipient cloud point
needed to make the ternary phase diagram of
polymer / solvent / (nonsolvent with additive)
was also identical to that described previously.12
As an auxiliary tool for studying the effect of the
additive on precipitation mechanism for membrane
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formation, the observation on the upward “con-
vective” flow of solvent through the cast layer
(arising from the density difference (Ad;,) bet-
ween nonsolvent(1) and solvent (2) upon immer-
sion in precipitant bath) was made using a grass
coagulation bath with black-ruled background
according to Cabasso’s procedure.13

In particular for the NaOH additive case, phe-
nolphthalein was added in the cast solution to aid
in the visual observation, and we designated the
time interval between immersion and apperance
of Schlieren pattern(ie, light attenuation pattern
resulting from the refractive index gradient) as
“the solvent outflow time”. Finally, water activi-
ties in aqueous electrolyte solutions of concent-
ration m(molality) were taken from the literature
data!* if available; or otherwise, calculated by
means of eq.(1) derived from the Gibbs-Duhem
relation on chemical potentials of electrolyte solu-

tions,

Xs

X din{v,"v* —(m,. )]

(1

In aw(m)={, (—)

Where v denotes the total number of ions per
molecular equal to the sum of v, positive ions and
v_negative ions: v, the mean activity coefficient
of the ion:and Xy and X, mole fractions of water
and salt, resp.

RESULTS AND DISCUSSION

Before analyzing experimental data obtained
on PSf membranes prepared from the additive-
containing precipitant, we will briefly discuss the
influences of both the specific salt effect and chan-
ges in some properties of the membrane system
caused by the presence of the additive upon both
thermodynamic and kinetic aspects, affecting the
membrane formation mechanism,

It is ger.erally believed that the higher the preci-
pitation power of the nonsolvent (ie, binoal curve
shifted toward the polymer-solvent axis in the
ternary phase diagram) and the larger the value
of J,/ J, (correspending to fast precipitation), the
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more porous (“finger-like”) becomes the mem-
brane structure. Among the previous works regar-
ding the additive effect on the membrane perfor-
mance, Frommer® and Strathmann® have reported
that the presence of salt in one of the two phases
(casting solution and precipitant) will decrease
the rate of diffusion of the liquid from this phase
into the other phase due to the decreased activity
or chemical potential, hence affecting the precipi-
tation path,

However, the diffusing-out rate of the liquid
from a saltless phase and the precipitation equi-
librium may be little affected by the presence
of salt, Martz" explained the structual change
by the additivein terms of viscosity or surface
tension changes. In addition, Cabasso" asserted
that the density difference between nonsolvent
and solvent plays an important role in asynmetric
membrane formation. Namely, the presence of
additive controls the relative magnitude of the
upward convective flow of solvent over the simple
diffusive flow arisimg from the concentration
gradient, thus affecting the membrane structure,
On the other hand, Frommer' and Lemonyne et
al.'% studied the “specific”salt effect(ie., the
difference in electrostatic interaction between salt
and polymer due to the specific nature of salt),
according to which there are two types of salts
based on the effect on the precipitation power of
nonsolvent toward polymer: one is the“swelling”
(or “salting-in”) agent, and the other is the
“gelling” (or “salting-out”)agent. Hence, in order
to investigate the effects of the separate terms
in our system, observations on the solvent outflow
rate were first made following Cabasso’s proced-
ure. For all cases, the initial solvent outflow rate
was found to be largely increased by the addition
of electrolyte, attributable to the increased density
difference( Ady,). As shown in Fig.1, aw(calculated
by eq. (1)) decrease and Ad,, (cited from ref,
(17)) increase with the additive concentration
(m), though exhibiting some differences among

the electrolytes,
In addition, the viscosity change(in terms of

relative viscosity 7/ 7,), astaken from the litera-
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ture, ¥ of the precipitant{water) upon addition
of the electrolyte is plotted in Fig. 2 as a function
of molality for several electrolytes. This figure
exhibits that the nonsolvent viscosity significan-
tly increased with m (ie,, so-called “structure-
making” effect), this being more pronounced in
cases of CaCl, and NaOH.
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Fig. 1. Water activity(aw) and density difference
(&d;;) between aquenous solution and solvent as
function of concentration (in molality m)of electr-
olytes contained in water at 257 and 20T, respec-
tively. Data for Ad,were taken from ref.17 and a
was calculated by eq(1).
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Fig. 2. Dependence of relative viscosity(7/ 7,) upon
molality for several electrolytes contained in water,
The 7, and 7 are viscosities of water and aqueous
solution, respectively, Data for 7 / 7, were taken from

ref, 17.
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Usually, the viscosity effect in the system con-
taining the additive in the precipitant is meant
not only the viscosity change of the precipitant
by the additive but also that of the cast dope
caused by solvent depletion due to the convective
flow, which may affect the precipitation rate and
path,

Next, in order to study the additive effect on
the precipitation power of nonsolvent, precipita-
tion experiments (measuring the amount of non-
solvent required for precipitation of polymer from
casting solutions) were carried out on dilute PSf
(0.258 ) / DMF(50ml) solution at 16C (except
for the KCIl case where at 27°C), whose results
are summarized in Table 1.

For clear understanding of this effect, relation-

Table 1. Influence of Salt on the Amount of Non-
solvent Required for Precipitation of Polymer from
Dilute PSt((.25g) / DMF(50ml) Solution at 16C

oY ;
Molality in Weight Fraction of

. aw ‘Precipitant at
Precipitant Cloud Point
Pure Water 1 0.0195

CaCl, 0.5 0.9755 0.0179
1.0 0.945 0.0178
2.0 0.8618 0.0168
3.0 0.7494 0.0163
4.0 0.6239 0.0159
LiCl 0.5 0.9829 0.0183
1.0 0.9641 0.0178
2.0 0.9211 0.0170
3.0 0.8703 0.0167
4.0 0.8117 0.0167
NaCl 0.5 0.984 0.0195
1.0 0.967 0.0178
2.0 0.932 0.0144
3.0 0.893 0.0076
4.0 0.852 0.0066
KCI* 0.0 1 0.0400
0.5 0.9836 0.0211
1.0 0.9669 0.0191
1.425 0.9510 0.0066
2.0 0.9316 0.0050
3.0 0.8932 0.0028

* Precipitation experiments at 27,

53



Jun Hyun Seong, Tae Kyung Park, and Jang-oo Lee

ship between weight fraction of precipitant at the
incipient cloud point and water activity in elect-
rolyte solution was graphically illustrated in Fig,
3 by using the data given in Table 1.

From Fig, 3, we can realize that the higher the
concentration of additive(or the lower the ayw),
the higher the precipitation power of precipitant
(or the lower the weight fraction of nonsolvent
at the cloud point). In particular, the cases of
NaOH, NaCl, and KCI exhibited the initial sharp
changes followed by gradual changes with m as
compared to other systems, In addition, the pre-
cipitation power of nonsolvent was found to dec-
rease with increasing temperature, as expected.
As shown in Fig. 3, precipitation power of aqueous
electrolyte solutions at a given aw value (eg., ay=
0.95) increased in the order of HCI<CaCl, LiCl
<NaCl <NaOH<KCI, this order being in close
agreement with the increasing order of ionization
tendency or electropositivity of metal elements
of these electrolytes, From two optical microscope
photographs inserted in Fig.3,"" showing the dis-
persed state of polymer (latex) particles after phase

K >Na -Li Ca -

Precipitation power T
Electronegativity §
Polymer Solubility(S) ¢ '7 -

ey “CaCl.

-+ |Pure Water

aw=10

Weight fraction of non sovivent at cloud point (wt %)

NaCl e e
N - a
aw=0.8515 NaOH
ool S
0.6 0.7 0.8 09 1.0

Water activity (aw) in electrolyte solutions

Fig. 3. Schematic representation of precipitation power
vs, water activity for the PSf(0.5 wt %) / DMF / a-
queous electrolyte solution membrane system, Optical
microscope photographs( xX400) of latex particles
coaqulated after phase separation are inserted within

the figure,
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separation, we can notice that for pure water,
coagulated latex particles are finely dispersed in
water whereas for NaCl aqueous of a,=0.8515,
particles become coalesced as a result of the strong
precipitation power of the precipitant (due to the
salting-out effect). Based on above considerations,
the following proposal will be made for qualitative
explanation on the structural differences among
the membranes prepared with different additives,
In the analysis of the effect of additive on mem-
brane performance, not any one or two factors
but the combined effect of the factors stated above
should be taken into account. Namely, such factors
as the specific salt effect, Ad,, and 7/ 7, should
be included in the expressions for exchange process
between solvent and nonsolvent during the im-
mersion process. For instant, Cohen,” and later
Wijma\ns9 proposed the following phenomenologic-
al relation for the description of J, / J, at different
times (See Fig. 4) for the additive-free membrane
system,

[D(¢1. ¢:) ] #( 3#1 (2)

where ¢, (i=1 for nonsolvent and i=2 for sol-
vent) is the volume fraction of i component, V,
is the volume of polymer per unit area of mem-
brane between the interface and the point of ob-
servation, D; is the diffusion coefficient in the
polymer-fixed reference frame, J; is the volume
flux of i component with respect to the polymer,

=

nonsolvent bath nonsolvent bath

z=0 iJ‘ iJ2

casting solution

=1
/// support ]/ /Auppoq//

Fig. 4. Schematic representation of the immersion
process at two different times. J, and J, are the non-
solvent and solvent volume flux, respectively. The
coordinate z is fixed: the coordinate V,is measured
in terms of the polymer volume per unit observation.
Cited from ref, 9.
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ie., through surfaces of fixed vy, and 224 /2v,, is the
chemical potential gradient of i component (dri-
ving force for J;). For the successful application
to the additive-containing system, in our opinion,
the eq. (2) needs to be modified so that the terms

PWF(ml / cm*sec) at 1kg / cm?

Water content & porosity

Thickness(xm)

Formation Mechanism of Asymmetric Polysulfone Membrane

D, and ¢4 may include some factors like the specific
salt effect and changes in density, viscosity, and
miscibility of the liquids caused by the presence
of additive, With this speculative idea in mind,
then, we will investigate effects of additive on
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Fig. 5. Plots of solvent outflow time and properties of membranes prepared from PSf/DMF(13 wt %)

cast system precipitated in aqueous solutions vs. ay and Ad,,.
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membrane performance. Experimental data on
structural characteristics and performance tests
as well as solvent out flow time for PSf membranes
prepared by varying the type and amount of ad-
ditive are collectively plotted in Fig. 5 as functions
of aw(left) and Ad;(right), instead of m, to test
Frommer’s assertion” that the membrane perfor-
mance depends mainly on ay irrespective of the
type of additive. The concentration range covered
in our experiments, for each additive in water, was
limited because of solubility problems,

First, by inspection of data on solvent out flow
time given in Fig. 5, we can realize that the solvent
outflow time(starting time) increases with incr-
easing m (decreasing aw or increasing Ad,,) for
all cases with the tendency of the initial sharp
changes followed by gradual changes with aw, si-
milarly to the case of precipitation experiments
(Fig. 3).

The difference in solvent out flow time at a given
aw (or Adp), for the respective additives may
imply the specific effect of electrolyte, deviating
from Frommers results, In addition, the behavior
of variation in solvent outflow time with ay did
not greatly differ from that with Ady, similarly
to the cases of other data given in Fig, 5. However,
it will be desirable to consider not only the type
(ie,, specific salt effect) and amount(m) of the
electrolyte but also the terms like ay and Ady
in discussing the additive effect on membrane
performance, as judged from the results summa-
rized in Fig, 5. As shown in Fig. 5, however, the
membrane structure(as represented by water con-
tent, porosity, and thickness data) or performance
(like PWF)has complicated dependence on m
(and hence aw), but exhibited a certain degree
of regular pattern for most electrolytes studied.

For the effective analysis of additive effect,
the concentration(or ay) range of each electro-
lytes was divided into three regions based on
PWF data, and discussed seperatly in each region
according to our qualitative scheme. In the first
low concentration region (ca. 0<m<0.7) as
characterized by significantly decreased PWF
values compared to those for the pure water case,
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such physical properties as porosity and water
content of PSf membranes were gradually decr-
eased by the addition of electrolytes for most
cases, as shown in Fig. 5. In this region, as stated
previously, changes in ayw, &d,, and 7/, due to
the presence of additive were found to occur
Lgradually with increasing m,

In addition, the fast solvent outflow is induced
by an appreciable increase in precipitation power
of the precipitant (therey promoting separation
of solvents from the polymer molecules) relative
to the gradual decrease in J,, thus leading to J,/
J,<1. Hence, membrane with the thin, dense top
skin layer and the still porous, finger-like subst-
ructure evidenced by SEM(Figs. 6 and 7), was
formed, yielding decreased PWF and increased
rejections as compared to the pure water case.

Memberane rejection experiments were carried
out only for a NaCl additive system, whose result
are displayed in Table 2, Fig. 8.

This improvement in rejection performance by
the addition of only a small quantity of electrolyte
(NaCl) may suggest the possibility of eliminating
the need for the laborious “annealing”process. Next,
the intermediate concentration region (ca. 0.7<<m
<3) may correspond to that surrounding the
abruptly increased(peak) PWF value, possesing
high fluxes and poor rejection (as found for the
NaCl aqueous system, Fig. 8) compared to the
salt-free case.

The decrease in rejection might be qualitatively
understood by considering the following fact. That
is, the significant increase in solvent outflow rate
caused by both the strong precipitation power of
nonsolvent and the increased density difference,
dominating over the effect of decrease in penet-
ration rate of nonsolvent by the addition of salt,
may bring about the abrupt shrinkagem (partly
resulting in “fracture”) of the top layer (Fig. 7),
thereby yielding the poor rejection(Fig. 8).

In addition, the reasoning for significantly incr-
eased fluxes would be that the fast solvent outflow
will also bring about the formation of a number
of shortened finger-like cavities with large diamet -
er in the substructure (Fig. 6) and the increase

Polymer(Korea) Vol. 14, No. 1, February 1990
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(b) KCI 0.5m (c) NaCl 0.2m

(d) NaCt 0.5m (e) NaCl 4.5m (f) NaC! 6.2m

(g) LiCl 0.5m (h) LiCt 1.0m (i) LiCI 4.5m

f

(j) LiCI 6.0m (k) CaCl, 0.5m (1) NaOH 10m

Fig. 6. SEM photographs of cross-sections of PSf (13 wt %)/ DMF membranes precipitated in water or

(water additive). The specification of additive is marked under each photograph. All photo-magnitudes are

x500.
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(a) pure water (X 10000) (b) KCI 0.5m (X 10000) (c) NaCl 0.5m (< 10000)

(d) NaCl 4.5m ( % 3000) (e) NaCl 6.2m (X 3000)

(g) caCl, 0.5m (x 10000) (h) caCl, 4.5m(x 10000) (i)Cacl, 8.0m (X 10000)

(}) pure water{ X 100) (k) NaCl 1.2m (< 100) (1) NaCl 6.2m( x 100)

Fig. 7. SEM and optical microscope photographs of the top and the bottom skin of PSf(13 wt %) / DMf
membranes precipitatied in water or{ water+additive). (a)-(i): top skin:(j)-(l):bottom skin. The specifi-

cation of the additive and photo-magnitude are marked under each photograph.
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pore size for the bottom skin layer(Fig. 7). Lastly,
the high concentration region{ca, m>3) may be
characterized by negligible PWF values and inc-
reased rejection (as found for the 6.2m NaCl aq-

1.0

F . Water
08k : 0.03m
. :0.17m
¢ 0.5Im
c 06F . 0.69m
2 : 0.86m
_§ r : 1.20m

& 04r
3 c L71m
 2.74m
02 ¢ 1 3.42m

: 6.20m

1 1 1

0 100 200 300
Dextran stokes radius(A )

Fig. 8. Effect of the type and amount of the additive
contained in water on the rejection of dextrans of
different sizes for PSf(13 wt %)/ DMF / Aqueous
NaCl sol'n membranes,

Table 2. Effect of Sait Conc, (or Water Activity)
on the Total Flux (Jiota) and Dextran Rejection of
PSf Membrane Prepared with Aqueous NaCl Solu-

tion

NaCl Conc. aw Jiotar” Rejection”
(m)
0. 1 0.002 - 700
0.034 0.9989 0.002 - 870
0.171 0.9943 0.0021 - 865
0.513 0.9831 0.0016 - 866
0.685 0.9774 0.0018 - 927
0.856 0.9717 0.0016 - 830
1.2 0.9601 0.0015 - 866
1.711 0.9421 0.0033 - 130
2.225 0.9233 0.0039 -
2.738 0.9035 0.0023 - 280
3.422 0.8760 0.0018 - 600
6.2 0.7503 0.0006 - 940

v Jiowm - Total flux of feed solution per unit area of
membrane at 1kg / cm?(ml / cmsec).

» Xi is dextran stokes radius calculated from the
relation Xi=0.4253Mw"*,
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eous system) compared to the pure water case,
Similarly, this could be explaind as follows. In this
concentration region, significant changes in aw,
Ady, 7/ 7, ete. are expected to occur, as shown
above, Thus, the effects of the decrease in water
activity and increase in nonsolvent viscosity will
impede the inflow of nonsolvent into casting solu-
tion whereas the effects of the increase in density
difference and the very strong precipitation power
of nonsolvent in this region will promote the sol-
vent outflow, yielding J, / J,{1.Consequently, the
viscosity of the casting dope will increase, thereby
withstanding the inflow of nonsolvent. The net
result will be slow precipitation of a concentrated
solution leading to the formation of a membrane
with dense (sponge-like) structure(refer to Figs,
6).

On the contrary to the general case, the fact that
in spite of the strong precipitation power of non-
solvent caused by the presence of additive in large
quantities, a dense membrane was obtained may
suggest that the kinetic effec rather than equilib-
rium thermodynamics will dominate precipitation
(or solidification) process for membrane formation
in the present system. Meanwhile, some notewor-
thy, peculiar systems associated with the behavior
of the high concetration region will be briefly touc-
hed upon herinafter, First, as can be seen from
the data given in Fig. 5, the structure of membrane
prepared from the LiCl additive system has chan-
ged from finger-like to sponge-like, as evidenced
by PWF data and SEM photographs, at the fairly
high aw value(aw=0.85), though the precipitation
power for this system is not so strong as other
systems like NaCl and CaCl, at about the same
aw value, as shown in Table 1 and Fig. 3.

This could be somewhat understood.-by consider
ing the following features:(1)The solubility of LiCl
in DMF (solvent) is fairly good, thus favoring the
miscibility between solvent and nonsolvent, and
the contact between salt and polymer molecules,
(2) The viscosity of aqueous LiCl solution is con-
siderably low compared to those of other elect-
rolyte (notably CaCl,) solutions at about the same
aw value, thus changing the nonsolvent to solvent
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flux ratio, J,/J, in the direction toward the st-
ructure formation yielding the above results, Here,
it is interesting to note that when plotted against
m instead of aw in Fig. 5, the m value where little
or no flux is observed (corresponding to sponge-
like structure) did not change so greatly depending
on the type of additive, Next, the PWF value for
the NaOH additive system showed the increase
all the way beyond the concentration correspon-
ding to aw=0.87 whereas other properties like
water content, porosity, and thickness did not
change greatly within the concentration range
covered. This abnormal behavior could be interp-
reted as follows, As shown before, the aqueous
NaOH system exhibited the strong precipitation
power, very poor miscibility, significant changes
in ay and Ady, and in particular, the remarkable
increase in 7/ 7, at relatively high additive con-
centrations. Accordingly, the penetration rate of
nonsolvent into the cast layer was decreased, but
the outflow rate of solvent was increased compared
to the salt-free case in the first time (correspon-
ding to the slow precipitation), as required by the
formation of sponge-like structure. However, the
solvent outflow rate became slowed down wih time
because of the great viscosity of NaOH aqueous
solution and of a high immiscibility between sol-
vent and nonsolvent (corresponding to precipita-
tion of a cast solution), yielding the porous mem-
brane with large finger-like cavities (Fig. 6(1)).
Lastly, the CaCl, additive system also exhibited
the structural change from finger-like to sponge-
like, in accordance with the general rule for this
region, though this change occuring at the fairly
low ay values(ca., aw==6.2) relative to other sys-
tems (Fig. 5). However, as revealed by SEM
photographs on the top skin layer of membranes
precipitated from concentrated CaCl, aqueous
solutions (Fig. 7(h) and (i)), the presence of a
number of small pores in the skin layer was found,
which may suggest the poor rejection as compared
to the 6.2m NaCl system. However, it should be
pointed out that because data on rejection expe-
riments are available only for the NaCl system,
no general conclusion concerning the effect of
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additive on membrane rejection can be drawn from
this study. On the other hand, to aid in the un-
derstanding of the explanation associated with
the relative high concentration region, ternary
phase diagram for the PSf (13wt %) / DMF / water
or (water+additive) system has been sketched
in Fig, 9, showing the variation of both the binodal
curve (equilibrium thermodynamics) and the pre-
cipitation path (kinetic aspect) due to the presen-
ce of additive in water.

The starting point (13 wt % of casting dope
concentration) and the final point (as obtained
by the water content measurement) for the mem-
brane formation are marked on the polymer-sol-
vent and polymer-nonsolvent axes, resp., for each
additive, As seen from Fig. 9, the binodal curve
for the additive-containing system was shifted
toward the polymer-solvent axis by the presence
of electrolyte in water (in quantities of aw=0.8
for all additives), though the tendency changing
more or less from one additive to another, Never-
theless, the membrane with more dense structure
resulted, except for the NaOH system, as judged
from the final point (relating to the precipitation
bath) and confirmed by flux experiments and SEM

Polysulfone

CacCl,
NaCl k,'acél
NaCH

pure water

Water or
aqueous solutions

Fig. 9. Ternary phase diagram of the system PSf(13
wt %) / DMF / water or aqueous solution, showing
variation of cloud point(or binodal) curve and pre-
cipitation path by the presence of additive, The ad-
ditive conc, for all cases was adjusted so that ay=
0.8.
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observations, As discussed above, this could be
explained in terms of the combination of several

effects due to the presence of additive. From the
above considerations, at any rate, it is obvious
that the membrane structure, and hence properties
and performance of the membrane are considerably
affected by the type and amount of additive con-
tained in the precipitant, irrespective of the ade-
quacy of the explanation. Finally, in order to test
the validity of our qualitative scheme proposed
for the interpretation of the additive effect on
membrane performance, studies on the systems
like PSf(13 wt %) / DMAc / Water, PSf(13 wt %) /
NMP / water, PVC(14.5 wt %)/ DMF / water,
and PAN(8 wt %) / DMF / water are in progress.

CONCLUSIONS

In view of what has been said so far, we may
conclude as follows:

1. In manufacturing asymmetric UF membranes
by immersion precipitation method from polysul-
fone (13 wt %) / DMF casting solution, the pre-
sence of inorganic additives(such electrolytes as
NaCl, NaOH, LiCl, KCl, CaCl,, etc.) in nonsolvent
(water) has been found to affect considerably both
the equilibrium thermodynamic and kinetic as-
pects upon the membrane formation.

2. From performance tests (rejection experiments
made only for the NaCl system) made on mem-
branes obtained by varying the type and amount
of the additive, we have found that in the low
concentration region, pure water flux(PWF) dec-
reased and dextran rejection(R) increased with
increasing molality(m): in the intermediate reg-
ion, PWF largely increased and R decreased with
m: and in the high concentration region, PWF
considerably decreased and R increased with m,

3. These findings could be qualitatively accoun-
ted for by considering the specific salt effect(like
salting-out) and changes in some properties of
the system caused by the addition of electrolyte
(such as the decrease in water activity, increase
in density of the precipitant, variation in viscosity
and mutual miscibility of the liquids, etc.)
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