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Abstract

The preparation of polyethersulfone (PES) hollow fiber membranes has been studieN-ns#tigylpyrrolidone (NMP)
as solvent, polyethylene glycol 400 (PEG 400) as weak nonsolvent and water as strong nonsolvent. When PEG 400 is used as
polymeric additive to the spinning dope the viscosity of the PES solution is strongly enhanced. Furthermore, it was observed
that PEG 400 could be added to the solution in large amounts without causing phase separation (NMP/PEG ratio 1:9, PES
concentration approximately 11 wt.%). Membranes prepared from a solution containing a NMP/PEG ratio of 1:1 results
in higher fluxes than when a ratio of 1:4 is used. Similar fluxes were obtained for PES concentrations of 16 and 20 wt.%.
Looking at the fiber cross-section it became clear that macrovoid formation could not be suppressed by the addition of PEG
400 alone, not even at concentrations as high as 38 wt.%. Only when relatively large amounts of water were added to the dope
solution macrovoids disappeared and nice spongy structures were obtained. Variation of the bore liquid composition using
the components NMP, PEG 400 and water showed to be a powerful method to control the pore size of the bore surface. Pores
of 5-28 nm were obtained in combination with high pure water fluxes; e.g. a membrane with pores of 7 nm had a pure water
flux of 940 1/(m? h bar) and showed 100% BSA retention. When an air gap larger than 10 mm was applied the shell surface
contained relatively large pores. Spinning directly in water (airg&p) resulted in shell side pores of 8-10 nm, while an air
gap of 10 mm resulted in pore sizes of 40-54 nm.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction material. The membrane forming process followed in
the preparation of PSF and PES hollow fibers is always
Polysulfone (PSF) and polyethersulfone (PES) have the phase separation process, where a homogeneous
been used by many researchfirs7] in the prepara-  polymer solution precipitates in a nonsolvent bath. In
tion of hollow fiber membranes as membrane forming phase separation processes thermodynamic and kinetic
processes play an important role in structure forma-
"+ Corresponding author. Tek+31-53-4894185: tion. _The_rmodynamics determine Whther a polymer
fax: +31-53-4894611. solution is homogeneous and stable or inhomogeneous
E-mail addressg.h.koops@utwente.nl (G.H. Koops). and likes to phase separate. The starting situation is
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normally a homogeneous solution, which is forced to solvent/nonsolvent composition is a powerful param-
phase separate by changing its composition when im- eter to influence the pore size of a membrane. The dif-
mersed in a nonsolvent bath. Kinetic processes play fusion of solvent out of the nascent fiber is retarded by
a key role in this transition. The ratio in-diffusion of the presence of solvent in the coagulation bath. When
nonsolvent and out-diffusion of solvent govern the ul- the solvent concentration in the coagulation bath is
timate membrane structure to a large extent. The driv- higher than in the nascent fiber solvent might even dif-
ing forces for the diffusion of solvent and nonsolvent fuse into the nascent fiber, diluting the polymer con-
are determined by the solvent and nonsolvent concen- centration prior to phase separation. Proper application
trations in the polymer solution and the coagulation of the wet—wet spinning process requires a triple-layer
bath. By playing with the solvent/nonsolvent ratio in spinneret; the bore liquid composition controls the in-
both the polymer solution and the coagulation bath the side structure, while the outside liquid composition
kinetics of phase separation can be manipulated andcontrols the structure of the shell siffe-7].
hence the membrane structdéa. A tube-in-orifice spinneret is normally applied in
The most frequently used solvents akenethylpyr- the dry—wet spinning process. Here, the nascent fiber
rolidone (NMP), dimethyl acetamide (DMAc), dime- first travels an air gap before it enters the coagu-
thylformamide (DMF), dimethylsulfoxide (DMSQO), lation bath. The shell surface structure can now be
v-butyrolactone and-caprolactam. The coagulation controlled by the air gap length and environment of
bath is often water or a mixture of water and solvent. the air gap (humidity, temperature, presence of or-
Another frequently applied method to influence ganic vapor). The inside surface structure is mainly
the membrane structure is the use of additives in the controlled by the bore liquid composition as in the
polymer solution. The role of these additives a.o., is wet—wet spinning process.
to create a spongy membrane structure by prevention Preferably one would like to have a spongy mem-
of macrovoid formation, enhance pore formation, brane structure without macovoids. This normally
improve pore interconnectivity and/or introduce hy- results in mechanically more stable membranes.
drophylicity. Hydrophilic structures are obtained by Macrovoid formation in phase separation occurs from
the addition of, e.g. polyvinylpyrrolidone (PVP). freshly formed nuclei of the diluted phase when the
Other frequently used additives are: glycerol, alco- composition in front of the nuclei remains stable for a
hols, dialcohols, water, polyethylene glycols (PEG), relatively long period of timg9,10]. Due to diffusion
polyethylene oxide (PEO), LiCl and Zng£l of solvent expelled from the surrounding polymer
Most hollow fiber membranes are prepared by the solution the macrovoid grows. Macrovoids are gener-
so-called dry—wet spinning process and only few have ally formed in systems where instantaneous demixing
been prepared by a wet-wet or dual bath spinning takes place, except when the polymer additive (e.g.
procesg4—6]. The wet—wet spinning process can be PVP) concentration and/or the nonsolvent concentra-
very well applied for controlling the shell side surface tion in the polymer solution exceed a certain mini-
structure. In this process the nascent fiber is brought mum value[9-12]. Therefore, a dope composition
into brief contact with a first coagulant, after which the close to the binodal composition favors the formation
fiber enters the coagulation bath (second coagulant). of spongy structures.
The choice of the first coagulant determines the ulti-  In this study, hollow fiber membranes were devel-
mate structure. When a weak nonsolvent is applied, oped using polyethersulfone as membrane material,
like e.g. glycerol completely dense skin layers can be NMP as solvent and PEG 400 as polymeric addi-
obtained supported by a porous sub-structure, which tive. PEG as additive is less frequently ug&é8-16]
make the membrane suitable for gas separgtigsi compared to PVP, but could play a similar role in
and pervaporatiofb]. Here, the diffusion of solvent the formation process; i.e. as macrovoid suppressor
out of the nascent fiber is much higher than the diffu- and giving the membrane a hydrophilic character.
sion of nonsolvent into the nascent fiber. Xu et al.[14] showed by a reduction of thg of a
When a mixture of solvent and strong nonsolvent, PEI/PEG membrane that PEG 600 remains inside the
e.g. N-methylpyrrolidone and water, is applied ex- polyetherimide matrix and therefore gives the mem-
tremely open surface layers can be obtaifye#l]. The brane a hydrophilic character. The PEG concentration
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used by Xu et al[14] was only 5wt.%, while in this  dope solution used in membrane preparation. The ra-
study PEG concentrations between 37 and 64 wt.% tio of water added and the amount required to reach
are used. They also observed the more open thephase separation is defined as the coagulation value.
structure the less PEG remains inside the ultimate

membrane. A secondary role of the PEG could be the 3.2. The spinning process

role of pore former and macrovoid suppressor.

Here, the effect of PEG 400 as well as the additionof ~ The spinning set-up used in our work is the same as
water to the polymer spinning dope on the suppression used by Wienk et a[7]. PES and PEG were dissolved
of macrovoid formation is studied. Furthermore, this in NMP and water was added. The polymer solutions
paper shows how the pore size of the inside membranewere filtered by a metal filter (2bm) and were de-
surface and the outside membrane surface can be congassed prior to fiber spinning. After coagulation the
trolled independently and that high flux membranes fibers were rinsed with water for 2 days followed by
with ultrafiltration characteristics (pore size 2-50 nm) immersion in an aqueous 10wt.% glycerol solution
can be prepared. Applications for these fibers can be for another 24 h. Then the fibers were dried in air.
found in the preparation of composite membranes, The temperature of the polymer solution, coagula-
where the fibers serve as porous support or in ordinary tion bath and bore liquid were kept constant at20
ultrafiltration. 2°C. The extrusion rate of the polymer solution and
take-up speed of the fibers was kept constant as well.
The take-up speed was generally around 5m/min. In
this study only the air gap length and bore liquid com-
position were varied in order to control the pore size
of the fiber inside and outside surface. However, the
authors do not claim that these are the only parameters
that affect the pore size.

2. Materials

Polyethersulfone (PES) was purchased from BASF
(Ultrason E6010P)N-methyl-2-pyrrolidone (NMP)
synthetic grade was purchased from Merck and used
without further purification as solvent. Polyethylene
glycol (PEG 400) for synthesis was supplied by Merck
and used as additive. The water used in the bore liquid
during spinning and in pure water flux experiments
was deionized by a Milli-Q system (18%cm). BSA
(M = 67,000 g/mol) was purchased from Sigma.

3.3. Viscosity measurement

The viscosity of the spinning solutions was deter-
mined using a viscosity meter (Brabender Viscotron
Rotation Viscosity Meter) at constant temperature.
Measurements were performed at different shear rates
3. Experimental and the values reported correspond to values obtained

by extrapolation to zero shear rate and at@5
3.1. Cloud point measurements
3.4. Pure water flux measurement

Cloud point data to determine the binodal compo-
sition of the PES/PEG 400/NMP/water system were  Pure water flux experiments were performed us-
measured by means of a titration method. Pure wa- ing deionized water prepared by a Milli-Q system
ter was slowly added to a solution of polymer and (18 MQ2cm). Small modules consisting of several
solvent. The solution was kept at a constant tempera- fibers of a length of 30cm were constructed with
ture. Every drop of water added to the solution caused a total surface area of approximately 20°cnThe
local coagulation. Further addition of water was per- transmembrane pressure applied was 0.9 bar and the
formed after the solution became homogeneous again.experiments were performed in a dead-end mode.
This procedure was continued until permanent turbid-
ity was detected visually. In the preparation of poly- 3.5. BSA retention measurement
meric membranes normally a homogeneous polymer
solution is used. Therefore, smaller amounts of water BSA retention was measured using 0.1 wt.% BSA
necessary to cause phase separation are added to thim a phosphate buffer solution of pH 7.4, containing
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0.1 M NaCl. The filtration experiments were carried gas flux through the open pores. The driving force for
out in a normal cross-flow filtration set-up. For mem- gas transport is created by a partial pressure difference
branes with the separating layer at the shell side the across the membrane, while maintaining atmospheric
feed was fed outside in. When the separating layer was pressure at both sides of the membrane. The Kelvin
at the bore side of the fiber the feed was fed inside-out. relation describes the relationship between the vapor
The tested modules consisted of eight fibers with a activity or relative vapor pressure and the pore radius.
total membrane area of about 35¢nThe applied The gas flux through the membrane is a measure for
transmembrane pressure was 1.0 bar. After 30 min of the number of open pores. The Kelvin relation is ex-
permeation the water flux was practically constant. pressed by

BSA concentrations were determined by a spectropho- » W, 1 1
tometer (PU8700 Series, UV-Vis Spectrophotometer, In (—V> = - cosp (— + —) 2)

PHILIPS) at 280 nm. The retentidR was calculated Py RT "Ki 7K

according to the formula: Here, p, represents the actual gas pressure (pa),
Cp . the saturation pressure (P&)the interfacial tension

R= (1 - a) x 100% @) (Nm~1) of the condensed ga¥,, the molar volume

~_ (m®mol1), R the ideal gas constant (J malK—1),
whereCp and Cy represent the BSA cqncentratlon N T the temperature (K)p the contact angle between
the permeate and in the feed, respectively. the condensed vapor and the polynfdrgndrk, and
rk, are the Kelvin radii (m) of the curvature of the
gas—liquid interface inside the pore. In the desorption
) ) moderk, equalsrk, and when the condensed vapor
Scanning electron microscopy (Jeol, JSM T220A) \yets the pore wall completely cgsequals 1.
was applied to study the morphology of the hollow  The technique applied in this paper resembles the
fiber membranes. To study the cross-section of the pethod proposed by Cuperus et[all] the best. The
fibers samples were prepared by cryogenic fracturing. yapor activity in the feed stream and permeate stream
Atfirst, the fibers were immersed in ethanol for about \yere controlled by mass flow controllers. Both streams
10 min, after which the fibers were frozen in liquid gpe composed of two other streams, one completely
nitrogen and broken. To study the inner and outer sur- g5tyrated with the organic vapor and one absolutely
face the fibers were carefully cut in halve in the di- yapor free. When the two streams are brought together
rection of length and fixed on a sample holder using the ratio of the streams determines the vapor activity.
conductive glue. After drying under vacuum the sam- as carrier gas in the feed stream air was used while
ples were coated with a thin gold layer using a sputter pure nitrogen was used as carrier gas at the permeate
apparatus (Balzers Union SCD 040). Now the samples gjge, see als&ig. 1 It is important to have identical

3.6. SEM analysis

are ready for use. vapor activities at the feed and permeate side. The
_ o organic vapor used was cyclohexane (has negligible
3.7. Pore size determination by permporometry interaction with the membrane material polyether-

sulfone) and the transmembrane pressure during the
Permporometry appears to be an excellent technique

to measure the pore size and pore size distribution of cyclohexane

dry meso-porous membranes (2-50 nm). After the in- ﬁ saturated .
troduction of permporometry by Katz et al. in 1982  Air A

[17,18]only few publications followed19—-21] How- L GC
ever, no results have been reported on hollow fiber v Hollow fiber
materials so far. N, T $saturated module

One of these publications is by Cuperus ef2l].
He describes a method based on controlled blocking N, O 4 cyclohexane
of the pores by condensation of organic vapor (e.g. cy-
clohexane or ethanol) and simultaneously measuring a Fig. 1. Schematic representation of the permporometry set-up.
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measurement was equal to zero, only a partial pres-4. Results and discussion

sure difference of oxygen and nitrogen was present.

The set-up used is schematically representdedgnl It is very common to add components like

A drawback of this technique is that dry membranes polyvinylpyrrolidone (PVP), polyethylene glycol
have to be used. Normally, when UF membranes are (PEG), tetra ethylene glycol (TEG), LiCl, etc. to poly-
dried from an aqueous solution the structure of the sep- mer solutions used in membrane preparation. These
aration layer may collapse. Capillary forces on small components often have various tasks, as to: increase
pores when water evaporates can be enormous and ighe viscosity, introduce hydrophilicity, improve pore
described by the La Place relation. formation and suppress macrovoid formation. Be-
sides these additives water is often added as well to
bring the solution composition closer to the binodal
composition.

Reducing the interfacial tensiop, will reduce the Here, PEG 400 was used as additive to improve
pressureP, on the pore wall. By solvent exchange the pore formation and pore interconnectivity in or-
pore collapse due to capillary forces can be controlled der to create membranes with high pure water fluxes.
to some extent. Therefore, a solvent exchange proce-PEG is a very weak nonsolvent and can be added in
dure was applied in this study to measure a represen-'arge amounts to PES/NMP solutions. Starting with a

2y cosd
}"p = P

®3)

tative as possible pore size.

3.8. Research strategy

To reach the target of this paper, viz. UF hollow fiber

membranes with spongy structures and controlled pore
size on shell and bore side using a PES/PEG blend,

the following procedure was followed:

e Atfirst a dope composition was selected that results
in spongy structures. Therefore, the binodal com-
position of four different PES/PEG/NMP/water so-
lutions were determined.

e Based on the binodal composition five different
PES/PEG/NMP/water spinning solutions were pre-
pared. These solutions differ from the binodal com-
position in their water content. The water content
is a little bit lower in order to obtain homogeneous
polymer solutions.

e Five batches of hollow fibers were spun using the
five different spinning dopes. In all experiments the
air gap was 10mm and the bore liquid was pure

20wt.% PES in NMP solution PEG could be added
up to a ratio of 9:1 PEG:NMP. The PES concentra-
tion reduced to 11.1wt.% and the solution was still
perfectly homogeneous and clear.

4.1. Binodal composition and spinning solutions

Several homogeneous polyethersulfone solutions
have been prepared based on PEG, NMP and water.
Two PES concentrations, 16 and 20wt.%, and two
NMP:PEG ratios, 1:1 and 1:4 were chosen.

At first the binodal composition of the four possible
combinations was determined by the controlled addi-
tion of water. Then several spinning solutions have
been formulated with compositions in the homoge-
neous and stable region of the phase diagram, not too
far away from the binodal compositiomable 1shows
the binodal composition of several PES solutions and
Table 2lists the spinning dope composition and vis-
cosity of the solutions used for membrane preparation
in this study.

water. Based on the structure and the pure water flux Table 1

of these fibers the most promising dope composition
was selected for further research.

e Now the influence of the pore size of the bore side
was studied by varying the bore liquid composition.
Mixtures of water/NMP/PEG were applied.

o Finally, the effect of the air gap length on the pore
size of the shell side is studied.

Binodal composition of several PES solutions

Solution PES NMP PEG Water
(Wt.%) (Wt.%) (Wt.%) (Wt.%)
Binodal | 16 38.35 38.35 7.3
Binodal Il 20 36.65 36.65 6.7
Binodal 111 16 15.88 63.52 4.6
Binodal IV 20 15.36 61.44 3.2
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Table 2

Spinning dope composition of various solutions

Solution PES (wt.%) NMP (wt.%) PEG (wt.%) Water (wt.%) Coagulation value (%) ViscosifC2%Cp)
A 20 37.70 37.70 4.60 68.7 28000

B 20 36.90 36.90 6.20 92,5 37500

C 20 15.44 61.76 2.80 87.5 72100

D 16 16.00 63.84 4.20 91.3 23800

E 16 38.50 38.50 7.00 95.9 9350

A polymer solution with a nonsolvent content lower

well as the presence of macrovoids. A macrovoid free

than the amount needed to cause phase separation castructure combined with high flux is desirable.

be characterized by a coagulation value, which is al-
ways smaller than one. When, e.g. a polymer solution
of 20wt.% PES in NMP/PEG (1:1) requires 6.7 wt.%
water to cause phase separation (3able 1 bin-
odal 1), than a polymer solution of 20wt.% PES in
NMP/PEG (1:1) with 6.2wt.% water has a coagula-
tion value of 92.5%.

From the data ifTable 2it can be clearly seen that
the addition of PEG 400 increases the viscosity of the
dope.

4.2. Selection of the best spinning solution

Next, five different hollow fiber membranes have
been spun using the five different PES solutions as pre-
sented inTable 2 Three solutions contained 20 wt.%
PES and two contained 16 wt.% PES. Solutions B-E
have a composition close to the binodal composition
(coagulation values between 87.5 and 95.9%), while
the composition of solution A lies much further away
from the binodal and has a coagulation value of 68.7%.
The air gap in the spinning process was 10 mm and
pure water was used as bore liquiéble 3shows the
pure water fluxes of the five different membranes as

Table 3
Pure water flux and membrane structure as a function of PEG
content and PES content in the dope solution

Solution PES PEG/ Pure water flux Membrane
concentration NMP  (I/(m?hbar))  structure
(wt.%) ratio

A 20 1:1 320 Macrovoids

B 20 11 560 Spongy

C 20 4:1 130 Spongy

D 16 4:1 188 Spongy

E 16 11 567 Spongy

4.2.1. Influence of coagulation value on the
formation of macrovoids

Two of the spinning dope solutions listedTable 2
(A and B) are rather similar in composition, but differ
in coagulation value. Solution A has a coagulation
value of 68.7% and solution B has a coagulation
value of 92.5%. Both solutions have a PEG/NMP
ratio of 1:1 and a PES concentration of 20 wt.%.
Hollow fiber membranes were prepared applying var-
ious NMP/water mixtures as bore liquid. Under all
conditions the hollow fibers prepared from dope A,
with the lower coagulation value, always resulted in
membrane structures with macrovoids. Dope B, with
a coagulation value above 90% always resulted in
spongy structures (sé&g. 2). According to Smolders
and coworkerg10] macrovoid formation takes place
in systems showing instantaneous demixing. Based
on that statement one expects macrovoids in the struc-
ture formed from both dope solutions. However, the
authors also state three exceptions, viz. (i) macrovoid
formation can be suppressed when the polymer con-
centration exceeds a certain minimum value, (i)
macrovoid formation can be suppressed when the non-
solvent concentration in the polymer solution exceeds
a certain minimum value and (iii) macrovoid forma-
tion can be suppressed by the presence of a second
polymer in the polymer solution. In the latter situation
the molecular weight of the second polymer should
be sufficiently high and the concentration should
again exceed a certain minimum value. The molecular
weight of the PEG 400 is not sufficiently high to sup-
press macrovoid formation by itself. Macrovoids were
still present when relatively low amounts of water were
added, even though the PEG content was 37.7 wt.%
(solution A). Since the polyethersulfone concentration
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Fig. 2. Cross-section of hollow fiber spun with dope A, coagulation value 68.7% (A) and dope B, coagulation value 92.5% (B); it shows
the influence of the coagulation value on the presence of macrovoids.

and the PEG concentration are equal in both solutions is still present in the ultimate fiber and forms a homo-

the suppression of macrovoids using dope B should geneous blend with PES.

be attributed to the presence of a relatively high con-

tent of nonsolvent (water) in dope B. Furthermore, it 4.3. Pore size determination

can be seen frorfiable 3that all dope solutions with

a coagulation value >87.5% result in spongy struc- Before the study on pore size control started a

tures. Therefore, it is advised to use a dope solution method to measure the pore size in meso-porous hol-

with a coagulation value >90% to be sure that spongy low fiber membranes was developed. The permporom-

and macrovoid free structures are obtained. etry technique was applied, and a set-up had to be
constructed, verified and adapted for hollow fibers.

4.2.2. Influence of PES concentration and NMP/PEG Until now this method was only applied for flat sheet

ratio membranes.

FromTable 3 it can also be concluded that the PES A schematic representation of the set-up can be seen
concentration does not have so much influence on thein Fig. 1 To validate the set-up and method applied
pure water flux. The concentration of PEG on the con- the pore size distribution curves of two different flat
trary has a large influence. Kim and LEe] showed sheet track-etch membranes (pore diameter 15nm and
that the pure water flux increases exponentially with pore diameter 50 nm) were analyzed. The obtained
increasing PEG/NMP ratio up to a ratio of 1:1. Here, pore size distribution curves are presentefim 3. It
the PEG/NMP ratio was increased even higher, but re- can be concluded that the obtained average pore size
sults in a lower pure water flux at a ratio of 4:1 com- corresponds very well with the pore diameter given by
pared to a ratio of 1:1. The optimum ratio PEG/NMP  the manufacturer.
seems to be around 1:1. For further membrane opti- To be able to characterize the hollow fiber mem-
mization the spinning solution E with 16 wt.% PES branes small modules, containing five fibers of a length
and a NMP/PEG ratio of 1:1 was selected as the most of approximately 5cm were prepared. To remove the
promising. To check the presence of PEG 400 in the glycerol from the pores the modules were rinsed with
hollow fiber membrane after formation tfig was de- pure water. Then the water was replaced by ethanol,
termined of the fibers prepared with dope E. Tigeof followed by flushing with hexane. Finally, the mod-
these fibersTy = 184°C) was significantly reduced ules were carefully dried in air and placed in the
compared to thdy of pure PES [y = 230°C) and Permporometry set-up for pore size analysis. This,
only oneTy was observed. This implies that PEG 400 however, does not guarantee that the porous structure
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Fig. 3. Pore size distribution curves of two different track-etched membranes. (A) Nuclepore membrane with pore diameter of 15nm; (B)
Whatman membrane with pore diameter of 50 nm. The dots represent fitted data.

is not altered at all by this procedure. Nevertheless, a the system was given 1 h to reach steady-state condi-
relative comparison seems fair enough since all fibers tions, followed by three feed and three permeate anal-
were treated in the same way and a clear influence ysis. For each pore size distribution curve the oxygen
of membrane preparation conditions on the ultimate permeation was measured at 10-15 different activities.
mean pore size measured by permporometry could beThe whole measurement was automized (Labview)
obtained, as will be shown in the following paragraphs. and took place in an air-conditioned room (Z). An
example of a curve describing the accumulated oxygen
4.3.1. The measurement protocol flux as a function of the vapor activity or better pore
At first the pores were blocked applying a cyclohex- radius is given inFig. 4A. Fig. 4B shows the deriva-
ane activity of 0.95. Then step-wise the activity was tive of the curve inFig. 4A as a function of the pore
lowered and the oxygen flux through the membrane radius, and represents the pore size distribution curve.
was measured by analyzing the permeate and feedThe dots represent the measured values and the line is
stream using a GC. After each vapor activity change a mathematical fitting of the data points. The plots in
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Fig. 4. Accumulated oxygen flux as a function of the pore radius (A) and its derivative as a function of the pore radius (B); dots correspond
to measured data, line corresponds to data fit (example of a hollow fiber analysis; corresponds to the 2nd fiber préhieed.in
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Table 4

The effect of the bore liquid composition on the pure water flux, BSA retention and pore size of various hollow fiber membranes prepared

from spinning dope E

195

Lumen composition

Air gap  Pure water flux

BSA retention Pore diameter SEM photo no.

mm I/(m? h bar % nm Fig.
Water (Wto6) NMP Wt%) PEG (wtog) ™ (e ) ) (hm) (Fig- 9
100 0 0 10 412 100 5 A
70 0 30 10 940 100 7 B
40 30 30 10 1400 91 15 c
26 37 37 160 1115 55 28 D

Fig. 4represent the pore size distribution of the second
fiber presented iffable 4(pore diametee= 7 nm).

4.4. Hollow fiber membranes with controlled pore
size of the inside surface

Now hollow fiber membranes with inside skin were
produced using solution E as spinning solution. The
inside skin structure was controlled by variation of
the bore liquid composition. The components used in
the bore liquid were water, NMP and PEG. Variation
of the bore liquid composition had a clear influence
on the pure water flux and pore size (permporometry)
(seeTable 4. Open outside skins with relatively large
pores could be realized when the air gap length was at
least 10 mm. The pure water flux, BSA retention and
pore size of various membranes as a function of the
bore liquid composition are given ifable 4

Table 4clearly shows that with increasing pore size
the pure water flux increases and the BSA retention
drops. Adding PEG to the bore liquid increases the
pore size and additional NMP even further increases
the pore size. The higher the content of solvent in the
bore liquid the larger the pores in the skin. When only
water is used as bore liquid there will be a fast diffu-
sion of water into the polymer solution and at a similar
rate NMP and PEG will diffuse out of the dope solu-
tion into the bore liquid. Since the polymer solution
has a composition close to the binodal composition
only small amounts of extra water in the dope solu-
tion will cause phase separation; instantaneous demix-
ing occurs, resulting in a rather dense skin layer with
small pores.

When the content of solvent (NMP) and weak non-
solvent (PEG) in the bore liquid increase and at the
same time the water content decreases diffusion of

NMP and PEG out of the dope into the bore liquid
will be reduced due to a smaller concentration differ-
ence. Mainly, water will diffuse into the dope solu-
tion, but at a slower rate than when 100% water was
present in the bore. The initiated nuclei get the chance
to grow before phase separation occurs. The longer the
nuclei in the skin layer can grow the larger the pores
become.

As discussed before the real pore size in the wet
state might be different from the values reported in
Table 4 which are measured in the dry state. To be
able to measure a pore size with permporometry the
fibers have to be dry. Even though a solvent replace-
ment method (water by ethanol by hexane by air) was
applied the smaller pores might still collapse or al-
ter to some extend. However, a nice relationship was
observed that with increasing pure water flux and de-
creasing BSA retention the measured pore size also
increases.

SEM photographsHig. 5 have been taken of the
inside and outside skin of the membranes correspond-
ing to the membranes presentedable 4 The photos
clearly show a dense inside skin surface and an open
shell side surface. From the photos it is hard to see
the differences of the inside surface with varying bore
liquid composition. What can be seen are a smooth
surface when pure water is used and a rather rough
surface when mixtures of #0/NMP/PEG are used.
When the pores of the inside surface increase it seems
that the pores of the shell side surface become a little
smaller and larger in number.

4.5. Pore size control of the shell side

For the production of hollow fiber membranes with
the separation layer at the shell side a bore liquid
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Fig. 5. SEM photographs of inside skin surface (left) and shell surface (right) of various hollow fiber membranes corresponding to the
membranes presented ifable 4 Fibers are spun from dope E. (A) bore liquid HoO/NMP/PEG (100/0/0), airgap= 10 mm; (B)

bore liquid = H,O/NMP/PEG (70/0/30), airgapg- 10 mm; (C) bore liquid= H,O/NMP/PEG (40/30/30), airgag- 10 mm; (D) bore

liquid = HoO/NMP/PEG (26/37/37), air gap 160 mm.
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Fig. 6. SEM photographs of surface and cross-section of PES hollow fiber membranes as a function of the air gap length. Fibers are spun
from dope E and corresponding to the fibers (batch no. Zpbfe 5 (A) bore surface (bore liquid 75/25 wt.% NMP/water); (B) cross-section

bore side (bore liquid 75/25wt.% NMP/water); (C) shell surface (airga&pmm); (D) cross-section shell side (air gap0 mm); (E) shell

surface (air gap= 10 mm); (F) cross-section shell side (air gaf0 mm); (G) shell surface (air gap 60 mm); (H) cross-section shell side

(air gap= 60 mm).
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Table 5
The effect of the air gap length on the pure water flux, BSA retention and pore size of various hollow fiber membranes prepared from
spinning dope E

Batch (no.)  Lumen composition Air gap Pure water flux  BSA retention Pore diameter SEM photo no.
mm I/(m? h bar % nm Fig.
Water (Wt.%)  NMP (wt.%) (mm) e ) ) (hm) (Fig- 6
1 15 85 0 562 100 8
1 25 75 10 2150 56 54 AB
2 25 75 0 714 99 10 C,D
2 25 75 10 1826 73 40 E, F
2 25 75 60 1993 73 nPn G, H

aBore structure of photos A and B are representative for all fibers of batch 2 with the same bore liquid composition of water/NMP
(25/75).
b nm: not measured.

composition with relatively high solvent content was 5. Conclusions
chosen to create a rather open inside skin with rela-
tively large pores (see aldeig. 6A and B. The pore This study shows that PEG can be used very well
size of the outside skin could be controlled to some as a polymeric additive to enhance the polymer (PES)
extend by variation of the air gap length. The longer dope viscosity and to enhance the pore interconnectiv-
the air gap length the longer it takes before the outside ity, when added in appropriate amounts. A reduction
skin phase separates. Instantaneous demixing occursn the Ty of the ultimate fiber fronTy = 230°C (pure
as soon as the nascent fiber enters the coagulation batPES) toTy = 184°C is an indication that at least a
filled with water. During the residence time in the air part of the PEG 400 remains inside the fiber matrix
the nascent fiber is penetrated by moisture from the and enhances its hydrophilicity.
air. Nuclei are formed and grow until phase separa- A NMP/PEG ratio of 1:1 resulted in higher fluxes
tion arrest the structure when the fiber has entered thethan a ratio of 1:4. The PES concentration did not
coagulation bath. The spinning solution had the same have much influence on the pure water flux, which was
composition as solution E. Ifiable § the influence  purely controlled by the NMP/PEG ratio. Marcovoids
of the air gap length on pure water flux, pore size and were not suppressed by the addition of PEG alone.
BSA retention is presented. The molecular weight of PEG 400 was obviously too
The results clearly show that the pore size of the low. Therefore, additional nonsolvent (water) had to
outside skin increases with increasing air gap length. be added. When the amount of water was sufficiently
Overall it can be concluded that the pure water fluxes high marcovoids could be suppressed and nice spongy
are rather high. Again, a nice relationship was ob- structures were obtained.
served when increasing the air gap length the pore size Using a PES/NMP/PEG/water composition of
increases, the BSA retention decreases and the pure16/38.5/38.5/7 in (wt.%) asymmetric hollow fiber
water flux increases. membranes with inside skin or outside (shell) skin
Fig. 6 shows the SEM photographs of the bore sur- could be produced with ultrafiltration properties. The
face (6A) and bore side cross-section (6B) of the hol- pore size of the inside skin could be controlled well
low fiber membranes of batch no. 2, which correspond by varying the bore liquid composition, while the
to the last three fibers presentedTiable 5 The SEM shell side pores were controlled by varying the air gap
photographsfig. 6C—Hshow the shell surface and the length. The pores of the shell side skin were larger
shell cross-section of the same fibers. The bore sur-than the pores created by varying the bore liquid com-
face and inside structures are very open and the poreposition. When the air gap exceeds a length of 10 mm
size of the shell side surface increases with increas-the membranes produced show microfiltration like
ing air gap length as could be expected from the data properties. The application of a solvent/nonsolvent
presented iMable 5 mixture seems to be a more powerful parameter to



Y. Liu et al./Journal of Membrane Science 223 (2003) 187-199 199

influence the pore size than the air gap length. There- using a triple orifice spinneret, J. Membr. Sci. 94 (1994)
fore, a wet—wet spinning process using a triple layer 329-340.

spinneret is recommended for pore size and structure [7] M. Wienk, H.A. Teunis, T van den Boomgaard, C.A.
Smolders, A new spinning technique for hollow fiber

control of the_She” surface. . ultrafiltration membranes, J. Membr. Sci. 78 (1993) 93-100.
The pore size of these hollow fibers was measured (g] j.G. wijmans, J.P.B. Baaij, C.A. Smolders, The mechanism

by permporometry and showed an excellent correla- of formation of microporous or skinned membranes produced

tion with pure water flux and BSA retention. These by the immersion precipitation process, J. Membr. Sci. 14

; ; ; 1983) 263.

fibers had. to be dried by a solvent 'dlsplacement [9] é:.A. )Smolders, A.J. Reuvers, R.M. Boom, .M. Wienk,

method prior to permporometry anaIySIS' Therefore, Microstructures in phase-inversion membranes. Part 1.

the true pore size might be somewhat different, since  Formation of macrovoids, J. Membr. Sci. 73 (1992) 259-275.
drying meso-porous membranes might very well alter [10] R.M. Boom, .M. Wienk, T van den Boomgaard, C.A.
the pore size and/or shape. Nevertheless, the proce-  Smolders, Microstructures in phase-inversion membranes.

dure followed seems fair enouah for comparison of Part 2. The role of a polymeric additive, J. Membr. Sci. 73
9 P (1992) 277-292.

relative values. [11] J.-Y. Lai, F.-C. Lin, C.-C. Wang, D.-M. Wang, Effect of
nonsolvent additives on the porosity and morphology of
asymmetric TPX membranes, J. Membr. Sci. 118 (1996) 49—
61.

[12] K. Kimmerle, H. Strathmann, Analysis of the structure-
determining process of phase inversion membranes,

This work was performed within a bilateral coop- Desalination 79 (1990) 283-302.
eration between the Membrane Technology Group of [13] J.-H. Kim, K.-H. Lee, Effect of PEG additive on membrane
the University of Twente in The Netherlands and the formation by phase inversion, J. Membr. Sci. 138 (1998)

. . . T . . 153-163.
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