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ABSTRACT: Hollow fibers were spun from a solution of
surface-modifying macromolecule blended polyethersulfone
in dimethyl acetamide by using dry-wet spinning method at
different air gaps and at room temperature. The air gap was
varied from 10 to 90 cm. The ultrafiltration performance of
hollow fibers was studied by using aqueous solutions of poly-
ethylene glycols and polyethylene oxides of different molec-
ular weights. Significant difference in surface morphology
between the inner and outer surface of the hollow fibers was
observed by atomic force microscopy (AFM). Similar results
were obtained by contact angle measurement and XPS. Mean
pore sizes of the inner surface and outer surface were calcu-
lated from AFM images and compared with the pore sizes
obtained from mass transport data. Pore size distribution
curves were drawn from both data, i.e., from AFM images

and mass-transport data, both methods gave similar results.
Roughness parameters of the inner and outer surfaces and
the sizes of nodular aggregates on both surfaces were meas-
ured. An attempt was made to correlate the above
parameters with the performance of the membranes. Unex-
pected values of contact angles of both inner surface and
outer surface were obtained. It was observed that the studied
membranes could be put into two groups: (i) the membranes
fabricated between 10 and 50 cm air gap and (ii) fabricated at
higher than 50 cm air gap. A plausible mechanism for the
unexpected results was discussed. © 2007 Wiley Periodicals,
Inc. ] Appl Polym Sci 104: 710-721, 2007
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INTRODUCTION

It is well known that the surface chemistry and mor-
phology play an important role in the performance of
ultrafiltration (UF) membrane."” The hydophobicity of
the membrane surface can be increased by adding
additives.> A less common approach to modifying the
properties of a membrane surface is to introduce addi-
tives that can migrate to the film surface and alter the
surface chemistry, while leaving the bulk properties
intact.* Ward et al.* were apparently the first to synthe-
size a polyurethane block copolymer, to be used as a
surface-modifying additive for the development of a
new biomedical polyurethaneurea.

Surface-modifying macromolecules (SMMs) of low
surface energy were used to modify the surface of UF
membranes. The SMMs have an amphipathic structure
consisting of a main polyurethane chain terminated
with two low-polarity polymer chains. Since the surface
characteristics are largely determined by the low-
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polarity components, they can be chosen to give a
specific property. It is preferable to use a fluorine-based
component because of additional features such as sur-
face lubrication, reduced fouling, and increased chemi-
cal resistivity associated with carbon—fluorine bonds.”*

The surface-modified membranes exhibited low sur-
face energies, high chemical resistance, and good me-
chanical strength. Compared with the unmodified
membranes, SMM modified membranes surfaces were
susceptible to less fouling during UF (e.g., high fouling
resistance).’

Khayet et al.® has discussed the surface modification
by SMMs and its applications in membrane separation
processes. These SMMs are oligomeric fluoropolymers
and synthesized by polyurethane chemistry and tai-
lored with fluorinated end groups. Several formula-
tions for synthesis of SMMs have been developed and
blended with base polymers such as polyurethanes and
polyethersulfone (PES) for surface modification. In
the final product, SMMs migrated to the surface, and
the fluorine end groups oriented themselves toward
the air—polymer interface. Thus, it increased the surface
hydrophobicity. The use of SMMs has been tested for
UF, pervaporation, and biomedical applications.
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Suk et al.” studied PES (Vicrex 4100P) modified by
SMM and suggested that SMMs migrate to the surface
from the cast films during evaporation. The SMMs
were preferentially oriented with fluorocarbon groups
at the outermost surface of the membrane, and the
amount of fluorine on the surface depended on the
thickness of the wet membrane. It was reported that a
certain time is necessary for the migration of SMMs to-
ward the membrane surface to occur. However, they
did not study the content of fluorine in the bottom sur-
face (cast solution/glass interface), as they prepared
membranes by spreading the casting solution on
a smooth glass plate and removing the solvent by
evaporation at room temperature.

Pham et al.® developed novel SMMs for incorpora-
tion into PES membranes (flat sheet), which were in-
tended for pervaporation applications. They reported
the increase of fluorine concentration on both surfaces
i.e., at the interface of casting solution/air and casting
solution/glass plate. They also reported that the fluo-
rine component at the surface was increased with
increased SMM loading.

Morita et al.” studied the surface properties of per-
fluoroalkylethyl acrylate (FA)/n-alkyl acrylate (AA)
copolymers. It was reported that the water repellency
of FA/AA copolymers depended on the side chain
length of AAs. The results showed that the longer the
side chain length of AAs, the higher the water repel-
lency. Water repellency was discussed from a stand-
point of the molecular mobility of perfluro alkyl (RF)
groups on the surface. In wet condition, more fluorine
was concentrated on the polymer surface as 7 number
increased, but in dry conditions, the fluorine concen-
tration remained constant.”*”
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In the present article, we are reporting the perform-
ance and the morphology of the surface-modified PES
hollow fiber membranes fabricated by dry—wet spin-
ning method at various air gaps. The results obtained
in the present study are compared with the results
obtained from the unmodified PES hollow fiber mem-
branes."

EXPERIMENTAL
Materials

PES (Ultrason E6020, MW = 58,000; flakes) and poly
(vinyl pyrrolidone) (K90) were supplied by BASF
Co. (Mt. Oliver, NJ) and Fluka Co. (Bucks, Switzer-
land), respectively. Dimethylacetamide (DMAc)
(Aldrich) was used as a solvent. All other chemicals
used in the experiments were of reagent grade and
were used without any further purification.

Preparation of SMM

SMM was synthesized using a two-step solution poly-
merization under a nitrogen atmosphere. Details for
the preparation of SMM are given elsewhere.® The
reaction scheme is given in Figure 1.

Reagents used for the preparation of SMM are as
follows:

i. Methylene bis-p-phenyl diisocyanate
ii. Polypropylene diol
iii. Zonyl BA-L intermediate
iv. N,N-Dimethylacetamide (DMAc)
v. 1,1,2-Trichloro-trifluoroethane

Siep 1 - Polyllworaalcohol end-capping
reaction (chain termination)

1 rchilpr—CH-oH
Room temperature
15 howrs

r{cn};m-nu—o{ﬁ-@-m—@—umﬂoﬂ;ﬁ—@mr

Figure 1 Reaction scheme for synthesis of surface-modifying macromolecules.
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TABLE I
Conditions for the Preparation of Hollow Fibers

PES (18.0 wt %), PVP (3.0 wt %)
and SMM (1.5 wt %) in DMAc

Casting solution

Temperature Room temperature (24° C)
Air gap 10, 30, 50, 70, and 90 cm
Bore fluid rate 0.1 mL/min

Bore fluid Distilled water

Distilled water
2 psig

12 m/min

Coagulation bath
Spinneret pressure
Spin rate

Average molecular weight of SMM was measured
by gel permeation chromatography. The weight aver-
age molecular weight SMM (M,,) was 2.7 X 10*, and
the number average molecular weight (M,) was
1.6 x 10*®

Preparation of hollow fibers

The dry—wet spinning method to prepare PEI hollow
fiber membranes are described elsewhere.'? A mixture
of PES (18 wt %), PVP (3 wt %), and SMMs (1.5 wt %)?
was used for the fabrication of the membrane. The con-
ditions for the fabrication of hollow fibers are given
in Table I. The spin rate of hollow fiber fabrication was
12 m/min.

The air gap was varied from 10 to 90 cm. After leav-
ing the spinneret and passing through the required
air gap, the hollow fibers were coagulated in a water
bath at room temperature. They were immersed in an
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ethanol bath for 24 h. The content of the ethanol bath
was replaced with fresh ethanol from time to time. Af-
ter the solvent exchange, the hollow fibers were dried
at room temperature. Dried fibers were used for pure
water permeation experiments followed by separation
measurements. The outer and inner diameters of the
hollow fibers were measured by optical microscope.

AFM observation

The morphology of the surfaces of hollow fibers was
studied by atomic force microscopy (AFM). Details
of the tapping mode (TM)-AFM technique are given
elsewhere.'""*!* The hollow fiber surface is character-
ized in terms of roughness and the size of nodule
aggregates.

Pore diameters and nodule/nodular aggregate sizes
on both surfaces of hollow fiber (inside and outside)
were measured by visual inspection of line profiles
from various AFM images of different areas of the
same membrane. Figure 2 shows section analysis of
TM-AFM image. To obtain the pore sizes and nodule/
nodular aggregate sizes, cross-sectional line profiles
were selected to traverse micron scan surface areas
of the TM-AFM images. The diameters of nodules
(i.e., light region or bright area, high peaks) or pores
(i.e., dark area, low valleys, depression) were mea-
sured by a pair of cursors along the reference line. The
horizontal distance between each pair of cursors was
taken as the diameter of the nodule/nodular aggregate
or pore. An example of the measurement is shown in

section Analysis

0.75

Spectrum

L 39.562 nm
RHS 1.248 nm
lc Dc

RaCle) 0,938 nm
Rmax 2.686 nm
Rz 2.686 nm
Rz Cnt 2

1.00

1

1.3 dey
39.562 nm
1.027 nm
1.487 dey

Horiz distance
Vert distance
Angle

Figure 2 TM-AFM image profile. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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Figure 2. The sizes of the pores or nodule/nodular
aggregates are based on the average of at least 30 mea-
surements.

The roughness parameters obtained from AFM
images should not be considered as the absolute
roughness value. In the present study, the same tip
was used for all experiments and all captured surfaces
were treated in the same way. The evaluation of the
roughness parameters of each membrane sample was
based on various micron scan areas (i.e., 1 x 1 pm?).
Pore size distribution and porosity were calculated by
the method described by Singh et al."

Hollow fiber module preparation

Details of the hollow fiber module were already given
earlier."""® Five hollow fibers were selected and cut
into a length of 15 cm and potted at both ends with ep-
oxy glue in a test module. Around 10 cm was left for an
effective length for permeation. The hollow fiber mod-
ule was mounted on the test system. The test was done
at room temperature and at an inside feeding pressure
of 50 psig. The effective surface areas were in a range of
19.1-22.8 cm® based on the average of inside diameter.

Ultrafiltration experiments

The details of ultrafiltration (UF) experiments are
given elsewhere.'"'® UF experiments were conducted
with aqueous feed solutions containing polyethylene
glycol (PEG) (12,000; 20,000; 35,000) and polyethylene
oxide (PEO) (100,000 and 200,000) of different molecu-
lar weights. The concentration of PEG and PEO was
200 ppm. A peristaltic pump supplied pure water or
the feed solution to the hollow fiber module. The vol-
ume of permeates collected for a predetermined period
was measured. The concentration of PEG and PEO in
the feed and permeate was determined by measuring
total organic carbon. The method to determine molecu-
lar weight cut-off (MWCO) and pore size distribution
by UF experiments is given elsewhere.">'” By using
pure water as feed, pure water permeation rate (PWP)
was measured. After PWP measurement, separation
measurements were done.

From the data obtained from pore size distribution
and average pore size, the pore density of different
membranes was calculated by the eq. (1)."> After calcu-
lating the pore density, surface porosity was calculated.

128 noJ

e 1)

TAP > fid;
Where N is the total number of pores per unit area, f; is
the fraction of the number of pores with diameter d;
is the solvent viscosity, and AP is the pressure differ-
ence across the pore, § is the length of pores, and ] is
the total flux through the membrane.

713

The surface porosity (S,), which is defined as the ra-
tio between the areas of pores to the total membrane
surface area was derived from eq. (2).'°

S, = <I\TZZZZ id%) x 100 2)

Contact angle measurement

Contact angle measurement was carried out by gonio-
metrically determining the angle from observation of
the three-phase meniscus system at the internal and
external surfaces of hollow fibers as described else-
where in detail.'® The goniometer (Rame Hart Model
100) was modified for hollow fiber applications.'®

XPS study of inner and outer surfaces

The X-ray photoelectron spectroscopy (XPS) study of
the surfaces of hollow fibers (inside and outside) has
been done by using Kratos Axis Ultra XPS equipped
with a nonmonochromated Al X-ray source. Two anal-
yses were performed on each sample using an acceler-
ating voltage of 14 kV and a current of 10 mA. Analysis
consisted first of a survey scan performed at a pass
energy of 160 eV to identify all the species present, fol-
lowed by a high-resolution scans (40 eV) of the species
identified by the survey scan. Peak fitting was per-
formed using Casa XPS (ver. 2.2.99) data processing
software. All analysis was calibrated to C 1s 285 eV.

RESULTS
Morphology by atomic force microscopy
Inner surface

Figures 3(a)-3(c) show the 3D AFM images of the inner
surfaces of the hollow fiber membranes prepared at 10,
50, and 90 cm air gap, respectively. Similar AFM
images were also observed with other studied mem-
branes. These images are showing that there is a grad-
ual change on the inner surface as the air gap is increas-
ing. When comparing Figures 3(a) and 3(c), it is noticed
that as the air gap is increasing, the individual nod-
ules/nodular aggregates are separating from each
other (comprising polymer aggregates known as nod-
ules'”'®). In Figure 3(c), the nodular aggregates are
well defined. However, it was observed that nodular
aggregates were not well aligned in the direction of
bore fluid as observed in polyetherimide hollow fiber
membranes used for UF'*'® and in the blended PES-
polyimide hollow fiber membranes used for gas sepa-
ration.'* In the polyetherimide hollow fiber mem-
branes, there were 10-15 nodular aggregates in one
row. It should be noted that the inside of the hollow
fiber was in contact with water, running parallel to the
spinning solution with a different speed. The shear
force working on the surface of the nascent hollow

Journal of Applied Polymer Science DOI 10.1002/app
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Air gap 10 em,
Inner surface

(a) (b)

Air gap 50 cm,
Inner surface
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Air gap 90 cm,
Inner surface

(c)

Figure 3 3D AFM images of the inner surface of hollow fiber; (a) 10 cm, (b) 50 cm, and (c) 90 cm air gap, respectively.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

fiber caused the alignment of nodular aggregates to the
direction of bore fluid. This discrepancy may be due to
the presence of SMM in the PES as additive. In our pre-
vious study on PES hollow fiber,'! without SMM, it
was observed that the alignment of nodular aggregates
to the direction of bore fluid took place.

The average, maximum, and minimum sizes of
nodular aggregates in the inner surfaces are listed in
Table II. The data in Table II indicate that at 10 cm air
gap, the nodules/nodular aggregate size is the small-
est. It is interesting to note that the average nodular
aggregate size measured on other hollow fibers (30—
90 cm air gap) is almost doubled (average 65 nm).

From AFM images of inner surfaces of the studied
membranes, the average pore sizes of the membranes
(inner side) were calculated,'? and the results given in
Figure 4(I). Figure 4(I) indicates that after 50 cm air
gap, the average pore size on the membrane surfaces
increases. However, at lower air gaps (< 50 cm), the
average sizes of pore are almost constant. However,
no significant change is observed in roughness para-
meter with respect to air gap [Fig. 5(I)].

Outer surface

Figures 6(a)-6(c) show the 3D AFM images of the outer
surfaces of the hollow fiber membranes prepared at

10, 50, and 90 cm air gap, respectively. Similar AFM
images were also obtained with other studied mem-
branes. From these images, it seems that the morphol-
ogy of the outer surface changes gradually with a
change in air gap. The nodules/nodular aggregates av-
erage sizes are given in Table II. When comparing the
outer surface prepared at 10 cm air gap [Fig. 6(a)] with
the inner surface [Fig. 3(a)], it seems that there is a
slight difference in the morphology of the surfaces. In
the outer side, the nodular aggregates are better
defined.

On increasing the air gap the nodular aggregates are
merging with each other and forming rougher surface.
The average, maximum, and minimum size of nodular
aggregates is listed in Table II. Figure 5(II) shows the
roughness parameter of the outer surface versus air
gap. From Figure 5(Il), it seems that the roughness pa-
rameter of the studied membranes remains constant
up to 50 cm air gaps. On further increasing the air gaps
(between 70 and 90 cm), the roughness parameter
increased markedly.

This behavior is different than that observed in poly-
etherimide hollow fiber membranes when fabricated
in a similar way to the present study.'? In polyetheri-
mide hollow fiber, the roughness parameter of the
outer surface decreased with an increase in air gap up
to 30 cm and then leveled off.

TABLE II
Average, Maximum, and Minimum Sizes of the Nodular Aggregates on the
Inner and Outer Surface of the Hollow Fibers

Size of nodular aggregate (nm)

Inner surface

Outer surface

Air gap
(cm) Average Maximum Minimum Average Maximum Minimum
10 38.0 60.1 30.1 34.3 42.0 26.1
30 65.3 75.0 43.5 34.9 47.7 29.7
50 64.0 79.1 51.8 35.5 49.7 27.8
70 56.3 76.0 42.0 55.5 69.5 33.7
90 65.2 95.0 60.0 48.0 53.6 29.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Diameter of pore with respect to air gap: (I)
inner surface, (II) outer surface, by AFM and (IIl) by ultra-
filtration experiments.

From AFM images of (outer surface) membranes
the average pore sizes (diameter) of the outer sur-
faces were calculated,'>'® and results are given in
Figure 4(II). It also indicates that the average pore size
on the membrane surfaces is almost constant up to
50 cm air gap. On further increasing the air gap, the av-
erage pore size also increases.

From Figure 4(1I) it is clear that the average pore size
in the outer surface is smaller than the inner surface.
However, the average pore size in the inner and outer
surfaces is in the range of 30-65 nm. Even though the
pore sizes in the inner surface are larger than the outer
surface, both are in the range of UF pores. Moreover,
the pore size determined by the solute transport
method is smaller than outer and inner surface pores
[Fig. 4(IlI)]. Hence, from these data, it is difficult to
conclude which (outer or inner) surface is controlling
the membrane performance. Supplying feed solution
to the inner side of the hollow fiber, therefore, does not
contradict the results of the pore size measurement.

Figure 7(a) shows the mean pore size distribution
on the outer surface of the membranes fabricated at
10-90 cm air gap. It can be concluded from Figure 7(a)
that there are two groups of the pore size distribu-
tions, one corresponding to the air gaps of 10, 30, and
50 cm, and the other 70 and 90 cm. The mean pore
sizes of the former group are smaller than the latter

group.

Ultrafiltration data of the hollow fibers

Figure 8 shows the water flux with respect to air gap
used to prepare the membranes. From Figure 8, it
seems that flux increased very sharply up to 70 cm air
gap and then decreased. The flux of the membrane pre-
pared at 90 cm air gap is much lower when compared
with that at 70 cm air gap while their average pore sizes
are almost same. This is possible when the active layer
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corresponding to 90 cm air gap is thicker than 70 cm air
gap. However, we did not measure the thickness of the
active layer. Other possibilities could not be discarded
such as the change in porosity etc.

Table III shows the solute separation for different
molecular weights of PEG and PEO. As the molecular
weight of solute is increasing, the percentage of separa-
tion is also increasing.

Pore size distribution from UF data

Figure 7(b) shows the pore size distributions of the
membranes obtained by UF experiments following the
method of Singh et al."” From Figure 7(b) it is noticed
that at lower air gaps (10-50 cm air gap) the pore size
distribution is sharper in comparison with at higher air
gaps (70-90 cm). It seems that there are also two dis-
tinct groups. When the air gap is 10-50 cm; the mean
pore size is ~ 4 nm. When the air gap is 70 and 90 cm,
the mean pore size is ~ 8 nm. Figures 7(a) and 7(b)
show a parallel relationship between pore sizes deter-
mined by two different methods.

Porosity of the membranes was calculated as
described earlier and the results are given in Figure 9.
Porosity of the surface is increased with the increase in
air gap from10 to 50 cm. On further increasing the air
gap, the porosity decreased. At higher air gap, small
pores disappeared because of elongation of the nascent
membrane.

Outer and inner diameter of the hollow fibers

The outer diameter (OD) and inner diameter (ID) of
the hollow fibers were varied in the range from 1200 to
700 pm and 1100 to 800 um, respectively. The decrease
in OD was significant. The decrease in diameter is
mainly due to elongation. Figure 10 shows thickness of
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Figure 5 Roughness parameter versus air gap: (I) inner
surface; (II) outer surface.
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Figure 6 3D AFM images of the outer surface of hollow fiber; (a) 10 cm, (b) 50 cm, and (c) 90 cm air gap. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

the wall [(OD — ID)/2]. The figure shows that the wall
thickness decreases as the air gap increases.

Contact angle of the outer and inner surface
of the membrane

Figure 11 shows the contact angle of the inner surface
and the outer surface versus air gap. From Figure 11, it
seems that the contact angle of the inner surface is
almost constant with an exception at 30 cm air gap dis-
tance where it is lower, while the contact angle of the
outer surface slightly increases with the increase in air
gap up to 30 cm air gap distance and then decreases
significantly. The lowest contact angle was obtained
for the fiber prepared at 90 cm air gap.

XPS Analysis

Figure 12 shows the XPS spectrum of the outer surface
of the hollow fiber fabricated at 10 cm air gap. In this
figure, no peak for fluorine was observed. It could be

(ut side pore size distribution

1] K 2 B B

Pore diameter (nm)
(a)

® & & @8 8B

possible that the concentration of fluorine was very
low and fluorine could not be detected under the ex-
perimental conditions. Figure 13 shows the XPS spec-
tra for 90 cm air gap fiber. In this figure, we can detect
the fluorine peak and the concentration is 1.13 atom
%. Similar curves were also observed for other studied
hollow fibers. The concentration of fluorine (atom %)
on the surfaces with respect to air gap is given in
Figure 14. The fluorine concentration also increased
from 0 to 1.1 atom % at the inner surface with the
increase of air gap.

DISCUSSION

It is well known that in hollow fiber spinning, the
pressurized viscous solution is subjected to various
stresses when it extrudes through the complicated
channel within a spinneret. These stresses may influ-
ence molecular orientation and relaxation, and subse-
quently fiber formation and separation performance,

lass-Transport pore size distribution

|
) 5 M B B B P OS5 4 & 9
Pore diameter (nm)
(b)

Figure 7 Pore size distribution; (a) by AFM of the outer surface, (b) by ultrafiltration experiment.
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Figure 8 Water flux versus air gap.

as well as productivity.'” Macromolecules may experi-
ence swell and relax when exiting from spinneret, if
there is an air gap before coagulation and will change
their orientation.

Properties of polymer, bore fluid rate, concentration
of polymer, properties of solvent in the spinning solu-
tion, spinning temperature, properties of bore fluid,
polymer solution flow rate, air gap, etc. all affect the
performance of hollow fiber. In the present study, all
the parameters were kept constant except for the
air gap.

The casting solution is under stress inside the spin-
neret. As soon as it comes out from the spinneret, the
stress perpendicular to the fiber axis will be released.
The release of the stress perpendicular to the axis will
result in the expansion of the fiber diameter, while
stress parallel to the axis will elongate the fiber and
decrease the fiber diameter. Besides this, the relaxation
of polymer occurs (on outer surface) when polymer so-
lution comes out of the spinneret.

It is found that the average pore size measured by
AFM at the inner surface is around six times and at the
outer surface is around three times larger than the pore
size determined from the UF experiments (Fig. 4).

Similar results were obtained earlier. Khayet et al.*
characterized the hollow fibers fabricated from polyvi-
nylidene fluoride for UF by AFM and reported that the
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Figure 9 Porosity of membranes versus air gap.

average pore size of the inner surface was larger than
at the outer surface. They reported that the pore size of
the outer surface determined by AFM was 1.8 times
greater than the pore size determined by the gas per-
meation test and 2.7 times larger than the pore size
determined by the UF test. Furthermore, Bessiéres
et al. observed that AFM gave two to four times larger
diameters than those obtained from the solute trans-
port experiments.”’ According to Bessiéres et al., the
pore sizes obtained from the solute transport cor-
respond to the minimal size of the pore constriction
experienced by the solute while passing through the
pore, while the pore sizes measured by AFM corre-
spond to the size of the pore entrances, which are of
funnel shape and have a maximum opening at the en-
trance. Singh et al.'” observed the average pore sizes of
PES UF membranes measured by AFM technique were
3.5 times larger than those calculated from the solute
transport data.

It is also interesting to note that the pore size
increases with the air gap (Fig. 4). In particular, pore
sizes seem to be split into two groups; i.e., from 10 to
50 cm air gap and from 70 to 90 cm air gap. The sudden
change of the pattern above 70 cm air gap is also
noticed elsewhere (Figs. 5, 7-9, 11, and 14). It is specu-
lated that the coagulation of the inner wall was com-

TABLE III
Percentage of Separation of Different Molecular Weight PEG and PEO by SMM-PES
Hollow Fiber Fabricated at Different Air Gaps

SMM-PES hollow fiber fabricated at different air gaps

PEG and PEO
(Mol. Wt. x 1000) 10 cm (%) 30 cm (%) 50 cm (%) 70 cm (%) 90 cm (%)

8 36.28 47.32 36.85 16.78 23.68
10 48.47 63.47 65.67 51.63 47.54
12 64.88 78.65 81.03 79.62 76.25
20 73.24 85.42 87.36 85.23 81.32
35 81.96 89.67 91.02 88.65 86.58
100 90.44 90.34 91.87 91.37 88.70

200 93.25 92.16 93.64 94.63 95.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 Thickness of the wall of the hollow fiber versus
air gap.

pleted while the hollow fiber traveled the distance of
50 cm. The pattern in the morphology change may
have been altered before and after the solidification
of the inner wall. Other possibilities could not be
discarded.

Barzin et al. span PES hollow fibers under exactly
the same conditions as this work, except their hollow
tibers were fabricated without blending SMM and the
air gap was maintained constant at 90 cm." It would
be interesting to compare their data with those pre-
sented in this work. Table IV summarizes the proper-
ties of hollow fibers without'' and with blending
SMM. The analysis of AFM images indicates that
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roughness parameters decreased both at the inner and
outer surface by blending SMM. From the UF experi-
ments, it was found that, PWP, MWCO, and the mean
pore size decreased by blending SMM. The reduction
of pore size in PES/PVP membrane due to the migra-
tion of SMM toward the PES/PVP membrane surface
was also observed earlier.*?

The decrease in roughness parameter in the presence
of SMM was reported earlier.>% Similarly, the decrease
in pore size in the presence of SMM was reported ear-
lier.** Hamza et al. noted a significant decrease in
PWP by blending SMM in their PES UF membranes.’
Khayet observed decrease in MWCO and mean pore
size calculated from UF data by blending SMM in their
polyetherimide UF membranes.** All of the above data
were for flat sheet membranes. Thus, hollow fibers
exhibit exactly the same tendency in the presence of
SMM.

From the XPS analysis, fluorine was found both on
the inner and outer surfaces of samples except for
hollow fibers spun with 10 cm air gap. Since fluorine-
containing SMM was in the spinning solution, the
above result is due to the limited sensitivity of XPS. In
other samples, fluorine was detected as a single peak at
688.8 eV. As mentioned earlier, the fluorine content
increased from 0O to about 1 atom % both at the inner
and at the outer surface as the air gap increased from
10 to 90 cm. These data are interesting in three aspects.
First, the fluorine concentration increases with an
increase in air gap. This seems natural, since migration
of SMM toward the hollow fiber surface requires a cer-

g Inside
B Dutside

Figure 11 Contact angles of the hollow fibers, inside and outside, versus air gap.
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Figure 12 XPS spectrum of the outer surface of the hollow fiber fabricated at 10 cm air gap.

tain amount of time. The data on the outer surface
clearly shows the increase of fluorine concentration
with an increase in air gap (Fig. 14), which means an
increase in the time of hollow fiber traveling in air from
the spinneret to the coagulation bath. Most likely,
SMM migration occurs only before the hollow fiber’s
entry into the coagulation bath, where the polymer
structure is frozen. Second, the maximum surface fluo-
rine content is only 1.13 atom %, which is very less

when compared with 36 atom % obtained for a flat
sheet membrane.”>?° This seems also natural consider-
ing the time available for the SMMs surface migration.
Although it was 8 min for the flat sheet membrane,
only less than 2 s were available for the hollow fiber.
Because of low fluorine concentration, a remarkable
increase in surface hydrophobicity of hollow fibers
cannot be expected. Third, the fluorine concentration
increases on both inner and outer surface. This phe-
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Figure 13 XPS spectrum of the outer surface of the hollow fiber fabricated at 90 cm air gap.
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Figure 14 Fluorine concentration on the outer surface ver-
sus air gap.

nomenon is the most puzzling since the environment
of the inner and outer surface is totally opposite. The
polymer solution is in contact with hydrophilic water
at the inner surface, while at the outer surface, polymer
solution is in contact with air. This can be explained
considering the amphipathic structure of SMM con-
taining both hydrophilic polyurethane chain and
hydrophobic fluorohydrocarbon end groups, and
also two steps involved in the surface modification by
SMM.*° The first step is the SMM migration toward
the surface, and the second is reorientation of fluoro-
hydrocarbon end groups perpendicular to the surface
towards air. Because of the amphipathic structure,
migration will take place either towards the hy-
drophilic (water) or hydrophobic (air) environment.
Because of the reorientation of fluorocarbon end
groups, the surface fluorine content increases on both
surfaces.”” In XPS analysis of hollow fibers, the pres-
ence of sodium was detected, which might be due to
contamination.

There are several reports on the contact angle of PES
membranes. The contact angles increased with increas-
ing concentration of SMMs until a plateau value was
reached.® The presence of PVP decreased the contact
angle of PES/PVP membrane, as PVP is hydrophilic.*®
The equilibrium contact angle of dense PES membrane
is reported to be 67-68°.° The static and advancing
contact angles of dense PES membrane are reported as
80° and 83-82°, respectively.”” Ho et al.*’ reported the
advancing and receding contact angles for her PES/
PVP membrane as 67.2° and 26.0°, respectively. Fang,*
on the other hand, obtained 68° and 21° for advancing
and receding contact angle of the PES/PVP membrane
containing 6 wt % PVP.

Equilibrium contact angles of hollow fibers were
measured by the method developed by Asmanrafat.'®
The results of contact angle measurement in this work
are given in Figure 11 for all hollow fiber samples spun
at different air gaps and for both inner and outer sur-
face. In Figure 11, all reported equilibrium contact
angles are less than 56° except for the outer surface of
the hollow fiber spun at 30 cm air gap (74°). This means

Journal of Applied Polymer Science DOI 10.1002/app
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all surfaces are more hydrophilic than PES material de-
spite the presence of hydrophobic SMM, since PES
equilibrium contact angle is 67-68°. From the present
study, it can be concluded that the SMM migration did
not affect the contact angle of the hollow fibers. This
makes a sharp contrast to the effect of SMM migration
on the surface of the flat sheet membranes, which
brought up the advancing contact angle to the same
level as that of Teflon (more than 110°).° The weak
effect of SMM blending on the contact angle of hollow
fiber surfaces is understandable considering low fluo-
rine content, as discussed earlier.

Contact angles are used as an indicator of hydrophi-
licity /hydrophobicity of material. This could be true
for the nonporous flat surfaces. In the hollow fiber, the
surface is porous, and water enters the pores due to the
capillary effect and makes the membrane surface more
hydrophilic.

In the present study, the contact angle decreases
with an increase in air gap on both inner and outer sur-
faces, except for the data for the 30 cm air gap. This
seems to be the effect of the pore size on the contact
angle. The pores draw water by their capillary action
and make the surface more hydrophilic. The larger the
pore size, the stronger becomes the effect. The contact
angle decrease seems more remarkable on the outer
surface. This may be due to the effect of the increased
surface roughness, which is superimposed to the effect
of the pore size.

It is interesting that the water flux with respect to air
gap (Fig. 8) is has a similar trend to the curve obtained
for fluorine concentration (Fig. 14). Increase in fluorine
content should, however, enhance the hydrophobicity
and decrease the water flux. Hence, Figure 8 is oppo-
site to our expectation. The increase in PWP might be
due to the pore size increase despite the increase in fluo-
rine content.

It suggests that both properties, i.e., chemical (fluo-
rine content) and morphological (pore size and rough-
ness parameter) are influencing the membrane perfor-
mance such as PWP. The effect of chemical properties
is however small. Besides this, from the data obtained
from AFM, UF experiments, XPS, and the measure-
ment of the hollow fiber thickness, it can be concluded

TABLE IV
Characteristic Properties of PES/PVP (Ratio = 18/3)
Hollow Fiber Membranes Prepared at 90 cm Air Gap
Without and With SMM

Without SMM With SMM

Characterized property blending blending
Roughness (nm)

Inner surface 6.4 1.64

Outer surface 12.6 53
PWP (L/m? h) 252 131
MWCO (kDa) 200 33
Pore size by UF data (nm) 12.3 11
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that these membranes can be divided into two groups,
which are as follows:

1. Membranes prepared at 10-50 cm air gaps
2. Membranes prepared at 70-90 cm air gaps.

CONCLUSIONS

From the present study, following conclusions can be
drawn for the effect of SMM on the hollow fiber prepa-
ration.

1. The presence of SMM in the polymer casting
solution decreases the pore sizes of the hollow
fiber membranes in comparison with the hollow
fiber without SMM blending.

2. Fluorine content on the both surfaces, i.e., inner
and outer surface increased with the increase in
the air gap in the preparation of hollow fiber.
This indicates the SMM migration toward both
surfaces. However, compared with the flat sheet
membrane with a long migration time, SMM
migration was only marginal in hollow fibers.

3. AFM analysis shows that the pore sizes on the
outer surface of the hollow fibers (containing
SMM in polymer) have significantly smaller
than on the inner surface.

4. The water flux increases with an increase in air
gap, and so does the pore size. It seems that the
influence of the pore size (physical property) on
water flux is much stronger than the chemical
effect of surface fluorine concentration.

5. In the present study, the membranes can be di-
vided in two categories according to their AFM
analysis and UF experimental results. One
includes the membranes prepared at 10, 30, and
50 cm air gap and the other membranes pre-
pared at 70 and 90 cm air gap.

6. The roughness parameter of the inner surface
remains almost constant, while the roughness
parameter of the outer surface increased after
50 cm air gap.

7. The contact angle is not a perfect indicator for
the surface hydrophilicity of the polymer. It
may depend on the surface roughness and the
pore sizes. The contact angle of the outer sur-
face was higher than the contact angle of the
inner surface of the SMM blended PES hollow
fibers under study.
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