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Standardization in the Production and Testing
Procedures for Polyethersulfone Hollow Fiber
Ultrafiltration Membranes

KUIXIANG MA, S. SOURIRAJAN, H. ZHANG,
and WAYNE W. Y. LAU*

DEPARTMENT OF CHEMICAL ENGINEERING

NATIONAL UNIVERSITY OF SINGAPORE

10 KENT RIDGE CRESCENT, SINGAPORE 0511

ABSTRACT

Several hollow fiber ultrafiltration membranes have been produced from poly-
ethersulfone-polyvinyl pyrrolidone-N-methyl-2-pyrrolidone solutions and
tested. The effects of feed flow velocity through the fiber bore on pressure drop
in the test fiber bundle, membrane separations for PEG solutes, and the obtainable
mass transfer coefficients under the test conditions have been experimentally de-
termined and discussed. Further, the effects of storage time and prefiltration of the
fiber casting polymer solution on the performance characteristics of the resulting
membranes have been studied. The viscosity of the fiber casting solution increased
upon storage for a few weeks, and it decreased after the solution was filtered prior
to use in fiber production. Storage time and filtration treatment of the fiber casting
solution had significant effects on the morphology of the resulting membranes.
Casting solution of longer storage time and without filtration pretreatment pro-
duced smaller size pores on the membrane bore-side skin layer, and a larger num-
ber of such pores and/or a thinner skin layer in the resuiting membrane. On the
basis of these results, the need for standardizing the fiber producing conditions
and fiber testing procedure is pointed out, and a few suggestions are made for
such standardization.

INTRODUCTION

Polymeric hollow fiber (HF) membranes offer two major advantages
over flat sheet or tubular membranes, namely, they have far more mem-

* To whom correspondence should be addressed.
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brane area per unit volume, and hence higher productivity per unit volume
of membrane module, and in addition, they are self-supporting. The HF
configuration is therefore currently the preferred choice for membrane
modules in separation applications. Polymeric HF membranes, with or
without surface modifications, are especially versatile in utility for a wide
variety of low pressure applications such as those involved in ultrafiltra-
tion (UF), microfiltration (MF), pervaparation, and gas—vapor (and also
some gas—gas) separations. The large increase in technology development
work on the production of HF membranes reported in recent literature
(1-6) is a clear recognition of this versatility in many industrial applica-
tions.

There are several experimental variables in the usual method of produc-
ing and testing HF membranes. For example, in the laboratory technique
illustrated in the work of Liu et al. (2), variables such as composition and
temperature of the fiber casting polymer solution, nature of the internal
coagulant and its flow rate, length of air gap, the extrusion pressure used
for fiber spinning, as well as details of spinnerette design were considered.
In order to establish cause—effect relationships among these variables with
respect to UF performance of the resulting fibers, experimental proce-
dures involved in the production and testing of HF need to be standardized
with respect to each variable, in as much detail as possible, for purposes
of comparison of data on fiber performance. The object of this paper is
to call attention to a few aspects of such standardization.

The first aspect is with respect to the structure of the polymer solution
used for fiber production. In this context, the term ‘‘solution-structure”’
refers to the state of aggregation and disposition of polymer segments
within the fiber casting solution. While the importance of such *‘solution-
structure”’ to the performance characteristics of the resulting membranes
has been pointed out in the literature (7), no single physicochemical param-
eter has been identified to characterize solution structure completely. In
practice, this means that even though the overall composition and temper-
ature of the fiber casting polymer solution may appear unchanged, the
performance characteristics of the resulting fibers produced under other-
wise identical experimental conditions could be significantly different be-
cause of possible differences in the conformational structure of the poly-
mer in the solution used. Polymer conformational structure is governed
not only by the overall composition and temperature of the polymer solu-
tion, but also by other factors involved in its preparation such as method
of mixing and storage time. Since the latter details are not usually strictly
controlled and documented in the literature, comparison of fiber perfor-
mance data becomes difficult, and may even be misleading.

The second aspect is with respect to the fiber testing procedure for
performance characterization. Again, in the laboratory technique of the
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type illustrated in the work of Liu et al. (2), the fibers are tested for
solute separation and permeate fluid flux characteristics by pumping dilute
aqueous solutions of polyethylene glycol (PEG) of different molecular
weights through the capillary bore of the fibers under specified experimen-
tal conditions of operating pressure and feed flow rate. The results on
PEG separation (%) and membrane permeated product rate (PR, in g/
cm?-h) are reported to characterize the fibers tested. As to pressure drop
between the inlet and outlet points and actual feed flow rates used for each
fiber during testing, such important data are often lacking or ambiguous in
the literature. Depending on the experimental conditions used for fiber
production, fibers of different physical dimensions [outside diameter
(0.d.), inside diameter (i.d.), and wall thickness] are obtained. For exam-
ple, Miao had shown (8) that more than twofold variations in o.d. and
i.d. in the resulting fibers were possible through the same spinnerette,
depending on the experimental conditions of fiber production. For a given
inlet pressure and volumetric feed flow rate used during fiber testing, the
outlet pressure and the fluid velocity through the fiber bore will be differ-
ent for each fiber length and fiberi.d. in the bundle, which will significantly
affect performance characteristics of the different fibers tested. Conse-
quently, standardization with respect to the above variables during fiber
testing is necessary for a meaningful comparison of performance data of
the different fibers produced.

Attention is thus focused on the above two aspects of standardization
in this report.

EXPERIMENTAL
Materials

Polyethersulfone (PES, Victrix 4800), supplied by Imperial Chemical
Industries, was dried for 3 hours at 150°C and used as membrane material
without further purification. N-Methyl-2-pyrrolidone (NMP), supplied by
Merck, and polyvinylpyrrolidone (PVP) of molecular weight 10,000, sup-
plied by Sigma Chemical Co. were used as solvent and additive, respec-
tively, in the preparation of the fiber casting solution. Poly(ethylene gly-
cols) (PEQG) of different molecular weights, supplied by Aldrich Chemical
Co. and Merck, were used as reference solutes for characterizing fiber
performance.

Fiber Casting Solutions

Three fiber casting solutions were used in this work (see Table 1).
It may be noted that an NMP/PVP ratio of 7 was held constant for all
three solutions. The components were mixed in a 1-L glass bottle which
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TABLE 1
Fiber Casting Solutions
Solution PES (wt%) NMP (wt%) PVP (wt%)
Ml 20 70 10
M2 22 68.25 9.75
M3 24 66.5 9.5

was roller-mixed for 2 hours every day for 9 consecutive days and kept
in an oven at 60°C except during mixing. The polymer solution so ob-
tained, unless otherwise stated, was used for fiber spinning. For some
experiments the polymer solution was kept under storage at room temper-
ature (23 = 1°C) for a specified period (1 to 5 weeks) with roller-mixing
for 2 hours every day before use.

Fiber Spinning and Fiber Characterization

All experiments were carried out at laboratory temperature (~24°C).
The polymer solution was usually filtered (unless stated otherwise) under
5-10 psig nitrogen pressure using a 200-mesh filter disk together with a
polyester fabric. After filtration, the spinning solution was transferred
into a solution tank in the fiber spinning system (Fig. 1). The tank was
subsequently evacuated for 20 minutes to let entrapped gas bubbles es-
cape. The solution was then kept in the tank under nitrogen for at least
2 hours (for any residual gas bubbles to escape) before use in the fiber
spinning operation. The apparatus, fiber spinning procedure, and the fiber
testing technique used were essentially the same as those reported in the
literature (2).

The spinnerette had a tube-in-orifice design as shown in Fig. 2 (2). The
polymer solution entered the side opening of the spinnerette under an
extrusion pressure (EP, psig) of nitrogen; simultaneously, the internal
coagulant (in this case, deionized water at room temperature) entered the
central tube of the spinnerette at a preset flow rate (water flow rate, WFR,
ml./min). The nascent fiber, partially coagulated by water, passed through
a length of air gap (LAG, c¢m), and then entered the external coagulant
bath of deionized water at ~2°C. When LAG was changed, the internal
water flow rate was adjusted to keep the WFR reading constant at the
preset value. The coagulation process was completed in the external water
bath, and the hollow fiber membrane produced. The membranes so pro-
duced were kept under water for at least a week (to leach out the residual
water-soluble solvent and additive) before they were tested for their physi-
cal dimensions and ultrafiltration (UF) performance characteristics.
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FIG. 1 Schematic diagram of the apparatus for hollow fiber spinning.
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FIG. 2 (Top): Schematic diagram of the spinnerette assembly. (Bottom): Schematic dia-
gram of cross section of the spinnerette used (units in mm).
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Under these experimental conditions, HF with asymmetrically porous
fiber walls having a solute rejecting skin layer on the inside (bore side)
wall surface, were produced. Asymmetricity of porous structure was con-
firmed by SEM (scanning electron microscope) (8).

During the fiber spinning process, the nascent fiber velocity (NFV, cm/
s) was determined by collecting a sample of well-coagulated fiber of known
length produced within a known time interval from the external coagula-
tion bath.

In addition, for a particular spinnerette design and fiber spinning condi-
tions used, the values of polymer solution flow velocity (Ve, cm/min),
and water (internal coagulant) flow velocity (Vw, cm/min) were also deter-
mined for each fiber produced. The quantity Vp is the volumetric flow
rate of the polymer solution divided by the effective cross-sectional area
available for solution flow at the spinnerette exit. Similarly, the quantity
Vw is the volumetric flow rate of water (internal coagulant) divided by
the effective cross-sectional area available for water flow at the spinner-
ette exit. The physical dimensions of the HF produced (o0.d., mm; i.d.,
mm; and wall thickness, mm) were determined in each case using a
stereomicroscope.

The experimental apparatus used for UF performance characterization
of the HF is shown in Fig. 3 (2). In this work, the HF bundles were made
as follows. Six pieces of HF, each 26 cm long were collected into a bundle.
The external surfaces at the two bundle ends were then covered with

NN

Uy uuuy
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I X

I. Solution Tank 6. OQutlet Pressure Gauge
2. Pump 7. Inlet Pressure Gauge

3. Membrane Bundies 8,9. Safety Release Valves
4.5. Rotameters 10.  Collecting Containers

FIG. 3 Schematic diagram of hollow fiber membrane test system.
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epoxy glue. Each end was potted into a %-inch diameter polypropylene
tube of 3 cm length. The glue was then allowed to set at normal laboratory
environment for at least 3 hours while keeping the unpotted parts of the
fibers under water. The potted bundle was then assembled into the test
apparatus. For test purposes, the feed fluid was pumped through the fiber
bore, and fluid permeation through the membrane was from inside to the
outside fiber wall.

TABLE 2
Details of Fibers Produced and Characterized*?
No. 1 2 5 7 8 9
Fibers M1-0-10-80-5 M1-0-5-80-5 M1-1-10-80-5 M1-3-5-80-5 MI1-5-10-80-5 M1-5-5-80-5
Storage (weeks) 0 0 1 3 S B
Viscosity (m-Pa-s) 2314 2314 2710 2605 2103 2103
Composition Mi Ml Mt Ml Mi Ml
WFR (mL/min) 10 5 10 5 10 5
LAG (cm) 80 80 80 80 80 80
EP (psig) 5 5 5 5 5 5
o.d. (mm) 1.1175 0.979 1.185 1.0786 1.1875 1.1125
i.d. (mm) 0.8875 0.70 0.9125 0.6411 0.9625 0.83
Thickness (mmy) 0.12 0.14 0.14 0.22 0.11 0.14
o.d./i.d. 1.26 1.40 1.30 1.68 1.23 1.34
NFV (cav's) 16.16 11.19 12.71 ND 14.25 10.49
Vp (cm/min) ND ND 139.90 144.20 114.80 114.80
Vy (cm/min) 2273 1136 2273 1136 2273 1136
V/Vp ND ND 16.25 7.88 19.80 9.90
Average PR 10.48 5.32 5.43 3.69 9.05 4.29
(g/em®-h)
No. 10 1t 12 13 14 17
Fibers M1-5-5-50-5 MI1-5A-5-50-5¢ M1-5A-5-80-5¢ MI1-5A-10-80-5¢ M2-5-80-5 M3-5-80-5
Storage (weeks) 5 5 5 5 0 0
Viscosity (m-Pa-s) 2103 2851 2851 2851 3590 7744
Composition M1 M1 M1 Ml M2 M3
WFR (mL/min) 5 5 5 10 5 5
LAG (cm) 50 50 80 80 80 80
EP (psig) 5 5 5 5 5 5
o.d. (mm) 1.2781 1.18 1.082 1.1317 1.0804 1.0733
i.d. (mm) 0.9438 0.86 0.756 0.945 0.8321 0.89
Thickness (mm) 0.17 0.16 a.16 0.09 0.12 0.09
o.d.fid. 1.35 1.37 1.43 1.20 1.30 1.21
NFV (cm/s) 9.40 9.35 ND 15.35 7.62 6.93
Vp (cm/min) 114.79 64.69 64.69 64.69 56.26 40.57
Vy (cm/min) 1136 1136 1136 2273 1136 1136
Vw/Vp 9.90 17.57 17.57 35.13 20.20 28.01
Average PR 5.28 4.99 4.58 7.13 5.45 5.95
(g/lem?-h)

@ Composition: M1 (PES/PVP/NMP) = 20/10/70; M2 (PES/PVP/NMP) = 22/9.75/68.25; M3 (PES/PVP/NMP) = 24/9.5/66.5.
& ND = not determined.
¢ Unfiltered fiber casting solution.
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UF performance of the fibers was characterized by their PWP (pure
water permeation rate, g/cm*-h), PR (membrane permeated product rate,
g/cm?-h), and UF separation (%) for PEG solutes of different molecular
weights at the average operating pressure of 20 psig and at a feed flow
velocity of 1.8 to 2.0 m/s (unless stated otherwise). The PEG concentration
in the feed solution was 200 ppm. Solute concentrations in the feed and
in the product solutions were determined using a Shimadzu Total Carbon
Analyzer Model 5000. The percent solute separation (f) was calculated
from the relation

f = [(solute ppm in feed — solute ppm in product)/
solute ppm in feed] x 100%

Because of the very low solute concentrations involved, PWP and PR
data were essentially the same in all the experiments carried out; hence,
only PR data are reported here. These data were obtained by weighing
permeate samples collected in a preset period of time, which were then
converted into grams per unit effective inside fiber surface area in the
bundle per unit time (g/cm?-h). The experimental data obtained with differ-
ent fibers are given in Table 2 where each fiber is designated by the compo-
sition of its fiber casting solution (M1, M2, or M3), followed by four num-
bers indicating storage time (weeks), WFR (mL/min), LAG (cm), and EP
(psig), respectively.

RESULTS AND DISCUSSION
Effect of Feed Velocity on Pressure Drop

Figure 4 shows a typical set of data on the pressure drop (psi) observed
as a function of feed solution velocity through a fiber bundle at a constant
average operating pressure of 20 psig. The data show that beyond a certain
feed velocity (0.45 m/s for the particular fiber bundle tested), pressure
drop increased with an increase in feed velocity, and the correlation was
linear in the range of feed velocities tested. On the basis of such data, the
inlet pressure used for testing each fiber bundle was always adjusted so
that the average pressure [i.e., (inlet pressure + outlet pressure)/2] always
remained 20 psig. Under such test conditions the local rate of the mem-
brane permeated product solution will be nonuniform along the length of
each fiber. Hence, for purpose of comparison of data on fiber perfor-
mance, the length of a test fiber was kept constant (26 ¢m in this work)
in all the experiments reported in this work. For standardization of the
fiber testing procedure, it is important to specify both the length of each
test fiber and the pressure drop involved in the test fiber bundle.
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FIG. 4 Effect of feed velocity on pressure drop (average operating pressure = 20 psig).

Effect of Feed Velocity on PEG Separations

Figure 5 illustrates the effect of feed solution velocity through the fiber
bore on PEG separations obtained with Fiber 1 under the average operat-
ing pressure of 20 psig. The conditions of production and other details of
Fiber 1 are given in Table 2. The PEG solutes used had molecular weights
in the 600 to 10,000 range, and the feed velocities in the range 0.45 to 1.8
m/s for each PEG solute. For PEG-6000, the test was also conducted at
a feed velocity of 2.25 m/s. The results showed that changes in feed veloc-
ity in the 0.45 to 1.8 m/s range had a profound effect on the corresponding
PEG separations. For example, the separation for PEG-6000 increased
from 48 to 78% with an increase in feed velocity from 0.45 to 1.8 m/s;
further increase in feed velocity did not change PEG separation signifi-
cantly. Since the solute concentration in the feed solution was very small
in all cases, PR values were not affected by the change in feed velocity.
The above results indicate that for comparison of fiber performance data,
feed velocity should be kept constant under the test conditions, and it is
preferable to keep the feed velocity constant at 1.8 m/s or higher for all
the tests.
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FIG. 5 Effect of feed velocity on solute separation.

Mass Transfer Coefficients Obtainable in Hollow Fiber
Membranes for UF Separations

Data on mass transfer coefficients (k) are of practical interest in the
applications of HF membranes for UF separations (1). At low operating
pressures (P) and for very dilute aqueous PEG feed solutions, the fluid
permeation velocity (Vs) through the membrane pores is proportional to
P, and the solute transport parameter for each PEG solute may be assumed
to be constant for each membrane. For such cases it has been shown (9, 10)
that solute separation (f) will increase with increase in Vs (i.e., increase in
operating pressure) when (Vs/k) < 1; f will decrease with an increase in
Vs when (Vs/k) > 1, and f will pass through a maximum when (Vg/k) =
1. The above theoretical considerations offer a technique for determining
k values of HF membranes for UF separation (1).

Figure 6 illustrates a set of data obtained with Fiber 1 on separations
of PEG-600, — 1000, and — 2000 solutes as a function of operating pressure
expressed as Vs (fluid permeation velocity). In all cases the feed velocity
through the fiber bore was kept constant at 1.35 m/s. The results showed
that with respect to PEG-600 solute, f increased with an increase in Vs;
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FIG. 6 Effect of permeation velocity on solute separation (feed velocity kept constant at
1.35 m/s).

with respect to PEG-2000 solute, f decreased with increase in Vs; and
with respect to PEG-1000 solute, f passed through a maximum at Vs =
0.2 x 10~% m/s, which means k = 0.2 X 10~* m/s for PEG-1000 at a
feed velocity of 1.35 m/s for the fiber studied. Since the diffusivities (Dag)
of PEG-600 and PEG-2000 are higher and lower, respectively, compared
to Dag of PEG-1000 (7), the trends observed for the separations of PEG-
600 and PEG-2000 are consistent with the predictions based on the & value
for PEG-1000. Further, since k « (D,p)*”? for dilute solutions, the k value
for different solutes can be calculated from the k value for PEG-1000 at
the same feed flow velocity of 1.35 m/s. Similar data can also be generated
for other feed flow velocities. Therefore, from the point of view of fiber
characterization, it is also preferable to experimentally determine and re-
port the obtainable k values as a function of feed flow velocity for a refer-
ence dilute solution system such as aqueous PEG-1000.

Effect of Storage Time and Filtration Treatment of the
Fiber Casting Solution on the Characteristics of the
Resulting Fibers

As pointed out earlier, no single physicochemical parameter has been
identified to characterize the structure of a polymer membrane casting



11: 58 25 January 2011

Downl oaded At:

3036 MA ET AL.

solution. By treating the fiber casting polymer solution as a colloidal sys-
tem, data on its viscosity may be expected to offer insight into the solution
structure of the system, reflecting the size and disposition of the polymer
molecules in the system. Therefore, the viscosity of all the fiber casting
solutions used were determined prior to membrane making. Data on vis-
cosities are included in Table 2. With respect to the experimental data on
viscosity, two significant observations were made. The viscosity of the
fiber casting polymer solution increased upon storage for a few weeks,
and decreased after filtration prior to use in fiber making. In Table 2,
Fibers 11, 12, and 13 were made with unfiltered fiber casting polymer
solutions; the viscosity data are for such unfiltered solutions. All other
fibers listed in Table 2 were made with filtered fiber casting solutions,
and their viscosity data are for filtered solutions.

Figures 7 and 8 compare the performance data [i.e., PEG separation
() vs PEG molecular weight, and (average) PR] for a number of fibers
produced in this work under different experimental conditions specified
in Table 2, which also includes data on their physical dimensions, NFV,
Ve, and Vw values. In all the experiments reported herein, the extrusion
pressure used was 5 psig.

Figure 7(a) gives f and PR values for the Fibers 1, 5, and 13 (obtained
with M1 solution composition) for which WFR and LAG values were 10
mL/min and 80 cm, respectively. Fibers 1 and 5 were produced using
filtered polymer solutions stored for 0 and 1 week, respectively, prior to
filtration. Fiber 13 was produced with unfiltered polymer solution stored
for 5 weeks prior to use in fiber production. All other conditions of fiber
production remained the same. It should be noted that the viscosities of
the solutions used for the production of Fibers 1, 5, and 13 were 2314,
2710, and 2815 mPa-s (cP), respectively. The performance data show that
f values for Fibers 5 and 13 were nearly identical and significantly higher
than those of Fiber 1, while the corresponding PR value for Fiber 1 was
higher than that of both Fibers 5 and 13. The results indicate that the
average size of pores on the skin layer of Fibers 5 and 13 was significantly
smaller than that of Fiber 1, and the effective number of pores on the skin
layer (equivalent to a thinner skin layer and/or larger number of skin layer
pores) of Fiber 13 was even higher than that of Fiber 5, which is obviously
a combined effect of longer duration of solution storage and fiber casting
solution used without prefiltration, thus the consequent increase in solu-
tion viscosity. It may be noted that Fibers 5 and 13 had a molecular weight
cut-off (MWCO) for PEG-2500, whereas Fiber 1 may have one for PEG-
10,000.

The corresponding data on fiber physical dimensions in Table 2 for
Fibers | and 5 show that increasing the storage time from 0 to 1 week
yielded fibers with higher o.d., i.d., wall thickness, and 0.d./i.d. ratio.



11: 58 25 January 2011

Downl oaded At:

HOLLOW FIBER ULTRAFILTRATION MEMBRANES
90
I
70
g
C
o
% 50}
o
[+%
[ L
«\ n
N Fiber No.1 PR:10.48
30— A Fiber No.5 PR:5.43
| + Fiber No.13 PR:7.13
10 i 1 L 1 § S P L —
0 2 4 6 8 10 12
Molecular Weight of PEG (x1000)
(a)
100 peps— S ——
80
g
§ 60
s
o
a
Q
w
40 ® Fiber No.2 PR:5.32
AFiber No.7 PR:3.69
+Fiber No.12 PR:4.58
20 1 I 1 " 1 1
0 2 4 6 8 10 12

Molecular Weight of PEG (x1000)
(b)

FIG. 7 Effect of storage time of the casting solution on solute separation.
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Figure 7(b) gives f and PR data for Fibers 2, 7, and 12 which differ
from Fibers 1, 5 and 13 (Figure 7a) with respect to storage period, and/
or WFR used. [The difference in the viscosity (Table 2) for Fibers 5 and
7 appears to be due to the possible difference in the weave of the filter
cloth used.} Figures 7(a) and 7(b) show similar performance results. The
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separation (f) values for Fibers 7 and 12 were nearly identical and signifi-
cantly higher than those of Fiber 2. The PR value for Fiber 2 was relatively
higher than that of both Fibers 7 and 12; and again the productivity of
Fiber 12 (which was produced using an unfiltered fiber casting solution)
was significantly higher than that of Fiber 7. The MWCO values for Fibers
7 and 12 were PEG-2200 and PEG-2000, respectively, a little smaller than
the MWCO value obtained for Fibers 5 and 13. These data indicate that
the average pore sizes on the skin layer of Fibers 7 and 12 were even
smaller than those of Fibers 5 and 13.

Data on fiber physical dimensions for Fibers 2 and 7 (Table 2) also show
that increasing storage time tends to yield fibers with higher o.d., wall
thickness, and o.d./i.d. ratio.

Figures 8 shows explicitly the effect of not prefiltering the fiber casting
polymer solution on the performance of the resulting membranes. Fibers
8, 9, and 10 were produced with filtered solutions, and Fibers 11, 12 and
13 were produced with unfiltered solutions. In all cases the unfiltered
solutions yielded fibers with smaller average size pores on the skin layer
of the membranes, and hence higher PEG separations under otherwise
comparable experimental conditions of fiber production. The data of
MWCO and PR values are particularly interesting.

Figure 8(a) compares the performances of Fibers 10 and 11 produced
with filtered and unfiltered solutions, respectively; all the other experi-
mental conditions of fiber production remained the same. The results show
that the PR value for Fiber 11 was only slightly less than that for Fiber 10,
even though the PEG separation obtained with Fiber 11 was significantly
higher. These results indicate that without prefiltration the fiber casting
solution resuited not only in smaller size pores on the skin layer of the
membrane but also a larger number of such pores and/or a lesser skin
layer thickness. The MWCO values for Fibers 10 and 11 were PEG-10,000
and PEG-2200, respectively.

The foregoing conclusion regarding the size and effective number of
skin layer pores is supported by the results presented in Fig. 8(b) for
Fibers 9 and 12 obtained at a different LAG (80 cm). These results show
that Fiber 12, produced from unfiltered solution, gave not only higher f
values for PEG solutes but also a higher PR value. Therefore, combined
with appropriate choices of other fiber production conditions, an unfil-
tered fiber casting polymer solution can yield fibers with both higher f
and higher PR simultaneously. The MWCO values for Fibers 9 and 12
were PEG-3000 and PEG-2000, respectively, significantly lower than
those obtained (Fig. 8a) at a lower LAG (50 cm).

Figure 8(c) present data on the performance of Fibers 8 and 13 produced
from filtered and unfiltered solutions, respectively. These data are similar
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to those presented earlier (Figs. 8a and 8b). In addition, Fig. 8(c) illustrates
the effect of an increase in WFR on fiber performance. The MWCO for
Fibers 8 and 13 are PEG-4800 and PEG-2600, respectively, which indicate
that the pore sizes on the skin layer of Fibers 8 and 13 were bigger than
those of Fibers 9 and 12, respectively. The observed increase in PR for
Fibers 8 and 13 (compared to those for Fibers 9 and 12) is consistent with
the above conclusion.

A review on fiber physical dimensions of Fibers 10 and 11, 9 and 12,
and 8 and 13 (Table 2) leads to no definite conclusion on the effect of
prefiltration or no prefiltration of the fiber casting polymer solution on
o.d.,i.d., wall thickness, and 0.d./i.d. values of the resulting fibers. Varia-
tions in these quantities seem to depend on a combined effect of solution
composition, viscosity, WFR, LAG, etc. rather than uniquely by prefiltra-
tion or no prefiltration of the fiber casting polymer solution.

The experimental data presented in Figs. 7 and 8 clearly show that
storage time, with prefiltration or no prefiltration of the fiber casting poly-
mer solution, and the consequent change in solution viscosity have signifi-
cant effects on the performance characteristics of the resulting mem-
branes. Therefore, from the point of view of standardization of HF
production, the foregoing preparation conditions should be specified in
as much detail as possible.

Effect of Polymer (PES) Concentration on Membrane
Performance

An increase in solution viscosity can also be induced by increasing the
polymer concentration in the fiber casting solution. Therefore a set of
experiments was carried out to see how membrane performance was af-
fected by viscosity increase. The results are shown in Fig. 9 and Table 2
with Fibers 2, 14, and 17 made from solutions M1, M2, and M3, respec-
tively. It is important to note that all three fibers were produced from
filtered solutions with zero storage time.

The PES concentrations in M1, M2, and M3 were 20, 22, and 24 wt%,
respectively, and their corresponding viscosities were 2314, 3590, and
7744 mPa-s. The relative magnitude of the viscosity increases as a result
of an increase in polymer concentration was far higher compared to unfil-
tered M1 or an increase in its storage time. Performance results from
fibers produced from the higher viscosity M2 and M3 solutions, when
compared with those obtained with filtered M1 solution, should offer some
indication regarding the structure of unfiltered and/or stored M1 fiber cast-
ing solutions.
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tion.

Figure 9 shows that both PEG separations and PR values are relatively
higher for Fibers 14 and 17 compared to those for Fiber 2, which indicate
that performance of membranes made from the higher viscosity M2 and
M3 solutions is similar to those of membranes made from unfiltered and/
or stored M1 solution shown in Figs. 7 and 8. These results indicate that
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changes in polymer solution structure in both cases, as manifested by
viscosity increases, are also similar, at least in part, as it is known that
higher polymer concentration in the casting solution yields membranes
with smaller size pores on the surface of the resulting membranes (11).

Viscosity and Polymer Solution Structure

The fiber casting polymer solution is a heterogeneous colloidal system
in which domains of high and low density exist. The apparent viscosity
of such a colloidal system offers insight into the structure of the polymer
solution (i.e., the size and disposition of the polymer particles in the fiber
casting solution). The suspended polymer particles tend to link up to form
a more extended network of large, loose, ramifying aggregates in the entire
solution region during storage for extended periods (12). Such ramifying
structural aggregation immobilizes much of the solvent and imparts
greater rigidity to the colloidal suspension as a whole, which accounts for
its increased viscosity. The apparent viscosity of the fiber casting solution
is thus a structural viscosity. The consequence of such ramifying, struc-
tural aggregation is the formation of network pores in the incipient state
in the fiber casting solution. This accounts for the decrease in average
pore size in the skin layer of the membranes made from fiber casting
solutions stored for extended periods, as illustrated in Figs. 7(a) and 7(b).
The above sequence of events is also expected to occur in unfiltered fiber
casting solutions, as suggested by evidence in Figs. 7 and 8.

On the other hand, during filtration of a fiber casting polymer solution,
the extended structural network of polymer particles created during solu-
tion formation is partly disrupted (or otherwise removed), as manifested
by a decrease in viscosity of the filtered solution. Such disruption of the
polymer solution structure gives rise to a larger number of discrete poly-
mer aggregates, and hence incipient aggregate pores, in the fiber casing
solution, Using such a solution for fiber casting, these aggregates yield
bigger aggregate pores on the skin layer of the resulting membrane (7) as
shown explicitly by the data given in Fig. 8.

The foregoing discussion points out that the structure of the fiber casting
polymer solution is an important parameter governing fiber morphology;
further, polymer solution structure is not only a function of composition
of the solution and its temperature, but also depends on the precise state
of ramifying structural aggregation in the polymer solution. The latter is
affected by several variables involved in solution preparation such as stor-
age time and filtration details, and possibly others. Hence these variables
need to be specified in as much detail as possible in order to standardize
the conditions of fiber production.
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CONCLUSION

Standardization in the production of PES hollow fiber UF membranes
would involve at least two major requirements.

First, the fiber testing conditions should be fully comparable. This re-
quires that the length of each test fiber, the average UF operating pressure
used, the pressure drop in the fiber bundle, and the feed flow velocity in
the fiber bore are held constant during the test. Further, the obtainable
mass transfer coefficient (which is also governed by surface roughness)
as a function of feed flow velocity through the fiber bore should be deter-
mined and recorded for a reference solute, such as PEG-1000, in very
dilute aqueous solution.

The second requirement is concerned with the structure of the fiber
casting polymer solution which is an important parameter governing the
ultimate fiber morphology. The solution structure is governed by several
variables involved in solution preparation. These variables include, be-
sides the overall composition and temperature of the solution, the time
for which the solution was held in storage and whether or not the solution
was filtered prior to fiber casting. In addition, the above variables may also
include details such as the mixing technique used in solution preparation.
Therefore, the method of preparation of the fiber casting solution needs
to be specified in as much detail as possible for the production of reprodu-
cible and unique PES HF UF membranes.

Though the foregoing standardization requirements have been illus-
trated in this work with particular reference to PES HF membranes, they
are also generally applicable to the production and testing of all HF UF
membranes.

ACKNOWLEDGMENT

One of the authors (K.M.) thanks the National University of Singapore
for the award of a Research Studentship.

REFERENCES
1. T.Liu, S. Xu, D. Zhang, S. Sourirajan, and T. Matsuura, Desalination, 85, 1 (1991).
2. T. Liu, D. Zhang, S. Xu, and S. Sourirajan, Sep. Sci. Technol., 27(2), 161 (1992).
3. H. Wood, J. Wang, and S. Sourirgjan, Ibid., 28(15&16), 2297 (1993).
4. 1. M. Wienk, H. A. Teunis, Th. v.d. Boomgaard, and C. A. Smolders, J. Membr. Sci.,
78, 93 (1993).
5. L. Brinkert, N. Abidine, and P. Aptel, Ibid., 77, 123 (1993).
6. G.H.Koops,J. A. M. Nolten, M. H. V. Mulder, and C. A. Smolders, J. Appl. Polym.

Sci., 54, 385 (1994).



11: 58 25 January 2011

Downl oaded At:

3044

7.

8.

9.
10.
11.
12.

MA ET AL.

S. Sourirajan and T. Matsuura, Reverse Osmosis/Ultrafiltration Processes Principles,
National Research Council of Canada, Ottawa, 1985, Chap. 6.

S. Q. Miao, Polysulfone Hollow Fiber Ultrafiltration Membranes, M. Eng. Thesis,
National University of Singapore, 1994.

T. Matsuura, M. E. Bednas, and S. Sourirajan, J. Appl. Polym. Sci., 18, 567 (1974).
F. H. Hsieh, T. Matsuura, and S. Sourirajan, Ibid., 23, 561 (1979).

H. Wood and S. Sourirajan, J. Colloid Interface Sci., 149, 105 (1992).

J. W. McBain, Colloid Science, D. C. Heath, Boston, 1950, Chap. 10.

Received by editor February 6, 1995



