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ABSTRACT

The objective of this work is to modify the polyethersulfone (PES) hollow fiher membranes by blending with
Surface Modifying Macromolecules (SMMs) which were able to introduce charges at the membrane surface. To
study the effects of SMMs, PES solutions with and without blending SMMs were spun by the dry-wet phase
inversion method. The membranes were characterized by ionic solutes permeation and Field Emission Scanning
Electron Microscopy (FESEM). There was no significant difference in the membrane morphology between the
membranes with and without SMM blending, indicating that the morphology of the base polymer remained relatively
unchanged. However, based on Energy Dispersive X-ray (EDX) analysis, the presence of SMM’s elements at the
sutface of the SMM blended membranes was detected. The pure water permeation rates were found two times
increased with the existence of SMMs, while rejection towards ionic solutes remained relatively unchanged.

Keywords: Charged-Surface Modifying Macromolecules {(SMMs), polyethersulfone hellow fiber membranes, ionic
separations

1.0 INTRODUCTION has been highlighted [3-57] as; compact, modular

construction, minimum of moving parts with low

One of the most promising options for pollutants
separation and purification, according to Thomas
[1], is membrane technology. Membrane
processes have become more popular in water
treatment because the processes can disinfect
water without chemical additions and avoid the
formation of toxic disinfection byproducts [2, 3],
Moreover, membrane technology has received
more interest in recent years due to the stringent
standard for water supply and effluent discharge.
The benefits of membrane ireatment processes
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maintenance requirements, no chemical addition
requirements and minimal chemical sludge
disposal, absolute barriers to particles and patho-
gens, constant filtered water quality irrespective
of feed water quality, easy system upgrading and
suitability to small systems and distributed
locations. In membrane processes, the success
of the separation system depends on the quality
and suitability of the membrane that is incor-
porated into the system. The properties of the
membranes such as permeability, separation
capability etc. specific for required application
would be crucial for a successful separation
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system. Hence, in membrane development, one
important goal is to optimize and control mem-
brane properties and structures to achieve the
required performance.

In the preparation of asymmetric membranes
by the phase inversion technique, several
variables can be adjusted to optimize the mem-
brane properties. One of the potential techniques
to control membrane performance is by
membrane surface modification. There are several
techniques used for membrane surface modifi-
cation, including cross-linking, grafting, pre-
adsorption of water-soluble polymers etc.
[6-8]. However, the modification technique via
blending surface modifying macromolecules
(SMMs} to polymer casting solutions has better
advantage as it can preduce surface-modified
membranes via a single-step casting procedure
[2, 2]. Blending of poly {(vinly pyrrolidone) (PVP)
as a second polymer has demounstrated to
‘hydrophilized’ polysulfone {PS) or polyether-
sulfone {PES) and also tune pore structure; and
yet the modification is not permanent as a fraction
of the PVP will be washed out during usage [9].

Flat membrane formation in which functional
macromolecules were blended as surface active
amphiphilic block copolymers was studied by
several researchers [2, 10-14].Their studies found
that the mixing of the compatible blocks with the
matrix polymer led to an efficient anchoring,
while the surface segregation of the functional
blocks led to a modified membrane surface.

The main feature of SMMs is the low surface
free energy than that of the base polymer. As a
result, it has the ability to migrate preferentially
toward a polymer-air inferface [12]. In the case
of hydrophobic SMMs, migration makes the
surface significantly more hydrophobic with low
surface energy [10-14]. It has been shown that
SMMs migrated to the surface and the hydro-
phobic fluoro-hydrocarbon end groups oriented
themselves toward the air-polvmer interface,
reducing the surface energy of the hydrophilic
hase polymer to values close to that of polytetra-
fluoroethylene (Teflon} [11]. Since only a small
amount of SMMs was used, the bulk properties
of the base polymer remained relatively
unchanged. The concept was later extended to
hydrophilic SMMs [2].

It is attempted to extend the concept of SMMs
further to charged surface-modifying macro-
molecules (cSMMs). cSMMs are oligomeric
glycol polymers synthesized by polyurethane
chemistry and tailored with end groups that carry
sulfonate ions.

In this study, polyethersulfone (PES) was used
as the base polymer. PES is a closely related
derivative of polysulfone (P$) and has a high glass
transition temperature of 230°C. As membrane
material, it has the advantages such as good
membrane forming properties, high mechanical
and chemical stability, and is commercially
available and relatively inexpensive. An attempt
to modify the PES hollow fiber membrane by
blending with charged surface modifying macro-
molecules (cSMM) was the focus of this study.
Hypothetically, the charges were contributed by
the end-capped group of ¢SMM namely hydro-
xybenzene sulfonate (HBS). Consequently, the
objectives of the current research are to test the
miscibility of ¢cSMM in SEM, to fabricate PES
hollow fibers blended with ¢cSMMs and to study
the hollow fiber morphology. Then, the ionic salt
separation performance of the PES membranes
with and without cSMM blending is evaluated.

2.0 EXPERIMENTAL METHODS

2.1 Materials

Polyethersulfone (PES) RADEL A-300 with a
molecular weight of about 15,000 Da was
purchased from Amoco Chemicals to be used as
the base membrane material, N-methyl-2-
pyrrolidinone {NMP, >99%) supplied by
MERCK, Darmstadt, Germany was used as a
solvent. Water was used as a coagulation medium.
Sodium chloride (NaCl) of analytical grade
supplied by Merck, Darmstadt, Germany was
used as received.

The ¢SMMs used for dope formulation in this
worl were laboratory synthesized and have the
structures shown in Figure 1. Based on the soft-
segment of the polyurethane prepolymer that is
polyethylene glycol (PEG) with end capping
group, they are called poly(ethylene glycol)-
Hydroxybenzene sulfonate (PEG-HBS).
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Figure 1 Chemical structures of Poly({ethylene glycol)-4,4‘ methylene bis(phenyl isocyannate-

Hydroxybenzene sulfonate (PEG-HBS)

2.2 Dope Solution Preparation and Hollow
Fiber Spinning

Two types of polymer solutions namely PES/NMP
(22/78) and PES/NMP/PEG-HBS (22/77/1)
were prepared. The concentration of 22 weight
percent of PES was used as it is suitable for the
fabrication towards high performance nano-
filtration [15]. Ounly 1 w% of cSMM was added
to avoid massive changes to the base material.
Moreover, it was reported that only a small
amount of SMM was needed to cover the
membrane surfaces [2,16]. The PES powder was
initially dried in a vacuwm oven at 120°C for 5 h
to remove its moisture content. Then, the dried
PES was dispersed slowly into the solvent NMP
or the mixture of NMP/cSMM within a time
frame of 30-45 minutes at 40°C and kept in a flask
under a high-speed mechanical stirring.

Then, the mixture was slowly stirred at room
temperature for 8 h in order to obtain a homo-
genous solution. The solution was then ultra-
sonicated for about 2 h to remove the bubbles
and then kept at room temperature for 24 h prior
to the spinning process.

Hollow fiber membranes were spun using the
dry-jet wet spinning process as described in our
previous work [17]. The phase inversion method
was used to prepare the membranes. The
formulated dope was fed into the annulus of
the spinneret under pressurized {1-1.5 psig)
nitrogen gas. The polymer dope was extruded
from the spinneret (spinneret dimensions: O.D.
600 pm, 1.D 300 um) and spun without any extra
drawing. This was to minimize the effect of spin
line (drawing) or elongation stress on fiber
formation at a high jet stretch ratio (ratio of drum
take-up speed to dope extrusion speed). Water
at slightly lower than the room temperature
(18-20°C) was used as the external coagulant to
yield an outer selective dense layer fiber
membrane.

After spinning, the as-spun fibers were rinsed
with water at room temperature for at least 24
hours to remove the residual NMP. The fibers
were then immersed in aqueous glycerol solution
{50%) for 24 hours to restrain the fiber’s surface
and to prevent rupture of the fiber structure. The
hollow fibers were hung vertically and air-dried
at room temperature for 7 days prior to the
transfer to the test modules. The spinning process
conditions of hollow fiber membranes are
summarized in Table 1.

Table 1 Experimental parameters used in spinning
hollow fibre membrane

Parameter Value / process
conditions

Dope solution composition PES/NMP (22/78)

(weight to weight ratio) PES/NMF/PEG-
HBS (22/77/1)

Dope flow rate 3.0 cm’/min

Bore fluid composition Water

Bore fluid flow rate 1.0 ml/min

Coagulant temperature 18°C

Bore fluid temperature 2013°C

Air gap 5 cm {dry-wet
condition)

2.3 Measurement of Permeation Flux and
Rejection

In order to test the hollow fiber separation
performance in terms of permeation flux and
sodium chloride rejection, permeation modules
were prepared. Fibers with a length of 20+2 cm
were assembled into bundles. The shell sides of
the two ends of the bundles were glued into two
stainless steel tees using a normal-setting epoxy
resin. These modules were left overnight for
curing before being tested. The permeation test
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was conducted by using a permeation testing-rig
as described previously by [17]. The pressure
normalized fluxes, J,, (L/m* h Bar), of water
through the hollow fiber modules were calculated
using the following equation:

\4 L4

Jw = AiaP = znDLIAP (1)

Where V is the permeate volume (L), ¢ is the
time of permeate collection (hour), A is the
effective surface area of the hollow fibre (m?),
AP is the trans-membrane pressure difference
{Bar), n is the number of tested fibers in the
module, D is the outer diameter of the fibers (m)
and L is the effective length of the fibers (m).

In this work, sodium chloride solution at
concentration range of 0.01 to 0.03 molar was
used as the feed solution. Both the feed and
permeate solute concentration were measured
using digital conductivity meter (WTW handheld
meter model LF330). The membrane rejection
percentage, R% is computed by equation 2:

!

Where C; and C, are solute concentrations in
feed and permeate, respectively,

In the filtration test system, the feed solution
~was pumped by a Hydra cell pump to the shell
side of the membrane module at flow rates of
2.545 to L/min. The pressure was controlled by a
back pressure regulator and monitored by the
pressure gauges installed at the feed inlet and
the retentate outlet of the module. The permeate
was collecied from the lumen side whilst the
concentrate was recycled back to the feed tank,
Prior to the collection of the permeate sample,
the hollow fibers were stabilized for 20-30
minutes by monitoring the permeation rate
consistency. Each test was repeated three times
and the average values are reported.

N R

2.4 Tield Emission Scanning Electren
Microscopy (FESEM) Analysis

Scanning electron microscopy (SUPRA FESEM)
was used to study the morphology of the hollow
fiber membranes. The elemental compositions of
the hollow fiber membrane surface were deter-

mined by energy dispersive x-ray analysis facility
which is attached to the FESEM. In order to .
assess the cross-section, fiber samples were
immersed in liquid nitrogen for approximately 10
seconds and fractured to get a generally clean
break. Each hollow fiber cross-section was care-
fully mounted on a stainless steel stub using con-
ductive tape, followed by gold sputtering to avoid
electrostatic charging of the membrane surface.

3.0 RESULTS AND DISCUSSIONS

3.1 Influence of Polymer Formulation on the
Membrane Morphology

Table 2 stummarizes the hollow fiber dimensions.
It was observed that the membrane thickness
slightly increased with the addition ¢SMM. This
may be due to the thermodynamic compositional
change which influences the diffusion of coagulant.
Most likely the diffusion rate increased slightly in
the ternary system compared to the binary system.

The area deformation ratio (ratio of spinneret
(A;) to fiber (A,;) cross section area) for the
fabricated membranes PES and PES-HBS were
0.76 and 0.83 respectively. This suggests a
reduction in hollow fiber surface area when
exiting the spinneret due to suppression and
extrusion shear at spinneret wall and elongation
from gravity at dry gap. However, as shown in
Table 2, the thickness ratio of the fabricated
membranes was nearly equal to 0.5, which has
been considered as good hollow fiber membrane
strength properties [18].

The cross-sections of the three types of
membranes are shown in Figure 1. The FESEM
micrographs exhibited typical asymmetric
structures with micro-pores and finger-like
structures that acted as a micro-porous
mechanical support. Parficularly, approximate
measured via FESEM pictograph, the asymmetric
membranes showed top skin dense outer layers

with thicknesses of 90-95 um and 95-112 um for
- unmodified PES and PES-HBS hollow fibers,

respectively. Beneath the top skin layer, a porous
sub-layer which is present in the form of sponge-
like, finger-like and macro-voids structures.
Asymmetric structures that comprise of finger-
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Table 2 Dimension of the fabricated hollow fiber membranes

Membrane ID Membrane formulation Membrane Thickniéss Deformation
: thickness ratio area ratio
[(OD-ID)/2] um  (ID:OD) [AgALf]
PES PES/NMP 118.75 0.57 0.76
PES-HBS PES/PEG-HBS/NMP 127.68 0.49 0.83

FHe Nirse = node

Datecror=957 W= 1Zmr

Figure 2 SEM cross section of hollow fiber membranes at magnification 300x and 10Kx

like structure were formed, signifying a rapid
coagulation process when strong non-solvent
such as water is used as a coagulant for the
internal bore fluid and for the external coagulant.

In this study, the hollow fiber mernbranes were
spun in a dry-wet condition, at 5 cm air gap. The
dope compositions took different paths at the
inner and outer surface, 1.e. outward flow of the
inner bore fluid while hollow fiber was {raveling
through the air-gap and inward coagulation fluid

flow when the fiber reached the coagulation bath.
Vigorous coagulation process initially occurred
from the bore side, which caused instantancous
phase separation and froze shear induced
orientation at the lumen [17, 19]. This may
suggest longer and larger finger-like micro-pores
from the inner surface. Chung and Xudong [20]
suggested that finger-like voids were created by
the interconnection of spinodal decomposition
with the aid of unbalanced localized stresses from
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surface tension, solvent/coagulant agglomeration,
volumetric change, and radially convective flows
of the inner and outer coagulants. Then, rapid
solvent exchange of the dope solution continued
and took place from its external surface towards
the inner fiber when the nascent fiber entered into
the coagulation bath. This phenomencn produced
multitayered finger-like structure shown in the
FESEM figure.

It seems that the general morphology of PES
membranes is not affected very much by the
addition of ¢cSMM. There was only a small
amount of ¢SMM added, which by comparison
was only 0.05 ratio to the base polymer. However,
an increase of dense skin top fayer with the
addition of ¢SMMs suggests functional
modification due to the ¢SMM blending. This
might be relaied to the migration of ¢cSMMs to
the surface during phase inversion in the dry-wet
process. It can be attributed to thermodynamics
principles as SMMs migrate to the surface to
reduce its interfacial energy [2,12-13, 21-23].

3.2 Energy Dispersive X-Ray Analysis

Energy dispersive x-ray (EDX) of elemental
analysis for the hollow fiber membranes shows
the chemical composition for element carbon (C),
oxygen (O}, sulfur (S) and sodium (Na). The
chemical compositions at the outer surface for
the three types of membranes are summarized in
Table 3. The addition of cSMM gave rise to the
element of sodium in both modified PES samples.
The amount of sodium was small {<1%), but it
reflects the occurrence of sodium salts that come
from the end capping of the cSMM. Additionally,
the amount of sulfur and oxygen has also
increased approximately by 40% and 10%
respectively for the modified PES membranes.
This suggests an existence of sulfonate ion at the

membrane surface, which contributed from the
HBS.

3.3 Effects of SMM Biending on Membrane
Flux and Rejection

The results of filtration performance are shown
in Figure 3(a) for pressure normalized pure water
permeation (PWP) flux and in 3{b) for sodium
chloride rejection at €.89 Bar. As showr, the pure
water fluxes of cSMM hlended membranes are
significantly higher than the unblended mem-
brane at different operating pressures, i.e. the
normalized pure water fluxes for PES and PES-
HBS were 2.1, 4.5 I/m? . Bar, respectively. The
PWP was measured from the slope of the graph.
The PWP result shows that ¢SMM hlending to
the casting solution has doubled the normalized
water permeation flux of the hollow fiber
membranes for this particular membrane
preparation.

It is found from Figure 3(a) that the order of
pure water permeation rale is; PES-HBS>PES.
According to the trade-off effect of flux and
solutes rejection, the NaCl rejection performance
would be in the opposite order. It was indeed so,
however, the rejection of PES-HBS membrane

40
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Table 3 eclemental weight percent at the membrane outer surface by EDX analysis

Membrane ID

Elemental weight percentage at HF surface (%4)

Carbon (C) Oxygen (O) Sulfur (S) Sodium (Na)
PES 73.0 17.8 9.2 ~
PES-HBS 66.4 19.5 13.3 0.8
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Figure 3 Filtration performance of membranes:
{a) pure water permeation and (b)
Sodium Chloride rejection at 100 psig
at increasing concentration

was nearly as good as PES. Hence, it can be
concluded that PES-HBS membrane has a
superior nanofiltration performance. This
probably is due to the introduction of the surface
charge by blending ion carrying ¢cSMM in the
modified PES hollow fiber.

4.0 CONCLUSIONS

The first attempted PES hollow fiber blended with
charged surface modifying macromolecules
(cSMM) was successfully fabricated. The
characterization of the membranes and the
subsequent nano filiration experiments led to the
following conclusions:

A minimal morphology changes were
found by the addition of 1% ¢SMM in PES
membranes and yet a significant increment
was observed in the thickness of the dense
outer layer, which in turn increased the ionic
rejection, especially for the case of PES-HBS.
A preliminary investigation on membrane
surface via EDX has revealed miscibility
and the occurrence of cSMM at the
membrane surface from the observation of
sodium and sulfur, Yet, further confirmation
by XPS analysis would provide better
information of the elemental properties of
the membranes.

(1)

Modified PES by biending technique has
successfully increased the permeation rate
twice as much as the unblended membrane.
¢cSMM with PES was found to be capable
to create better performance of membranes
especially for ionic separation. However,
more understanding on cSMM migration
to surface is desired. As well, the capability
for ¢cSMM to enhance the membrane
surface charge, especially for hollow fiber
membranes, needs to be further studied.

(3)
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