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ABSTRACT

The effects of additive, Tween-20, on the morphology and ultra-filtration performance of the PVDF
membranes formed by isothermal immersion precipitation from the Tween-20/water/TEP/PVDF system
were investigated. High resolution FESEM imaging indicates that the membranes' bulk constituted of
interlinked crystalline particles, whose shapes change from more sheaf-like to more stick-like as larger
amounts of Tween-20 were initially added into the dope. Introduction of Tween-20 caused formation of
nano-pores on the top surfaces of the membranes and micron-sized columnar voids underneath the top
skin layer. Some small amounts of Tween-20 may reside in the formed membrane if the nascent
membrane has not been carefully washed. Presence of Tween-20 in the membrane was analyzed by
water contact angle measurements, Fourier Transform Infrared-Attenuated total reflection spectroscopy
(FTIR-ATR), Nuclear Magnetic Resonance (NMR), and X-ray Photoelectron Spectroscopy (XPS). Further-
more, water flux and blue dextran filtration experiments were carried out to illustrate the potential
applications of the membranes in fine separation processes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Poly(vinylidene fluoride) (PVDF) is a hydrophobic polymer
widely used to produce porous membranes for various industrial
applications, thanks to its superior mechanical strength, thermal
stability, and chemical resistance [1]. PVDF membranes are com-
monly prepared by the immersion-precipitation method, in which
a polymer solution (termed dope) in the form of flat sheet, hollow
fiber, or sphere is immersed in a non-solvent coagulant to invoke
precipitation of the polymer. The nascent polymeric precipitate is
subsequently washed and then dried to yield a porous membrane.
It is generally found that strength of the coagulant (e.g., harsh or
soft) and state of the dope (e.g., degree of supersaturation with
respect to crystallization) are the key factors that govern porous
structure outcomes [2,3].

Water is a typical harsh non-solvent that is frequently
employed to prepare porous membranes. When a casting dope is
immersed in it, precipitation occurs very rapidly (termed instan-
taneous demixing in the literature) to give the so-called asym-
metric structure, consisting of a dense skin and a porous
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supporting bulk. The skin layer is known to derive from sharp
polymer enrichment at the membrane-bath interface, whereas
the porous bulk from liquid-liquid demixing [4]. Presence of a
dense skin renders the membrane unsuited to sieving-based
separation processes, e.g., micro- or ultra-filtration process, for
which high permeation fluxes are demanded. Several methods
have been adopted to trim down the possibility of skin layer
formation, such as using a soft bath [2,3], changing the precipita-
tion temperature [4], inducing nucleation in the casting dope [2],
adding pore formers etc. [6-12]. Among them, using pore former is
an effective approach not only to eliminate the dense skin but also
to increase the porosity. Pore formers can be divided into three
types: (1) inorganic salts, such as sodium chloride and lithium
perchlorate [6], (2) oligomeric/macromolecular species, such as
PVP [7] and PEG |[8], pluronic copolymer [10], and (3) surfactants,
such as sodium dodecyl sulfate (SDS) [11,12], TritonX-100 [11,13],
Span-80 [14] etc. Because surfactant is amphiphilic, it could
dissolve rapidly into the dope solution, and upon immersion it
would out-flow into the coagulant bath quickly. Such mass
transfer event results in break-opening of the top gel layer and
introduction of pores on the top surface; henceforth, the formed
membranes are useful for ultra- and nano-filtration processes.
However, it is often noted that some surfactants may reside in the
membrane, which in turn may affect the separation performance
[10,12,13]. Therefore, it is useful to determine the quantity of
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surfactant left in the formed membrane. Such work, however, has
not been seen in the membrane literature.

Zhao et al. added amphiphilic polymers in the casting dopes to
fabricate PVDF membranes with porous top surface. Utilizing X-
ray photoelectron spectroscopic analysis (XPS), they were able to
identify additive residues in the formed membranes [15]. Amir-
ilargani et al. used Tween-80 to modify the structure of poly(ether
sulfone) membranes, and found that cellular pores and finger-like
macrovoids amplified with increasing Tween-80 content in the
dope [16]. Riyasudheen et al. prepared poly(ethylene-co-vinyl
alcohol)/poly(vinyl pyrolidone) (EVAL/PVP) membranes by using
the NIPS process. At low dosage of PVP, the formed membranes
exhibited increased water permeation fluxes as a result of exten-
sive macrovoids formation, while at high dosages, thick skin layer
formed and the fluxes decreased [17].

Previously, we have prepared PVDF membranes by immersion—
precipitation from the H,O/TEP/PVDF system, and have investigated
the influence of bath strength (i.e., concentration of TEP in the bath)
on the membrane's porous structure [3]. Quite interestingly, it was
found that all the membranes exhibited a bi-continuous cross-section
packed by interlocked crystalline particles, irrespective of whether the
bath being soft or harsh. No evidence of cellular pore formation was
detected even precipitating the dope in the ‘harsh’ water bath. The top
surface, however, was dense and non-porous in most immersion
cases, and only when the bath contained as high as ~70% TEP, would
the dense skin be totally open-up, having a structure resembling the
cross sectional region. Coagulation bath with such high solvent
content is undesirable, as it is expensive, harmful, environmental
unfriendly, and hard to maintain/dispose. Thus, in this research, a
casting formulation is sought, whereby skinless bi-continuous mem-
branes could be produced simply from water bath.

This was realized by incorporating the surfactant, Tween-20, as
an additive to the casting dope. Given the fact that Tween-20 was
prone to leave the casting solution during the course of immersion—
precipitation, a robust and continuous top gel layer would not be
formed. Moreover, as a metastable dope that is supersaturated with
respect to crystallization was employed; formation of macrovoids
was prohibited, as opposed to most other membrane systems
incorporating a surfactant, for which large voids were prevalent
[10-12,16,18]. The formed membranes were characterized by var-
ious techniques, e.g., FESEM for the morphology, FTIR, XPS and NMR
for residual Tween-20 identification, XRD and DSC for the crystal-
linity, blue dextran ultra-filtration for the rejection capability etc.
Based on the above results and documented theories, a preliminary
porous structure formation mechanism was then proposed.

2. Experimental
2.1. Materials

Poly(vinylidene fluoride) (PVDF, Kynar740 from EIf Ato Chem,
Mn=245,000 g/mol, d=1.78 g/cm®) was obtained in pellet form.
Triethyl phosphate, (TEP, Acros, d=1.07 g/cm®) was used as the
solvent for PVDF. Polysorbate-20 (Tween-20, J.T. Baker, d=1.11 g/
cm?®) was used as an additive to the dope. Distilled/de-ionized water
was used as the coagulant. Dimethyl sulfoxide-dg (DMSO-dg, con-
taining 0.1% TMS, Acros) was used as the d-solvent for NMR analyses
of the formed membranes. Blue dextran (Mw=2,000,000 g/mol,
Sigma Aldrich) was used as the solute for filtration experiments. All
materials were used as received.

2.2. Membrane preparation

Flat-sheet type PVDF membranes were prepared by the iso-
thermal immersion-precipitation method at room temperature.

Table 1
Preparation conditions and properties of PVDF membranes.

Code® Dope composition (%) Thickness Bulk Formation Tensile
—_— (pm) porosity  time” strength
PVDF TEP Tween- (%) (s) (N/mm?)
20
MA 18 82 0 82+1 67.7+03 22+3 6.9+ 0.6
MB 18 81 1 94+1 734403 1742 3.6+0.3
MC 18 79 3 109 +1 762402 13+1 34401
MD 18 77 5 116 +4 802+17 11+1 23402
ME 18 745 7.5 128 +2 809+18 8+1 23403
MF 18 72 10 147 £ 2 811+13 541 22402

@ Bath: pure water at 23 °C.
b Deviation based on the Excel STDEV method for 5 experimental runs.

Appropriate amounts of PVDF, TEP, and Tween-20 (Table 1) were
mixed in a glass bottle sealed with a Teflon-lined cap. The mixture
was blended at 80 °C on a roller until it became a homogeneous
polymer solution (called dope, hereinafter). The dope was cooled
to room temperature (23 +1 °C, taking ca. 20 min), uniformly
spread on a glass plate using an applicator with a clearance of
250 pm, and then immersed in a water bath. After precipitation
was completed (typically in a few minutes), the nascent mem-
brane was detached from the glass plate, and then washed
repeatedly in water and ethanol to remove TEP and residual
Tween-20. Finally, the formed membrane was held in light press
between two sheets of filter papers and dried at 50 °C in a
convective oven. The immersion conditions for various mem-
branes are summarized in Table 1.

2.3. Membrane characterization

(1) Morphologies of the membranes were observed using a field
emission scanning electron microscope (FESEM, Leo1530, Carl
Zeiss, Germany). Membrane samples were vacuum-dried and
then an appropriate size of the top, bottom, or cross sectional
area was attached to a sample holder using conductive cooper
tapes. The cross section was obtained by fracturing the
membrane in liquid nitrogen. Silver paste was applied at the
edges of the sample to enhance electronic conductivity. Then,
the sample was sputtered with a layer of Pt-Pd alloy (~2 nm)
and observed under a low acceleration voltage (2.5 kV) by
means of an in-lens detector. The pore size and porosity in the
SEM micrographs were measured using the software, Image
J, 1.44p.

(2) The porosities of the membranes were determined by the
following equation:

Porosity (%) = M1 00%

Vin

where V,, is the bulk volume of the membrane and V,, is the
volume of polymer in the membrane. V,, was obtained by
multiplying the membrane area by its thickness, as was
measured by a thickness gauge. V, is equal to Wy, /p,, where
Wi, is the weight of the membrane and p,, is the density of the
polymer (p,=1.78 g/cm?® for PVDF).

(3) The tensile strength at the breaking point for various mem-
branes was determined according to ASTM (D638 Type V)
using a universal testing machine (AGS-J SHIMADZU, Japan) at
the crosshead speed of 1 mm/min and maximum load of
500 N. At least 5 samples were examined for each membrane,
and the average value was reported with deviation.

(4) The contact angles of the membranes were measured by a
contact angle/surface tension analyzer (FTA 125, First Ten
Angstrons, USA) at room temperature. A drop of water (2 pl)
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was deposited on the surface of the membrane. Image of the
water drop was taken and the contact angle was measured
from shape analysis. To ensure reliable data being obtained,
5 measurements at different locations of the membrane sur-
face were taken and the average value was reported together
with the deviation.

(5) The infrared absorption spectra of the PVDF membranes were
obtained by a Fourier Transform Infrared-Attenuated Total
Reflection spectrometer (FTIR-ATR, NicoletiS10, Thermo, USA)
at a resolution of 4 cm~! with 32 scans over the wavenumber
range of 400-4000 cm~ .

(6) Nuclear magnetic resonance (H NMR) spectroscopy was
employed to determine the amount of residual Tween-20 in
the PVDF membrane. The spectra were obtained on a NMR
spectrometer (Avance AVII 600, Bruker, Germany) operated at
600 MHz. Deuterated DMSO-dg was used as the solvent for the
membrane samples. The amount of Tween-20 resided in the
membrane (Ryvgr) Was calculated by the following equation [19]:

Ruuig = As(Ms /ns)
(As(Ms /ns))+(Ap(Mp /np))

where A denotes the area of the peak assigned to the ethylene
oxide groups of Tween-20 (6=3.5 ppm), while A, to the repeat
unit of PVDF (6=2.9 ppm). M and M, are, respectively, the
molecular weights of Tween-20 and repeat unit of PVDF
(M;=1226 g mol~ !, M,=64gmol~'). n; and n, are the total
number of hydrogen atoms on the ethylene oxide group and on
the repeat unit of PVDF, respectively. n, is equal to 80 whereas n,
is equal to 2.

The efficiency of Tween-20 removal can be calculated by the
following equation:

100% (1

Rnmr/(1—Rnmr)

Extraction (%) = ( 1—
%) ( Dr20/Dpypr

) 100%
where D and Dpypr refer to the weight percentages of Tween-
20 and PVDF in the casting dope, respectively. For example, for
preparing the membrane “MD”, Dy3p=5% and Dpypr=18%, and
from the NMR analysis, Ryyr=0.35%. Therefore, the removal
efficiency is 98.7%.

(7) The compositions of Tween-20 near the top surface of the
membranes were analyzed by the X-ray photoelectron spec-
troscope (XPS, VG ESCA Scientific Theta Probe, England). Al K
radiation (1486.6 eV) was used as the X-ray source with an X-
ray spot size of 400 pm. The Tween-20 content (Rxps) in the
vicinity of the membrane surface can be calculated by the
following equation:

(Po —P,)(Ms/Ns)
((Po—P,)(Ms/Ns))+ (Pr(Mp/Np))

where P, and P, represent the detected atomic percentages of
oxygen on the membrane surface and the background respec-
tively (background oxygen=1.99%, tested using membrane
prepared from dope free of Tween-20). Pr is the percentage
of fluorine atoms in the membrane. My and M, are the
molecular weights of Tween-20 and repeat unit of PVDF
respectively. Ny and N, are the number of oxygen atoms in a
Tween-20 molecule (26) and the fluorine atoms in each repeat
unit of PVDF (2), respectively.

Pure water fluxes of the prepared membranes were measured
by a dead-end cell (effective area=11.34 cm?) with trans-
membrane pressures of 1-4 kg/cm? corresponding to micro-
and ultra-filtration operations. The membrane was pre-wetted
in 2-propanol first, and then its water fluxes were measured at
room temperature. For each measurement, water was col-
lected after stable flux being attained; the collection time was
ca. 1-30 min, depending upon the efflux rate.

Ryps (%) = 100% 2)

(8

—

(9) Solute rejections of the membranes were determined using a
3.8 cm diameter dead-end stirred cell at a stirring speed of
300 rpm. The solute employed in the present work was blue
dextran with an average molecular weight (g/mole) of
2000 kDa (Sigma). The feed solution was prepared by dissol-
ving blue dextran in distilled-deionized water at the concen-
tration of 0.1 wt%. The operation temperature was 25 °C and
the trans-membrane pressure was 2 kg/cm? for all measure-
ments. After the permeation flux reached a stable value,
samples of filtrate were collected for subsequent UV colori-
metry (UV-visible Spectroscopy, HeAiosf3, Unicam, UK). The
concentrations of the solute in the feed (Cp) and the filtrate (Cy)
were used to calculate the rejection coefficient (R) based on
the following equation:

R= (1 —if> 100%
Ch

3. Results and discussions

3.1. Morphology, porosity, and mechanical property of the
membranes

PVDF tends strongly to crystallize when the casting dope is
brought into the phase separation boundary in the immersion-
precipitation process. The formed membranes often exhibit parti-
culate morphologies composed of stick-, sheaf-, or sphere-like
crystallites that represent different stages of spherulitic growth,
depending on the dope and bath conditions [3,20]. In Fig. 1, the
cross-sectional SEM images of the membranes prepared by immer-
sing casting dopes containing different amounts of Tween-20 in a
water bath are demonstrated. For the membrane “MA”, the crystal-
line particles appear spherical-shaped with an identifiable size of
~2-3 pm. Upon gradual increase of Tween-20 content in the dope,
the particle size decreases and the particle shape shifts towards
sheaf- or stick-like form. For instance, as revealed clearly in the high
magnification images (insets), the crystallites in the membrane
“MC” still bear some resemblance of a sphere (<2 pm), and yet
those in the membrane “MF’ become essentially stick-like
(<1 pm). The nano-scale fine structure of the membrane “MF” is
shown in Fig. 1(d). It is interesting to see that the stick-like entities
are actually stacks of twisted/curled lamellae with thickness mea-
sured to be ~15 nm. Structural details of various PVDF membranes
can be found in our previous publications [3]. The above morpho-
logical evidences, particularly the size and shape of crystallites,
suggest that Tween-20 has played the role of enhancing polymeric
crystal nucleation in the casting dope, in addition to acting as a pore
former. This is verified further by comparing the measured crystal-
lization times (the time required to form crystalline gel) for the
dopes, which are 39, 35, 13, 8, 1.3, and 0.33 h, correspondingly, for
the dopes “A-F”. It should be noted that these dopes are in the
metastable state with respect to crystallization with compositions
within the crystallization boundary [3].

In addition to crystal structures in the cross section, Fig. 1 also
indicates the presence of parallel columnar voids just underneath
the top surfaces of the membranes “MB-MF” that were prepared
from dopes containing different amounts of Tween-20. Although
these voids looked as if they were “finger-like macrovoids”
commonly seen in PVDF membranes precipitated from harsh
baths, they are in fact much smaller, with length of only ~1/10
of the membrane thickness and width of ~1 pm. The reason why
MA does not exhibit columnar voids and why columnar voids of
“MB-MF” are comparatively short can briefly be explained as
follows. When the casting solution of dope “A” contacts the harsh
nonsolvent (water) upon immersion, a robust gel layer will soon
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— 10 pm

15 pm

IR N

500 nm

Fig. 1. SEM micrographs of cross sections of PVDF membranes after the addition of Tween-20 in the casting dope: (a) 0%, MA; (b) 3%, MC; (c) 10%, MF; and (d) high

magnification image of MF.

be generated at the membrane-bath interfacial region due to a rapid
boost of polymer concentration hereby [4]. This layer undoubtedly
hampers further influx of water (also out-flux of solvent) molecules
that are required to induce liquid-liquid demixing. Meanwhile,
because dope “A” is in the incipient meta-stable state, it crystallizes
easily upon slight concentration fluctuation to set in the particulate
structure shown in Fig. 1. As a result, membrane “MA” consists of a
dense skin and a uniform bulk without evidence of cellular pores. In
contrast, when dopes “B-M” are immersed in water, Tween-20
tends strongly to leave the casting solution along with the out-
diffusing TEP (as is validated by the NMR analysis shown later). This
activity forbids the formation of a continuous top gel layer, and
hence, water molecules can enter the casting film easily through the
openings to induce liquid-liquid demixing. The phase-separated
liquid domains (i.e.,, polymer-lean phase, composed essentially of
solvent and nonsolvent) later-on develop into the observed colum-
nar voids driven by osmotic forces [5,21]. However, during growth of
the liquid domains, crystallization also takes place, and the growing
crystallites obstruct the downward advancement of liquid domains
such that the columnar voids are short and limited to the top region
of the membrane.

The phase demixing rate is a factor useful for judging whether
or not finger-like macrovoids will form in the immersion-pre-
cipitation process — generally, instantaneous demixing favors
macrovoids formation whereas delayed demixing disfavors it [4].
Because Tween-20 and water are highly solvable mutually, they
would exchange instantly upon their contact at immersion. Such
rapid mass transfer events certainly promote fast phase demixing,
which is confirmed by the decreased precipitation times for
various immersion cases. As shown in Table 1, it takes about
22 s to visually observe cloudiness on casting film of dope ‘A’, yet it
drops to 5s after 10% Tween-20 is added (i.e.,, the membrane

“MF”). Although the above visual precipitation times may deviate
(most likely longer) from what were obtained by standard light
transmission experiment, the values are over a reasonable range,
agreeing with those reported in the literature. The fact that
surfactants are able to speed-up phase demixing and lead to
macrovoids structure has been reported by many authors [10-
12,16,22]. For example, Loh et al. used Pluronic F127 as a pore
former to prepare membranes from the H,O/NMP/PVDF system,
and found that finger-like macrovoids were more prominent as
casting dopes that contained higher amounts of surfactant [22]. In
fact, with addition of merely 1% of surfactant, macrovoids would
already be observed to occupy most of the membrane cross
section. Similar results can be found for preparation of polyethyl-
sulfone membranes from dopes containing different types of
surfactants, such as TritonX-100, SDS, CTAB, etc. [10,11,16]. In all
these cases, very large macrovoids are present; the length of
macrovoids could be as long as 100-150 pm, occupying almost
half or even full of the membrane cross section. Large macrovoids
are undesirable since they can significantly lower down the
mechanical strength of a membrane. For the present Tween-20/
H,O/TEP/PVDF system, it is of special interest to find that finger-
like columnar voids formation depends weakly on the surfactant
dosage of the dope; even after adding 10% Tween-20 in the casting
dope, the columnar voids are still very small with a length of
~22 pm, consisting ~1/7 of the membrane cross section. As
mentioned earlier, rapid crystallization in the metastable dope,
which inhibits downward growth of the liquid domains is thought
to be the main cause.

Another effect of Tween-20 that merits notice (although not
frequently addressed in the literature) concerns the generation of
nano-pores on the top surface of the membrane, which is
illustrated in Fig. 2 in terms of high magnification SEM images.



306 H.-H. Chang et al. / Journal of Membrane Science 466 (2014) 302-312

200nm 1 (Minm

w2 ({nm

= 200nm

b

= 2nm — 2({nm

= 20nm

Fig. 2. SEM micrographs of the top surfaces of PVDF membranes after the addition of Tween-20 in the dope: (a) MA; (b) MC; (c) MD; and (d) MF.

The membrane “MA” has a dense skin layer, free of pores at a
resolvable length-scale of ~10 nm. After adding just 1% of Tween-
20 in the dope, nano-pores start to appear on the top surface.
Increasing Tween-20 dosage increases the pore size and porosity
(fraction of pore area on the surface) of the surface, of which the
values determined based on image analysis are listed in Table 2.
For example, the pore size and porosity are 26 nm and 1.9% for the
membrane “MB”, and become 43 nm and 15% for the membrane
“MF”. Such results clearly demonstrate the capability of Tween-20
to create nano-pores by breaking the top gel layer as they gush into
the coagulation bath upon immersion. The uncommon morpholo-
gical features - nano-porous selective layer plus bi-continuous cross
section - enable the membranes applicable to the micro- or ultra-
filtration process, as will be discussed later in the section regarding
water flux and solute rejection. The surface nano-pores observed in
Fig. 2 actually penetrate through the skin layer and connect with
the pores in the cross section, as is evident from the high resolution
images shown in Fig. 3. From these images, thicknesses of the skin
layers for various membranes can be estimated, and the results are
summarized in Table 2. Apparently, incorporating Tween-20 has
effectively reduced the thickness of the skin layer from 64 nm
(membrane “MA”) to 14 nm (membrane “MF”), which may be
related to the liquid-liquid demixing events (cellular pores can be
seen in addition to finger-like voids) following the initial out-flux
activities of Tween-20. However, the real causes are yet to be
delineated at this stage.

It is found that the bottom surfaces of the membranes are less
affected by Tween-20, as the surfactant would leave this region
and migrate upwards (through the continuous liquid channels
within the polymer-rich phase) during the precipitation process.
For illustration, Fig. 4 shows high resolution images of the bottom
surfaces of the membranes “MA” and “MF”. Here, the spherulites

Table 2
Surface properties of the prepared membranes.

Code Skin layer Surface  Surface  Finger Top surface Bottom
thickness pore porosity® length  contact surface
(nm) size? (%) (pm) angle (deg) contact angle

(nm) (deg)

MA 64 - - - 82+1 108 +2

MB 58 26 19 5 83+2 118 +5

MC 23 33 3.9 6 82+3 118+3

MD 17 31 5.5 10 83+3 114 +1

ME 14 32 7.5 12 86+3 116 +2

MF 14 43 15.0 22 86+2 121+2

2 Analyzed by the software (Image ] 1.44p), the error value is standard
deviation.

for “MA” are sheaf- or sphere-like, while those for “MF” are stick-
like; they both resemble the crystallites in their respective cross
sections, yet with a flattened feature arising from growth against
the glass substrates [2,3,5].

3.2. Residual amount of Tween-20 in the membrane

As pointed out in the literature, the pore-forming surfactants
added to the dope may eventually reside in the formed membrane
[6,10,12,13]. In the present study, FTIR, NMR, and XPS were
employed to see whether Tween-20 has been removed totally or
not after the washing steps. In Fig. 5, the FTIR spectra of various
prepared membranes are shown. The fingerprints of PVDF are
located over the range of 650-1500 cm ~!; the strong absorptions
at 766, 874, 976, and 1181 cm ™! are characteristics of the a-type
crystals, whereas the weak shoulder-like band at 1279 cm™!
indicates the presence of a small amount of p-type crystals in
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Fig. 3. SEM micrographs of the top skin layer of PVDF membranes: (a) MA; (b) MC;
and (c) ME.

the membrane. The small doublets at 3024 and 2978 cm~! stand
for the symmetric and asymmetric stretching of CH, groups in the
polymer chains respectively [23,24]. There is no indication of
absorption around 3100-3500 cm ! (the hydroxyl groups), imply-
ing that Tween-20 is nearly completely removed during the
washing steps; even if it does exist in the membrane, the quantity
must be lower than the level detectable by FTIR. The above
spectroscopic data are different from what Loh et al. has observed
for the polyethylsofone membranes prepared using Pluronic (block

Fig. 4. SEM micrographs of the bottom surfaces of PVDF membranes: (a) MA and
(b) ME.
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Fig. 5. FTIR spectra of the PVDF membranes.

copolymer of ethylene oxide and propylene oxide) as the pore
former, in which case absorptions due to hydroxyl groups can be
located in the FTIR spectra [10].

Using NMR analysis, it is possible to determine with reliable
accuracy the quantity of residual Tween-20 in the membranes.
As an example, Fig. 6 shows the spectrum of the membrane “ME”.
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Fig. 6. 'H NMR spectra of the PVDF membranes: (a) MA and (b) ME.

The chemical shifts at zero and 3.3 ppm are due to the NMR-
standard TMS and the d-solvent (DMSO-dg), respectively. The
small peaks appearing at 2.9 and 3.5 ppm correspond to the
methylene groups of PVDF [19] and ethylene oxide groups of
Tween-20 [25], respectively. Based upon Eq. (1), the Tween-20
contents (wt%) in various membranes were determined and the
results are listed in Table 3. In consistent with the FTIR analyses,
Tween-20 exists only in minuscule amounts. The percentage of
remaining Tween-20 increases from 0.08% for the membrane “MB”
to 0.54% for the membrane “MF”, which amounts to a high extr-
action efficiency of ~99% for all cases. It has been found in the
current investigation that without going through a careful and
repeated washing procedure, the residual amount can reach as
high as 7.2% (or extraction efficiency of 67%).

In addition to the NMR quantification technique, XPS was also
utilized to determine the amount of Tween-20 in the vicinity of the
top surface of the membrane. Some typical spectra are presented in

Table 3
The extraction efficiency and residual percentage of Tween-20 in the membranes.

Code Remaining (NMR)

(%)

Extraction efficiency (NMR)
(%)

Remaining (XPS)
(%)

MA - - -
MB 0.08 98.6 -
MC 031 98.1 -
MD 035 98.7 3.16
ME 047 98.9 -
MF  0.54 99.0 3.7

Fig. 7 and the calculated percentages based on Eq. (2) are given in
Table 3. The atomic ratio of C:F, as shown in the fine scans of the
figure, approaches 1:1, agreeing with the chemical structure of
PVDE. The slightly higher carbon percentage explains partly the
presence of Tween-20 residues on the membrane surface. From
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Fig. 7. XPS scanning of the PVDF membranes. (a) The survey scans of MA, MD and MF.

composition of MD. (d) The narrow scan of oxygen composition of MD.

Table 3, the Tween-20 contents on the top surfaces of the mem-
branes MD and MF are 3.16% and 3.71%, respectively, largely
consistent with the data determined from NMR analyses. They are
somewhat higher, implying that some traces of Tween-20 were
trapped in the top skin region where the compact structure made it
harder for Tween-20 to move across.

Based on the aforementioned morphological characteristics
and analytical data, a preliminary mechanism for pore formation
is proposed herein. The precipitation process is shown schemati-
cally in Fig. 8. Without using Tween-20, it is appropriate to
describe the precipitation process as being dominated by crystal-
lization of PVDF (note that the dope is in a meta-stable state with
respect to crystallization) [3], which commences with the nuclea-
tion of crystalline domains, Fig. 8(a). These nuclei grow by
rejection of liquids (largely water and TEP) into the bulk solution
resulting in the formation of polymer-rich and polymer-poor
phases, Fig. 8(b). The growth process continues until a gelation
stage is reached, at which the sheaf-like crystallites impinge each
other, and interlocked into a continuous polymeric matrix inter-
twining with micro-channels of liquid phases, Fig. 8(c). Mean-
while, polymer concentration near the top surface rises rapidly as
a result of contacting the harsh nonsolvent; thereby, a robust gel
layer is constructed, which decelerates the exchange of solvent
and nonsolvent, and eventually becomes a dense top skin. For
precipitation with the involvement of Tween-20, it is necessary to
account for the escaping behavior of this molecule. Since Tween-
20 dissolves readily in water, it would leave the casting solution
along with the out-diffusing TEP at the instant of immersion, Fig. 8
(d). This activity interrupts the formation of a continuous polymer-
rich top layer; therefore, water molecules can enter the casting
film to induce liquid-liquid demixing. The formed liquid micro-
droplets subsequently develop into columnar voids underneath

525 526 527 528 529 530 531 532 533 534 535 536

Binding energy (eV)

(b) The narrow scan of carbon composition of MD. (c) The narrow scan of fluorine

the skin, Fig. 8(e). On the other hand, growth of PVDF nuclei occurs
in the bulk of the casting solution, by which a bi-continuous
matrix composed of interlocked stick- or sheaf-like spherulites is
formed. Because the top gel layer is broken-up by the out-diffusing
Tween-20, the formed membrane has a top selective layer con-
taining many nano-pores, Fig. 8(f).

3.3. Physical properties and filtration performance

Bulk porosities of the formed membranes are listed in Table 1.
They tend to increase with increasing Tween-20 content in the
dope. For the membrane MA, the porosity is only 68%, yet after
addition of 10% Tween-20 in the dope, a high porosity of 81% is
attained. It is also noted that the porosities of the membranes MD,
ME, and MF are close to each other; namely, the pore-forming
capability reaches maximum value at ~5% of Tween-20 addition.
Further increase of Tween-20 exerts its effects mainly on the top
selective layer (Table 2), which is similar to those reported in the
literature that used surfactant to enhance pore formation
[10,11,13,16]. The tensile strengths of the prepared membranes
were measured by a universal testing machine, and the results are
summarized in Table 1. Membrane “MA” is quite strong with a
tensile strength of 6.9 N/mm?. A significant drop of the strength to
3.6 N/mm? is observed for the membrane “MB”, which is largely
due to the increased porosity and the presence of columnar voids
beneath the top surface of the membrane. Further increase of
Tween-20 dosage results in smaller decreases of the tensile
strength, and in particular, the tensile strengths of MD, ME, and
MEF are similar, ~2.2-2.3 N/mm? just like the case of porosity. The
slight strength difference between these membranes may be
associated with the minor nano-scaled differences in size, poros-
ity, and thickness of the skin layer. Water contact angles of the
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Fig. 8. Schematic representation of the formation mechanism of PVDF membranes with and without the addition of surfactant in the dope.

membranes, as shown in Table 2, fall over the range of 82-86° for
the top surfaces, and 108-120° for the bottom surfaces. These
values are typical of hydrophobic porous membranes prepared
from the immersion-precipitation method. For each membrane,
the bottom surface has a higher contact angle than the top surface
because the former is very porous while the latter is relatively
dense (with very low porosity) [3,26]. The fact that contact angles
for various membranes are similar confirms that Tween-20 resides
in the vicinity of the surface only in trace amount; for otherwise a
significant decrease would be observed (e.g., the contact angle of
the top surface becomes 72°, if the membrane contains 7.2%
Tween-20 residues) [12,13,15].

Pure water fluxes of various PVDF membranes over the range
suited to micro- and ultra-filtrations are shown in Fig. 9. The flux
of the membrane “MA” is immeasurably small obviously due to
the presence of a dense skin on the membrane's top surface, which
effectively prohibits the permeation of water molecules even up to
a trans-membrane pressure of 4 kg/cm?. With increasing Tween-
20 dosages, the fluxes increase, agreeing with the top surface
morphologies of the membranes, which are particularly important
for the membranes MD, ME, and MF. As is evident from Tables 1 and
2, the bulk porosities and thicknesses for these three membranes
are close, yet the surface porosity increases from 5.5% (MD) to 15%
(MF). Specifically, the pure water flux of the membrane “ME” is

12000

11000 |
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9000
8000 |-

7000
6000 (-
5000 -
4000 |

Pure water flux (LMH)

3000
2000 (-
1000

Transpressure (kg/cmz)

Fig. 9. Pure water fluxes of PVDF membranes.

~680 LMH at 1 kg/cm?, which is larger than that of the membrane
prepared without using pore former but with a soft bath containing
50% TEP [3]. For the latter case, the fabrication cost and the
environmental impact are considerably higher. Table 4 lists water
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Table 4
The water flux at 1 bar of various PVDF membranes from literature.

Membrane material Additive/bath Pure water flux (LMH) Reference

PVDF 7.5% Tween-20/H,0 680 This study
PVDF N.A./50% TEP solution 300 [3]
PVDF 2% EPTBP/H,0 750 [15]
PVDF 2% HPE-g-MPEG/H,0 525 [15]
PVDF 2% ACPS/H,0 420 [15]
PVDF 2% PEG/H,0 500 [15]
PVDF/PES 5% PVP/H,0 330 [27]
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Fig. 10. The rejection coefficients and the permeation fluxes of PVDF membranes.
(Note: for “MA” and “MB”, flux ~ 0 LMH.)

flux data for PVDF membranes prepared with employment of
various kinds of pore formers documented in the literature. The
values are on the same order as the present membrane “ME”
[15,27], validating the measured flux data being reliable. Filtration
performances (0.1% blue dextran solution) of various membranes
have been examined [22,28-31], and the results are presented in
Fig. 10. As is expected, the filtrate fluxes increase but the rejection
coefficients decrease from the membranes “MC” to “MF". For “MC”
and “MD”, the rejection coefficient reaches as high as ~97%, while
it becomes only ~80% for the membrane “MF”. Conversely, the
filtrate flux of the membrane “MF”’ is ~1.7 times that of “MC”.
Zhang et al. reported a dextran (70 kDa) rejection of ~84-87% for
PVDF membranes prepared using Tween-80/water mixtures as
additives [28]. By changing the spinning parameters, Abed et al.
were able to prepare ultrafiltration hollow fiber membranes with
different MWCO (40-200 kDa) [29]. Loh and Wang used dual
additives, Pluronic plus LiCl, to form high performance hollow fibers
having high water flux of 2530 Lm~2h~' MPa~! and low MWCO of
53 kDa [22]. Generally, these membranes have lower MWCO than
the present membranes “MC-MF”, which is considered to be due to
their smaller pore sizes. In summary, it may be stated that by adding
a small amount of additives in the casting dope, it is possible to
prepare membranes with appropriate porous structures that allow
ultra-filtration operations.

4. Conclusions

Using Tween-20 as a pore former, formation of porous PVDF
membranes via the isothermal immersion-precipitation process
was investigated. The formed membranes exhibit an uncommon
type of morphology being composed of a thin nano-porous top
layer, followed by a short region of columnar voids, and then a
thick bi-continuous porous support. By adjusting the Tween-20
content in the dope, it is possible to vary the size and quantity of

pores on the top surface, and the porosity in the bulk of the
membrane. For example, the average size of pores on the top
surface increases from 26 to 43 nm, and pore fraction from 1.9% to
15%, when the added Tween-20 is raised from 1% to 10%. The
amounts of Tween-20 remained in the formed membranes were
determined both by "H NMR and XPS spectroscopic analyses. It is
found that almost all Tween-20 has been removed during the
precipitation and/or washing steps, with a low residue fraction of
~1% of the initially loaded Tween-20. The separation perfor-
mances of the prepared PVDF membranes were tested via ultra-
filtration of blue dextran (2000 kDa) solutions. The results indicate
that the filtrate flux increases while rejection coefficient decreases
for membranes prepared from dopes with increasing Tween-20
content, which is consistent with the morphological features of
the tested membranes.
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