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ABSTRACT: In the present paper, hierarchically structured ultrafiltration polysulfone (PSf) membrane was prepared to explore the
effect of addition and subsequent removal of SiO, nano-particles on the membrane morphology, hydrophilicity, and separation prop-
erties. The PSf based membranes namely PSf, PSf/SiO, and PSf/WSiO, (i.e. SiO, nano-particles was acid-washed and removed from
PSf/Si0,), were synthesized and characterized by different characterization methods. Pure water flux through the membranes was
determined using a filtration unit operating at a continuous dead-end flow mode. The modification enhanced the morphology,
hydrophobicity, porosity and transport properties of the modified membranes, although the molecular weight cut-off (MWCO) of
the membranes was not changed considerably. In comparison, PSf/WSiO, membrane exhibited excellent pure water flux (about 4.5
times the flux of PSf, and 17 times the flux of PSf/SiO,), although antifouling property of PSf/SiO, in separation of bovine serum
albumin (BSA) was better than that of PSf and PSf/WSiO, membranes. The results suggested that the addition/removal of sacrificial
solid fillers within/from a membrane matrix may provide a promising strategy to enhance PSf membrane transport property. © 2016
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INTRODUCTION

During the past decade, membrane technology has been of
major importance in different separation processes such as bio-
separation,' oil-water separation,® cell particles removal,” dialy-
sis,* fuel cell® etc. Alongside the other separation technologies
such as ion exchange resins,® adsorbents,” etc., the membrane
separation technology including reverse osmosis (RO), nanofil-
tration (NF) and ultrafiltration (UF), is an approach to reduce
energy consumption and operating cost.*™"'

Of particular interest is polysulfone (PSf), which, in contrast to
other synthetic polymers, has become one of the most com-
monly used polymer for the membrane fabrication. Its appeal
stems from its excellent processability, chemical and thermal
stability, and high mechanical strength. Given that the potential
advantages of PSf have been established, it is hydrophobic and
thus the water permeability of PSf membrane is not satisfactory
in most of applications. Therefore, PSf membrane often has to
be modified to improve its hydrophilicity and filtration proper-
ties before its use.'>"’

Polysulfone membranes with different permeance and rejection
properties can be routinely prepared by playing with the phase
inversion process. However, the method does not result in pre-
defined properties. According to literatures, different strategies
so far have been used to enhance membrane performance. Sur-
face modification such as self-assembly and radiation induced
polymerization and blending of membrane materials with
modifiers such as copolymers and nano-particles are the most
common approaches for the membrane performance enhance-
ment."*'® Various inorganic particles such as holloysite nano-
tube clay,17 TiO2,18 A1203,19 Zn0,” Si02721 Fe304,22 Ca0;* and
addition of metal-organic frame work (MOF)** have been uti-
lized to fabricate inorganic-polymer composite membranes.
Scrutiny of the literatures reveals that silica nano-particles are
the most popularly used filler for improving membranes per-
formance. Generally, these investigations have focused on pro-
ducing increased water flux by physical/chemical modification
of the membranes.”>>> Aerts and others reported that polye-
thersulfone (PES) mixed matrix membrane with 2% mesopo-
rous silica particles loading, could enhance water flux across the
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membrane.”®*° In another research, Shen et al. reported that
the viscosity of casting solution increases with silica addition
and decelerates PES membrane gelation and macrovoid forma-
tion in the membrane.”® It was also reported that inorganic
silica nano-particles addition at different weight fractions in
poly(vinylidene fluoride) composite membranes matrix enhan-
ces the hydrophilicity of membranes.”’ Wu et al. used silica
nano-particles as carriers of antifouling ligands for PVDF ultra-
filtration membranes.* Hierarchically functionalized membrane
by structuring SrTiO; nano-cubics on the porous surface of
electrospun TiO, nanofibers for high efficient water purification
was reported by Bai et al.’> With a similar goal, Saffar et al.**
prepared hydrophilic microporous polypropylene grafted acrylic
acid (PP-g-AA) via melt extrusion. The membranes were further
modified by grafting TiO, nano-particles on its surface. Ahmad
et al. studied the effect of silica on the properties of cellulose
acetate/polyethylene glycol membranes for RO. Their study
showed that the silica particle significantly influences the per-
meation performance of composite membrane. Furthermore,
their result revealed that the incorporation of SiO, content in
the casting solution improves the fouling resistance of the
membranes.’

As mentioned above, addition of filler changes the membrane
transport properties, dramatically. Scrutiny of literature reveals
that there is not any report on the effect of addition/removal of
filler on the PSf membrane transport properties, although it is
known that PSf is of particular interest and in contrast to other
synthetic polymers, has become one of the most commonly
used polymers for the membrane fabrication. Therefore, in the
present work intrigued by the potential applications and numer-
ous advantageous of the PSf membranes, we set out to modify
polysulfone membrane matrix by addition or by addition and
then removal of SiO, nano-particles and study the effects in
detail. The method of the reticulated PSf membrane preparation
hierarchically involves: (1) addition of SiO, nano-particles to
the membrane dope solution; (2) fabrication of the mixed
matrix membrane by phase inversion method; (3) dissolution of
the SiO, nano-particles by acid wash to achieve a reticulated
membrane. All the membranes, i.e., PSf, PSf/SiO, and PSf/
WSIO, were characterized and compared in terms of pure water
flux (PWEF), porosity, MWCO, hydrophilicity, and fouling
resistance.

EXPERIMENTAL

Materials

PSf (Ultrason® S 6010) was obtained from BASE. Hydrophilic
fumed silica Aerosil 200 was purchased from Evonik (specific
area =200+ 25 m® g ', density =approx. 50 g L™, particle
diameter = 7 nm). Hydrofluoric acid (HE, 38-40%), N,N-dime-
thylformamide (DMF) and n-butanol were received from
Merck. Bovine serum albumin (65 kDa) was acquired from
Equitech-Bio Inc. Trypsin (20 kDa), Pepsin (35 kDa), Egg Albu-
min (45 kDa), internal Invertase (130 kDa), were received from
Sigma-Aldrich. Potassium dihydrogen phosphate (H,KPO,) and
dipotassium hydrogen phosphate (K,HPO,) were purchased
from Applichem. All the chemical reagents used in this work
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were of analytical grade and used as received without further
purification.

Preparation of PSf and PSf/SiO, Membranes

PSf membrane was prepared by phase inversion method. Dope
solution was made by dissolving PSf in DMF (16 wt %) at
room temperature. The mixture was stirred for 6 h by a mag-
netic stirrer until a clear homogeneous solution was obtained.
Thereafter, the polymer solution was kept stagnant for 24 h to
be degassed at room temperature. The polymer solution was
casted onto a glass plate to a predetermined thickness of 200
pm using an applicator. The membrane was formed by immers-
ing the plate in a water bath for precipitation. The prepared
membrane was kept in water bath overnight to extract the
residual solvent.

PSf/SiO, composite membrane was prepared as follows. Dried
silica nano-particles were dispersed in DMF (1.0 wt % SiO,).
The mixture was ultrasonicated by a sonicator (PARSONIC 11s,
28 kHZ) for 30 min to ensure complete dispersion of the nano-
particles. Then PSf was dissolved in the mixture (16.0 wt %
PSf) and stirred for 6 h until a uniform homogeneous solution
was obtained. Afterwards, the polymer solution was left still for
24 h to be degassed at room temperature.

The fabricated membranes were left in fresh deionized water
overnight to remove the residual solvent and any detached silica
nano-particles. Thereafter, the resultant membranes were stored
in deionized water for further use.

SiO, Removal from PSf/SiO, Membrane

To wash out the SiO, nano-particles from PSf/SiO, polymer
matrix, the membrane was immersed in HF (38-40%) solution
and shaken for 24 h at room temperature. Afterwards, the
membrane was washed thoroughly with deionized water until
pH of the wash solution became neutral. The acid washed
membrane was named PSf/WSiO,. To examine the effect of HF
solution on the membrane morphology and transport property,
the as-prepared PSf membrane was treated with the acid solu-
tion for 24 h, as well.

Characterization of Membranes

Prior to the characterization of the membranes, they were dried
under vacuum at 40 °C for 24 h. For the SEM analysis, first the
membranes were freeze-fractured in liquid nitrogen and sputter
coated with gold conductive layer by sputter coater (Emscope
SC 500, Ashford, Kent, Great Britain). SEM analysis was per-
formed using a Hitachi S5500 microscope. The membrane sur-
face topology was examined using the atomic force microscope
analysis (AFM, Dualscopetm DS 95 SERIES). To determine the
water wettability of the membranes, water contact angle with
the membranes was measured by sessile drop method. Drops of
10.0 £ 0.2 puL volume were dripped on the membrane surface
using Hamiltonian© syringe, and the images were taken with 5
sec delay. Then, the contact angles were evaluated through drop
snake method, using ImageJ software.’® Fourier transform infra-
red spectroscopy (FT-IR, Perkin Elmer-RX-I) was used to study
the functional groups in the PSf, PSf/SiO, and PSf/WSiO,
membranes backbone. Since the PSf/SiO, sample exhibited
overlapped peaks in the FT-IR spectra, second derivative of the
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spectra was calculated to resolve the overlapping bands. The
maxima of the second derivative gave the position of the over-
lapping bands.”” Silica percentage in the membranes matrix was
measured by thermogravimetric analysis (TGA, Netzsch iRiS
209 f1). For this purpose, the samples were heated up to 800 °C
at a heating rate of 10°C min~' under oxygen atmosphere.

Porosity and Molecular Weight Cut-Off (MWCO)

The membranes porosity, ¢ (%), was determined as the volume
of the pores divided by the total volume of the porous mem-
brane. The membranes were soaked in n-butanol and the poros-
ity was estimated using the sample weight before and after
drying, through the following equation'”:

. (Ws—Wa)/psp
’ Wa/pp+(Wp—Wa)/pg

where Wy is the weight of the sample before drying, W, is the

weight of the sample after drying (g), pp is the density of n-

butanol (0.81 g/cm’), and pp is the density of PSf (1.24 g/
3y 38

cm’).

Molecular weight cut-off (MWCO) of the membranes was
determined using the proteins with different molecular weight
namely: Trypsin (20 kDa), Pepsin (35 kDa), Egg Albumin (45
kDa), internal Invertase (130 kDa). The protein solutions were
prepared in phosphate buffer solution (10 mM, pH 7.1). The

(1

percent rejection of the proteins (%R) was calculated by the fol-
lowing equation:

%R= (1— &> X100 )
G
where C, and Cyare the concentration of protein in the perme-
ate and in the feed solution, respectively. Proteins concentra-
tions of both feed and permeate solutions were measured by a
UV-vis spectrophotometer (E-Chrome Tech, Taiwan) at
Amax = 280 nm. All the experiments were treated in the same
manner and the permeate solution was collected for the protein
concentration measurement. The smallest molecular weight that
was 90% retained by membrane was taken as the MWCO of the

membrane.*

Pure Water Flux Determination
The membranes’ performance for pure water permeation was
investigated by a homemade dead-end filtration apparatus (Sup-
porting Information Figure S1). The effective area of the mem-
brane samples in contact with the solution was 5.3 cm” and the
operation pressure was constant at 0.2 MPa using a pressure
regulator. The membranes, i.e., PSf, PS{/SiO, or PSf/WSiO,
were fixed in the apparatus cells and PWF was determined
using the following equation:

Vv
~ AXAt

where J,, is the PWF (L m 2 h™"), V is the volume of water
permeated (L), A is the effective membrane area (m?) and ¢ is
the permeation time (h).

Jw (3)
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Fouling Resistant Ability and Recycling of Blended
Membranes

The membranes antifouling property was estimated using
reported procedure in the literature®® by filtration experiment
carried out on the homemade dead-end filtration apparatus.
Briefly, each membrane was initially compacted for 1 h at 0.2
MPa operation pressure to achieve a steady-state flux. Then, the
pure water filtration (J,,;) was measured for 30 min at 0.2 MPa.
Deionized water was switched to BSA solution (1 g BSAin 1 L
phosphate buffer, 0.5 M at pH 7) for 60 min and permeate flux
(Jp1) was measured. After 60 min of the protein filtration, the
membrane was cleaned by deionized water under magnetic stir-
ring for 30 min, and then the pure water was used to repeat the
flux measurement (J,,,). The experiment was repeated for three
cycles employing the same procedure but without compaction
step for the subsequent cycles. Finally, the antifouling property
of the membranes was evaluated by flux recovery ratio (FRR%)
using the following equation:

FRR%= ]Lz X100 (4)

wl
To estimate the fouling resistance, reversible (R, %) and irre-
versible (R;; %) protein fouling in the filtration process were
defined as the following equations:

R=22"Tr %100 (5)
wl

Rir:]wl_JWZ %100 (6)
wl

The membrane total fouling (R, %) was calculated by the
reversible and irreversible fouling and defined as the following
equation:

]W};]" X100 (7)

wl

R,=R,+R;=

Statistical Analysis
All experiments were performed at least three times and data
were presented as means * standard deviation.

RESULTS AND DISCUSSION

In this study, PSf/WSiO, membrane was prepared by silica
nano-particles addition to the polymer casting solution, fol-
lowed by the removal of the silica nano-particles from the
membrane matrix by HF solution. The presence of silica nano-
particles in the membrane matrix and on the membrane surface
and its removal from the membrane matrix were investigated by
SEM images, FT-IR, and TGA analysis. The effect of SiO, nano-
particles addition and removal on the corresponding mem-
branes was also visualized from SEM photographs, AFM images,
porosity and MWCO evaluation, contact angle measurement,
PWF determination, and anti-fouling properties of the samples.

Scanning Electron Microscopy Analysis (SEM)

The membranes cross-sectional and surface morphology were
studied by SEM images. Figure 1 shows cross-sectional SEM
images of PSf, PSf/SiO, and PSf/WSiO,. The incorporation of
silica nano-particles within the membrane matrix is shown in
the cross-sectional image of the blended membrane. As
expected, the pristine PSf membrane showed no trace of
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inorganic particles within the membrane with a smooth inner
membrane morphology [Figure 1(a)]. The presence of SiO,
nano-particles within the membrane matrix was demonstrated
by the presence of white spots attached on the surface of mac-
rovoids and the pores [Figure 1(b)].

It can be inferred that the addition of 1 wt % silica nano-
particles increases pore diameter in the membrane matrix in
comparison with PSf membrane, and on the other hand,
removal of the nano-particles from the membrane matrix results
in an additional increase in the membrane porosity. This find-
ing is in agreement with the study of Shen et al.*' in which dis-
persion of SiO, nano-particles in PES membrane

investigated and found to affect the membrane pore density.

The surface images of PSf, PSf/SiO, and PSf/WSiO, membranes
are shown in Figure 2. Silica nano-particles would migrate
toward water bath to the membrane top surface and emerge on
the surface to reduce interfacial energy between the casting solu-
tion and the water bath.***? As presented in Figure 2(b), silica
nano-particles are distributed uniformly at least on the mem-
brane top surface. As expected, new pores formed on the mem-
brane surface after silica removal [Figure 2(c)]. These results
can be more elaborated by AFM analysis.

was

Atomic Force Microscopy Analysis (AFM)

The three dimensional atomic force microscopy images of the
prepared membranes at the scan size of 5 pm X 5 pm are
depicted in Figure 3(a). In these images, the highest points and
the valleys on the images are shown by bright area and dark
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Figure 1. SEM cross sectional image of: PSf (a), PSf/SiO, (b), PSf/WSiO, membranes (c). Arrows show silica nano-particles clusters. [Color figure can
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regions, respectively. According to Figures 3(a,b), addition of
SiO, nano-particles results in a rougher surface in comparison
with the unmodified membrane. Not surprisingly, after remov-
ing the silica nano-particles from the membrane matrix the sur-
face became smoother. This can be supported by the
topographic height distribution of PSf, PSf/SiO, and PSf/WSiO,
membranes [Figure 3(c)], which reveals that the presence of
silica nano-particles increases the surface roughness.

Furthermore, roughness parameters were obtained from AFM
images by SPM-DME software including the values of the mean
roughness (S,), the root mean square of z data (S;) and the
mean difference between the five highest peaks and lowest val-
leys (S,). The values are given in Table I. As can be seen, PSf
membrane with S, = 3.8 is smoother by a factor of 2.4 and 1.4
in comparison with PSf/SiO, and PSf/WSiO,, respectively.

Contact Angle Measurements

Surface hydrophilicity plays an important role in permeation
flux and antifouling properties of membranes. In case of mem-
brane surface, contact angle measurement is a common tech-
nique for hydrophilicity evaluation. The measured values of
water contact angle with the membranes are given in Table II
Contact angle values show a gradual reduction from 67° for
pristine PSf membrane to 58° for PSf/SiO, membrane. This
enhancement in the hydrophilicity can be attributed to the
hydroxyl groups of the silica nano-particles which are seen on
the outermost surface of the membrane in the SEM images. The
contact angle measurement of PSf/WSiO, membrane revealed a
slight increase in the contact angle compared to the PS{/SiO,.
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Figure 2. SEM surface image of: PSf (a), PSF/SiO, (b), PSf/WSiO, membranes (c).

This might be due to the fact that after removal of the SiO,
nano-particles, the surface chemistry becomes similar to the
pristine PSf membrane which showed greater contact angle in

comparison to the other samples. However, contact angle of
PSf/WSIO2 is less than that for PSf, which might be attributed
to Wenzel effect that states a substrate with rough surface which
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Figure 3. Three-dimensional AFM images of PSf, PSf/SiO, and PSf/WSiO, membranes (a), Height distribution (b), Height profiles along diagonal direc-
tion (c). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Effect of Silica Removal on PSf Surface Roughness

Roughness parameter (nm)

Membrane S22 SP S.°

pPSf 3.86 5 31.2
PSf/SiOs 9.23 12.5 73.6
PSf/WSiO» 5.56 7.09 50.9

2Mean roughness.
®Root mean square of z data.
¢Mean difference between the five highest peaks and lowest valleys.

Table II. Contact Angle of Water with the Membranes

Membrane Contact angle (deg.)
RS 67 +0.59
PSf/SiO2 58+0.95
PSf/WSiO5 62 +0.83

possesses more accessible area and therefore greater density of
surface energy, exhibits lower contact angle.*> The changes in
the surface roughness can be observed in AFM results.
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Figure 4. FT-IR spectra of membranes (a), second derivative FT-IR spec-
tra of membranes from 1095 to 1130 cm ' wavenumber ranges (b).
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43556 (6 of 9)

Applied Polymer

120

Pt
------ PSISI02
PSIWSIO,

80

60

Weight loss (%)

40

20

0 100 200 300 400 500 600 T00 800 900 1000
Temperature (*C)

Figure 5. TGA thermograms of PSf, PSf/SiO, and PSf/WSiO, membranes.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

Fourier Transform Infrared Spectroscopy Analysis (FT-IR)
The FT-IR spectra were measured for PSf, PSf/SiO, and PSf/
WSIiO, membranes [Figure 4(a)]. The second-derivative IR
spectra are also shown in Figure 4(b). A new peak around
1100 cm ™! [Figure 4(b)] was appeared in PS{/SiO, membrane
which is attributed to the stretching vibration of Si—O—Si
groups. This peak confirms incorporation of SiO, nano-
particles in PSf/SiO, membrane. In addition, FT-IR spectrum of
PSf/WSIO, indicates that SiO, nano-particles have efficiently
been removed from the membrane matrix and FT-IR spectrum
of PSf/WSIiO, only has discernible absorption bands at
1150 cm ™', 1242 cm ™" and 1502 cm™' due to the symmetric
O=S=O0 stretching, asymmetric C—O—C stretching and
CH;—C—CHj stretching functional groups of PSf** respectively,
which are observed in all samples as shown in Figure 4(a).

Thermogravimetric Analysis (TGA)

TGA was applied to evaluate the extent of incorporation of the
silica nano-particles into each membrane. It is seen in Figure 5
that thermal degradation of all samples follow a two-step decom-
position mechanism. The thermal degradation remarkably
between 415 and 650 °C was attributed to the PSf decomposition.
The weight of the membranes remains constant far above 650 °C,
indicating complete polymer decomposition.’** There is no sig-
nificant weight loss observable at low temperatures (< 200 °C),
indicating no residual solvent in the samples.*®

As seen in Figure 5, PSf and PSf/WSiO, completely degrade at
800°C. This merely confirms that the silica nano-particles are
successfully removed from the membrane matrix by soaking the
composite membrane in HF solution. In addition, PSf/SiO,
sample exhibited about 6 wt % inorganic residue (based on the
composite membrane matrix) at 800°C. As mentioned before,
in the dope solution the weight ratio of SiO, to PSf was 1:16
corresponding to 5.88 wt % of SiO, in the composite mem-
brane matrix. Therefore, the 6 wt % inorganic residue (as

Table III. Porosity of Membranes

Membrane Porosity (%)
PSf 70.6=0.59
PSf/SiO2 75.6+0.10
PSf/WSiO5 76.0+0.68
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Figure 6. MWCO curves for different membranes. Inset shows rejection
of BSA (65 kDa) by the membranes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

observed in the TGA thermogram) obviously correlates to the
amount of silica nano-particles added into the dope solution.

Internal Porosity and Molecular Weight Cut-Off

Porosity values of the samples are available in Table III. As it is
observable in SEM images, the internal porosity of the modified
membranes, i.e. PSf/SiO, and PSf/WSiO,, is higher than that of
the pristine PSf membrane. This presumably is due to the fact
that polysulfone that tends to encapsulate silica nano-particles
results in the formation of a denser polymer chains*****® or
denser pore walls. Obviously, the denser is the pore wall, the
larger is the pore size. In addition, the removal of nano-
particles leaving new pores in the membrane matrix slightly
increases the pore numbers.

The membranes’ MWCO was determined individually based on
the study of protein rejection using proteins of different molec-
ular weight ranging from 20 kDa to 130 kDa and depicted in
Figure 6. The MWCO of the PSf membrane was determined
about 50 kDa. As can be seen, addition of the silica nano-
particles has resulted in lager pore size and led to MWCO of 60
kDa, which is in agreement with pore size increase of the mem-
brane, as given in Table IIIL.

Arthanareeswaran et al.*’ obtained similar results by the addi-
tion of silica particles into cellulose acetate membrane matrix.
However, the silica nano-particles removal by acid wash was led
to a further increase in the MWCO of PSf/WSiO, membrane
(65 kDa). This finding is in agreement with pore size increment
in the membrane matrix, as given in Table III. As depicted in

branes at 0.2 MPa constant pressure filtration. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6 inset, rejection of BSA (M,, = 65 kDa) by all the mem-
branes is almost the same. Even though the MWCO of the
modified membranes changed to larger values, the changes were
not considerable.

Pure Water Flux (PWF)

Figure 7 shows PWF curves over time during compaction of the
samples. Even though the hydrophilicity of PSf/SiO, membrane
is higher than that of PSf, PWF extremely decreases after silica
addition which can be due to the formation of thicker skin
layer.”” As can be seen in Figure 7, PWF of PSf/WSiO, is signifi-
cantly higher than that of PSf and PSf/SiO, membranes which
could be attributed to formation of new voids due to silica
removal. On the other hand, gradual decrease in flux over time
in PSf/WSiO, might be due to the densification of the porous
skin layer during compaction under the applied pressure. It is
noteworthy to mention that even though the PWF through PSf/
WSO, membrane was noticeably increased (i.e. 17 times the
flux of PSf), the MWCO of PSf/WSiO, was not increased con-
siderably. Therefore, it can be inferred that removal of the silica
nano-particles is a prosperous strategy for enhancing the flux
through the hydrophobic PSf membrane.

Anti-Fouling Properties

The BSA solution as a model protein foulant was used to exam-
ine the effect of silica addition and removal on the membranes
fouling resistance performance. The results, as presented in
Table IV, indicate that the addition of SiO, nano-particles sig-
nificantly improves fouling resistance of the membrane, and
increases the flux recovery ratio from 71% to 95%. These might
be due to the surface hydrophilicity enhancement which
restrains the adsorption of BSA and facilitates proteins

Table IV. The Anti-Fouling Parameters of Membranes: Total Fouling Resistance (R,), Reversible Resistance (R,), Irreversible Resistance (R;;) and Flux

Recovery Ratio (FRR %) Value

Fouling resistance ratio (%)

Membrane Jua (L m™2h) Juz (Lm™2 h) Jo (L m 2 h) R, Ry R: FRR (%)
psSf 111.50 79.86 33.28 41.77 28.37 70.15 71.62
PSf/SiOs 45.20 4294 20.71 49.16 5.00 54.16 95
PSf/WSiO» 578.60 80.89 247 .86 28.85 57.16 86.01 42 .83
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Figure 8. Detailed information of the fouling resistance performance of
PSf, PSf/SiO, and PSf/WSiO, membranes at 0.2 MPa constant pressure
filtration. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

detachment upon water adsorption on the membrane surface.
In comparison, flux recovery ratio (FRR %) of PSf/WSiO,
decreased to 42%. This can be due to BSA molecules strand in
the pores, which make it difficult to be removed by hydraulic
cleaning. Membrane fouling usually includes reversible and irre-
versible fouling.*® The reversible fouling is mainly created by
protein cake on the membrane surface that is easily removed by
a hydraulic, and the irreversible fouling is caused by the protein
attachment or adsorption on the surface and in the pores, that
is difficult to be cleaned up solely by hydraulic washing.****

As demonstrated in Figure 8 and Table IV, protein fouling on
PSf/SiO, membrane is most reversible, especially due to the
hydrophilic groups of the silica that first interacts with water
molecules to form hydrated layer on the membrane surface and
then makes BSA molecules easy to be removed by hydraulic
cleaning.”” An irreversible fouling was occurred owing to the
physical entrapment of the proteins in the SiO,-templated pores
of PSf/WSIO,. Therefore, PSf/SiO, membrane exhibited better
anti-fouling properties compared to the other membranes.

Effect of HF Solution on Membrane Transport Property

It is of vital importance to mention that the HF treated PSf
membrane behaved same as the as-prepared PSf membrane,
indicating no effect of the HF wash solution on the membrane
transport property. There was no significant difference between
PWF and anti-fouling properties of the HF treated and
untreated PSf membranes (see Supporting Information Figures
2S and 3S). This merely confirms that the HF wash solution
does not affect the membrane morphology or the surface char-
acteristics. It is noteworthy to mention that a concentrated alka-
line solution such as NaOH also could be used for the silica
removal; however the membrane might be vulnerable to hydro-
lysis under the alkaline condition.”®*'

CONCLUSIONS

A new approach was successfully employed to modify PSf mem-
brane in order to improve the membrane properties. Three
kinds of membranes were prepared via phase inversion method.
Silica nano-particles were incorporated into PSf casting solution
as a modifier to fabricate more hydrophilic PSf silica blended
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membrane. As a new strategy, the silica nano-particles were sub-
sequently removed from the membrane matrix. FT-IR spectra
and TGA analysis showed presence and successful removal of
the silica nano-particles from the membranes. SEM images to
some extent confirmed that silica nano-particle clusters were
homogeneously dispersed in membrane matrix and increased
membrane porosity and surface roughness. Modification
affected the permeability of pure water and BSA solution
through the modified membranes. Experiments also demon-
strated that the hierarchically structured membrane offers high
PWE, porosity, roughness and hydrophilicity, all though the
MWCO increase only slightly. The results suggested that the
addition/removal of sacrificial solid fillers within/from a mem-
brane matrix may provide a new strategy for enhancing mem-
brane transport property.
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