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ABSTRACT: The addition of silica nanoparticles and
poly(vinyl alcohol) (PVA) to polysulfone (PSF) membranes
was used to modify the membrane morphology and
enhance membrane performance. The central composite
design of the response surface methodology was used to
predict the maximum permeability and real salt rejection
(Ryear) of the PSF membranes. The factors affecting the per-
meability and R,e, values of the PSF membranes were the
silica (0-12 wt % PSF) and PVA (0-2 wt % PSF) contents.
The optimized responses, membrane permeability, and Ryeq
obtained experimentally were 61.9260 L m > h~' bar ! and
97.5850%, respectively, with deviation from the predicted
values of 34.72 and 15.84%, respectively. In the further char-
acterization, the contact angle results showed that PVA was
important in stabilizing the nanoparticle surfaces to prevent

agglomeration in the polymeric matrix. The tensile strength
test confirmed that the addition of silica nanoparticles
improved the mechanical strength of the PSF membranes.
However, the addition of PVA had a weakening effect on
the mechanical strength of the PSF membranes. The addition
of silica nanoparticles and PVA affected the typical asym-
metric structures of the PSF membrane less, as shown in
the scanning electron micrographs. This may have been due
to the good incorporation of additives in the PSF mem-
branes, as observed from the energy-dispersive X-ray and
Fourier transform infrared spectroscopy results. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 121: 18041814, 2011

Key words: additives; mechanical properties; membranes;
morphology; nanocomposites

INTRODUCTION

Among polymeric materials, polysulfone (PSF) is
one of the ideal polymeric materials for membrane
fabrication because of its high mechanical properties,
good heat and aging resistance, and high chemical
stability."™ These advantages allow PSF membranes
to be widely used in diverse fields, such as waste-
water or water treatment,”® food processing, and
biotechnology.” However, PSF membranes are prone
to fouling because of their high hydrophobicity.'
This problem severely limits the long-term use of
these membranes in many filtration systems. Thus,
it is desirable to use a polymeric membrane with a
hydrophilic surface that requires the use of a wetting
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agent. A wide range of evidence has shown that
membranes with a greater degree of hydrophilicity
have an increased resistance to fouling.®

Various methods have been introduced to increase
the performances of PSF membranes. For instance,
PSF membranes have been modified by the addition
of zinc chloride, which caused an increase in the rejec-
tion rate and molecular weight cutoff value,” and by
the sulfonation method, which increased the mem-
brane permeation flux and separation factor.'” Other
authors have reported the addition of sulfonated pol-
y(ether ether ketone) to PSF membranes, which
resulted in the membranes exhibiting a high perme-
ability and a high rejection of dextran and sodium
chloride.® The performance of PSF membranes has
also been improved by ammonia plasma treatment.'"

The addition of inorganic particles is also a viable
option and has aroused great interest, especially'>"?
because of the convenient operation, mild condi-
tions, and good and stable performances of PSF
membranes modified by this method.'* Composite
membrane materials formed by the blending of
nanosized inorganic and organic materials are attrac-
tive for the purposes of creating new materials with
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new or enhanced properties, such as high permselec-
tivity, good hydrophilicity, and excellent fouling
resistance, compared with those formed with single
organic or inorganic membranes.'*'®

In this study, we modified PSF membranes by the
incorporation of silica nanoparticles. A water-soluble,
poly(vinyl alcohol) (PVA), was also added to the PSF
membrane as a pore former and to stabilize the silica
nanoparticle surfaces to encourage their dispersion in
the casting solution. It was reported that the addition
of silica nanoparticles, which has opposing properties
compared to porous inorganic fillers, can alter the
polymer chain packing in glassy, high-free-volume
polymers. This results in an increase in the free vol-
ume and leads to a significant enhancement in the
permeability.’” The incorporation of silica nanopar-
ticles in polymeric membranes can significantly
increase the number of pores and the pore radius,
and they are more thermally stable compared to only
polymeric membranes.'® The excellent properties of
PVA, including its high hydrophilicity, flexibility,
and chemical stability, are also believed to be capable
of improving the performance of PSF membranes."

To optimize and analyze the effects of the PVA
and the silica nanoparticle content on the membrane
permeability and salt rejection, a statistically
designed experiment with minimum experimental
runs is greatly needed. To date, many researchers
have tried to enhance and optimize the membrane
morphology and performance through a statistical
approach.”’  Statistical  approaches, including
response surface methodology (RSM), have been
used successfully to calculate the complex interac-
tion between the independent process factors.”!
Thus, to produce a PSF membrane with an opti-
mized performance, RSM was used in this study to
illustrate the interaction between the PVA and the
silica nanoparticles content in affecting the perme-
ability and salt rejection of the membranes. We per-
formed the analysis by using the central composite
design (CCD) of RSM. We also evaluated the PSF
membranes by measuring the tensile strength and
contact angle and by using Fourier transform infra-
red (FTIR) spectroscopy, scanning electron micros-
copy (SEM), and energy-dispersive X-ray (EDX)
spectroscopy.

EXPERIMENTAL
Materials

Membranes were prepared from PSF (Sigma-Aldrich,
MO, molecular weight = 35,000) and PVA (Sigma-
Aldrich, molecular weight = 13,000-23,000, 87-89%
hydrolyzed). These polymers were blended together
with the solvent 1-methyl-2-pyrrolidone (NMP), sup-
plied from R & M Chemicals (Essex, UK). The sizes
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of the silica nanoparticles used were within the range
10-20 nm with a purity from trace metals of 99.5%
(Sigma-Aldrich). Sodium sulfate (NaySOs Merck
KGaA, 64271 Darmstadt, Germany) was used as the
salt in the permeation experiment. The chemicals
PSF, PVA, NMP, silica, and Na,SO, were used as
received without any further purification.

PSF membrane preparation

The PSF/PVA membranes incorporated with silica
nanoparticles were prepared with the phase-inversion
method. Casting dopes were prepared by the dissolu-
tion of PSF in the solvent NMP at a water bath
temperature of 80°C with a continuous stirring rate of
500 rpm. PVA and silica nanoparticles were added
slowly into the solution with continuous stirring for
5 h to create a better dispersion of nanoparticles in the
solution. The casting solution was then kept in the
dark for at least 24 h to release the air bubbles.

Some casting solution was poured onto a clean glass
plate and dispersed with a Filmographe Doctor Blade
360099003 (Braive Instrument, Germany). The thick-
ness of the membranes was set to 0.15 mm with the
casting knife. After 15 s of exposure of the casting solu-
tion on the glass plate to the air, the glass plate was
immersed in ultrapure water at room temperature for
the remainder of the phase-inversion process. The
membranes formed were peeled off of the glass plate
and rinsed with ultrapure water for at least 30 min.
Then, the membranes were stored in ultrapure water
containing 1 wt % formaldehyde to prevent bacteria
growth under ambient conditions.

Polymer dopes containing PSF (17 wt % of the so-
lution) and NMP (83 wt % of the solution) were
modified with different concentration of additives.
Silica nanoparticles were added to the solution, with
their weight percentages varying from 0 to 12 wt %
PSE. Also, PVA was added to the solution, with its
weight percentages varying from 0 to 2 wt % PSF.
The operating ranges and the levels of the consid-
ered variables are given in Table L

Characterization of the membranes

The membrane permeability was determined from
clean water flux measurement with ultrapure water at
room temperature and with a Sterlitech HP4750 (Ster-
litech Corporation, WA). The dead-end filtration cell
had an active membrane area (effective area) of
14.6 cm®. The permeability of 13 membranes fabri-
cated were tested with the dead-end filtration cell after
compaction at a pressure of 16 bars. The pure water
fluxes were calculated with the following equation:

v

=5
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TABLE I
Experimental Range and Levels of the Independent Variables
Symbol Coded level
Variable Actual Coded —1.414 —1.000 0 1.000 1414
Silicon dioxide (wt %) SiO, B 0 1.76 6.00 10.24 12.00
Poly(vinyl alcohol) (wt %) PVA A 0.00 0.29 1.00 1.71 2.00

where | is the permeate flux, V is the volume of the
permeate, S is the effective membrane area, and ¢ is
the operating time.” The same unit was fed Na,SO,
salt solution at a concentration of 0.01M to obtain the
salt rejection values of the 13 fabricated membranes.
The ionic strength for the Na,SO, salt was calculated
to be 0.03M. The observed salt rejection (Rops) and real
salt rejection (Ry..) results were compared at a pres-
sure of 10 bars. The Rps values are represented as Rops
of solute, as determined by the following equation:

C
R05:1— .
’ (Q)

where C, is the concentration of solute in the perme-

ate and Cs is the concentration of solute in the feed
22 .

stream.” By using the R,,s values, we calculated

Ryea1 On the basis of the following equation:

C
Rrea =1- —r
1 (cw)

where C,, is the concentration of solute buildup at
the wall of the membrane. The R,.,; model is one
of the good predictive models used here. A good
predictive model allow us to obtain membrane char-
acteristics, predict process performance, and optimize
the process.”® For detailed calculation and the theory
of R,ca, One can refer to previous work.?* The correla-
tion between R,e, and Rgns was used to determine
the C,, value, as shown:

1 — Rops o 1 — Ryeal ]V
1n< Robs >_ln( Rreal )+ k

k= k/®0.567

¥ =023 f e l 0'33D_°°
ST\ Do r

where |, is permeate flux of a solution at 10 bars, ®
is the stirring speed, r is the radius of the mem-
brane effective surface area, V is the kinematic vis-
cosity, D, is the diffusion coefficient for the solu-
tion, and k, k' are the mass transfer coefficient of
the stirred cell.

The contact angle between water and the mem-
brane surface was measured with a contact-angle
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measurement apparatus (Ramé-Hart Co., NJ) after
the membranes were dried overnight.>> The instru-
ment used was a Ramé-Hart model 200 standard
contact angle goniometer with DROPimage Stand-
ard Software with an accuracy of =0.10°. The
media used for contact angle measurement were
deionized water and air at ambient temperature
(22-23°C).

We conducted the tensile strength by cutting out a
membrane sample in a rectangular shape, where the
width and length of the membranes were 5 and 40
mm, respectively. The length of the specimen in the
gauge section was 10 mm on both sides. The applied
stroke speed was set to be 2 mm/min, and the
test temperature was ambient temperature. The
tensile strength measurements were done with an
Instron 5560 (Norwood, MA) series table model test-
ing system.

The surface and cross-sectional structures of a
few of the membranes were examined by SEM.
The equipment used was a Gemini model SUPRA
55VP-ZEISS (Oberkochen, Germany). The cross sec-
tions of the membranes were prepared by the frac-
turing of the membranes at the temperature of lig-
uid nitrogen. All of the specimens were coated
with a thin layer of gold before they were scanned
with SEM. EDX analysis was done with an INCA
instrument, (Oxford Instruments, England). EDX
was used for elemental analysis to confirm that
elements, such as silica nanoparticles, existed on
the membranes.

FTIR analysis was used to detect the presence of
functional groups in the fabricated composite mem-
branes. An Nicolet 6700 FTIR spectrometer,
(Thermo Fisher Scientific Inc., MA) with a DTGS
KBr detector and a KBr beam splitter was used for
FTIR analysis. In this study, there were two main
compounds that needed to be tested with FTIR
analysis: PSF and PVA. First, the PSF membrane
with PVA was scanned with FTIR and then com-
pared with the spectrum of PVA alone to verify the
existence of PVA in the PSF membrane. Before the
FTIR analysis, the membrane samples needed to be
completely dried to prevent noises caused by mois-
ture. All spectra were obtained from 32 scans at a
4.00-cm " resolution with wave numbers ranging
from 400 to 4000 cm ™' and with an optical velocity
of 0.6329.
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TABLE II
CCD of the Experiments for Membranes Modified with
PVA and Silicon Dioxide Nanoparticles

Factors with coded

levels Responses

A: PVA B: SIOZ Yl YZ

Run (wt %) (Wt %) (Lm2?h !'bar?) (%)
1 0.00 0.00 13.07 48.15
2 0.00 1.41 38.36 71.87
3 1.00 —1.00 16.06 48.49
4 —-1.00 —1.00 10.27 35.90
5 0.00 —1.41 7.59 36.63
6 —1.41 0.00 7.13 29.17
7 0.00 0.00 9.11 44.60
8 0.00 0.00 12.29 48.41
9 1.00 1.00 78.93 99.48
10 -1.00 1.00 28.22 74.79
11 0.00 0.00 15.20 54.53
12 1.41 0.00 20.24 66.64
13 0.00 0.00 7.21 35.24

Experimental design

The most popular RSM design is CCD. CCD is a
method that can be efficiently applied to develop a
second-order response model with a few numbers of
factors n 2 < n < 6).*° CCD has three groups
of design points, which are two-level factorial or
fractional factorial design points, axial points, and
center points. Center points are usually repeated
four to six times to get a good estimate of experi-
mental error. In this case, we used the experimental
CCD used for RSM of the membrane modification
with two independent process variables, the PVA
and silica nanoparticle weight percentages. There
were five center points, four axial points, and four
fractional factorial design points; this rendered a
total of 13 runs of the experiment to analyze the
data acquired from the experimental runs.

Table II, developed with Design Expert software
(version 6.0.10, Stat-Ease, Inc, MN), shows CCD of
the experiments with two input variables or factors
and two responses were observed. In the data analy-
sis, the mathematical model selected from CCD had
the highest polynomial order with significant terms,
and it was not aliased.”!

RESULTS AND DISCUSSION
RSM and analysis of variance (ANOVA)
Membrane permeability

The effects of interaction between different weight
percentages of PVA and silica nanoparticles toward
membrane permeability were plotted graphically to
ease visual analysis on the basis of the mathematical
analysis of the experimental data. The three-dimen-
sional response surface for membrane permeability

1807

1.0/Sqrt(Permeability)

Figure 1 Three-dimensional response surface for mem-
brane permeability (Sqrt = square root).

is presented in Figure 1. The transformation of the
membrane permeability data was done with the re-
ciprocal square root mathematical function to meet
the assumptions that made the ANOVA valid. By re-
ferring to the three-dimensional surface figure for
membrane permeability, we observed that the
increment of silica nanoparticles and PVA weight
percentages led to an increase in the membrane
permeability.

Also, the interaction plots were plotted to interpret
two-factor interactions. They appear in the figure as
two nonparallel lines and indicate that the effect of
one factor depended on the level of the other. From
the interaction plot in Figure 2, we observed that at
high and low weight percentages of silica nanopar-
ticles, the increment in the PVA weight percentage
increased the membrane permeability. Moreover, both
lines were almost parallel to each other, and thus, we
postulated that the effect of the silica nanoparticle

— B: Si02 » Design Points

m B-1.757
A B+ 10243

0.350 —

0.270 —

1.0/Sqri{Permeability)

0.189 —

0108 —

029 0.65 1.00 135 17
A: PVA

Figure 2 Interaction plot of the membrane permeability

(Sqrt = square root). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 3 Nanogap formation in the PSF membranes: (a) well-dispersed and (b) agglomerated silica nanoparticles.

weight percentage was not dependent on the PVA
weight percentage in affecting the PSF membrane per-
meability. The higher weight percentage of the silica
nanoparticles may have increased the membrane per-
meability by the increment of the nanogap area
formed. In a previous study,” the poor compatibility
of the inorganic nanoparticle surface and the polymer
prevented the polymer chains from contacting the
inorganic nanoparticles and thus formed a narrow
gap surrounding the inorganic particles. In addition to
being used to stabilize nanoparticle surfaces to avoid
agglomeration,”® PVA has also been used as a pore
former. Thus, an increase in the PVA weight percent-
age led to a significantly increase in the membrane
permeability.

As shown in Figure 3, the black big dots are used
to represent the nanoparticles. The empty areas
between the line circles and the nanoparticles are
the nanogaps formed. As shown in Figure 3(a),
when the nanoparticles were well dispersed, the
area of the nanogap was higher. Thus, a higher free
volume was available to increase the permeability.
However, when too many nanoparticles were added,
a lot of agglomeration between the silica nanopar-
ticles easily occurred. This caused a reduced area of
nanogap, as shown in Figure 3(b), and thus, reduced
the permeability at higher silica nanoparticle weight
percentages. The nanogap formation due to silica
nanoparticles was observed in the SEM pictures
captured of the separation surface layer and cross
sections of the membranes.

Generally, PSF membrane permeability was
affected by the weight percentages of PVA and silica
nanoparticles, according to the membrane perme-
ability model in terms of the coded factors or in
terms of the actual factors, as shown:

1
vael

= 0.42859 — 0.062471(PVA)

=0.27 — 0.044(A) — 0.068(B)

1 .
g 0.016077(SiO,)
where Y; is the permeability. Table III shows the
ANOVA for the regression models and model terms.
It was obvious from the results that there was no
major interaction between the independent factors A
and B. This also indicates that the experimental
results fit well into the model with a value of p > F
< 0.05. Values of R? (0.6446) and the standard devia-
tion (0.054) showed the reliability of the regression
models for membrane permeability. The regression
value of the model showed that the data represented
could be fitted satisfactorily into the model with
moderate accuracy. The reason moderate accuracy
was achieved was that all the membranes prepared
were cast manually without the help of any casting
machine. As a result, the casting speed was not con-
stant in each membrane preparation. Thus, there
were variations in the thickness of the membranes
prepared; these highly affected the performances of
the membranes.

TABLE III
ANOVA for the Permeability Regression Models and Model Terms
Source Sum of squares DF Mean square F p>F
Model 0.052831312 2 0.026415656 9.070017261 0.0057 Significant
A 0.015610536 1 0.015610536 5.359996963 0.0431 Significant
B 0.037220775 1 0.037220775 12.78003756 0.0051 Significant
Lack of fit 0.020346954 6 0.003391159 1.545440526 0.3507 Not significant

Journal of Applied Polymer Science DOI 10.1002/app
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Real salt rejection at 10 bars

176 029

Figure 4 Three-dimensional response surface for Rye, of
the membrane.

Rieal of the membrane

In the salt rejection process, a concentration of polar-
ization can easily occur and cause a lower Rgps.
Thus, all of the rejection data was interpreted in
terms of R,.,, which took into account concentration
polarization, as opposed to Ryps, which is the experi-
mentally measured rejection.”

To ease the visual analysis of R,e, (NaxSOy) of the
membrane at 10 bars, a three-dimensional response
surface graph is plotted in Figure 4. This three-dimen-
sional graph was plotted on the basis of the mathemat-
ical analysis of the Ry, data at 10 bars. No transforma-
tion of the data was required because all of the data
met the assumptions that made the ANOVA valid. As
shown in the three-dimensional response surface
graph, increases in the content of PVA and silica nano-
particles led to an increase in R, at 10 bars.

The interaction plot of the effects of the PVA and
silica nanoparticle weight percentages on Ry, at 10
bars is shown in Figure 5. An increase in PVA
caused an increase in R., at 10 bars at both high
and low weight percentages of silica nanoparticles.
The lines indicating the condition of high and low
weight percentages of silica nanoparticles were
almost parallel to each other. Thus, we postulated
from this interaction plot that the effect of PVA was
independent of the level of the silica nanoparticles
in affecting Ry at 10 bars. In other words, an
increase in the PVA or silica nanoparticle weight
percentage in the PSF membrane could increase Ryea
at 10 bars. The flux increment in the modified PSF
membrane did not decrease or lower the ability of
the membranes to reject the Na,SO, salt permeation
through the membranes.

The real salt rejection of the membrane at 10 bars
(Y2) could be represented by the model in terms of
the coded factors or in terms of the actual factors, as
shown:
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Y, = 53.38 + 11.28(A) + 17.46(B)
Y, = 12.72050 + 15.95774(PVA) + 4.11645(Si0,)

For R, at 10 bars for the modified PSF membrane,
only two terms were considered significant from the
statistical analysis. A combination of these significant
terms contributed to a linear empirical model for the
membrane Ri,. The reliability level of the generated
linear model was verified through the value of R*
(0.7271) and a standard deviation of 11.39. ANOVA
for regression models and the model terms shown in
Table IV indicated that there was no major interaction
between the independent factors A and B because
both of them were significant factors. The experimen-
tal results for R,y fit well into this linear model; this
was further verified by the value of p > F = 0.0015,
which was less than 0.05. Also, the lack of fit for this
model was 0.1156, which was not significant.

Optimization of the membrane composition

The membrane fabrication was run with optimized
composition generated by the regression analysis.
The ultimate goal was to produce a membrane with
the maximum permeability and highest salt rejec-
tion. The predicted values were compared with the
actual values obtained after the confirmation run.
Optimization was done to maximize the permeabil-
ity value of the membrane and the R,., value of
the membrane.

The errors of the data were calculated on the basis
of the following equation:

Actual value — Predicted value

Error(%) = ( ) x 100%

Actual value

This confirmation run was conducted at a composi-
tion of 1.71 wt % PVA and 10.24 wt % silica

B: Si02

923898 —|

728833 —

533769 —

Real salt rejection at 10 bars

338705 —

# Design Points

m B- 1757
A B+ 10243

143641 —

T T T T T
029 065 1.00 135 17

A: PVA

Figure 5 Interaction plot of Ry, of the membrane. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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TABLE IV
ANOVA for R,., Regression Models and Model Terms
Source Sum of squares DF Mean square F p>F
Model 3458.698278 2 1729.349139 13.32030128 0.0015 Significant
A 1018.597251 1 1018.597251 7.845739163 0.0188 Significant
B 2440.101027 1 2440.101027 18.7948634 0.0015 Significant
Lack of fit 1097.524679 6 182.9207798 3.644636683 0.1156 Not significant

nanoparticles with a desirability of 0.79. As shown
in Table V, the permeability value from the confir-
mation run was 61.926 L m 2 h™! bar !, and Ryea
was 97.5850%. From this preliminary study, we
observed that the composition of PVA and silica
nanoparticles could be optimized and improved the
permeability and R,., of the PSF membrane. The
actual membrane permeability with a 34.72% error
and membrane R,., with a 15.84% error after opti-
mization compared with the predicted value could
be considered as acceptable and reasonable. The
error between the predicted and actual value might
have been due to uncontrolled parameters, such as
the membrane casting speed, contact time in air
before the phase-immersion process, and tempera-
ture variation of the phase-inversion medium. For
future work, these factors should be investigated in
depth to correlate their effects on the membrane
permeability and R, to reduce the error between
the predicted and actual values.

SEM analysis

SEM of the composite membrane samples is shown
in Figure 6. Different membrane composition from
run orders 5, 6, and 9 were selected to undergo
scanning to investigate the effect of PVA on the PSF
membrane, the effect of the silica nanoparticles on
the PSF membrane, and the effect of a combination
of both PVA and silica nanoparticles on the PSF
membrane. The membranes from run orders 5, 6,
and 9 were labeled as runs 5, 6, and 9 in the SEM
micrographs.

The SEM results for the separation layer of the
composite membranes from runs 5, 6, and 9 were
scanned and are shown in Figure 6(a,ce), respec-
tively. These membranes were selected for SEM
scanning to provide a better view on the separation
surface. When the membrane was modified with
only PVA (run 5), the PSF membrane surface had
more pores [Fig. 6(a)] compared with membrane
modified with only silica nanoparticles [run 6; Fig.
6(c)]. However, the combination of both PVA and
silica nanoparticles created pores occupied by the
silica nanoparticles [Fig. 6(e)].

An increase in the PVA or silica nanoparticle
weight percentage increased the membrane perme-
ability and Rye,. This observation was due to the

Journal of Applied Polymer Science DOI 10.1002/app

formation of more pores as a result of the additives.
However, the combination of both the PVA and
silica nanoparticles produced pores with larger
nanogaps. These nanogaps increased the permeabil-
ity of the membranes and, at the same time, main-
tained its capability to reject salts because of the
silica nanoparticles, which occupied the pores and
rejected the passage of the salt ions. From our obser-
vations, the PSF membranes modified with silica
nanoparticles and PVA had higher R,., and higher
permeability values.

By comparing the SEM micrographs at the same
magnification of 5000x, we observed no apparent
differences among all of the membrane cross sec-
tions. Both of them showed a typical asymmetric
morphology with fingerlike pores linked by sponge
walls. These findings indicate that the addition of
PVA and silica nanoparticles did not affect the struc-
tures of the membrane cross sections. Therefore, the
mechanism of PSF membrane structure formation
was not altered by the addition of PVA or silica
nanoparticles.

However, the membrane from the run 9 cross sec-
tion [Fig. 6(f)] showed wider cavities at a location far
from the membrane top surface. The small diameter
of cavities at the membrane top surface of run 9 and
the large cavity diameter at the bottom of the mem-
brane, which was few times larger compared with
that of cavities at the membrane top surface, could
be used to explain the increase in the membrane
permeability dramatically with the maintenance of
the membrane’s ability to reject salt permeation.

Contact angle test

We observed in the SEM micrographs that the
agglomeration of inorganic nanoparticles could not
be avoided completely. This was due to the fact that
when the size of the particles was reduced to the

TABLE V
Confirmation Runs for the Permeability and R,., Tests

Permeability Riea at 10 bars
(Lm2h tbar (%)
Predicted value 40.4273 82.1253
Actual value 61.9260 97.5850
Error (%) 34.72 15.84
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Figure 6 SEM micrograph of the separation layer and cross section of the composite membrane sample: runs (a,b) 5,

(c,d) 6, and (e,f) 9.

nanolevel, the ratio of surface to bulk atoms
increased and thereby increased the energy of the
system as a whole; this led to a decrease in the sys-
tem stability. The nanoparticles tended to be attracted
to each other through van der Waals forces and led
to the agglomeration and corresponding reduction in
the surface energy.”® The reduction in the surface
energy then caused an increase in the contact angle
value, as reported by others.>*?!

As shown by the contact angle three-dimensional
plot in Figure 7, we observed that at a low weight
percentage of PVA, an increase in silica nanoparticles
led to an increase in the contact angle values. In
other words, an increase in the silica nanoparticles

caused an increase in the membrane hydrophobicity.
This could be explained by the fact that the increase
in the silica nanoparticle weight percentage caused
more agglomeration to occur between the nanopar-
ticles and, thus, reduced the surface energy of the
membrane itself; this led to an increase in the contact
angle of the PSF membranes.

However, at a high PVA weight percentage, we
observed that the PSF membrane contact angle was
reduced dramatically, even at a high weight percent-
age of silica nanoparticles. This significant finding
was attributed to the fact that PVA itself is a hydro-
philic material.'*** Also, PVA was important in
stabilizing the nanoparticle surface, a phenomena

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Effects of the silicon dioxide nanoparticles and
PVA weight percentages on the membrane contact angle.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

called steric stabilization®® PVA could stabilize

nanoparticle surfaces against aggregation
the presence of long-chain hydrocarbons
structure. So, we concluded that the use

through
in their
of PVA

prevented the agglomeration of silica nanoparticles
and, thus, prevented the increase in the hydropho-
bicity of the PSF membranes.

Tensile strength test

The tensile strength test was conducted to study the
mechanical properties of the fabricated membranes.
Membranes with better mechanical properties are
more desired for a wider span of applications with
higher performance. Generally, an increase in silica
nanoparticles increases the tensile strength of the
PSF membrane because the free motion of polymeric
chains is partly restricted by intermolecular forces
between the ]zoolymeric chains and inorganic oxide

nanoparticles.” The same observation was made in
this study.
As shown in the three-dimensional tensile

strength plot in Figure 8, at low silica nanoparticle
weight percentages, an increase in PVA reduced the
tensile strength of the PSF membrane. This showed
that PVA possessed a weakening effect on the PSF
membranes. However, at higher silica nanoparticle
weight percentages, an increase in PVA increased
the tensile strength of the PSF membranes up to
around 1 wt % PVA. This might have been due to
the fact that when more PVA was added, the silica
nanoparticles were better dispersed because of steric
stabilization.”® Thus, more restriction was imposed
on the free motion of polymeric chains, and as a
result, the tensile strength of the PSF membrane was
increased. However, a further increase in PVA at a

Journal of Applied Polymer Science DOI 10.1002/app
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high silica nanoparticle weight percentage no longer
increased the tensile strength of the PSF membrane
because of the weakening effect of PVA itself.

EDX analysis

EDX mapping mode was used to study the distribu-
tion of overall chemical elements of interest in the
membranes. In this case, EDX was done to check
the distribution of silica nanoparticles in the PSF
membrane with and without PVA. We postulated
that PVA would reduce the agglomeration of silica
nanoparticles in the PSF membranes.

EDX spectroscopy was performed on two PSF
membranes with the same weight percentage of
silica nanoparticles, 10.24 wt %. However, to one of
the PSF membranes was added 1.71 wt % PVA, and
no PVA was added to the other one.

Figure 9 shows the captured images of the mem-
brane surfaces with the silicon element distribution
maps. Red color dots are used to represent the dis-
tribution of the silicon element on the membrane
surfaces. The silica nanoparticles in the membrane
with PVA [Fig. 9(b)] showed a better distribution
with less agglomeration.

FTIR spectroscopy analysis

FTIR analysis has been applied in many previous
studies because of its accuracy and reliable results
in verifying the existence of certain chemical com-
pounds, especially organic chemical compounds. As
shown in Figure 10, there were two observable
absorption peaks for pure PSF at wave numbers
around 1290 and 1325 cm ™' due to the symmetric
O=S=0 stretching vibration; this result is
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Figure 8 Effects of the silicon dioxide nanoparticles and

PVA weight percentages on the membrane

tensile

strength. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Electron Image 1

Figure 9

comparable with those of previous studies.” Also,
another absorption peak was observed around a
wave number of 1600 cm'; this was caused by the
rotation of the C=C conjugation system of the ben-
zene ring. The presence of another absorption peak
at a wave number of 3000 cm ' was due to the
asymmetric —CHj stretching vibration. From previ-
ous works,” the absorption peak of —OH at the wave
number of 3400 cm~' was observed for pure PSF
membrane due to the incomplete drying process.
However, as shown in Figure 10, an absorption peak
for —OH was not observed, and we postulated that
the membrane sample fully underwent the drying
processes.

The FTIR spectrum obtained for pure PVA exhib-
ited the characteristic C—H stretching at 2914 and
2820 cm ' and O—H stretching at 3428 cm™'. Also,
there was a stronger absorption peak from 1060 to
1100 cm™; this was assigned as the absorption peak
of C—O—C of the crosslinked PVA. All of these
results were comparable with those of a previous
analysis of pure PVA.**

Thus, a combination of pure PVA and the PSF
membrane produced the FTIR spectrum shown in
Figure 10. The spectrum exhibited characteristic

SiKail

EDX spectrum for the silica-nanoparticle-incorporated membranes (a) without and (b) with PVA.

groups from both pure PVA and the PSF membrane.
As a result, we concluded that PVA fit well in the
PSF membrane structure, as predicted.

=C-H stretch
C-C stretch
O-H group in ring

C=C stretch C-0O stretch

in benzene ring

Si02+PSF~/««r—’_"’“‘_‘T f’u NV
Overlapping of '

C=C stretch and
C-H stretch
PVA+PSF
C=C stretch
in benzene ring
) RS R =¥ NN W
| \ %‘
| |
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PVA’——\
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Wavenumber (crn")

Figure 10 FTIR analysis for PVA, PSF, PSF with PVA, and
PSF with SiO,. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

On the basis of the response surface plots, different
weight percentages of PVA and silica nanoparticles
significantly affected the membrane permeability
and salt rejection. Silica nanoparticles were the major
factor affecting the PSF membrane permeability.
However, both of the factors were found to be
significant in affecting the salt rejection of the PSF
membranes. Empirical models obtained from statisti-
cal analysis were used in the prediction of the
respective responses for the process optimization.
The optimum composition obtained from CCD was
1.71 wt % PVA with 10.24 wt % silica nanoparticles
in the PSF membrane. This composition was the
optimum level in which R,., and the permeability
of the PSF membrane reached the highest possible
values. The permeability and Ri., obtained experi-
mentally were 619260 L m > h' bar ' and
97.5850%, respectively, where their deviations from
the predicted values were 34.72 and 15.84%, respec-
tively. From the membrane characterization, we
observed that the addition of PVA prevented the
agglomeration of silica nanoparticles and, thus, pre-
vented the increase in the hydrophobicity of the PSF
membranes. Furthermore, the tensile strength test
confirmed that the addition of silica nanoparticles
increased the mechanical properties of the PSF mem-
branes. However, addition of PVA caused a weaken-
ing effect on the mechanical properties of the PSF
membrane. Also, EDX and FTIR testing confirmed
that the silica nanoparticles and PVA were well
incorporated and blended with the PSF membranes.
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