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ABSTRACT: A novel low-cost SiO,/Polyvinylchloride (PVC) membrane with different nano-SiO, particles loading (04 wt %) was pre-
pared by the phase-inversion process. The optimum nano-SiO, dosage was determined as 1.5 wt % based on the casting solution compo-
sitions, the membranes’ mechanical properties and hydrophilicities, the pure water fluxes, microstructures, and absorption of protein.
Compared with the bare membrane, the membrane with 1.5 wt % nano-SiO, addition presented better capabilities against the protein
absorption and bacterial attachment, better antifouling performance, and higher flux recovery ratio in filtration of the supernatant liquor
which collected from a secondary sedimentation tank in a municipal wastewater plant. The SiO,/PVC membranes have applicable poten-
tial in the municipal wastewater treatment for their low price, good antifouling performance and high removal efficiencies of SS (over

97.2%), COD (up to 82.9%) and total bacteria (more than 93.6%). © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41267.
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INTRODUTION

Ultrafiltration separation technology has received increased atten-
tion for concentration, purification, and separation of various
products in food, medical, biotechnology, papermaking, and dairy
industry."* For most of the commercial ultrafiltration membranes,
polymeric materials, including polyvinylidene fluoride (PVDE),
polyethylene (PE), polysulfone (PSF), polyethersulfone (PES), and
polypropylene (PP), have been commonly chosen as the backbone
materials. Backbone materials have a great contribution to the
cost of the membranes, which is a determining factor for the
extensive application of membranes, especially in the developing
countries. Compared with other commonly used backbone mate-
rials, polyvinylchloride (PVC) exhibits robust mechanical strength,
low-cost, and other excellent physical and chemical properties
such as high resistance to acids, bases, solvents, and chlorine.”
Although PVDF membranes also have excellent performance and
extensive application, PVC is considerably cheaper than PVDF
(<1/10 price), and PVC-based membranes can be successfully
used in some ultrafiltration separation fields.®”

However, researches on PVC membrane fabrication are not suffi-
cient. The main disadvantage of PVC-based membrane involves
its inherent hydrophobic character, which always leads to a high
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fouling tendency in some sewage treatments. Membrane fouling
often results in the loss of filtration flux, high energy cost, deterio-
ration of effluent quality and frequent membrane cleaning.® Previ-
ous researches have reported that various types of contaminants
in the feed, including inorganic (clays and mineral particles), bio-
logical (bacteria, fungi), and organic (oils and humics), can cause
membrane fouling.” It is generally accepted that increasing the
hydrophilicity of the membrane surface is an effective method to
mitigate the membrane fouling.'® Thus, it is an urgent need to
develop the hydrophilicity of the PVC-based membranes for
enhancing their antifouling performance.

Many modified methods, including the physical blending,
chemical grafting, and surface modifications, have been recently
investigated.''™'> Among them, blending polymer with inor-
ganic materials achieves high hydrophilicities and strong anti-
fouling membranes, and meanwhile keeps excellent mechanical
property and permeability.'*™® Varieties of inorganic materials
such as alumina (ALO;),” titanium dioxide (TiO,),***' zirco-
nium (Zr0O,),?? silica (Si0,),'*?**and multi-walled carbon
nanotubes (MWCNTs)*?° have been used to fabricate inor-
ganic—polymer composite membranes. Among these materials,
silica is the most conveniently and commonly used because of
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Table I. Compositions of PVC Membrane Casting Solutions
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Membrane PVC (%) SHMP (%) DMAC (%) PVP (%) Nano-SiOz (%)
M-0 12 1.5 82.5 4 0

M-1 12 1.5 82.5 4 1

M-1.5 12 1.5 82.5 4 1.5

M-2 12 1.5 82.5 4 2

M-3 12 1.5 82.5 4 3

M-4 12 1.5 82.5 4 4

its inert reactivity, well-known chemical properties, low price
and mature prepare process.””*® Furthermore, the structure of
abundant Si—OH groups exhibits great hydrophilicity and other
favorable properties. For instance, Adams et al.*’found that
mixed nanosized SiO, at 5000 ppm resulted in 99% growth
reduction of B. subtilis, and thus, exhibit better antifouling per-
formance. Jin et al.*® found that the addition of nano-SiO, in
the skin layer could improve the thermal stability, hydrophilicity
and permeation property of the membrane without sacrificing
its rejection rate. In addition, the nano-composite NF mem-
brane exhibited better performance in treating acidic feeds and
separating salt solution containing bivalent anions. Yu
et al.’'reported the significantly improvement of the surface
hydrophilicity and permeation properties with the addition of
the SiO,@N-Halamine to membranes. Moreover, hybrid mem-
branes also showed superior antifouling and antibacterial per-
formance. However, few literatures reported the identification
and application of nano-SiO, particles as the modified additives
to PVC-based membranes.

In this study, PVC membranes modified with different nano-
SiO,; particles loading are prepared and characterized. The opti-
mal amount of the additives is determined to achieve the best
performance. Also, their antifouling performance and retention
abilities are investigated with multiple absorption and filtration
experiments.

EXPERIMENTAL

Materials

The polrvinylchloride (PVC, M,,= 80,000 g mol ', Shenyang
Chemical Industry, China) resin was used as the membrane
backbones material. N,N-dimethylacetamide (DMAC, AR, Bodi,
China) was employed as the PVC solvent. Commercially avail-
able Silica (SiO,) nano-sized particles with a diameter of about
15 nm (Hangzhou Wanjing New Material, China.) were added
into PVC casting solutions. Other additives included Sodium
Hexameta Phosphate (SHMP, AR, Fuchen, China) and polyvi-
nylpyrrolidone (PVP, AR, Lanji, China) which were utilized as
the dispersing and pore-forming agent, respectively. Bovine
serum albumin (BSA, M,,= 67,000, Shanghai Bio Life Sci. and
Tech., China) was utilized in protein adsorption experiment.
Polyethyleneglycol (M,,= 6000 g mol™', M,, = 20,000 g mol ™',
Sinopharm Chemical reagent, China) and poly (ethylene oxide)
(M,, = 100,000 g mol~', M,,= 300,000 g mol~', Aladdin Indus-
trial Corporation, China) were utilized to obtain the molecular-
weight cut-off values of membranes. The supernatant liquor for
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filtration test was collected from a secondary sedimentation
tank of Wenchang sewage treatment plant in Harbin, China.
Ultrapure water (Milli-Q Academic A10, Millipore, USA) was
used for all the experiments.

Membrane Preparation

Preparation Process. SiO,/PVC composite membranes were syn-
thesized using the wet-phase inversion process. First, nano-SiO,
particles were dispersed into DMAC in an ultrasonic bath at
40 kHz for 20 min at room temperature, which facilitated the
dispersion of the nano-SiO,. PVC resin and PVP were slowly
added into the solution followed by a 24 h stirring at 25°C. The
compositions of the casting solutions are shown in Table I.

The homogeneous cast solutions were then sealed and stored at
25°C for 24 h to remove air bubbles. Then the casting solution
was casted onto a clean glass plate using a membrane maker
with a thickness of 500 pum. After being left on the glass plate
for 15 s, the cast polymer film was immersed into a coagulation
bath (ultrapure water at ambient temperature). After complete
coagulation, the formed membrane was transferred to another
ultrapure water bath and immersed for 48 h to remove the
residual DMAC.

TEM and FTIR Analyses of the Nano-SiO, Particles. The
microstructures and distributions of the nano-SiO, particles
were analyzed by transmission electron microscopy (TEM, JEM-
2000EX, Japan) to identify their mean grain size. Before testing,
the nano-SiO, particles were scattered in alcohol. The com-
pletely dry nano-SiO, particles were tested using a NEXUS 670
Fourier transform infrared spectroscopy (FTIR, PE-100, USA)
to determine the chemical structures of the particles.

Properties Analyses of the Casting Solutions. The viscosities of
different casting solutions were tested by a rotational viscometer
(NDJ-5S, Shanghai Changji Instrument, China) at 25°C. Every sam-
ple was tested four times at least. The appearance of different casting
solutions was characterized by a high-resolution digital camera.

Membrane Characterization

To determine the effect of nano-SiO, added into PVC-based
membrane and the optimum dosage amount, various character-
ization methods were performed.

1. Membrane thickness was identified through a film thickness
analyzer (CH-1-S, Shanghai Liuling, China) after the sam-
ples were dried at room temperature. Each membrane sam-
ple was analyzed eight times at different positions.
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2. Membrane mechanical property was measured with an elec-
tric elastic yarn strength analyzer (YG020B, Nantong Sansi,
China). The measurements were performed at room temper-
ature and the rate of pull was 2 mm min~'. Every mem-
brane sample was tested at least four times.

3. Membrane permeation flux was analyzed by dead-end filtra-
tion of ultrapure water with a stirred cell unit (Model8200,
Millipore, USA) at 0.1 MPa. Before testing, membrane sam-
ple was preload at 0.2 MPa for 10 min.

4. The contact angle (CA) of water on membrane was directly
measured with a JYSP-360 contact angle goniometer (Jin
Shengxin, China) and every specimen was measured 8 times
at different positions.

5. The membrane porosity (%) was calculated according to the
method of dry-wet weight. Mean pore radius was deter-
mined by using the filtration velocity method as stated in
the Guerout—Elford—Ferry equation.”> The same dead-end
filtration unit was fed with Poly(ethylene oxide)(PEO) or
Polyethyleneglycol (PEG) of different molecular weights that
is, PEO100,000 and PEO3,0000, PEGe 000> PEG20,000, in order
to obtain the molecular-weight cut-off values of membranes.
The concentrations of both the feed water and the permea-
tion water were determined using total organic carbon ana-
lyzer (TOC-VCPN, Shimadzu Corporation, Japan).

6. Membrane cross-section morphology was analyzed by a scan-
ning electron microscope (SEM, S-4700, Hitachi, Japan) at 10
KV in a high vacuum mode after coating with ~10 nm of
gold to observe membrane asymmetry and pore structure.
The cross-section of membranes was obtained by breaking
the membranes in liquid nitrogen. At the same time, Energy
Dispersive Spectrometer (EDS) was used to check whether
the nano-SiO, particles were inlaid on the membranes.

Membrane Antifouling Experiment

Protein Static Absorption Experiment. Protein solutions of
1.0 g L™ BSA were freshly prepared by dissolving BSA into
0.1M phosphate buffer solution (PBS, pH = 7.4).>>** Membrane
samples with the diameter of 1.5 cm were immersed into six-
well plate filled with 5 mL protein solutions. Then the samples
were incubated at 25°C for 2 h to attain equilibrium. The pro-
tein concentrations before and after the absorption were
obtained through UV spectrophotometer (TU-1810, Beijing
Purkinje Genera, China) at wavelengths 280 nm and the absorp-
tion amount was calculated by comparing the absorption inten-
sity variation. Each test was performed three times on separate
membrane sample.

E. coli Absorption Experiment. Cultures with 1 mL E. coli bac-
teria suspension were incubated at 37°C and shaken at 130 rpm
lasted for 12 h. Subsequently, the membrane samples were
immersed into a six-well plate filled with 5 mL bacterial suspen-
sion and incubated at 37°C lasted for 3 h. Then the membrane
samples were washed with PBS buffer for three times at 37°C. All
the washing fluid was collected and then 1 mL solution was taken
out for further expanded culture on a solid plate culture medium.
Bacteria attached on the sample surfaces were sought by SEM.*?

Ultrafiltration Separation of the Supernatant Liquor. Fouling
experiments were performed in the dead-end filtration system

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

41267 (3 of 11)

Applied Polymer

SCIENCE

utilizing the supernatant liquor as the feed solution. To verify
the long-term antifouling performance of membranes, multi-
cycle operations were performed. Each filtration cycle consisted
of two stages: fouling and physical cleaning.’® In this study, the
constant value of the pure water flux of the membrane was
defined as Ji: The constant permeation flux value of the feed
water was denoted as [ Additionally, the physical cleaning pro-
cess was carried out as follows. First, the fouled membrane was
intensively washed using the ultrapure water. Then the mem-
brane would filter ultrapure water at 0.2 MPa for 10 min after
inverting its filtration layer. After four filtration cycles, the pure
water flux was measured again and its steady value was recorded
as Jp.

The flux recovery ratio (FRR) and the relative flux reduction (RFR)
were calculated according to the following eqs. (1) and (2)*¢:

Jr

FRR(%)= 2% X 100% (1)
Jw
_ Ip
RER(%)=( 1— -2} X100% 2)
Jw

In addition, the water quality of the feed and permeation water
were further assessed. In this study, suspended solids (SS),
chemical oxygen demand (COD) and total bacterial amount
were chosen as the evaluation indexes. And every water sample
will be tested in triplicate.

RESULTS AND DISCUSSION

Properties of the Casting Solutions

As shown in Figure 1(a), the size of spherical nano-SiO, par-
ticles arranges from 15 to 20 nanometers (nm). Figure 1(b)
introduces the FTIR spectra of the completely dry nano-SiO,
particles. Peaks at 1106 and 802 cm ™' correspond to asymmet-
ric and symmetric Si—O—Si stretching, respectively. The peak
at 3430 cm ™' corresponds to the stretching vibration absorption
of —OH. These characteristic peaks reflect that the nano-SiO,
particles presented good hydrophilicities.

The viscosities of PVC casting solutions with different nano-
SiO, loading are depicted in the Figure 2(a). An increase in
casting solution viscosity was observed with the addition of
nano-SiO, particles. The viscosities of the casting solutions
showed a sharp increase when the nano-SiO, loading was more
than 2 wt %. A maximum value of the solution viscosity was
noted with the highest loading of nano-SiO,, ie. 4 wt %.
Majeed et al.’” also reported the similar results in their pub-
lished research.

Figure 2(b) implies the appearance of the PVC casting solutions.
It was found that there still existed some residual air bubbles in
the casting solutions with the loading of nano-SiO,, i.e., 3 or 4
wt %, even after degassing treatment for 24 h. This phenom-
enon might have a positive connection with their high viscos-
ities. Generally, the casting solution with high viscosity always
presents a bad degassed effect. The residual air bubbles can
result in defects in the membrane during preparation. Also, the
high viscosity can cause the worse rheological property. There-
fore, the addition of SiO, needs to be properly controlled in a
reasonable extent.
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Figure 1. TEM image of purified nano-SiO, (a) and FTIR spectra of completely dry nano-SiO, particles (b).

Mechanical Properties of the Modified Membranes

The results of tensile strength and elongation at break tests are
shown in Table II. Both of them increased with the nano-SiO,
addition and then reached a maximal value when the dosing
amount was 1.5 wt %, indicating the reinforcement effect of
nano-SiO, on mechanical strength. Specifically, compared with
the unmodified membrane, the tensile strength of the mem-
brane blended with 1.5 wt % nano-SiO, increasedof 41.46%.
The addition of the nano-SiO, inorganic particles to the PVC
organic polymer solution helps to bridge the polymer chains
thanks to their high surface energy. Consequently, the mechani-
cal properties of the organic-inorganic membranes can be
enhanced. But the mechanical properties presented a significant

(a) b
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decline when the concentration of nano-SiO, reached higher
value e.g. 4 wt %. It is noticed that when the concentration of
nano-SiO, particles was more than 2%, there were some resid-
ual air bubbles, which is difficult to be removed from the cast-
ing solution even after they were degassed for a very long time
[Figure 2(b)]. Thus, one possible reason of the reduced
mechanical properties may result from the residual air bubbles
which can lead to the defects of the fabricated membranes. This
phenomenon reveals that the appropriate addition of nano-SiO,
particles can improve the membrane mechanical property.
Meanwhile, the concentration of the nano-SiO, particles should
be controlled considering the degassed effect of the casting
solution.

Figure 2. Viscosities of PVC solutions with different nano-SiO, loading (a) and the appearance of the casting solutions (b). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Thickness (um) Tensile strength (cN) Elongation at break (%) CA () PWF (L m™2 h™1)2
M-0 4255+16.5 269.78+10.2 13.78 £0.80 79.67+x1.1 199
M-1 506.0+18.8 348.33+8.6 2391 +1.2 6797+1.4 217
M-1.5 570.5+11.1 381.63+7.5 31.20+0.76 61.38+1.3 232
M-2 610.5+17.6 380.10+4.6 27.28+1.1 60.05+2.0 233
M-3 692.4+9.3 377.63+4.8 20.10+0.56 61.45+2.2 230
M-4 822.1+154 32411 +53 14.09+1.65 62.74+2.4 -

?Note: the PWF of the membrane was tested under 0.1 MPa.

Hydrophilicities of the Membranes

As depicted in Table II, the contact angle (CA) values presented
conspicuous decrease tendency when more nano-SiO, were
added within the dosage range. For example, the CA value of
M-1.5 decreased from 79.67° (control sample) to 61.38°, about
22.96% of decrease. But the CA values exhibited a significantly
decline when the concentration of SiO, was more than 2 wt %.
These results were similar to the previous publications.'** This
phenomenon could be attributed to the hydrophilic functional
groups such as Si—OH on the surface of nano-SiO, particles
[Figure 1(b)]. When they were blended with the PVC resin,
nano-SiO, particles would be uniformly inlaid on the mem-
branes’ surface and result in the improvement of the
hydrophilicities.

Fluxes of the Membranes

A slight increase in PWF was found with the increase of SiO,
concentration (Table II). The flux of M-1.5 was 16.6% higher
than the control sample. Nevertheless, the flux of M-4 could
not be measured because of the existence of the pinhole defects
on the membrane sample. The increased fluxes of the modified
membranes (e.g., M-1.5) mainly resulted from the improved
hydrophilicity of the modified membrane surface, which

decreased the resistance of the water filtration through the
membrane.

Porosity, Mean Pore Radius, and Molecular-Weight Cut-Off
Values of Membranes

Figure 3 shows that the porosity, mean pore radius, and
molecular-weight cut-off values of different membranes. It
was found that the mean pore size displayed a slight decline
with the increase of nano-SiO, loading [Figure 3(a)]. But an
obvious increase in porosity was observed with the addition
of nano-SiO, [Figure 3(a)]. It can be interpreted as this: with
the addition of the nano-SiO, particles into the PVC casting
solutions, the chain segment of the polymer cannot spread
during membrane formation, which causes the diminished
pore size.'® Meanwhile, more gaps might be produced
between the hydrophilic groups on nano-SiO, and the hydro-
phobic PVC chains, which are help to form a more porous
structure. In addition, the decrease in the mean pore size may
be responsible for the increase of retention properties [shown
in Figure 3(b)]. Both the modified and unmodified mem-
branes present a high rejection ratio of PEO;gg000 (up to
90%). According to the molecular-weight cut-off value of
membrane, the membrane prepared in our work can be
defined as 100 kDa.

(a) ! XY Porosity " (h) 1o
Mean pore radius 100 -
80+ :
\ 0-
7 7§ g, wl o
E\; 70+ g§ é% - % M-1.5
. ¥ o
o . 1 “
) ¢§ =% .
§§ éé 404
50- N
o - 0 50000 100000 150000 200000 250000 300000

M0 M-1

=
R

The molecular weight of PEG or PEQ/Da

Figure 3. Porosity, mean pore radius, and molecular-weight cut-off values of different membranes.
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Figure 4. SEM images of cross-section of different SiO,/PVC membranes: all the magnification is X200 and all the scale bar is 500 pm.

Micro-Structure Analyses of the Membranes

Figure 4 shows the SEM images of the unmodified and modi-
fied membranes’ cross-section structures. The pores with typical
asymmetric morphology are clearly observed in all the images.
There is a thin and compact filtration layer on the top of the
membrane, and a thick and loose supporting layer with a large
amount of macro-voids at the bottom. This phenomenon indi-
cates that the addition of the nano-SiO, particles did not
change the asymmetric structures of the membranes’ cross-
sections.
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Nonetheless, from the top layers of the cross-section images, the
thickness of the top layer increased with the increasing concentra-
tion of the nano-SiO, particles. The top layer mostly acts as the
filtration layer in the membrane separation process. Conse-
quently, the addition of nano-particles may improve the retention
ability of the modified membrane. It can be interpreted as fol-
lows: with the addition of nano-SiO, particles, the viscosity of
the nano-SiO,/PVC polymer casting solution increased clearly
[Figure 2(a)], which probably reduced the diffusion rate of the
solvent and non-solvent and lead to thicker and compact top
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Figure 5. EDS analyses of different SiO,/PVC membranes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

layer of membrane. In addition, membrane thickness was also
increased with the nano-SiO, loading (Figure 3) and reached the
maximal value of 822.1 um for M-4 (Table II), which was attrib-
uted to the increased viscosities of casting solutions.

EDS Analyses of the Membranes

Compared with the unmodified membrane, it was found that
the EDS analyses of the modified membranes contained
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obvious silicon and oxygen element characteristic peaks
(depicted in Figure 5). These characteristic peaks indicated the
successful incorporation of nano-SiO, particles. Meanwhile,
the intensity of silicon peak was enhanced by the increase of
nano-SiO, concentration, which indicated that more silica had
been accumulated in the skin layer. These phenomena verified
that it was the nano-SiO, that improved the hydrophilicities of
PVC materials.
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observed when the loading of nano-SiO, was 2 wt %. The
hydrophilicity and roughness of the membrane surfacemight be
positively associated with the protein adsorption amount. The
membrane marked M-2 exhibited the best hydrophilicity (Table
II) and appropriate roughness. However, a higher dosage of the
nano-Si0,, i.e. 3%, 4%, lead to a much rougher surface® and
decreased hydrophilicity of the modified membrane (Table II).
That’s the reason for a slight increased tendency of protein
adsorption amount at a nano-SiO, loading rate of larger than

With comprehensive consideration of the properties of casting
solution, mechanical properties, pure water flux, hydrophilic-
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Figure 6. Absorption of protein on different SiO,/PVC membranes.

Membrane Antifouling Analysis

Protein Static Absorption Analysis. Previous studies showed
that even a small amount of protein adsorption on membrane
surface resulted in the propagation of unfavorable bio-fouling
and bio-film formation.”>*® As shown in Figure 6, all the modi-
fied membranes exhibited lower protein absorption than the
unmodified one. A minimum protein adsorption amount was

ities, microstructures, and protein absorption on the different
SiO,/PVC membranes, the optimum nano-SiO, dosage was
determined as 1.5 wt %. Thus, the membrane with 1.5 wt %
nano-SiO, was applied as the representative of the modified
membranes for the further study.

E. coli Absorption Analysis. Figure 7 clearly showed that there
was fewer E. coli attached to the modified membrane [Figure
7(c,d)] in contrast with the unmodified membrane [Figure
7(a,b)]. Specifically, there were only 12 CFU mL™" E. coli com-
munities in the washing fluid collected from the modified

Figure 7. Colonies formed on culture by the E. coli from the unmodified (a) and modified membrane surface (c); and SEM images of the unmodified

(b) and modified membrane (d) after E. coli attachment. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Flux variations of different membranes in the four filtration
cycles: the traces of the initial flux in each cycle for different membranes
were portrayed using dashed lines. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

membrane in contrast with the unmodified membrane (66 CFU
mL™"). Mostly, the outer cell-wall of the bacterium is the poly-
saccharide which is a hydrophobic substance.*' As a result, bac-
teria tend to attach on the hydrophobic membrane surface. In
other words, the bacteria are apt to be rinsed off from the
hydrophilic membrane surface. Therefore, these results demon-
strated that the membrane with nano-SiO, addition presented
better property for preventing the E. coli attachment.

Supernatant Liquor Filtration Experiment. Figure 8 displays
the results of the multi-cycle filtration operations with the
supernatant liquor collected from a sedimentation tank of a
municipal wastewater plant. The fluxes of both membranes pre-
sented a sharp decline during the filtration of the supernatant
liquor. For the unmodified membrane, the flux decreased from
199 L m 2 h Y(PWF) to 94 L m™ 2 h™ !, which declined sharper
than that of the modified membrane. The initial fluxes in each
cycle of the modified and unmodified membranes are likewise
different. Specifically, the modified membrane exhibited more
steady initial flux than the unmodified membrane throughout
the four filtration cycles (Figure 8). Figure 8 also reveals that
the permeability of the unmodified membrane was clearly influ-
enced by the membrane fouling and could not recover as well
as the modified membranes after the same rinsing steps.

The specific FRR and RFR values of the two kinds of mem-
branes are summed up in the Table III. The pure water flux of
the modified membrane could recovery its original value of
94.25% after simply physical backwashed, while that value of

the feed water is 53 mg L™'; the COD concentration in the feed water is
172.5 mg L% the total bacterial count in the feed water is 435 CFU
mL™Y; the filtration pressure is 0.1 MPa; and the temperature is
20°C = 1°C.

the unmodified membrane is only 84.10%. Both the FRR and
the RFR values reveal that the membranes with the nano-SiO,
addition presented better antifouling performance and flux
recovery ratio.

Figure 9 presents the SS, total bacterial count and COD in the
permeation water of the modified and unmodified membranes
for the supernatant liquor filtration. The permeation water
from the modified membrane exhibited a better effluent quality
than that from the unmodified membrane, especially at the
cycle 1. Specifically, the modified membranes presented good
removal efficiencies of SS (over 97.2%), COD (up to 82.9%)
and total bacteria (more than 93.6%). The SS content, COD
content and total bacterial count were less than 1.5 mg L',
29.5 mg L™', and 435 CFU mL™", respectively. But in the next
filtration cycles, the retention ability of the unmodified mem-
brane increased. This phenomenon might be interpreted as fol-
lows: The retention ability of a pure membrane mainly
depended on its pore size at the beginning of the filtration (e.g.,
cycle 1). In the subsequent filtration cycles, there were some
residual contaminants accumulated on the membrane surface,
which diminished the membrane pore size and increased mem-
brane filtration resistance. Therefore, it can be observed that all
the membrane presented the improved retention ability (Figure
8) but declined permeation flux (Figure 8) with the prolonged
filtration cycles. Even though both the modified and unmodi-
fied membranes showed excellent retention abilities to SS, COD
and the bacteria at the cycle 4, the flux of the modified mem-
brane was still much higher than the unmodified one.

Table III. Results of the Different Membranes’ Antifouling Performance Evaluation

RFR (%)
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Average FRR (%)
M-0 52.42 53.47 54.45 55.83 54.04 84.10
M-1.5 43.83 44.35 4473 4483 44.44 94.25
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Figure 10. Schematic illustration of the antifouling mechanism of the
modified membranes. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Thus, PVC membranes modified with nano-SiO, exhibit great
applicable potential in the municipal wastewater treatment for
their low cost, better antifouling performance, and higher
removal efficiencies of SS, COD and total bacteria.

Antifouling Mechanism Analysis

As depicted in Figure 1(b), nano-SiO, particles presented excel-
lent hydrophilicities for abundant —OH groups on their surface.
When nano-SiO, particles added into the PVC casting solutions,
they can be uniformly inlaid on the membrane’s surface and
pores (displayed in Figure 10). The —OH groups on the surface
of SiO, particles interact with Cl atoms of PVC chains through
hydrogen bonds. Thus, a hydrophilic layer was formed on the
surface and the cross section of the modified membrane with
the addition of nano-SiO,. This hydrophilic layer can effectively
prevent the hydrophobic substance (such as protein and bacte-
rium) adsorption or attachment. In addition, when the mem-
branes are used to filter the supernatant liquor, the hydrophobic
contaminants together with SS could accumulate on the surface
of the membranes and gradually form a cake layer, thereby lead-
ing to membrane fouling. However, the cake layer would prob-
ably remove from the hydrophilic surface through strong
stirring and washing. That’s the main reason for the modified
membrane can keep better antifouling performance and higher
flux recovery ratio.

CONCLUSIONS

In this study, we reported SiO, nanoparticle modified PVC
membrane with novel properties, higher separation efficiencies,
and greater industrial applications compared with unmodified
membrane. Briefly, the following conclusions can be drawn:

1. With appropriate nano-SiO, addition, the hydrophilicities,
mechanical properties and pure water fluxes of PVC-based
membranes were significantly enhanced. However, the cast-
ing solutions with 3 wt % or higher nano-SiO, loading rate
exhibited increased viscosities, unfavorable degassed effect
and film-formation performance.

2. Compared with unmodified membrane, the membrane with
dosage of 1.5 wt % nano-SiO, presented better abilities
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against the protein absorption and bacterial attachment, and
better antifouling performance in the purification treatment
of supernatant liquor from the secondary sedimentation tank.

3. The SiO,/PVC membranes show great applicable potential
in the municipal wastewater treatment for their low cost
and high removal efficiencies of SS (over 97.2%), COD (up
to 82.9%), and total bacteria (more than 93.6%).
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