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ABSTRACT

In this work, poly(N-acryloylmorpholine)-grafted ZrO, nanoparticles (ZrO,-g-PACMO) were
directly blended with poly(vinyl chloride) (PVC) to prepare a hybrid membrane via the phase inver-
sion method. In addition, the effects of ZrO,-g-PACMO and ZrO, nanoparticles on the structure and
performance of resultant PVC membranes were comparatively investigated. The results indicated
that the PVC/ZrO,-g-PACMO membrane exhibited a large macroviod of cross-section and a rough
membrane surface. During membrane formation, the hydrophilic PACMO chains were preferably
enriched onto the membrane surface, leading to the enhancement of surface hydrophilicity and
the reduction of adhesion force between protein and membrane surface. The amount of adsorbed
bovine serum albumin (BSA) on the poly(vinylidene fluoride)/ZrO,-g-PACMO decreases about 73%
and 48% respectively, compared with original PVC and PVC/ZrO, membranes. Cycle filtration of
pure water and BSA solution (0.5 g/L) confirmed that the total and irreversible membrane fouling
were remarkably suppressed after incorporating ZrO,-¢g-PACMO into PVC membrane. Although
the original ZrO, nanoparticle was also found to improve the protein fouling resistance of PVC
membrane, there was a fatal limitation that the original ZrO, exhibited an agglomeration tendency
during the membrane formation. The outcomes of the present work demonstrate that the synthe-
sized ZrO,-g-PACMO nanoparticles have the potential for the design and preparation of anti-fouling

PVC membrane.
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1. Introduction

Polymeric membranes have become more popular in the
wastewater treatment, due to the favorable selectivity for
particles, pathogens and organic substances in wastewater
[1,2]. Despite the advantages of polymeric membranes, the
membrane fouling is always induced by the deposition
and/or adsorption of foulants on the surface, which signifi-
cantly degrades the separation efficiency and shortens the
service lifespan of membranes in wastewater treatment [3].
Therefore, it is necessary to modify the polymeric membrane
to improve the anti-fouling property.

* Corresponding author.

Among the polymeric materials, poly(vinyl chloride)
(PVC) is broadly used to fabricate microfiltration (MF) and
ultrafiltration (UF) membranes because it has the excel-
lent stiffness, low cost and good mechanical strength [4].
The major drawback of PVC membranes is the hydropho-
bic nature, resulting in the serious membrane fouling in
wastewater treatments [5,6]. Improving surface hydrophilic-
ity of PVC membrane seems to be an effective way to sup-
press the membrane fouling. Several technologies have been
proposed to increase the surface hydrophilicity of PVC mem-
brane, such as the surface modification of membrane via coat-
ing or chemical grafting [7-9], and blending of hydrophilic
additives [10-14]. Although the surface coating and chemical
grafting layers significantly resist membrane fouling, extra
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steps are mandatory during the membrane modification pro-
cess. More importantly, the surface pores of membranes can
be blocked by the coating and grafting layers, resulting in the
decrease of permeation flux [15]. During the membrane for-
mation process, blending of hydrophilic additives in the cast-
ing solution exhibits an advantage that the desired structure
and performance of resultant membranes can be obtained
from the convenient operation and mild conditions of the
phase inversion method [16].

Recently, the blending of inorganic nanoparticles has been
proved effective in preparing hydrophilic membrane with
the excellent anti-fouling property [17], and nanoparticles
added to the membrane matrix have included SiO, [18,19],
ALO, [20], ZnO [21] and TiO, [22-24]. For example, Rabiee
et al. [21,22] reported on the fabrication of PVC/ZnO and
PVC/TiO, nanocomposite UF membranes using a phase inver-
sion method. The pure water flux and surface hydrophilicity
of membranes increased with the increase of nanoparticles
concentration in the casting solution. Similar experimental
results were also obtained previously by Behboudi et al. [23]
for PVC/TiO, membrane. Different from TiO,, ALO, and ZnO
nanoparticles, ZrO, may be more suitable to prepare hybrid
membranes because of the excellent chemical stability [25].
Maximous et al. [26] fabricated poly(ethersulfone)/ZrO,
(PES/ZrO,) hybrid membranes, and found that the flux
decline of membranes was significantly suppressed. Zheng
et al. [27] reported that the introduction of ZrO, into poly-
(vinylidene fluoride) (PVDF) membrane was in favor of the
improvement in the membrane surface hydrophilicity. Despite
the numerous advantages of incorporating nanoparticles, the
blending of nanoparticles in membrane matrix is restricted by
the aggregation and agglomeration tendency [28].

The modification of nanoparticles using organic poly-
mers is a feasible approach to enhance the dispersion sta-
bility of nanoparticles in membrane matrix [29]. Inspired by
this typical characteristic, Liu et al. [30] grafted poly(methyl
methacrylate) chains onto TiO, nanoparticles via atom
transfer radical polymerization. The results showed that
the modified nanoparticles were homogeneously dispersed
into the PVDF matrix, and the prepared hybrid PVDF mem-
brane exhibited the excellent anti-fouling property. Poly
(N-acryloylmorpholine) (PACMO) has a wealth of hydro-
philic polymer chains with a repellent resistant property
for protein adsorption and cell adhesion [31-35]. In our
previous work [36], the PACMO-grafted ZrO, nanoparticles
(ZrO,-g-PACMO) were synthesized via radical polymeriza-
tion, followed by blending with PVDF to prepare hybrid
membranes. The grafted PACMO chains can not only increase
dispersion and stability of ZrO, nanoparticles in membrane
matrix, but also enhance the hydrophilicity and oil/water
separation efficiency of membrane. To the best of our knowl-
edge, although some significant investigations have been
conducted to prepare PVC membrane with nanoparticles as
the additives, introducing polymer-grafted ZrO, nanoparti-
cles to improve the anti-fouling property of PVC membrane
is rarely reported.

In the present work, ZrO,-g-PACMO nanoparticles are
directly blended with PVC to fabricate hybrid membrane via
the phase inversion method. In particular, the effects of poly-
mer-grafted ZrO, and original ZrO, nanoparticles on the mor-
phology, hydrophilicity, anti-fouling ability and permeation

property of resultant membranes are comparatively investi-
gated via X-ray photoelectron spectroscopy (XPS), scanning
electron microscope (SEM), atom force microscopy (AFM),
water contact angle measurement, protein adsorption and
filtration experiments.

2. Experimental
2.1. Materials

PVC (M, = 150,000) resin was supplied by Sekisui
Chemical Co., Ltd. (Tokyo, Japan). Poly(ethylene glycol)
(PEG, M = 20,000), N-acryloylmorpholine (ACMO),
N,N-dimethylformamide (DMEF), [3-(methacryloyloxy)propyl]
trimethoxysilane (KH570), 2,2"-azobisisobutyronitrile (AIBN)
and bovine serum albumin (BSA) were purchased from Xiyashiji
Chemical Co., Ltd. (Shandong, China). ZrO, nanoparticles
(average diameter = 50 nm) were supplied by Aladdin Reagent
Co., Ltd. (Shanghai, China). The pure water (18 MQ) used for
all experiments was purified with a Milli-Q system (Millipore,
America). All other chemicals, unless otherwise stated, were
obtained from commercial sources and used as-received.

2.2. Synthesis and characterization of nanoparticles

The ZrO,-g-PACMO nanoparticles were synthesized
via radical copolymerization, and the detailed procedures
were described in our previous work [36]. In brief, 2.5 g of
ZrO, nanoparticles was ultrasonically dispersed in a mix-
ture of ethanol (50 mL) and pure water (50 mL). 2.5 mL of
KH570 was then added into the suspension. After the reac-
tion was carried out under nitrogen atmosphere at 40°C for
5 h, the nanoparticles were collected by centrifugation and
washed with ethanol to remove excess KH570. The resultant
nanoparticles were denoted as ZrO,-KH570. To synthesize the
Zr0,-g-PACMO nanoparticle, 1.5 g of ZrO,-KH570 nanoparti-
cles were immersed and then sonicated in 50 mL of ethanol for
30 min. After the suspension was bubbled with nitrogen for
20 min, 3.53 g of ACMO and 0.041 g of AIBN were introduced.
The reaction was conducted at 60°C for 6 h. The nanoparticles
were centrifuged (4,000 rpm, 15 min) and washed with etha-
nol, and dried under vacuum at 60°C for 24 h.

Fourier transform infrared spectroscopy (FTIR, Tensor37,
Bruker, Germany) was used to determine the chemical struc-
ture of nanoparticles. Each spectrum was captured by aver-
aged 32 scans at a resolution of 4 cm™.

Thermogravimetric analysis (TGA) of nanoparticles was
conducted on a PerkinElmer Pyris 1 TGA instrument (USA)
from room temperature to 1,000°C with a heating rate of
10°C/min under nitrogen atmosphere. The grafting amount
of PACMO chains onto nanoparticles was calculated by fol-
lowing the previous descriptions [37].

Dispersion stability of nanoparticles was investigated
via particle size distributions and sedimentation behaviors.
0.1 g of ZrO, or ZrO,-g-PACMO nanoparticles was ultrason-
ically dispersed in 5 mL of DMF for 30 min. Particle size dis-
tributions of ZrO, or ZrO,-g-PACMO nanoparticles in DMF
solvent were tested via the nanoparticle size analyzer (Nano
7590, Malvern). After the suspension was allowed to stand
for 0, 12 and 24 h, respectively, the sedimentation behaviors
of nanoparticles were also evaluated.
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2.3. Preparation and characterization of membranes

The pristine PVC, PVC/ZrO, and PVC/ZrO,-g-PACMO
membranes were fabricated via the phase inversion method,
and the compositions of casting solutions are listed in Table 1.
Briefly, measured amount of nanoparticles was first immersed
into DME, followed by ultrasonication for 30 min to achieve
homogenous suspension. PVC and PEG polymers were added
into the suspension, and the solution was stirred for 6 h at
60°C to prepare the casting solution. After the air bubbles were
released for 24 h, the casting solution was cast on a glass slide
using a knife with a thickness of 300 um. The liquid membrane
was instantly immersed into a coagulation bath (25°C of pure
water). After peeled off from the glass plate, the resultant mem-
branes were completely washed with pure water to remove
residual agents, and kept in pure water bath before use.

Viscosity measurements of the casting solutions were car-
ried out on a R/S Rheometer (KINEXUS, Malvern, England)
using a cone geometry. The temperature during the measure-
ments was set to 25°C via a circulating water system. The pre-
pared casting solution was placed onto a specimen stage, and
viscosity was determined at 50 s™ of shear rate.

XPS (PHI5000C ESCA system, PHI Co., USA) was uti-
lized to characterize the elemental composition of the mem-
brane surface. Survey spectra were measured at a take-off
angle of 90° with respect to the sample surface using 300 W
Al Ka radiation.

The cross-sectional and surface morphologies of the pre-
pared membranes were observed using an SEM (Phenom Pro
X, Netherland) at an acceleration voltage of 5.0 kV.

The overall porosity (¢) of a membrane sample was deter-
mined by the gravimetric method [38], as calculated by the
following equation:

w, —w

- 2 100% 1)
AxIxp

where w, and w, are the weights of the wet and dry mem-
brane, respectively. A represents the membrane effective
area (m?), p is the water density and [ denotes the membrane
thickness (m).

The pore size distributions of membranes were eval-
uated by Kubo-X1000 analyzer (Beijing Builder Electronic
Technology Co., Ltd., Beijing), which was derived from the
nitrogen adsorption-desorption isotherms using the Barrett—
Joyner-Halenda model [34]. The reported value was the
average of three measurements.

The surface morphology of membranes was also scanned
on an AFM (CSPM5500, Benyuan-nano, China). Membrane
sample with a small square (2 cm x 2 cm) was loaded on a
specimen stage before being scanned. The three-dimensional
image was acquired from a scanning range of 10 um x 10 pm.

Table 1
Compositions and viscosities of casting solutions

The mean roughness (R ), root mean square (R) and mean
difference in the height between the highest peaks and the
lowest valleys (R) were studied by AFM software. The aver-
age of at least five scans was reported on each membrane.
The interaction force between the membrane surface and
BSA-immobilized tips was detected by AFM. BSA protein was
chemically immobilized on the AFM tip using the procedures
described elsewhere [39]. When the BSA-immobilized AFM tip
approached to and/or retracted from the membrane surface,
the cantilever deflection was generated due to the interaction
force between the tip and membrane surface. By multiplying
the spring constant of the cantilever, the interaction force could
be calculated and thus a force-extension curve was collected.

The hydrophilicity of membranes was evaluated by mea-
suring the pure water contact angle of the top surface. The
contact angle change in the drop age was recorded using a
contact angle instrument (DSA100, Kriiss, Germany). 5 pL of
water drop was dripped onto the membrane surface and the
values of contact angle were obtained using the drop shape
image analysis system.

The protein fouling resistance of the prepared mem-
branes was evaluated using BSA adsorption. The membrane
sample with a regular shape of 2 cm x 2 cm was immersed
into 10 mL of BSA solution (1 g/L). After incubation at 25°C
for 24 h to reach adsorption equilibrium, the amount (Q)) of
adsorbed protein was calculated by the following expressmn

(C,-C)V
s
where C; and C, are the initial and equilibrium BSA concen-
trations, respectively. S is the adsorption area of membrane
sample and V is the volume of BSA solution. The concentra-
tions of BSA solution before and after adsorption were deter-

mined by measuring the absorbance at 280 nm using the
UV-vis spectrophotometer (UV-1601, Shimadzu, Japan).

2

2.4. Filtration experiments

The permeability and anti-fouling ability of the prepared
membranes were characterized by filtration experiments
at ambient temperature. A system described in the previ-
ous work was used for the filtration study [34]. Each mem-
brane was initially compacted with pure water for 30 min at
0.2 MPa. The pure water flux at 0.2 MPa (], ;) was calculated
by the following equation:

\%4
Ax At

= )

where V (L) was the volume of permeated pure water. A (m?)
and At (h) represented the effective area of membrane and

Membrane ID PVC (g) Zr0, (g) Zr0,-¢g-PACMO (g) PEG (g) DMF (g) Viscosity (Pa-s)
pPVC 8 - - 2 50 0.85+0.05
PVC/ZrO, 7 1 - 2 50 0.46 +£0.02
PVC/ZrO,-g-PACMO 7 - 1 2 50 0.30 +0.03
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permeation time, respectively. Subsequently, the pure water
was replaced by 0.5 g/L of BSA solution. The BSA filtration was
carried out at 0.2 MPa, and the flux (J,) was obtained. Finally,
the membrane was washed with pure water for 30 min and
the pure water flux (J,,) was measured again. The rejection
ratio during BSA filtration was calculated using Eq. (4):

R=—L—2x100% (4)
C
f

where Cfand Cp are the concentration of BSA in the feed and
permeate solution, respectively.

The flux recovery ratio (FR) represented the relative
decline of pure water flux, which was used as the evaluation
of protein fouling during filtration process. The FR values of
membranes were calculated from Eq. (5):

FR =122 1009 )

w,1

To further analyze the fouling process in details, several
membrane fouling ratios were defined. The total membrane
fouling ratio (R,) was calculated by Eq. (6):

R = s =Js 00% (6)

w,1

R _and R, were incorporated to distinguish reversible and
irreversible fouling, which were defined by Egs. (7) and (8),
respectively.

R = IWJJ x100% )

w,1

3. Results and discussions
3.1. Characterization of nanoparticles

The silane coupling agent KH570 was used to react
with ZrO, nanoparticles to prepare the intermediate prod-
ucts (ZrO,-KH570) with active C=C groups. Subsequently,
ACMO monomers were grafted onto ZrO,-KH570 to obtain
the ZrO,-g-PACMO nanoparticles via radical copolymeriza-
tion. The chemical structure of the synthesized nanoparticles
was investigated via FTIR spectra. As shown in Fig. 1(a), the
spectrum of original ZrO, nanoparticles reveals a peak at
3,420 cm™ that is associated with the stretching vibration of
—-OH groups. In the spectrum of ZrO,-KH570, the bonds at
1,720 and 1,172 cm™ are assigned to the O-C=0 and C-O-C
of KH570, respectively [40]. Compared with spectrum of
Zr0O,-KH570, several new signals appear in the spectrum of
Zr0,-g-PACMO, namely C-O-C stretching vibration at 1,238
and 1,114 cm™, and C-N stretching vibration at 1,446 cm™ of
PACMO chains, respectively [35,36]. The FTIR spectra indi-
cate that the PACMO chains have been grafted onto nanopar-
ticle surface.

TGA analysis was used to characterize the thermal decom-
position behaviors of nanoparticles, and the grafting amount
of PACMO chains was quantitatively calculated accord-
ing to the procedures described in the previous work [37].
Compared with ZrO, nanoparticles, Fig. 1(b) shows that the
weight losses of ZrO,-KH570 and ZrO,-g-PACMO nanoparti-
cles are about 0.78 and 1.46 wt%, respectively. Obviously, the

R =22 "7 %100% 7) relative weight loss of ZrO,-g-PACMO nanoparticles is about
T
w 0.68 wt%, compared with ZrO,-KH570. In another word, the
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Fig. 1. (a) FTIR spectra and (b) TGA curves of ZrO,, ZrO,-KH570 and ZrO,-g-PACMO nanoparticles; (c) particle size distributions and
(d) sedimentation behaviors of ZrO,and ZrO,-g-PACMO nanoparticles in DMF.
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mass percentage of grafted PACMO chains is about 0.68 wt%
of ZrO,-KH570 nanoparticles weight. Therefore, the grafting
amount of PACMO chains is about 0.05 mmol/g, as calcu-
lated by Eq. (9).

W, —(1-W, )xW,

Won (W)W s )

Grafting amount,, ., o (mmol/ g) = M

ACMO

where W, and W, are the weight loss of ZrO,-KH570 and
7r0,-g-PACMO nanoparticles, respectively. (1 - W,) x W, rep-
resents the relative amount of KH570 onto ZrO, nanoparti-
cles, and M, is the molecular weight of ACMO monomer.

To investigate the effect of the grafted PACMO chains
on the agglomeration of ZrO, nanoparticles, the particle size
distributions of nanoparticles were measured using DMF
as the dispersant, and the results are shown in Fig. 1(c). It
is found that the distribution of ZrO,-g-PACMO nanoparti-
cles has a narrower range, and the diameter is smaller than
that of the original ZrO, nanoparticles. The mean diameter
decreases from 210 to 65 nm, which is close to the diameter
of original ZrO, nanoparticles (50 nm). This result shows that
the agglomeration tendency of ZrO, nanoparticles is signifi-
cantly suppressed via the grafting of PACMO chains.

The dispersion stability of nanoparticles was also stud-
ied via the sedimentation behavior in the organic solvent
DMEF. Xu et al. [41] reported there were two types of sedi-
mentation mechanisms of nanoparticles, such as flocculation
and accumulation. As shown in Fig. 1(d), the original ZrO,
nanoparticles are accumulated at the bottom, while column
of cloudy supernatant suspension still remains after settling
of 24 h. This sedimentation of ZrO, nanoparticles is typical
for accumulation suspensions. In contrast, solution contain-
ing ZrO,-g-PACMO nanoparticles exhibits the most turbid-
ity. The appropriate reason should be attributed to the fact
that the PACMO chains strengthen the interfacial stability of
nanoparticles, which may be counter balanced by Brownian
motion [42]. As a result, ZrO,-g-PACMO nanoparticles
remain in the supernatant for long times. Even after 24 h
the solution containing ZrO,-g-PACMO nanoparticles is still
turbid. This result also confirms that the grafted PACMO
chains can significantly increase the dispersion stability of
nanoparticles in the organic solvent DMF. Since DMF is a
good solvent for the PVC membrane formation, the uniform
dispersion of ZrO,-¢g-PACMO nanoparticles in the mem-
brane matrix is expected.

3.2. Chemical structure of membranes

PVC, PV(C/ZrO, and PVC/ZrO,-g-PACMO membranes
were fabricated via the phase inversion method. The surface
chemistry of the prepared membranes was investigated by
XPS. As depicted in Fig. 2, typical emissions of PVC can be
observed at 201.3 eV for CI2p and 286.1 eV for Cl1s [14]. There
are two peaks at 532.8 and 181.1 eV, corresponding to Ol1s and
Zr3d in the spectrum of PVC/ZrO, membrane, respectively
[43]. As for the spectrum of ZrO,-g-PACMO membrane, the
N1s peak at 400.3 eV is certainly attributable to the grafted
PACMO chains, indicating the presence of ZrO,-g-PACMO
nanoparticles in the PVC/ZrO,-¢g-PACMO membrane [36].
The mole percentage of N is 3.47 mol%, which is termed as
experimental value. Correspondingly, the calculated value of
N is 0.036 mol% that is derived from molecular structures
and concentrations of PVC polymer and ZrO,-g-PACMO
nanoparticle in the casting solution. Obviously, the experi-
mental value of N elemental concentration is much higher
than calculated value. This result shows that the hydrophilic
PACMO chains prefer to migrate toward the membrane sur-
faces during membrane formation. This significant segrega-
tion of PACMO chains will substantially increase the surface
hydrophilicity and protein fouling resistance of the prepared
membranes [44].

3.3. Morphology of membranes

The cross-sectional and surface morphologies of the
prepared membranes were observed by SEM. As shown in
Fig. 3 (left and middle columns), the original PVC membrane
shows a dense surface morphology, while the microporous
structures are clearly observed on the surfaces of PVC/ZrO,
and PVC/ZrO,-g-PACMO membranes. The cross-section of
the prepared PVC membrane presents a typical asymmetric
structure consisting of a skin layer and a finger-like sub-layer.
The PVC/ZxO, and PVC/ZrO,-g-PACMO membranes exhibit
a morphological change of sub-layer, in which the finger-like
sub-layer transforms into the macrovoid. To investigate the
mechanism of membrane formation, the viscosity of casting
solutions was measured. It is found from Table 1 that the vis-
cosity of casting solutions deceases after the nanoparticles
are incorporated into the dope solution. The low viscosity
of the casting solution accelerates the exchange rate of sol-
vent and non-solvent during membrane formation, and a
faster instantaneous liquid-liquid phase separation occurs,

Ve cts PVC/ZI0,
3121 gg'g?oﬁ Cls 69.93%
' Cizp 15.31%

0O1s 10.65%
Zr3d 4.11%
O1s

PVC/ZrO,-g-PACMO

Cis Cls 65.82% zr3d 2.12% C1ls

Cl2p 16.5% Si2p 2.52%
O1s 9.57% N1s 3.47%

800 600 400 200 0 800 600

Binding energy (eV)

460 260
Binding energy (eV)

0 800 6('10 460 260 0
Binding energy (eV)

Fig. 2. Wide-scan XPS spectra of the original PVC, PVC/ZrO, and PVC/ZrO,-g-PACMO membranes.
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Fig. 3. Morphologies of original PVC, PVC/ZrO2 and PVC/ZrOZ—g—PACMO membranes. Left column: cross-section of membranes;
middle column: SEM images of membrane surfaces; right column: three-dimensional AFM images of membrane surfaces.

resulting in a porous surface and macroviod in the sub-layer
[45]. Furthermore, the size of macrovoids at the cross-section
of PVC/ZrO, membrane is higher than that of PVC/ZrO,-g-
PACMO membrane, which may be ascribed to the fact that
the grafted PACMO chains significantly enhance the com-
patibility between nanoparticles and PVC polymer. Similar
experimental results were also obtained previously by Zhang
et al. [29] for the polysulfone hybrid membranes prepared
from TiO, and TiO,-graft-poly(hydroxyethyl methacrylate)
(TiO,-g-PHEMA) nanoparticles [29]. It is also observed from
Fig. 3 that the ZrO, nanoparticles are aggregated at the cen-
ter of PVC/ZrO, membrane. On the other hand, the typical
aggregation of ZrO,-g-PACMO is not displayed at the cross-
section of PVC/ZrO,-g-PACMO. This result indicates that the
Zr0,-g-PACMO nanoparticles are uniformly dispersed in the
membrane matrix during membrane formation.

To qualitatively inspect the surface structure of mem-
branes, the surface roughness parameters were determined via
AFM system. As shown in Table 2 and Fig. 3 (right column), the
surface roughness parameters of original PVC membrane are
less than those of PVC/ZrO, and PVC/ZrO,-g-PACMO mem-
branes. The roughness parameters are strongly correlated to
the depressions characterizing the pores and the high peaks
characterizing the nodules. The high roughness parameters
are expected when deep depressions and high peaks are pre-
sented on the membrane surface [46]. In the present work, the
fast liquid-liquid phase separation is generated by the addi-
tion of ZrO, and ZrO,-g-PACMO nanoparticles, which endows
the prepared PVC/ZrO, and PVC/ZrO,-g-PACMO membranes
with the high surface pore size. Therefore, the surface mor-
phologies of PVC/ZrO, and PVC/ZrO,-g-PACMO membranes
are rougher than that of original PVC membrane.
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Surface roughness parameters, porosity (¢) and mean pore size (d, ) of original PVC, PVC/ZrO, and PVC/ZrO,-g-PACMO membranes

Membrane ID R, (nm) R (nm) R_(nm) & (%) d  (nm)
PVC 25.0+4.0 321+54 261.5+32.3 69.2+14 10.7+0.9
PVC/ZrO2 279+29 354+29 282.0+33.5 73.0+1.1 25.6 £0.6
PVC/ZrOZ-g-PACMO 355+7.0 43.6 +8.3 320.2 +26.6 76.5+1.6 56.8+1.3
Fig. 4 shows the pore size distributions of original PVC, 18

PVC/ZrO, and PVC/ZrO,-g-PACMO membranes, and the —o—PVC

porosity and mean pore size of membranes are also summa- 15 —o—PVC/Zr0,

r1zed. in Table 2. The curves of pore size distributions shift to PVC/ZrO,-g-PACMO

the right, and the porosity and pore size of the membranes 2

increase after ZrO, and ZrO,-g-PACMO nanoparticles are
introduced into the membranes. This result is well consistent
with the morphologies of membranes, as revealed in Fig. 3.
As reported by Arthanareeswaran et al. [47], the blending
of hydrophilic nanoparticles in polymer matrix can increase
the volume fraction among the polymer chains. Together
with the fast exchange of solvent and non-solvent during the
phase inversion process, the porosity and mean pore size of
the prepared membranes increase. Interestingly, the mean
pore size of membranes seems much smaller than surface
pore size observed in AFM images in Fig. 3. The difference
may be explained that only size in the range of 2-100 nm can
be measured in the adsorption-desorption experiments [34].

3.4. Anti-fouling property of membranes

Water contact angle measurements were utilized to
evaluate the surface hydrophilicity of the prepared mem-
branes. As shown in Fig. 5(a), the original PVC membrane
exhibits a maximum initial contact angle of 94.5°, indicat-
ing the hydrophobic nature of PVC. The contact angles of
PVC/ZrO, and PVC/ZrO,-g-PACMO are smaller than that of
PVC membrane. Especially for PVC/ZrO,-g-PACMO mem-
brane, the initial contact angle is 70.6° that is 23.9° decrease
comparing with original PVC membrane. Furthermore, the
decay propensity of the dynamic contact angle is observed
on the PVC/ZrO, and PVC/ZrO,-g-PACMO membrane sur-
face. The values decrease from 80.4° to 60.2° for PVC/ZrO,
membrane, and from 70.6° to 49.2° for PVC/ZrO,-g-PACMO
membrane, respectively. However, the contact angle of the
original PVC membrane remains stable during the drop age
(80 s). The decay rate of contact angle is always affected by
the hydrophilicity of the membrane surface, the surface pore
size and wettability of internal pore channel surface [48].
The PACMO chains are easily segregated onto the mem-
brane surface and pore channel surface during membrane
formation. When a water droplet is contacted with the mem-
brane surface, the hydrogen bonds between the PACMO
and the water molecules result in an instant spreadability
[34,35]. These results suggest that the PVC/ZrO,-g-PACMO
membrane is more hydrophilic than PVC/ZrO, and original
PVC membrane.

The fouling resistance of membranes was evaluated via
the protein adsorption measurements. The fouling test results
for the prepared membranes are shown in Fig. 5(b). The
amount of adsorbed BSA on PVC membrane is 278 pg/cm?,
which is substantially higher than 151 ug/cm? of PVC/ZrO,
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10 100
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Fig. 4. Pore size distributions of original PVC, PVC/ZrO, and
PVC/ZrO,-g-PACMO membranes.

and 78 pg/cm? of PVC/ZrO,-g-PACMO membranes. This
result indicates that the original PVC membrane is easily
fouled by the protein adsorption. Compared with original
Zr0, nanoparticles, ZrO,-g¢-PACMO is more conducive to
improve the fouling resistance of PVC membrane.

To further survey the anti-fouling mechanisms of mem-
branes, the interaction force between BSA-immobilized AFM
tip and membrane surface was measured [38]. As shown in
Fig. 6, the interaction force between the original PVC mem-
brane and BSA-immobilized tip is about 23.6 nN. The inter-
action force decreases to 18.7 and 12.2 nN, corresponding
to PVC/ZrO, and PVC/ZrO,-g-PACMO membranes, respec-
tively. With respect to the adsorbed BSA amounts of mem-
branes, it is obvious that, the weaker the adhesion force of the
membrane-BSA, the lower amounts of protein adsorption.

It is well known that the rough membrane surface easily
adsorbs foulants from an aqueous media. The stronger anti-
fouling ability of membranes is always generated from a
smoother surface [49]. In the present work, although the
PVC/ZrO,-g-PACMO membrane surface is coarser than
PVC/ZrO, and original PVC membranes, PVC/ZrO,-
g-PACMO membrane performs better to resist protein
adsorption. The improved surface hydrophilicity is one of
the dominated factors affecting the anti-fouling ability of the
membrane. Water molecules are integrated with PACMO
chains to form a hydrated membrane surface [36]. The strong
hydration ability of PACMO remarkably decreases the
interaction force between the protein and membrane surface,
and then effectively resists the protein to adsorb onto
PVC/ZrO,-g-PACMO membrane.



X. Shen et al. / Desalination and Water Treatment 104 (2018) 62-72 69

(a)100
e e 1
[}]}
2 1
2 804
< \I
if 704 %\l\(}\_r
o I
Q 60- i T~y
Q
= —o—PVC
—— PVC/Zr0
= 50- — PVCJZrOZ—g—PACMO =
0 20 40 60 80

Time (s)

(b) 30,

BSA adsorption (ug/cm?)

PVC
280 1 !
7
7
210 ;
// PVC/ZrO
’ 2
140 g
Z PVC/Zr0,-g-PACMO
/
70 2
Z
I
7
7
0 bl

Fig. 5. (a) Water contact angles and (b) adsorbed BSA amounts of original PVC, PVC/ZrO, and PVC/ZrO,-g-PACMO membranes.

o PVC 0 PVC/ZrO 0 PVC/ZrO,-g-PACMO
60 60- 2 60 9
— 504 — 50+ — 504
Z 0] Z 0] Z 0]
g 304 § 30 g 30
2 204 2 20 S 204
_5 10+ ‘5 10 5 104
B 0 © 0+ T 0
o o g
@ -10+ a n o -104. : o -10+ y n
c —e—Approacl c —e— Approach c —=—Approac|
= -201 | —s—Retraction = 207 —c—RZ?racrion B |===Reradfion
-30 : T r . r -30 T T T T i -30 T T v T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Extension (nm)

Extension (nm)

Extension (nm)

Fig. 6. Force-extension curves recorded with a BSA-immobilized tip against original PVC, PVC/ZrO, and PVC/ZrO,-g-PACMO

membranes.

3.5. Permeability of membranes

Cycle filtration was carried out to evaluate the permea-
bility of original PVC, PVC/ZrO, and PVC/ZrO,-g-PACMO
membranes. The filtration process included three steps: the
pure water filtration, filtration of BSA solution (0.5 g/L) and
pure water filtration after membrane was cleaned with water
for 30 min. The fluxes in each stage were calculated, which
were termed as ], /, and ] , respectively. As depicted in
Fig. 7 and Table 3, the fluxes of membranes increase, whereas
the rejection ratios of BSA decrease after the addition of ZrO,
and ZrO,-g-PACMO into the membrane. This phenomenon
may be the synthetic effects of surface hydrophilicity and
membrane structures [50]. The improved hydrophilicity of
membranes favorably accelerates the transportation of water
molecules. On the other hand, the incorporation of ZrO, and
Zr0,-g-PACMO nanoparticles renders the membrane with a
high pore size and porosity, which also allows the water and
BSA molecules to permeate through the membrane matrix.

The FR can obviously present the suitable recycling per-
formance of the PVC/ZrO,-g-PACMO membrane. The higher
FR implies a better anti-fouling property for the membrane
[16]. From Table 3, the FR of the original PVC membrane is
about 32.2%, suggesting that the serious flux decline is gen-
erated from the BSA adsorption. More importantly, the FR
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Fig. 7. Time-dependent fluxes of original PVC, PVC/ZrO, and
PVC/ZrOZ—g—PACMO membranes.

value PVC/ZrO,-g-PACMO membrane is as high as 94.7%.
This is resulted from the hydrophilic effect of grafted PACMO
chains. Furthermore, the well-dispersed ZrO,-g-PACMO in
the membrane pore channel makes the entrapped BSA in
the pores to be removed easily by water flushing. The result
indicates that the prepared PVC/ZrO,-g¢-PACMO membrane
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Table 3

Fouling ratio, flux recovery and BSA rejection of PVC, PVC/ZrO2 and PVC/ZrOZ—g—PACMO membranes

Membrane ID R, (%) R, (%) R, (%) FR (%) Rejection (%)
PVC 10.5 68.8 79.3 31.2 624+52
PVC/ZrO, 39.1 30.7 69.8 69.3 41.3+4.6
PVC/ZrO,-g-PACMO 40.7 5.3 46.0 94.7 27.6+3.8

shows the better anti-fouling property than PVC membrane.
Recently, Behboudi et al. [23] reported that the FR value of
PVC/TiO, membrane was 97.6% when 2 wt% of TiO, nanopar-
ticles was added in the casting solution. Also, Rabiee et al.
[21] found that FR value of the prepared PVC/ZnO reached
t0 95.6% at 3 wt% of ZnO nanoparticle concentration. The FR
of the prepared PVC/ZrO,-g-PACMO membrane (94.7%) is
closed to the excremental results of abovementioned hybrid
membranes. In the present work, it is noteworthy that the
concentration of added ZrO,-g-PACMO is smaller than those
of ZnO and TiO, nanoparticles in PVC membrane. The result
also demonstrates that the synthesized ZrO,-g-PACMO per-
forms better to improve the anti-fouling property of PVC
membrane, as compared with ZnO and TiO, nanoparticles.

To quantitatively analyze the protein fouling resistance
of membrane in detail, the reversible fouling ratio (R), the
irreversible ratio (R,) and total fouling ratio (R,) were cal-
culated. The results are also given in Table 3. As the hydro-
phobic interactions between the PVC membrane surface and
BSA, the R, value of PVC membrane is 68.8%, about 86.8% of
total fouling. However, after ZrO, and ZrO,-g-PACMO are
introduced into the membranes, the R, values remarkably
decease. Especially for the PVC/ZrO,-g-PACMO membrane,
the R, value is only 11.5% of total fouling ratio. This result
indicates that the incorporation of ZrO,-g-PACMO can sup-
press the irreversible adhesion of BSA protein on the mem-
brane surface. The PACMO chains are integrated with water
molecules to form a stable hydration layer, which prevents
the irreversible adhesion of protein molecules on the mem-
brane surface [48]. On the other hand, although the reversible
adhesion of BSA protein is generated, the FR of PVC/ZrO,-
g-PACMO still reaches to 94.7%, since the reversible fouling
can be mitigated via a simple water flushing [50].

4. Conclusions

The PACMO-grafted Zr0, nanoparticles
(ZrO,-g-PACMO) were directly blended with PVC to pre-
pare PVC/ZrO,-¢-PACMO membrane via phase inversion
method. The ZrO,-g-PACMO nanoparticles were well dis-
persed in DMF that was the good solvent for PVC. The addi-
tion of ZrO, and ZrO,-g-PACMO nanoparticles rendered the
prepared membrane with the macroviod of cross-section
and a rough membrane surface. The hydrophilic PACMO
chains were preferably segregated on the membrane surface
and pore channel surface during the membrane formation,
resulting in the increase of surface hydrophilicity and the
decrease of interaction force between protein and mem-
brane surface. Therefore, the prepared PVC/ZrO,-g-PACMO
membrane exhibited smaller protein adsorption than those
of original PVC and PVC/ZrO, membranes. The filtration

experiments indicated that the irreversible protein adhesion of
PVC/ZrO,-g-PACMO membrane was significantly mitigated.
Although the PVC/ZrO, membrane also performed better to
resist protein fouling as compared with original PVC mem-
brane, the blending of ZrO, nanoparticles was still insuffi-
cient to improve anti-fouling property of PVC membrane
because it had the agglomeration propensity during mem-
brane formation. In fact, the physicochemical properties in
terms of surface roughness, wettability and surface charge,
are the factors affecting the anti-fouling ability of membrane.
The effects of nanoparticles concentration on the structures,
hydrophilicity and anti-fouling property of PVC membranes
will be further investigated in our future works.
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