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ABSTRACT

Dopamine modified sodium montmorillonite (D-MMT) was firstly used as the inorganic filler of
polyvinylidene fluoride (PVDF) composite membranes via nonsolvent induced phase separation
(NIPS) method. The surface modification sodium-montmorillonite (Na-MMT) was characterized by
Fourier transform infrared (FTIR), thermo gravimetric analysis (TGA), X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The X-ray photoelectron spectroscopic (XPS) spectra and
elemental mapping demonstrated that the D-MMT was incorporation and uniformly dispersed into
PVDEF composite membranes. Results showed that the incorporation of D-MMT into PVDF compos-
ite membranes significantly improved the mechanical property and hydrophilicity at a low D-MMT
loading. The addition of 0.8 wt% D-MMT not only altered the morphology and structure of mem-
branes, but also drastically increased tensile strength from 1.98 to 2.63 Mpa while elongation at break
increased from 58% to 126%. In addition, the pure water flux of membranes increased by almost 50%
from 15 to 22 L m2h*' when 0.8 wt% D-MMT was added. These results suggested that the surface
modification of Na-MMT played an important role inimproving mechanical properties and pure
water flux of PVDF composite membranes.

Keywords: Polyvinylidene fluoride; Composite membranes; Surface modification; Nonsolvent

induced phase separation

1. Introduction

Polyvinylidene fluoride (PVDF) is widely used for
various membranes. Although PVDF membranes have
many advantages, a critical problem is the low mechanical
strength of the membranes. The PVDF possesses the excel-
lent chemical resistance, ability to maintain oxidative treat-
ment, and film-forming properties so as to be widely used
for various membrane industrial departments [1-3]. PVDF
resin has a relatively low melting point of about 172°C and
can be easily dissolved in many organic solvents such as
dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO),

*Corresponding author.

N,N-dimethylformamide (DMF) and so on [4,5]. PVDF
membranes can be prepared by both nonsolvent-induced
phase separation (NIPS) and thermally induced phase sep-
aration (TIPS) methods [6,7]. Although PVDF membranes
have many advantages, various problems in a long-term
application frequently occur. A critical problem in water
treatment applications is the nearly inevitable issues on the
mechanical strength of membranes. Under a high flow rate
and operating pressure, the suspended coarse particles and
other matters in the wastewater abrade and compact the
membrane surface during filtration processes. Therefore,
high-strength membranes are more likely to extend the ser-
vice life of membrane modules [8].
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Several approaches have been conducted to explore
the possibility of improving the mechanical and chemical
properties of PVDF membranes [8-10]. Mixing organic
and inorganic fillers in the PVDF casting solution is one
of the popular modification methods because of its sig-
nificant simplicity and effective improvement on perfor-
mance characteristics of membranes such as the strength
and pure water flux [11,12]. Special additives such as
layered silicates (e.g., montmorillonite clay) have been
in widespread use for PVDF composite membranes for
decades [5,13] due to their excellent properties such as
large diameter-thickness ratio, high stiffness, and huge
specific surface area [14]. Different PVDF composite mem-
branes with excellent performance can be easily prepared
[15]. However, the inorganic components in the composite
membranes tend to agglomerate because of their high sur-
face energy [16,17]. The greater difference between PVDF
polymer and inorganic materials makes the clay be easier
to agglomerate. The membrane mechanical strength will
decrease when a large number of additives in the compos-
ite membrane agglomerate [18].

Surface modifications of nanoparticles are often used
to improve the mechanical and other performances of
polymers [19,20]. A biomimetic synthetic polymer polydo-
pamine (PDOPA), which can be easily achieved and pos-
sesses outstanding adhesion properties, has recently drawn
extensive attention as a general surface modification agent
with extremely good application potential [21-23]. Surface
modification of sodium montmorillonite clay using dopa-
mine can be prepared using a simple water-assisted pro-
cess [24]. The incorporation of dopamine-modified clay
(D-clay) extremely promotes the mechanical strength and
other properties of epoxy resin [24], polyether polyurethane
(PU) [25], polypropylene (PP) [26], and styrene butadiene
rubber (SBR) [27]. The surface modification of the MMT
not only effectively prevents D-clay aggregation but also
improves its dispersion in the polymer. The great interfacial
interactions of the D-clay in the epoxy leads to a good dis-
persion and significant increase in the stress transfer [24].
The mechanical properties of composites largely depend
on stress transfer of matrix, thus resulting in significant
improvements of mechanical properties at relatively low
D-clay loadings. Sodium montmorillonite clay (Na-MMT)
was used by this study due to its hydrophilicity, low price,
and high stiffness. Dopamine-modified Na-MMT (D-MMT)
was used as the inorganic filler in order to produce rein-
forced PVDF ultrafiltration composite membranes via NIPS
method. This study investigated the chemical, mechanical,
thermal, and hydrophilicity properties of the PVDF mem-
branes reinforced by D-MMT. This study attempts to obtain
the initial information on the improvement of PVDF com-
posite membrane using D-MMT, which can provide new
direction on low-price, easy-preparation, and effective com-
posite membranes.

2. Materials and methods
2.1. Materials

PVDF (Mn = 110,000 g/mol, Solef 6010) used in this
study was purchased from Solvay Solexis (Belgium).
Na-MMT was supplied by Zhejiang Fenghong Clay Chem-

icals Co, Ltd (Anji, China). PVDF and Na-MMT were des-
iccated at 110°C for one day before use. DMAc (analytical
reagent grade) and polyvinylpyrrolidone (PVP, K30) were
obtained from Sinopharm Chemical Reagent Co. (Beijing,
China). Dopamine hydrochloride (DOPA) purchased from
Shanghai Yuanye Biological Technology Co. (Shanghai,
China) and bovine serum albumin (BSA, with molecular
weight of 67,000 Da) obtained from Sigma-Aldrich Co. (St
Louis, USA) were used without further processing. Tris—
HCI (pH = 9.0) was obtained from Beijing Solarbio Science
& Technology Co. (Beijing, China).

2.2. Preparation of D-MMT

Na-MMT (10 g) was dispersed in 200 mL of deionized
water and mechanically stirred for 36 h followed by 1-h
ultrasonic stirring. Then 0.5 g DOPA and 2 mM Tris-HCI
were added and pH of the suspension was adjusted to
8.5 by using 1.0 M NaOH. After stirred at 300-400 rpm
in room ambient environment for 6 h, the suspension was
centrifuged at 4,000 rpm for 30 min. Isopropanol and ace-
tone were used to wash the dark slurry-like product in
turn, and then were removed by centrifugation. The pro-
cess of washing and centrifugation was repeated at least 5
times. Finally the surface modification Na-MMT/acetone
slurry was dried in an oven at about 60°C for 2 d to obtain
D-MMT.

Polydopamine was prepared by the following steps
similar with those of D-MMT. Dopamine was self-polym-
erized in Tris buffer for 6 h, and then the products were
centrifuged at 4,000 rpm for 30 min. The dark slurry-like
products were washed by isopropanol and acetone in
turn. Finally the products were dried in an oven at about
60°C for 2 d.

2.3. Preparation of PV DF composite membranes

Nonsolvent-induced phase separation (NIPS) method
was used to prepare PVDF composite membranes. D-MMT
was ultrasonically dispersed in DMAc and then agitated for
24 h before adding PVDF and PVP powders. The casting
solution was mechanically stirred at 40°C until the polymer
was completed dissolved. Then the casting solution was
placed in a vacuum dryer for 24 h for the sake of remov-
ing air bubbles. The PVDF solution was casted onto a glass
plate with the casting thickness of about 200 pm using a
casing knife at room temperature. Then the glass plate was
immediately put into the water bath to form a PVDF mem-
brane [28]. The compositions of these PVDF membranes
were exhibited in Table 1.

2.4. Characterization of D-MMT

The Fourier transform infrared (FTIR) spectra of DOPA,
PDOPA, Na-MMT and D-MMT were tested from 500 to
4000 cm™ by a JASCO 4100 instrument (JASCO, Japan) at
room temperature. The thermo gravimetric analysis (TGA)
was conducted using a TA Instrument (Mettler 5MP). The
samples were heated from room temperature to 850°C at
10°C min™ in nitrogen. X-ray diffraction (XRD) spectra were
determined on an X-ray powder diffractometer instrument
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Table 1
The detailed composition of different membranes

Type of PVDF D-MMT pPvP DMAc
membrane (Wt%) (Wt%) (Wt%) (Wt%)
MO 15.0 0.0 1.0 84.0
M1 15.0 0.2 1.0 83.8
M2 15.0 04 1.0 83.6
M3 15.0 0.6 1.0 834
M4 15.0 0.8 1.0 83.2
M5 15.0 1.0 1.0 83.0
M6 15.0 1.5 1.0 82.5
M7 15.0 2.0 1.0 82.0
M8 15.0 2.5 1.0 81.5

(BRUKER D8 Advance, Bruker Corporation, Germany).The
XRD pattern was scanned in 26 range of 2-30°. The d-spac-
ing can be calculated according to Bragg’s law:

2d sin® =n\ )

where 7 is an integer and assumed to be 1; A is the wave-
length of the incident X-rays (Cu-Ko: A = 0.15406 nm);
20 is the diffraction angle [29,30]. The structure of the
Na-MMT and D-MMT were also analyzed using trans-
mission electron microscopy (TEM, FEI Tecnai G2 F20,
FEI, USA).

2.5. Characterization of PVDF membranes

The wet membranes were used directly for flux and BSA
rejection tests while they were freeze-dried prior to other
characteristic tests. The X-ray photoelectron spectroscopic
(XPS) measurements of membranes were obtained by an
ESCALAB 250Xi (Thermo Scientific, USA) with using Al
Ko X-ray as the excitation source (hv = 1486.6 eV). The mor-
phologies of the membranes including top surface (water
side) and cross section were measured by a field emission
scanning electron microscope (SEM) (Hitachi S-4800, Hita-
chi Ltd, Japan). The cross-section images of PVDF mem-
branes were acquired after being freeze-dried and fractured
in liquid nitrogen. Moreover, elemental mapping of silicon
and aluminum in the PVDF composite membranes was
obtained using an Energy Dispersive Spectrometer (EDS)
(Hitachi S-4800, Hitachi Ltd, Japan). Atomic force micros-
copy (AFM) MultiMode 8+Bioscope Catalyst (VEECO,
USA) was used to obtain the top surface roughness. This
measurement was operated at an area of 10 pm x 10 pm.

The tensile strength and elongation of PVDF mem-
brane at the breaking point were determined using a ten-
sile machine (HY0580, Shanghai Hengyi Testing Machine
Co., Ltd., China) at a speed of 1 mm min™ and the maxi-
mum load of 10 N. Each membrane was measured at least
5 times and the average value with deviation was reported.
The water contact angle (CA) was measured by a contact
angle analyzer (OCA50, Dataphysics, Germany) to explore
the surface hydrophilicity of the PVDF membranes. 2 pL
of DI water droplets were dropped onto the top surface of
PVDF membrane samples at ambient temperature. At least

five experimental data at different sites of each PVDF mem-
brane were acquired and the mean value was obtained. The
filtration performance was tested using a dead-end stirred
cell (Model 8010, Amicon Corp., USA). The stirred cell with
a 25 mm diameter was connected to a nitrogen-pressurized
solution reservoir. In each test, PVDF membrane samples
were tested at 0.15 Mpa for 30 min and then measured at
0.1 Mpa for 30 min using DI water at 25°C. The pure water
flux (PWF) was computed according to the below equation:

Q

o= @
where | is the pure water flux (PWF, L m?h™); Q is vol-
ume of the permeated pure water (L); A is the effective fil-
tration membrane area (m?); AT is the permeation time (h).
BSA rejection of the PVDF membrane was tested at 0.1 MPa
and 25°C. BSA with concentration of 1 g L™ was dissolved in
phosphate buffer saline (PBS) solution (pH 7.4). BSA rejec-
tion (R) was calculated as Eq. (3).

R(%) = [1 - %] %100 (3)

0

where C and C,are the concentration of protein in the per-
meation and the feed solution, respectively. The BSA con-
centration was tested using aTU-1810 spectrophotometer
(Puxi Analytic Instrument Ltd., Beijing, China) at wave-
length of 280 nm.

3. Results and discussion
3.1. Characterization of D-MMT
3.1.1. FTIR and TGA analysis

The FTIR and TGA curves of DOPA, PDOPA, Na-MMT
and D-MMT are shown in Fig. 1. Many narrow peaks of
DOPA were the characteristics of a small molecule [31]
(Fig. 1A). The peaks at around 1504 cm™ represented
the asymmetric stretching vibrations of N-H from ami-
no-group. The peaks at 3348 cm™ represented the stretching
vibrations of N-H [29]. PDOPA had characteristic bands
around 1618 cm™ representing aromatic rings and around
3359 cm™ referring to catechol -OH groups [32] while
Na-MMT had characteristic bands O-H (3428 cm™). The
bands at 1639 cm™ according to the H-O-H bond of water
molecules retained in the silica matrix. The spectral band at
1037 cm™ represented the Si-O-Sibond of the SiO, [29]. After
surface modification using dopamine,the intensity of two
peaks at around 1618 cm™ and 3359 cm™ increased, which
indicates the incorporation of PDOPA in Na-MMT. Typical
TGA curves of the DOPA, PDOPA, MMT, and D-MMT are
shown in Fig. 1 B. Pure Na-MMT exhibited excellent ther-
mo-stability with a residue as high as about 92% at 800°C.
PDOPA started to decompose at less than 230°C [24]. The
weight loss decreased to about 70% when the temperature
increased to 800°C, which could be attributed to the deg-
radation of PDOPA [31]. For D-MMT, the weight loss was
lower than that of the pure Na-MMT, which was attributed
to the decomposition of PDOPA in the structure of D-MMT.
The TGA curves demonstrated that the PDOPA was coated
on the NA-MMT.
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Fig. 1. Fourier transform infrared (FTIR) and thermo gravimet-
ric analysis (TGA) curves of dopamine (DOPA), polydopamine
(PDOPA), sodium montmorillonite clay (Na-MMT) and dopa-
mine-modified sodium montmorillonite clay(D-MMT).

3.1.2. XRD measurement for D-MMT

The XRD patterns of D-MMT and Na-MMT are com-
pared in Fig. 2. Na-MMT showed the 001 peak at 26 = 7.20°.
The interlayer d-spacing of Na-MMT was calculated to
be 1.23 nm according Eq. (3) [33,34]. The D-MMT showed
a narrow peak at 20 = 6.75° after polymerization for 6 h,
which corresponded to d-spacing of 1.31 nm [34,35]. This
could be concluded that the distance of Na-MMT sheets is
expanded by the PDOPA, which would provide better dis-
persion and stability in PVDF membranes [30].

3.1.3. TEM images of D-MMT

Both TEM images of the pristine Na-MMT and D-MMT
illustrated that the products had a layered structure (Fig.
3). After modification, the particles became smaller and less
coalescent. The surface energy of the Na-MMT decreased
owing to modification. These features improved the dispersion
property and thus prevented the agglomeration of particles.

3.2. Characterization of PVDFcomposite membranes
3.2.1. XPS analysis of PV DF composite membranes

The elemental compositions of the composite mem-
branes M0 and M4 are shown in Fig. 4. Peaks of carbon
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Fig. 2. X-ray diffraction (XRD)patterns of Na-MMT and D-MMT.

(binding energy, 295.38 eV), N1s (binding energy, 399.08
eV), Ols (binding energy, 541.78 eV) and Fls (binding
energy, 687.08 eV) were observed on the surfaces of pris-
tine and composite PVDF membranes [36-38]. Compared
to the pristine PVDF membrane, the intensity of Ols
drastically increased in the composite membrane, which
was ascribed to the presence of Al,O,/SiO, on membrane
surface (Fig. 4A). Moreover, the peak of Si2p (Fig. 4B)
locating at 108.08 eV further confirmed the appearance
of Si element [39].

3.2.2. Morphology of PVDF composite membranes

The surface and cross section images of the PVDF
membrane are shown in Fig. 5 and Fig. 6, respectively. The
membranes had an asymmetric structure with a thin and
dense top surface layer as well as a bi-continuously inter-
connected support layer. This was produced by the fast
exchange between solvent and nonsolvent [40,41]. For the
pristine PVDF membranes, the interaction between sol-
vent DMAc and water resulted in liquid-liquid separation
to form a thin and dense skin structure on the top surface
of the PVDF membrane and a macroviod structure in the
membrane sublayer [42]. For the composite membranes,
the mass transfer rate between casting solution surface
and water increased due to the presence of hydrophilic
D-MMT to thus form the loose upper surface with large
pore structure [43,44]. The large pores on the membrane
surface increased with the increase in D-MMT content,
which could be explained by that D-MMT could promote
phase inversion as pore-forming agent during membrane
formation [45]. The sublayer of the composite membranes
gradually changed from macroviod structure to spongy
like structure. The elemental mapping was used to study
the dispersion of D-MMT on top surface of M4 and M8 in
the membrane (Fig. 7). The elementals silicon and alumi-
num were introduced by D-MMT and evenly distributed
on the surface of M4. These results proved that D-MMT
was well dispersed in the PVDF membrane. Excessive par-
ticles led to uneven dispersion and thus formed agglomer-
ation (M8) as the concentration of D-MMT increased. These
results indicate that the surface modification of Na-MMT
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Fig. 3. Transmission electron microscopy (TEM) micrographs of Na-MMT and D-MMT particles.
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Fig. 4. X-ray photoelectron spectroscopic (XPS) spectra of PVDF
and composite membrane M4: (A) wide survey XPS spectra, (B)
Si2p XPS spectra of PVDF composite membrane; (C) Al2p XPS
spectra of PVDF composite membrane.

significantly benefited the intercalation of D-MMT in
PVDF membrane because of its stronger interactions with
the matrix [24]. The surface roughness of various mem-
branes is illustrated by Fig. 8. The mean surface rough-
ness of pure PVDF membrane was 13 nm and increased as
the D-MMT was added. The surface roughness of D-MMT
membrane increased to 28.8 nm when the concentration
of D-MMT was up to 2.5 wt% (M8). This result was in
agreement with that of the SEM analysis. The dense mem-
brane surface had a relative low surface roughness while
a loose upper with large pore structure membrane surface
had a higher surface roughness. The surface roughness
increased with the increase of membrane pores.

3.2.3. Performance of PVDF composite membranes

To demonstrate the reinforcement of D-MMT on
mechanical properties of PVDF membranes, the tensile
strength and elongation at break were tested (Fig. 9). It
could be seen that PVDF membranes containing D-MMT
exhibited higher tensile strength and elongation at break-
ing than pristine PVDF membrane. The tensile strength
and elongation at break increased firstly until reached the
maximum values with D-MMT addition of 0.8 wt% (M4).
The tensile strength of PVDF membrane was 1.98 MPa
while it increased to 2.63 MPa with almost 33% of improve-
ment through incorporation of a few of D-MMT (0.8 wt%).
Meanwhile, the elongation increased from 58% to 126%.
The sharp increase in the tensile strength and elongation
could be primarily attributed to the effective load trans-
fer offered by the D-MMT interface [26]. The crosslinking
behavior of the D-MMT particles caused high mechanical
properties [46,47]. In addition, the high mechanical prop-
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Fig. 5. Surface scanning electron microscope (SEM) images of MO-M8 membranes.
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Fig. 6. Cross-section scanning electron microscope (SEM) images of membranes MO to M8.



Y. Cai et al. / Desalination and Water Treatment 141 (2019) 95-105 101

Al (M4) Si (M4)

Al (M8)

110.9 nm

-18.4 nm

10 pm

Fig. 8. Atomic force microscopy (AFM) images (10 um x 10 um) of membrane surface M0, M4, M6 and M8.
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Fig. 9. Tensile strength and elongation of PVDF composite mem-
branes with different D-MMT concentration.

erties could also be explained by morphological results of
membranes. The macrovoid structure gradually turned
into sponge-like structure when the D-MMT particles
were incorporated in the membranes. Membranes with a
sponge-like morphology have superior mechanical prop-
erties according to the literatures [48-50]. These results
were in good agreement with the previous theoretical and
experimental studies [25,26]. Agglomeration occurred
when D-MMT composition continued to increase. The
uneven distribution of particles produced large pores and
some defected in the PVDF composite membranes, which
caused degradation of mechanical properties.

The hydrophilicity of membranes is shown in Fig. 10.
All the water contact angles of membranes were around 75°
(Fig. 10A). Due to the hydrophilic of Na-MMT and PDOPA,
the water contact angle of the membrane dropped slightly
from 74.5° (M0) to 73.5° (M4) with the content increase of
D-MMT, indicating that the hydrophilicity of membranes
increased. As the D-MMT incorporation further increased
to 2.5 wt% (M8), the water contact angle of membranes
increased conversely due to the particle agglomeration [51].
Pure water flux (PWF) and BSA rejection were tested for all
of the composite membranes (Fig. 10B). The incorporation
of the D-MMT altered the surface hydrophilicity properties
of PVDF to increase the filtration properties. In addition,
the quantities of big cavities increased with the addition of
D-MMT, which could lead to the enhancement of purewater
flux [52]. A sharp increase of PWF from 15t0 22 L m2h" was
observed in Sample M0 (0 wt% D-MMT) to Sample M4 (0.8
wt% D-MMT). This result was consistent with SEM and CA
results. The incorporation of hydrophilic D-MMT caused a
decrease in BSA rejection from 90% to 53% because of the
increased big cavities on top surface which were proved by
SEM and AFM. With the further increase of D-MMT con-
tent, the hydrophilicity of membrane surface decreased due
to the agglomeration of the D-MMT, which subsequently
led to the decrease in the pure water flux. The addition of
D-MMT might be a promising modification approach for
PVDF membrane because of low cost, fine accessibility of
MMT, and the sharp increase in the water flux and rejection
using D-MMT.
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Fig. 10. Contact angle (A), pure water flux and rejection (B) of
PVDF composite membranes in different D-MMT concentration.

3.2.4. Comparison of the performance of PV DF membranes
modified by clay and dopamine modified clay

The flux and mechanical properties of PVDF hybrid
membranes with the data obtained from previous litera-
ture and our work are shown in Table 2. Compared with
other PVDF membranes added with unmodified clay,
our membranes used the less content of dopamine mod-
ified Na-MMT to make the performance of membrane
be improved greatly. The incorporation of D-MMT not
only improved the hydrophilicity and permeability of the
hybrid membranes, but also enhanced the tensile strength
and elongation at break. The results show that D-MMT has
provided new opportunities for improving the mechanical
properties and pure water flux of PVDF membranes.

4. Conclusions

Dopamine modified sodium montmorillonite clay
was firstly used as the inorganic filler of PVDF compos-
ite membranes via NIPS method. The Fourier transform
infrared (FTIR), thermo gravimetric analysis (TGA) and
X-ray diffraction (XRD) tests proved that Na-MMT was
successfully modified by dopamine. The X-ray photo-
electron spectroscopic (XPS) spectra and elemental map-
ping demonstrated that the D-MMT was incorporation
and uniformly dispersed into PVDF composite mem-



Y. Cai et al. / Desalination and Water Treatment 141 (2019) 95-105 103
Table 2
The detailed composition of different membranes
Fillers Optimum dosage Rate of change in Rate of change in tensile Rate of change in Reference
of fillers (wt%) water flux (%) strength (%) elongation at break (%)
Palygorskite 10 135 T16.7 1-384 [8]
Clay 1 T113 - 120 [13]
MMT 5 138 - - [53]
Cloisite 30B 5.08 1-374 T13.7 1-8 [54]
Nanomers 1.44P 5.08 1-6.5 T1.6 1-309 [54]
MMT 5 137.5 T23.3 1-50 [55]
Nanoclay 5 - T8.1 T100 [56]
D-A-HNTs 0.36 182.6 - - [17]
D-MMT 0.8 T46.7 133 T117 This work

branes. The incorporation of D-MMT played an import-
ant role during the phase separation process. Compared
with other PVDF membranes added with unmodified
clay, composite membranes with a small amount D-MMT
had higher breaking strength and elongation at break.
The presence of D-MMT also increased the pure water
flux of the PVDF membrane, making the PVDF/D-MMT
composite membrane a good membrane candidate for
wastewater treatment.
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