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Abstract

By introducing hydroxyapatite(HAP) nano whiskers as well as polyvinylpyrrolidone(PVP), the
poly(vinylidene fluoride)(PVDF)/PVP/HAP hollow fiber membranes were fabricated with wet
spinning method. The aqueous solution containing 90wt.% N-methyl-2-pyrrolidone(NMP) is used as
bore liquid. The effects of two additives and the synergism on the morphologies, surface properties,
permeation performances, antifouling ability and mechanical properties of the PVDF/PVP/HAP
membranes were characterized by numerous state-of-the-art analytical techniques, and reasonably
elucidated accompanying with precipitation kinetics and shear viscosity of dopes. The results show
that with the addition of HAP, the finger-like structure of PVDF/PVP/HAP membranes is gradually
suppressed and replaced by sponge-like structure, and the hydrophilicity is evidently improved. The
hydraulic permeability Jy firstly increases from 224.2 of M-1 to 549.1 L-M>-H"-bar" by adding
1.0wt.% HAP nano whiskers of M-2, and then decreases to 425.9 and 316.3 L-M*-H"-bar” for M-3
and M-4. The rejections of three proteins and humic acid range from 31.4% to 98.4%, and slightly
decrease as HAP content increases in the membranes. The mechanical properties of the membranes are
markedly improved with the addition of HAP nano whiskers. The membranes containing dual
additives have higher permeability and mechanical strength than those of the fibers containing either
single additive, implying the synergism of them in improving membrane properties.
Key words: Poly(vinylidene fluoride) (PVDF); Hydroxyapatite(HAP); Ultrafiltration; Hollow fiber

membrane; Nano whiskers
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1. Introduction

The semicrystalline poly(vinylidene fluoride)(PVDF) as one good membrane material has been
widely investigated owing to its good chemical resistance, mechanical properties and thermal
stability[1-4]. However, the high hydrophobicity of PVDF membranes is not of practical interest
because of low permeation flux and easy fouling[5]. To improve the imperfection, many attempts were
devoted to modify PVDF membranes in terms of high hydrophilicity and antifouling ability by
coating[6], grafting[7], blending and so on [8, 9]. Liu[l] and Kang[2] detailedly reviewed the
applications, preparations and modifications of PVDF membranes. Due to its simple process, easy to
control and relatively low cost, blending method is the most efficient way. Up to now, the introduction
of inorganic nanofillers to modify PVDF membranes has been widely carried out. Some representative
works are summarized in Table 1. By adding inorganic nanofillers such as TiO,, Al,O; SiO, and so on,
the modified PVDF membranes had improved surface hydrophilicity and higher pure water flux
compared with the pristine PVDF membranes.

Hydroxyapatite(HAP) is a promising material due to its good chemical stability and
biocompatibility[10-12]. It has been widely used in composite materials including separation
membranes. Robinson et al.[13] fabricated the hydroxyapatite/polysulfone laminated composites with
good biocompatibility and toughness. The toughness and modulus of the composites were close to
cortical bone. Fang et al.[14] prepared hydroxyapatite whisker-reinforced poly(L-lactic acid) scaffold,
which showed high porosity and mechanical strength. Sun fabricated the polyether sulfone(PES)/HAP
mixed matrix membranes for protein purification via both diffusion as well as adsorption [15]. Ma et
al. made Ag-TiO,/HAP/AlL,O; microfiltration membranes with highly reactive photocatalytic for

coupling photocatalysis for water treatment, and further investigated the humic acid removal as well as
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the anti-fouling properties of membranes[16]. Masmoudi et al. obtained a new ceramic asymmetric
microfiltration membranes (active layers) based on synthesized lacunary HAP to treat cuttlefish
effluents generated from the conditioning seawater products industry, which showed a permeation flux
of 125L/h m* and a high retention of turbidity (99%), color and COD (92%)[17]. Additionally, HAP
whiskers contains abundant hydroxyl groups (-OH) which can improve the hydrophilicity of PVDF
membranes. In the previous work[18], the modified PVDF ultrafiltration membranes were
successfully prepared by blending method with HAP whiskers. The mechanical properties were
significantly improved which can endure long-playing running in industrialized separation field. But
the permeation fluxes of PVDF/HAP composite membranes were so low that they might not be
suitable for practical applications. According to actuality, it is crucial to prepare practical membranes
with high permeation flux, high rejections of solutes as well as good mechanical properties.

Nowadays, many interesting works show that the hydrophilic modifiers can be anchored on
membranes by hydrogen bonds. Based on these works and considering the outstanding properties of
HAP nano-whiskers with abundant hydroxyl groups, which can form hydrogen bonds with PVP. It can
be assumed that the mutual interactions of HAP and PVP contribute to a better dispersion of HAP
nano-whiskers. It is crucial to explore the synergetic effects between HAP and PVP in this work. The
PVDEF/PVP/HAP hollow fiber membranes were synthesized via wet spinning method. The membrane
structure and properties were characterized using FESEM, AFM, ATR-FTIR and water contact angle
measurements. The ultrafiltration performances were tested by the rejections of three proteins with
different molecular weights and humic acid. Furthermore, the crystalline behaviors and mechanical
properties were also discussed.

Table 1 The part works about the properties of PVDF membranes modified by inorganic additives
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Refs.

Hong[20]

Li[22]

Wei[24]

2014

2013

2011

Modulus

flat

sheet

flat

sheet

flat

sheet

Original

Modified

Original

Modified

Original

Modified

PVDF membrane

17% PVDF

1.5% nano-ZnO

19.5% PVDF

1.5% nano-Ag

20%PVDF

1% TiO, nanowires

Pure water flux

(L/m*-h-bar)

36.4

108.6

190

Rejections (%)/pore

size

30%"°

98%"

91.6°

88.1°

85"

91°

Contact angle(")

83.3
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Yuliwati[25]

Yu[26]

Cao[27]

Yan[28]

Bae[29]

a: Rejection of oily wastewater (oil concentration is 45 mg/L); b: Rejection of BSA; c:Pore size determined by solute ultrafiltration; d:Measured by

liquid-liquid porometer; e:Rejection of synthetic refinery wastewater; f: Calculated by Guerout-Elford-Ferry equation; g: Mean pore radius determined by

2011

2009

2006

2005

2005

hollow

fiber

hollow

fiber

flat

sheet

flat

sheet

flat

sheet

Original

Modified

Original

Modified

Original

Modified

Original

Modified

Original

Modified
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19%PVDF 38
1.95% TiO, 90
18% PVDF <80
3% SiO, 301
16%PVDF 88.2
<2% TiO, 111.7
19% PVDF 25
3% nano-Al,O; 125
15% PVDF 303
TiO,/PVDF=0.3 331

filtration velocity method; h: Rejection of PEG Mw=35 000; i: Rejection of PEO with Mw=100 000

62.6°/28.0nm"
98.8%/34.1nm"
0.074 pm®
0.099um?®
100°
100°
95.5"
97.1"
93!

95!

81.1

47.3

82.9

534

78

76

83.6

58.6

86.7

81.1
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2. Experimental
2.1 Materials

PVDF(FR904) in powder form was purchased from Shanghai 3F New Material Co. Ltd. (China).
Polyvinylpyrrolidone (PVP K30) were purchased from Shanghai Aladdin Chemical Agent Co. Ltd.
(China). N-methyl-2-pyrrolidone(NMP) involved as solvent was purchased from Sino-pharm
Chemical Reagent Shanghai Co. Ltd.(China). Lysozyme (Mw=14 400), albumin (My=45 000) and
bovine serum albumin (BSA, My=6 7000) were purchased from Shanghai Bio Co. Ltd (China).
Humic acid (fulvic acid content>90%) was purchased from Shanghai Aladdin Chemical Agent Co. Ltd.
(China). Deionized water (DI) was self-produced by a reverse osmosis (RO) system. All other
chemicals were purchased from Sino-pharm Chemical Reagent Shanghai Co. Ltd. (China).

HAP nano whiskers were self-synthesized by wet chemical precipitation method, which was
described in the previous work[18]. The nano whiskers have a mean length HAP of 116.2+8.5 nm, and
average width of 20.8+3.5nm according to the TEM images.

2.2 Light transmittance measurements of dope solutions

The precipitation kinetics of PVDF/PVP/HAP dope solutions were measured by light
transmittance measurements. The detailed experimental procedure and the schematic of equipment
were described in the previous works[30, 31]. The cast pristine film was immersed into coagulation
bath(tap water) at 25 'C. The intensity of the transmitted light through cast film in water bath was
measured in terms of time. The signal of the transmitted light was detected and recorded by a
computer, indicating the precipitation rate of dope.
2.3 Dope rheology measurements

The rheology properties of the PVDF/PVP/HAP dopes were measured by a rotational rheometer
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(Austria Anton Paar MCR102) with a parallel of plate geometry at 25 ‘C. The samples were placed
between the parallel plates. The shear rate ranged from 0.001s" to 1000 s™.
2.4 Membrane preparation

The dope solutions for membrane spinning contained quantified PVDF, PVP and different
amounts of HAP(1.0-3.0 wt.%). The residuals were balanced with NMP solvent. The mixtures were
stirred for 12 h at 60 C to obtain homogeneous dope solutions. The dopes were degassed for 12 h
before spinning.

The hollow fiber membranes were spun at 25+1 'C with wet spinning method. The dope solution
and bore fluid passed through a spinneret with an orifice diameter/inner diameter of 0.9/0.5 mm at the
pressure of N, and constant-flow pump, respectively. The bore fluid was 90 wt.% NMP aqueous
solution. Outer coagulation liquid was tap water at 25+1°C. The ratio of dope flow rate to bore fluid
flow rate was constant in all spinning processes. The fabricated fibers were stored in deionized water
bath for 24 h to remove any residual solvent. Then, the fibers were kept in 50 wt.% glycerol aqueous
solution for 24 h to avoid the collapse of porous structure and stored in a sealed space at room
temperature for testing. The detailed preparation conditions and geometrical parameters of
PVDE/PVP/HAP hollow fiber membranes were listed in Table 2 and Table 3, respectively.

Table 2 The detailed preparation conditions of PVDF/PVP/HAP hollow fiber membranes

Composition of dope solution(%)

Membrane no. Bore fluid
PVDF/HAP/PVP/NMP
M-1 18/0/3/79 NMP/H,0:90/10
M-2 18/1/3/78 NMP/H,0:90/10
M-3 18/2/3/77 NMP/H,0:90/10
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M-4 18/3/3/76 NMP/H,0:90/10

M-5 18/1/0/81 NMP/H,0:90/10

Table 3 The geometrical parameters of PVDF/PVP/HAP hollow fiber membranes

Membrane no.  OD(mm) ID(mm) d(mm) CA(°) (%) Fm(nm)
M-1 1.150 0.635 0.258 89.2+£2.7 79.4 14.7
M-2 1.025 0.515 0.255 83.3£3.6 78.7 23.1
M-3 0.990 0.555 0.218 75.242.1 77.4 19.3
M-4 1.035 0.635 0.205 68.3+2.9 76.9 16.1
M-5 1.015 0.610 0.203 91.442.5 76.4 5.8

Note: OD-outer diameter, ID-inner diameter, d-wall thickness, CA-final contact angle, & -porosity,
rp-mean pore radius.
2.5 Membrane characterizations
2.5.1 Morphologies of PVDF/PVP/HAP hollow fiber membranes

The morphologies of PVDF/PVP/HAP hollow fiber membranes were examined by a field
emission scanning electronmicroscopy (FESEM) (Hitachi S-4800). The hollow fiber membranes were
firstly immersed in absolute ethanol for about 10 min, and then fractured in liquid nitrogen to obtain
clear cross-sections. Then the samples were positioned on a metal holder and gold coated under
vacuum. The FESEM images of the outer surfaces, inner surfaces and cross-sections of hollow fiber
membranes were collected. In order to insight the dispersion of HAP nano-whiskers in the membranes,
the map scan spectra of energy dispersion of X-ray(EDX) were conducted on the external surfaces of

the PVDF/PVP/HAP hollow fiber membranes.
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The outer surfaces of the fabricated PVDF/PVP/HAP hollow fiber membranes were also detected
by an atomic-force microscopy (AFM, BioScope TM, USA) using tapping mode. Small squares of the
prepared membranes were placed in a glass substrate and the surface was imaged at a scan size of
2umx*2um. Scanning was performed at a speed of 2 Hz. The mean roughness (R,) is the average value
of the surface relative to the center plane for which the volumes enclosed by the image above and
below the plane are equal. Each sample was measured for 3 times at different points on the outer
surface so that the data were much more convincing.

2.5.2 Hydrophilicity, porosity and pore size measurements

The surface hydrophilicity was evaluated by dynamic contact angle, which was conducted on a
contact angle analyzer (KRUSS DSA30 German). The measurements on the outer surfaces of
membranes were carried out using a droplet of 3.0 pL at room temperature. All tests were recorded in
movies for 10 min and repeated for at least 3 times to minimize experimental error. The membrane

porosity & (%) was defined using gravimetric method, as defined in the following equation

e(%)=—2""  5100% Eq.(1)
I/membrane w
T 2 2
membrane ~ Z x (dOD - dID ) xL Eq(2)

where w; and w, was the weight of wet and dry membranes(g), respectively. The value of d,, was the
pure water density(0.998g/cm3), Vinemrbane Was the volume of hollow fiber membrane(m3), which could
be calculated by Eq.(2), where dpp and djp represent the outer diameter and inner diameter of hollow
fiber membrane, respectively and L was the length of membranes[32].

In addition, in order to determine the membrane mean pore radius(r,), Guerout-Elford-Ferry

equation on the basis of the pure water flux and porosity data was used[32, 33],

10
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_ [e9=1758)80i0
" ex AX AP

Eq.(3)
where 7 is the water viscosity(8.9x107Pa s), O is the volume of permeate water per unit time(m’/s),
and AP is the operation pressure(0.1MPa).
2.5.3 Permeation and rejection performances of PVDF/PVP/HAP hollow fiber membranes

The permeation and rejections of the PVDF/PVP/HAP hollow fiber membranes were measured
by ultrafiltration experiments. Three different protein aqueous solutions of lysozyme (My=14 400),
albumin (My=45 000) and bovine serum albumin (BSA, My=6 7000) were applied to solute transport
experiments. The feed concentrations of protein aqueous solutions (pH=7) were kept at 500 ppm. The
humic acid(HA) with the concentration of 50 ppm also measured. Hollow fiber membrane modules
were self-prepared (outside feeding) which were detailedly described in the previous works[30, 34,
35]. All experiments were conducted at 25+1 ‘C with a feed pressure of 1.0 bar. The newly prepared
membranes were pre-pressured at 2.0 bar with deionized water for 1 h before measuring. After that the
pure water permeability (PWP, J,,) being tested, the measurements of the permeation and rejections for
protein and HA aqueous solutions were followed. The proteins and HA concentrations of both feed

and permeate solutions were determined by an ultraviolet spectrophotometer (UV3600 Shimadzu,

Japan). The J,, and rejection (R) were defined as formulas (4) and (5), respectively

J, = 0
APx A

Eq.(4)

R=( —%)x 100% Eq.(5)

0

where Q was the volumetric flow rate (L-H™), AP was the transmembrane pressure (bar), 4 was the
effective membrane area, R was the rejection for proteins, 4; and 4, were the absorption value of the

permeate solution and feed solution, respectively.

11
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After the permeation experiments with BSA aqueous solution, the fouled membranes (M-2) were
immediately washed for 30 min with a 500ppm NaClO aqueous solution at 25 "C. After washing, the
membrane module was rinsed with DI water, and then the PWP value was tested again. It was
conducted with thrice fouling and twice washing. The flux recovery ratio (FRR) was evaluated by[11]

FRR(%)=J,/J, x100 Eq. (6)
where J; is re-measured PWFs of the membranes in each cycle.
2.5.4 ATR-FTIR and XRD of PVDF/PVP/HAP hollow fiber membranes

The attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of
PVDF/PVP/HAP hollow fiber membranes were collected with a Nicolet 380 (Thermo Electron
Corporation, USA) spectrometer with a resolution of 4 cm™" in the wavenumber of 400-4000 cm™. The
crystalline behaviors of the samples were detected by a wide-angle X-ray diffraction (WAXD,
D/max-II B, Japan) in the 20 range of 5-50°.

2.5.5 Mechanical properties

The mechanical properties of PVDF/PVP/HAP hollow fiber membranes were tested according to
Chinese National Standard(GB/T228-2002). It was tested by a material test machine (QJ210A,
Shanghai Qingji Instrumentation Sci. & Tech. Co., Ltd, Shanghai, China). The loading velocity is 50
mm-min”. The presented values were obtained by measuring at least five times for each sample and
then averaged.

3. Results and discussion

3.1 Rheology properties and precipitation kinetics of PVDF/PVP/HAP dope solutions

12
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Fig.1 The viscosity versus shear rate of PVDF/PVP/HAP dopes

Fig.1 shows the shear viscosity versus shear rate of five dopes. A Newtonian behavior at lower
shear rate and a shear-thinning behavior at higher shear rate are observed [36]. The interactions
between PVDF chains and HAP whiskers are enhanced with the increase of HAP loading. Therefore,
the addition of HAP restrains shear flow of dope and results in an increase of viscosity[37]. Moreover,
the viscosity presents a sharp decline in the shear rate of 10-10° s for the five samples. It is the result
of weak flow-impeding effect at higher shear rate for polymer chains[38]. The interactions between
PVDF chains and HAP whiskers are weaker than Van der Waals force in the chain coins so that it is
easily destroyed preferentially to the disentanglement of chain coins in shear flow. This phenomenon
contributes to the more significant shear thinning behavior of the dope[37]. The dope only containing
1wt.% HAP shows lower viscosity than that of dope containing dual additives(3wt.% PVP and 1wt.%
HAP). The abrupt viscosity drop is probably due to interfacial slip between the PVDF and HAP
whiskers without PVP, implying that PVP actually improves the compatibility between HAP and

PVDEF. As a consequence, the addition of HAP whiskers can increase the viscosities of dopes, which

13
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subsequently affects the precipitation kinetics and structure of the resultant membranes.

Curve 1: 18%PVDF 3%PVP 0 wt.% HAP
Curve 2: 18%PVDF 3%PVP 1 wt.% HAP
107 44 Curve 3: 18%PVDF 3%PVP 2 wt.% HAP
5 Curve 4: 18%PVDF 3%PVP 3 wt.% HAP
Curve 5: 18%PVDF 0%PVP 1 wt.% HAP

0.6

Transmittance(a.u.)

0.2

T T T T T T T T T
0 50 100 150 200 250 300
Time(s)

Fig.2 Effect of HAP content on the precipitation kinetics of PVDF/PVP/HAP dope solutions

To examine the precipitation kinetics of PVDF/PVP/HAP dopes, the light transmittance
measurements are performed and plotted in Fig.2. It can be easily observed that the five dopes exhibit
instantaneous demixing phenomena. Because the PVP and HAP nano whiskers are hydrophilic
substances which can accelerate the mutual mass transfer between solvent and non-solvent, and lead to
high precipitation rate. Furthermore, the precipitation rate decreases with the increasing addition of
HAP whiskers, which can be demonstrated from the decreasing gradient of the four curves. The
phenomenon may be caused by the effects of HAP whiskers on solution viscosity[39]. The increasing
viscosity of dope solution restrains the diffusions of solvent and non-solvent in the precipitation
process and affects the demixing rate. The curve 5 in Fig.2 shows that the dope containing 1wt.% HAP
without PVP shows the lowest demixing rate in the initial 70 seconds. Moreover, there’s a peak in
each curve which also can be seen in the previous work[31]. The peaks should be attributed to the

re-dissolution of the dense skin layer by solvent, which is inhibited by the just-formed skin layer. The

14
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region below skin layer presents high solvent concentration which dissolves it and leads to the

increase of light transmittance.

3.2 Morphologies of PVDF/PVP/HAP hollow fiber membranes

N

100pim’
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Fig.3 FESEM images of the cross-sectional morphologies of PVDF/PVP/HAP hollow fiber
membranes

From Fig.3, the cross sections of PVDF/PVP/HAP hollow fiber membranes present the
asymmetric structure which consists of a dense top layer and a porous sub-layer, respectively. Without
the addition of HAP, the finger-like pores run through the whole cross-section of membrane for M-1. It
can be explained that water acting as a strong non-solvent gives a higher precipitation rate, which
leads to a higher growth rate of finger-like pores; while 90 wt.% NMP aqueous solution almost cannot
induce the demixing of dopes. As a result, the finger-like pores can extend straightly to the inner
surface of M-1. When 1wt.% HAP whisker is added, the finger-like pores become shorter and wider
for M-2 compared to M-1. With the further addition of 2 wt.% and 3 wt.% HAP whisker, the
finger-like pores are significantly suppressed and further replaced by sponge-like structure. The
finger-like structures presented in PVDF/PVP/HAP hollow fiber membranes are the typical results of
the instantaneous demixing of dopes, which is illustrated in Fig.2. However, with the addition of HAP,
the increased viscosity of dopes (Fig.1) restrains the growth of finger-like pores. Additionally, the
increased viscosity enhances the ratio of non-solvent inflow to solvent outflow, which results in the
appearance of sponge-like structure in the inner layers[40]. Compared to M-2, the membrane of M-5
containing single HAP additive exhibits narrower finger-like pores due to the absence of PVP.

Fig4 and Fig.5 illustrate the morphologies of the outer surfaces and inner surfaces of
PVDF/PVP/HAP hollow fiber membranes. It can be observed that the outer surfaces are dense because
the strong non-solvent(water) is used as the outer coagulation liquid. From Fig.5, the membranes of
M-1~M-5 exhibit the porous inner surfaces because 90wt.% NMP aqueous solution is involved as bore
liquid.

16
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\

Fig.6 EDX map scanning spectra for the outer surface of M-2

17
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Interaction between HAP and PVP

( AURIGUIUE DL MOTIOU IV IA/IAAD @

Fig.7 The brief illustration of the interactions between PVP and HAP
The EDX map spectra of M-2 in Fig.6 show the dispersion of HAP and PVP in membrane. The
red, green and yellow spots in Fig.6 corresponding to calcium(Ca), fluorin(F) and nitrogen(N)
represent HAP, PVDF and PVP components, respectively. The EDX map spectra present the uniform
distribution of calcium, which indicates the good dispersion of HAP in PVDF/PVP/HAP hollow fiber
membranes. The graphical representation in Fig.7 illustrates that HAP nano-whiskers and PVP have
good interactions via hydrogen bonds, which contributes to the good dispersion of HAP and properties

of the resultant membranes.

18
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Fig.8 AFM images of the outer surfaces of PVDF/PVP/HAP hollow fiber membranes
The outer surfaces of M-1~M-5 are also detected by AFM technique with tapping mode. The
images and roughness parameters are illustrated in Fig.8 and Table 4. The average roughness(R,),
root-mean-square(RMS) roughness(R,), surface skewness(Ry) and surface kurtosis(Ry,) are chosen to

analyze the surface roughness. Table 4 presents the roughness parameters, which clearly show a trend

19
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highly related to HAP content in the dope solutions. It can be easily observed that M-1 without the
addition of HAP is smoother than others. With the addition of HAP, the surface becomes rougher. The
R, and R, evidently increase as HAP content increases from 0 wt.% to 2 wt.% for M-1~M-3. It may be
caused by the accelerated solidification rate with HAP addition, which restrains the relaxation of
orientated macromolecules to return original state[35]. As the addition of HAP increases up to 3 wt.%,
the R,and R, vary little. It can be explained that the increasing viscosity of dope solution slows the
solidification rate. The membrane of M-5 with single HAP, which shows lower surface roughness
compared to M-2. It may closely relate to the lacking of PVP, which decrease the dope viscosity. The
value of surface skewness(Ry) is 0.122 of M-1, implying that the surface comprises peaks rather than
cavities of M-1. With the addition of HAP, the negative values demonstrate the dominance of valleys.
The Ry, below 3 for M-1 implies that it has a flat and repetitive surface. On the contrary, the values of
M-2~M-4 are more than 3 which suggest sharp height distributions in comparison with M-1.

Table 4 The quantitative summary of the surface roughness of M-1~M-5

Membrane no. R,(nm) Ry(nm) Ry Ry
M-1 7.214 8.678 0.122 2.647
M-2 15.245 18.066 -0.534 3.984
M-3 21.438 26.765 -0.329 3.296
M-4 21.259 26.517 -0.104 3.292
M-5 9.759 12.207 0.105 3.416

3.3 Hydrophilicity, porosity and pore size measurements

20
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Fig.9 The dynamic contact angles of PVDF/PVP/HAP hollow fiber membranes

Dynamic contact angle is widely used for the characterization of surface hydrophilicity of

membranes. Surface hydrophilicity is one of the most important factors, which could affect the

permeation flux and antifouling ability of membranes[41]. The dynamic contact angles of

PVDEF/PVP/HAP hollow fiber membranes are illustrated in Fig.9, and the final values are collected in

Table 3. From Fig.9 and Table 3, it can be easily observed that the contact angle decreases as the

content of HAP whiskers increases from 0 wt.% to 1 wt.%, 2 wt.% and 3 wt.% for the membranes of

M-1~M-4. After incorporation of hydrophilic HAP whiskers, the water contact angles of

PVDF/PVP/HAP hollow fiber membranes decrease as the HAP content increases. The membranes of

M-1 and M-5 containing a single additive(PVP or HAP) show similar contact angles, which are clearly

higher than those of the membranes(M-2~M-4) containing dual additives. It verifies that PVP and

HAP additives have synergistic effects in improving the surface hydrophilicity. It should be

advantageous to the improvement of water permeation and antifouling ability of the resultant

membranes.
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It can be seen from Table 3, the porosity(e) of M-2~M-4 slightly decreases with the increase of
HAP loading in membranes, which is consistent to the morphologies shown in Fig.3. From Table 3,
compared with M-1, the mean pore radius (7,,) firstly increase with the addition of 1.0 wt% HAP for
M-2, and then decrease with the further addition of HAP whiskers for M-3 and M-4. The membrane of
M-5 containing only single additive HAP has the smallest 7,, of 5.8 nm. This phenomenon is consistent
with the membrane morphologies.

3.4 Hydraulic permeability and rejections of PVDF/PVP/HAP hollow fiber membranes

Table 5 summaries the permeation fluxes and rejections of PVDF/PVP/HAP hollow fiber
membranes. As shown in Table 5, for the membranes of M-1~M-4, the pure water permeation flux
first increases with the addition of HAP and attains the peak value when HAP content is 1 wt.%. With
the further addition of HAP, the J,, value of PVDF/PVP/HAP hollow fiber membranes decreases from
549.1 L-M*-H"-bar" for M-2 to 425.9 and 316.3 L-M>-H"-bar"' for M-3 and M-4 respectively. It is
generally accepted that the water permeation flux J,, is mainly determined by the morphology and
surface hydrophilicity of membranes. The increase of J,, from 224.2 to 549.1 L-M™-H"-bar" can be
ascribed to the improved hydrophilicity of membrane surface by adding HAP nano whiskers (Fig.9
and Table 3). The membrane of M-5 only containing HAP presents the smallest J,, value due to the
absence of PVP as porogen. The rejections of lysozyme, albumin, BSA and HA also detailedly listed
in Table 5. It shows that the higher rejections of BSA and HA than those of other two solutes are
obtained. From Table 3, it also can be seen that the rejections of solutes decrease with the increase of
HAP content in the membranes of M-1~M-4. The membrane of M-5 exhibits much higher rejections
of solutes in the membranes except for M-1. The membrane of M-2 exhibits the highest pure water

flux accompanied with 89.4% rejection of BSA and 82.9% rejection of HA. These results prove that
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the prepared PVDF/PVP/HAP hollow fiber membranes owning ultrafiltration performance. By
comparing M-2 and M-5, it can be seen that the introducing of PVP increases the water permeability
more than 12 times by decreasing the rejection of proteins a little. This is attributed to the addition of
PVP and synergism with HAP, which play an important role in improving PVDF hollow fiber
membranes. The experimental results indicate that the membranes with single additive (HAP or PVP)
cannot present satisfied hydrophilicity and permeation performances.

Table 5 Permeation and rejections of PVDF/PVP/HAP membranes

Membrane I FRR Rejections
no. (L-M>-H"-bar™) (%) Lysozyme  Albumin BSA HA
M-1 224.2+6.9 54.7 81.5% 84.9% 98.4% 92.7%
M-2 549.1£12.2 56.5 50.6% 77.2% 89.4% 82.9%
M-3 425.9+£16.2 68.6 50.2% 68.3% 87.2% 81.5%
M-4 316.3£18.9 70.5 36.4% 49.1% 80.5% 72.9%
M-5 41.47+4.1 61.4 67.2% 79.7% 97.8% 89.4%

3.5 Flux decay and regeneration of PVDF/PVP/HAP hollow fiber membranes

280 —&— M-2(LZM)—e— M-2(ALB)—A— M-2(BSA)

Flux (L-M>H"bar™)

0 T T T T T T T
0 20 40 60 80 100 120 140
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Fig.10 Permeation flux for different protein solutions in terms of running time

A satisfied membrane should has low fouling tendency accompanied with high flux and rejection
over a long operating time[32]. In the ultrafiltration of BSA solution, M-2 exhibits the maximum
permeation flux. It is chosen to measure the permeation fluxes for lysozyme, albumin and BSA
solutions as a function of running time. The permeation flux profiles as a function of running time for
lysozyme, albumin and BSA are depicted in Fig.10. The results indicate that M-2 exhibits the lowest
stable permeation flux for lysozyme (14.4 kDa) solution, the highest one for BSA(67 kDa) solution
and a medium one for albumin(45 kDa) solution. This phenomenon suggests that the molecular-weight
of protein is highly related with the stable permeation flux for membranes. It should be explained that
the protein with low molecular weight easily enters into membrane pores and results in a low

permeation flux [42, 43].
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Fig.11 Time-dependent flux of PVDF/PVP/HAP hollow fiber membranes with 3 ultrafiltration and
cleaning cycles
To investigate the effects of HAP nano whiskers on fouling resistance, the cyclic ultrafiltration

measurements are performed on the membranes of M-1~M-5 and illustrated in Fig.11. The
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ultrafiltration process can be divided into 3 steps. The membranes are firstly fouled by the

ultrafiltration of 500 ppm BSA aqueous solution for 130 min. Then the fouled membranes are washed

with 500 ppm NaClO solution. The pure water fluxes of the membranes are measured again after

30min washing. The permeation flux profiles are plotted in Fig.11.

From Fig.11, it can be seen that all membranes have a slightly decline in permeation flux and

hydraulic permeability after 3 cycles. The flux decline is mostly caused by the irreversible membrane

fouling which might be entrapped in the outer surface as well as in the pores[44]. The loss of PVP

after washed by NaClO may be also one reason, which has been revealed in the previous work[45]. It

leads to the decline of surface hydrophilicity of membranes and make the resultant membranes be

easily fouled by BSA protein. The higher operating fluxes with BSA solution of M-1 and M-3, which

can be considered as the change in the morphology after the repeated NaClO cleaning process. The

loss of PVP destroys the membrane skin layer to a certain degree, which may enlarge the pore size and

lead to the small rise of flux.

From Table 5, it also can be seen that FRR gradually increase from 54.7% to 70.5% with the

addition of HAP in the membranes of M-1~M-4, implying the introduced HAP whiskers contribute to

the permeation flux recovery of the fouled membrane. For the membrane of M-5 containing single

HAP also has a medium FRR of 61.4%.

3.6 Crystallization behaviors of PVDF/PVP/HAP membranes by ATR-FTIR and XRD
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Fig.12 XRD patterns of PVDF/PVP/HAP hollow fiber membranes and HAP whiskers

PVDF is semi-crystalline polymer which exhibits at least four crystalline forms, i.e. a-, B-, y-, and

O-phases[46]. To further investigate the crystallization behaviors of PVDF in the membranes, XRD

and ATR-FTIR measurements are carried out to detect the PVDF crystalline phases. Fig.12 shows the

XRD patterns of the PVDF/PVP/HAP hollow fiber membranes and HAP whiskers. The XRD curves

and characteristic peaks of HAP whiskers are clearly illustrated in Fig.12, implying that the HAP

whiskers are prepared with perfect crystallization[47]. A sharp peak at 20.8° can be assigned to the

(110) and (200) reflections of B-phase of PVDF for all membranes[46]. With the addition of HAP, the

weak diffraction peaks at 26° and 32.0° can be detected for the membranes, especially for M-3 and

M-4, implying that the existence of HAP whiskers in the resultant membranes in accordance with the

characteristic peak of HAP whiskers.
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Fig.13 FTIR spectra of PVDF/PVP/HAP hollow fiber membranes and HAP nano-whiskers
The ATR-FTIR spectra can further verify the crystalline structure of PVDF/PVP/HAP hollow
fiber membranes (Fig.13). The intensive peaks at 1660 cm™ can be assigned to the stretching vibration
of the C=0 bond in PVP[48]. The characteristic peaks of B-phase crystallite structure at 841, 877,
1178, 1275, 1402 and 1433 cm™" are shown in all membranes[18, 49]. The increasing intensity at 1030
cm’ for M-2~M-5 demonstrates the existence of HAP whiskers in membrane matrix[50].
3.7 Mechanical properties of PVDF/PVP/HAP hollow fiber membranes

Table 6 Mechanical properties of PVDF/PVP/HAP hollow fiber membranes

Tensile strength Elongation at break Young modulus
Membrane no.
(MPa) (%) (MPa)
M-1 1.940.1 55.5+3.8 32.5+3.2
M-2 2.7+0.1 70.8+4.9 41.7+£5.6
M-3 3.0+0.2 72.1£5.0 61.7+4.9
M-4 3.540.2 76.3+7.8 46.1+£2.7
M-5 2.6+0.2 447457 61.2+4.9
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The mechanical properties of PVDF/PVP/HAP hollow fiber membranes in terms of tensile
strength, elongation at break and Young’s modulus are shown in Table 6. With the addition of HAP
whiskers in dope solution, the corresponding membranes present the improved mechanical properties.
The tensile strength and elongation at breaking increase from 1.9 MPa, 55.5% for M-1 to 3.5 MPa,
76.3% for M-4 respectively. The Young modulus also increases from 32.5 MPa for M-1 to 61.7 for
M-3, and then decreases to 46.1 MPa for M-4. The fiber of M-5 with single HAP additive has the
similar tensile strength to that of M-2, a lower elongation ratio and a higher Young modulus than that
of M-2, which can be ascribed to the structure difference of them. The enhanced mechanical properties
of PVDF/PVP/HAP membranes should be ascribed to the inherent mechanical strength of HAP
whiskers as well as the good interactions between HAP nano whiskers and PVDF/PVP chains. The
reinforcing behaviors for polymers with HAP whiskers were also extensively investigated in many
other composite materials [S1-53].

4. Conclusion

The PVDF/PVP/HAP hollow fiber membranes were fabricated via wet spinning method with
90wt.% NMP aqueous solution as bore liquid. The morphologies, surface hydrophilicity, permeation
performances and mechanical properties of the fabricated membranes as well as the properties of
dopes were well characterized by numerous state-of-the-art analytical techniques. The results verify
that HAP content and bore liquid evidently influence the morphologies and properties of the resultant
membranes. With the addition of HAP, the finger-like structure is gradually suppressed and replaced
by sponge-like structure, and the surface hydrophilicity is evidently improved. The outer surface
becomes rougher after adding HAP in the membranes. As 90wt.% NMP aqueous solution is used as

bore liquid, the hydraulic permeability Jj of the membranes(M-1~M-4) firstly increases from 224.2 of
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M-1 to 549.1 L-M?*-H"-bar”" by adding 1.0 wt.% HAP nano whiskers in the dope, and then decreases
to 425.9 and 316.3 L-M>-H'-bar” with the further addition to 2wt.% and 3wt.% in the dopes. The
rejections of three proteins and humic acid slightly decrease as HAP content increases in the
membranes. The fibers are evidently reinforced, and the three mechanical indicators are gradually
improved with the addition of HAP whiskers in the membranes.
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Nomenclature

OD-outer diameter (mm)

ID-inner diameter (mm)

o0 -wall thickness (mm)

CA-contact angle

& -porosity(%)

rm-mean pore radius (nm)

Jy-hydraulic permeability (L-M?-H"-bar™)
O-the volumetric flow rate (L-H™)

AP-the transmembrane pressure (bar/Pa)
A-the effective membrane area (m™)

R-the rejection for PEG solute (%)
Aj-absorption value of the permeate solution and feed solution
Ayp-absorption value of the feed solution
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FRR-flux recovery ratio (%)

Cp-the concentrations of permeate (g/L)

Cr-the concentrations of feed solutions (g/L)

Xc-the crystallinity of sample(%)

R,-the mean roughness of the membrane surface (nm)

Rq-the root-mean-square roughness(nm)

n-the viscosity of dope solution(Pa-s)
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Table 1 The published works about the properties of PVDF membranes modified by inorganic
additives

Table 2 The detailed preparation conditions of PVDF/PVP/HAP hollow fiber membranes

Table 3 The geometrical parameters of PVDF/PVP/HAP hollow fiber membranes

Table 4 The quantitative summary of the surface roughness of M-1~M-4

Table 5 Permeation and rejections of PVDF/PVP/HAP membranes

Table 6 Mechanical properties of PVDF/PVP/HAP hollow fiber membranes
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Figure captions

Fig.1 The viscosity versus shear rate of PVDF/PVP/HAP dopes

Fig.2 Effect of HAP content on the precipitation kinetics of PVDF/PVP/HAP dope solutions

Fig.3 FESEM images of the cross-sectional morphologies of PVDF/PVP/HAP hollow fiber

membranes

Fig.4 FESEM images of the outer surfaces of PVDF/PVP/HAP hollow fiber membranes

Fig.5 FESEM images of the inner surfaces of PVDF/PVP/HAP hollow fiber membranes

Fig.6 EDX map scanning spectra for the outer surface of M-2

Fig.7 The brief illustration of the interactions between PVP and HAP

Fig.8 AFM images of the outer surfaces of PVDF/PVP/HAP hollow fiber membranes

Fig.9 The dynamic contact angles of PVDF/PVP/HAP hollow fiber membranes

Fig.10 Permeation flux for different protein solutions in terms of running time

Fig.11 Time-dependent flux of PVDF/PVP/HAP hollow fiber membranes with 3 ultrafiltration and

cleaning cycles

Fig.12 XRD patterns of PVDF/PVP/HAP hollow fiber membranes and HAP whiskers

Fig.13 ATR-FTIR spectra of PVDF/PVP/HAP hollow fiber membranes
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