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 21 
Abstract: The global polyvinyldene flouride market is estimated to reach $937,278.5 thousand by 22 
2019, therefore to develop new membranes and gain pioneering ideas, which could create innovative 23 
business opportunities, a fundamental knowledge about membrane properties fabricated from recent 24 
commercially available PVDF polymers is highly mandatory. In this study, we successfully prepared 25 
nine non-woven supported PVDF membranes using a phase inversion precipitation method starting 26 
from a 15 wt% PVDF solution in N-methyl-2-pyrrolidone. Various membrane morphologies were 27 
obtained by using (1) PVDF polymers with diverse molecular weight in a range from 300.000 Da to 28 
700.000 Da and (2) different temperatures of the coagulation bath (20, 40, and 60 ±2°C) used for the 29 
films precipitation. Environmental Scanning Electron Microscope (ESEM) was used for surface and 30 
cross-section morphologies characterization.  Atomic Force Microscope (AFM) was employed to 31 
investigate surface roughness, while Contact Angle (CA) instrument was used for membranes 32 
wettability studies. Fourier Transform Infrared Spectroscopy (FTIR) results show that the fabricated 33 
membranes are formed by a mixture of TGTG’ chains in α phase crystalline domains and all-TTTT 34 
trans planar zigzag chains characteristic to β phase. Moreover, generated results indicate that the 35 
phases content and membrane morphologies depend on the polymer molecular weight and 36 
conditions used for the membranes preparation. The diversity of fabricated membranes could be 37 
applied by the End User Industries for different applications.  38 
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1. Introduction 42 
Polyvinyldene flouride (PVDF) is one of the most widely studied and well accepted polymer for 43 

membrane fabrication through conventional phase inversion method considering its unique features 44 
including: good degradation resistance against radiation, excellent chemical and thermal resistance 45 
as well as excellent mechanical properties [1-3]. It is a specialty plastic used in vast number of 46 
traditional, well-defined applications such as: piping & tubing, membrane, cable and an insulator for 47 
premium wire wherein the high purity, and emerging ones, such as: lithium-ion batteries, coatings 48 
for new energy and electronics devices, photovoltaic films, or medical applications [4-7]. To meet 49 
booming global demand for this thermoplastic polymer in energy-efficient, environmental and 50 
industrial applications, very recently (November, 2017) Solvay S.A. Company – one of the industrial 51 
leaders in PVDF production - inaugurated its Solef® polyvinylidene fluoride (PVDF) plant in China 52 
[8]. According to a report: “Polyvinylidene Fluoride (PVDF) Market: Global Industry Analysis and 53 
Opportunity Assessment 2014 – 2020” recently published, another important PVDF manufacturers 54 
dominating the market are the following companies: Arkema, Daikin Industries Ltd., Dyneon GmbH, 55 
Shanghai Ofluorine Chemical Technology Co. Ltd., Shanghai 3F New Materials Company Limited, 56 
Zhuzhou Hongda Polymer Materials Co. Ltd., Zhejiang Fotech International Co. Ltd., Kureha 57 
Corporation, Quadrant Engineering Plastics Products Inc.; however, the Research & Development 58 
has been one of the key factors in the PVDF final products design [9].  Depending on the 59 
polymerization process (emulsion polymerization, suspension polymerization, etc.), PVDF with 60 
different molecular weight distributions are available, which is a critical factor for the final 61 
performance of the prepared membranes [10]. It is well known that the molecular weight of the 62 
polymer has a significant effect on the rheology of the polymer solution and on the thermodynamic 63 
and kinetic aspects of the phase inversion, which influences the structure and performance of the 64 
final membranes [11]. Knowledge of polymer crystallinities and their resulting membrane 65 
morphologies is important as a basis of understanding its membrane permeability and selectivity, as 66 
well as its various chemical and mechanical properties [12]. Researchers have investigated the 67 
influence of an addition of a small concentration of various components on membrane structure. 68 
These additives often show specific interactions with one of the other three components. Indeed, a 69 
number of publications focused on composited PVDF membranes has been published during the last 70 
decade [4,13-16]. However, new methods and strategies have been applied for the PVDF polymers 71 
production, which could impact their polymorphs [17-19] . Thus, to design new membranes and gain 72 
innovative ideas, which could lead to new break-through business opportunities, a fundamental 73 
knowledge about membrane properties obtained from current commercially available PVDF 74 
polymers is highly required. For this reason, our research has been focused on PVDF membrane 75 
preparation applying the phase inversion precipitation method with coagulation bath at different 76 
temperature in a range 20-60 °C. In addition, influence of different PVDF molecular weight on 77 
membrane morphology has been investigated.  78 

2. Materials and Methods  79 

2.1. Materials 80 
PVDF powders: Solef 6010, Solef 1015 and Solef 6020, were kindly donated by Solvay Specialty 81 

Polymers (Bollate, Italy). N-methyl-2-pyrrolidone (NMP, 99%) was provided by Panreac (Spain). 82 
Non-woven Hollytex 34 GR was provided by STEM Company. Distilled water was used as non-83 
solvent in coagulation bath.  84 

2.2. Preparation of PVDF membranes 85 
PVDF membranes were prepared by the immersion precipitation method. In brief, PVDF pellets 86 

were dissolved in NMP at 80°C with vigorous stirring for 48 h to form a homogeneous casting 87 
solution. After air bubbles were removed completely, the resulting solution was cooled to the room 88 
temperature 20 ±2°C, spread uniformly onto a glass plate with non-woven attached using a casting 89 
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knife with a 250-μm gate opening (K Paint Applicator, R K Print Coat Instruments, Ltd., U.K.), and 90 
then immersed immediately into a precipitation bath of deionized water set up at different 91 
temperatures: 20 ±2°C, 40 ±2°C, or 60 ±2°C. The formed solid membranes were washed thoroughly 92 
with deionized water to remove residual solvent and dried at about 40°C for 24 h under vacuum 93 
before further characterization.  94 

 95 
2.3. Membrane characterization 96 
 97 

The crystalline forms of the PVDF membranes were investigated by Fourier Transform Infrared 98 
Spectroscopy VERTEX 70, equipped with a Platinum-ATR-accessory with 2 cm-1 resolution and 32 99 
scans.  100 

The cross sections and the surface morphologies of the fabricated PVDF membranes were 101 
characterized by Environmental Scanning Electron Microscopy (Quanta 600, FEI)) [20]. Cross sections 102 
were prepared by fracturing in liquid nitrogen the membranes that were previously wet in ethanol. 103 
The pore size was calculated by means of IFME software and the ESEM micrographs of the membrane 104 
cross sections. 105 

Agilent 5500 Environmental Atomic Force Microscope (AFM, Agilent Technology) equipped 106 
with an extender electronics module was used to investigate membrane surface morphologies. The 107 
AFM micrographs (2 × 2 μm) were captured at room temperature in tapping mode using Multi 75 108 
(BugetSensors) silicon cantilevers (length = 225 μm, width = 28 μm, and thickness = 3 μm) with a force 109 
constant of 3 N/m, 75 kHz resonance frequency and 0.7–2 Hz scan rate.  During the AFM 110 
experiments, the studied samples were located on an active vibration isolation chamber (Agilent 111 
Technology), which protect them from external vibration and eliminate external noise. Generated 112 
images were analyzed by The Nanotec WSxM 5.0 Develop 4.0 software. 113 

Contact angles of water drops on a membrane surface were measured with Dataphysics OCA 114 
15EC apparatus. The 3 μm drops of water, dripped from a microsyringe, were placed on the 115 
membrane at room temperature. The contact angle was measured immediately after putting the 116 
water drop on the membrane surface. Measurements were repeated using different areas of the 117 
material: for each test reported, at least five drops of water were used. 118 

3. Results and Discussion 119 
It is well known that the PVDF crystals have three different molecular conformations: trans-120 

gauche-trans-gauche′ (TGTG’), trans-trans-trans (TTT), trans-trans-trans-gauche (TTTG), and five 121 
different polymorphs: α (phase II), β (phase I), γ (phase III), δ, and ε [15,21]. Each of the polymorphs 122 
possess its unique properties which could affect the morphology and performance of the fabricated 123 
membrane. It has been found that β-phase PVDF has some specific properties such as polarity and 124 
higher mechanical strength compared with α-phase [4]. As it is shown in Table 1, we prepared 9 125 
membranes, named M1-M9, applying the phase inversion precipitation method with NMP as a 126 
solvent and distilled water as a nonsolvent at different temperatures of coagulation baths. 127 
Membranes M1, M4, M7 were precipitated at 20 ±2°C, while membranes M2, M5, M8, and membranes 128 
M3, M6, M9 were obtained at 40 ±2°C and 60 ±2°C, respectively. Furthermore, membranes M1-M3 129 
were done using PVDF with 300.000-320.000 Da molecular weight, while membranes M4-M6 and 130 
M7-M9 were fabricated using PVDF with 570.000-600.000 Da and 670.000-700.000 Da, respectively.  131 
To verify influences of (i) coagulation bath temperature and (ii) molecular weights of PVDF on the 132 
polymorphism of the investigated membranes, infra-red spectroscopy, which is a common method 133 
for the PVDF crystalline phase characterization [21], was carried out. 134 
  135 
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Table 1. M1-M9 membranes preparation parameters and characteristics of the resulting membranes.  136 
 137 

Membrane Molecular 

weight of 

polymer [Da] 

Temperature 

of 

coagulation 

bath [°C] 

β/α 

phase 

ratio 

Main pore 

size [μm] 

RMS 

roughness 

Contact 

angle [°] 

Thickness 

of 

membrane 

[μm] 

 

M1 300.000 – 

320.000 

20 ±3 0.71  0.42 ±0.01 16.07 ±0.08 68.7 ± 3.4 106 ± 2 

M2 40 ±3 0.29 0.37 ± 0.02 12.08 ±0.07 61.2 ± 1.0 103 ± 2 

M3 60 ±3 0.17 0.18 ± 0.03 17.18 ±0.11 78.0 ± 5.4 106 ± 2 

M4 570,000 – 

600,000 

20 ±3 0.59 0.38 ± 0.04 15.17 ±0.15 74.5 ± 9.0 107 ± 2 

M5 40 ±3 0.26 0.22 ± 0.03 11.26 ±0.13 59.0 ± 2.8 120 ± 2 

M6 60 ±3 0.12 0.16 ± 0.02 16.56 ±0.17 79.9 ± 4.9 113 ± 2 

M7 670,000 – 

700,000 

20 ±3 0.53 0.27 ± 0.02 15.71 ±0.29 68.3 ± 3.8 114 ± 2 

M8 40 ±3 0.24 0.20 ± 0.03 12.15 ±0.14 65.2 ± 6.6 106 ± 2 

M9 60 ±3 0.11 0.15 ± 0.02 18.27 ±0.23 98.1 ± 5.9 11 5± 2 

 138 

 139 
Figure 1. FTIR-ATR spectra of showing characteristics peaks for α and β phases of membranes M1, 140 
M2 and M3 prepared from the same molecular weight of PVDF at different temperature. 141 
 142 
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 143 
 144 
Figure 2. FTIR-ATR spectra of showing characteristics peaks for α and β phases of membranes M1, 145 
M4 and M7 prepared at the same temperature using PVDF with different molecular weights. 146 

 147 
Figure 1 shows the FTIR-ATR spectra of M1, M2 and M3 membranes, fabricated from 15 wt% 148 

PVDF 300.000 – 320.000 Da polymeric solution at 20, 40, and 60 °C, respectively, while Figure 2 shows 149 
the spectra of M1, M4, M7 precipitated at 20 °C from 15wt% PVDF solutions with molecular weights 150 
of 300.000 – 320.000 Da, 570.000 – 600.000 Da, and 670,000 – 700,000 Da, respectively. As it has been 151 
reported in literature [22,23], the presence of representative bands at 612, 762, 796, 855, 975, and 152 
1400 cm−1 indicates the formation of α phase while the vibration bands at 840 and 1234 cm−1 suggest 153 
the existence of the orthorhombic β phase. Furthermore, the absence of bands at 833 and 1233 cm−1 154 
excludes the γ phase. Beside due to the consistency of C–F stretch at 1182 cm-1 the PVDF membranes 155 
have good stability to the thermal and chemical treatments [16]. The FTIR-ATR results suggest that 156 
the investigated membranes are formed by a mixture of TGTG’ chains in α phase crystalline domains 157 
and all-TTTT trans planar zigzag chains characteristic to β phase. To estimate α or β phase 158 
ascendency in the membrane structure β/α phase ratios were calculated for all M1-M9 membranes 159 
and they are given in Table 1. These values were calculated by comparing the absorbencies of 160 
vibration band peaks at 840 cm−1 (CH2 rocking) and 762 cm−1 (CF2 bending and skeletal bending) using 161 
the following equation [24]:  162 

ሺહሻࡲሺ઺ሻࡲ 163  ൌ ૡ૝૙ࢊ઺ૡ૝૙ࡷ઺ૡ૝૙ሺ࡭ હૠ૟૛ൗ࡭ૠ૟૛ሻࢊહૠ૟૛ࡷ ൌ  ૠ૟૛                 (1) 164	હ࡭઺ૡ૝૙૚.૚૞࡭
 165 
where ࡲሺ઺ሻ  and ࡲሺહሻ  are mass fractions of β and α phase; ࡭઺ૡ૝૙  and ࡭હૠ૟૛  are the baseline-166 
corrected absorption peaks of the β and α phases at 762 and 840cm−1, respectively. K and d are the 167 
absorption coefficient and penetration depth at the corresponding wavenumber, respectively. 168 ࡷ઺ૡ૝૙ =7.7 · 104cm2/mol; ࡷહૠ૟૛ ൌ ૟. ૚ ൉	 104cm2/mol; ࢊૡ૝૙ ൌ ૙. ૠૢ	μ;࢓	ࢊૠ૟૛ ൌ ૙. ૡૠ	μ࢓	 were used 169 
based on literature findings [24].  170 

Generated results clearly demonstrate that the membrane polymorphism strongly depends on 171 
temperature of non-solvent used for its precipitation. The β phase mostly dominates in the membrane 172 
fabricated at 20 °C; while the α phase content increases with the coagulation bath temperature 173 
increases (up to 60 °C). According to Wang et al. [25] during the immersion of the casting solutions 174 
to the non-solvent at lower temperature (15 °C) a delayed liquid–liquid demixing mechanism occurs. 175 
This mechanism could encourage a gelation process indicated by formation of microcrystallites and 176 
the β phase. On the other hand, the temperature increase favors the mobility of PVDF chains which 177 
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facilitates the formation of stable non-polar α phase with a monolithic lattice structure. These 178 
observations are consistent with literature findings: Gradys and Sajkiewicz [26] stated that the 179 
thermodynamically less stable β phase is typically formed at room temperature, while Gregorio [27] 180 
reported that the α phase normally forms at high temperature. Moreover, comparing the values of 181 
β/α phase ration given in Table 1, for the membranes formed at the same temperature but from 182 
different molecular weight PVDF solutions (i.e. M1-M4-M7; M2-M5-M8; M3-M6-M9) the increase of 183 
β phases can be observed with the molecular weight increase. We think that it could take place due 184 
to significant polymer chain entanglements at higher molecular weights, which lead to the oriented 185 
packing of CH2-CF2 dipoles, thus supporting the formation of β phase crystals.  186 
 187 

 188 

Figure 3. ESEM micrographs of M1-M9 membrane top surfaces.  189 

 190 

 191 
Figure 4. ESEM micrographs of M1-M9 membrane cross-sections.  192 
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Figure 3 shows the ESEM micrographs of M1-M9 membrane top surfaces, while Figure 4 193 
provides their cross-sections. Membrane thicknesses, calculated by Image-ProPlus 5  software on 194 
ESEM cross-section micrographs [28], are in a range of 103-120 ±2 μm (see Table 1). According to 195 
literature [29] membrane thickness usually decreases with the increase of polymer viscosity 196 
(modulated by polymer molecular weight); however, in our studies this trend has not been 197 
registered, probably due to the presence of non-woven support which structure is well filled by the 198 
polymers and forms an integrated part of the membranes. As it can be observed in Figures 3 199 
membranes M1, M4, M7 prepared at 20 °C possess three dimensional fibriform network 200 
morphologies. In our opinion it is caused due to the PVDF semicrystallinty. Indeed, Wang  et al. 201 
[25] observed that at low temperature the β phase microcrystallites connect various polymeric 202 
chains together, and form these 3D fibriform networks similar to those demonstrated in Figure 3. 203 
Moreover, the ESEM investigation shows that the PVDF membrane surface morphology is strongly 204 
influenced by temperature of coagulation bath. Thus, surface porosity was verified by providing 205 
pore mean size distributions, which were calculated using IFME software basing on the ESEM 206 
surface micrographs [30]. As it is given in Table 1, the pore main size of measured at M1-M9 207 
membrane top surfaces is in a range 0.18 – 0.49 ± 0.26 μm and its value is related to the temperature 208 
of the non-solvent in which the membrane was precipitated and to the molecular weight of the 209 
polymer used for membrane fabrication. Comparing the values given in Table 1 we can conclude 210 
that with temperature and molecular weight increase the pore main size decreases what is in 211 
accordance with literature data. Cardoso et al. [31] stated that increasing water bath temperature 212 
leads to less porous membrane surfaces. The effect of PVDF molecular weight on surface porosity 213 
was studied by Hassankiadeh and co-authors [32] who have investigated PVDF hollow fiber 214 
membranes using PVDF Solef 1015 and 6020, with molecular weight rates 570.000 – 600.000 and 215 
670.000 – 700.000, respectively. The authors reported that the pore main size of the fiber surfaces 216 
decreases with the PVDF molecular weights increase. Matsuyama and co-authors [33] reported that 217 
reducing the viscosity of the polymer solution by decreasing the polymer molecular weight helps 218 
the solvent displacement which provides the possibility of improved symmetry of the membrane 219 
structure in the lower molecular weight polymer compared with that in the higher molecular weight 220 
polymer, what has a significant impact on membrane porosity and pore main size. Further 221 
inspection of the ESEM images reveals that the membrane cross-sections morphologies (Figure 4) 222 
are strongly affected by the polymer molecular weight. As it can be observed in the micrographs, 223 
membranes M2 and M3 possess compacted structure, while membrane M4 and M5 possess drop-224 
like macrovoids at the top part and dense sponge-like structures at the bottom part. Membranes M7 225 
and M8 possess mostly spongy-like structures. From the kinetic point of view, the increase in 226 
viscosity with an increase in the PVDF molecular weight decreases the solvent/nonsolvent exchange 227 
rate by increasing kinetic hindrance in the phase inversion process. Thus, the delayed demixing is 228 
endorsed, resulting in the formation of less drop-like structure and more sponge-like structure. 229 
Therefore, the drop-like structure are predictable to be formed in the intermediate range of 230 
molecular weight as a result of the superimposition of the thermodynamic and the kinetic effect, if 231 
the thermodynamic effect controls the phase inversion process earlier than the kinetic effect [34].    232 
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 233 

Figure 5. AFM images of M1-M9 membrane top surfaces. 234 

The surface roughness of the membranes has important consequence on transport phenomena 235 
and has been the topic of numerous investigations [2,32,35]. Figure 5 shows the AFM images of the 236 
top surface of the M1-M9 PVDF membranes, while the root mean square (RMS) roughness, 237 
considered as a standard deviation of height, is listed in Table 1. Comparing the RMS values, it can 238 
be seen that the smoother membranes were obtained at 40 °C. These results are of actual attention 239 
for technological applications where smooth, uniform, homogeneous, and porous membranes are 240 
needed, such as scaffolds for cells growth or separator of lithium ion batteries [36]. It is commonly 241 
known that the roughness parameter is linked to the contact angle of the membrane and its 242 
wettability [37]. At it has been reported in literature [30,37,38] surface roughening tends to increase 243 
the contact angle values. Table 1 provides the static contact angle results measured on M1–M9 244 
membranes. The contact angle results show that the highest value 98.1 ± 5.9° was measured for the 245 
membrane M9 with the highest RMS value, and the lowest value 59.0 ± 2.8° was measured for the 246 
smoother M5 membrane. This diversity of membrane surface wettability as well as cross-section 247 
and surface morphologies could find broad application fields, such as medicine, water purification, 248 
separation and concentration of biologically active compounds, etc. depending on the End User 249 
Industries individual profiles and requirements. 250 

4. Conclusions 251 
By using phase inversion precipitation techniques nine PVDF based membranes were fabricated 252 

at 20, 40 and 60 °C using three different polymer molecular weight: 300.000-320.000 Da, 570.00-253 
600.000 Da and 670.000-700.000 Da. Based on FTIR-ATR investigation it was observed that membrane 254 
polymorphism is influenced on polymer molecular weight and temperature of non-solvent used for 255 
membrane precipitation. The membrane with dominated β phase are formed at lower temperature 256 
and using the PVDF with the highest molecular weight. Furthermore, by ESEM investigation with 257 
IFME software it was observed that the presence of the β phase has a significant impact on membrane 258 
morphology and favors three dimensional fibriform network surface structure formation. Moreover, 259 
achieved results demonstrated that cross-section membrane morphologies are impacted by PVDF 260 
molecular weight: at low molecular weight compact membrane were produced, while at intermediate 261 
and at high molecular weights weight drop-like and spongy-like membranes were fabricated, 262 
respectively. AFM and Contact angle studies show that the smoother membranes were produced at 263 
40 °C using intermediate polymer molecular weight.  264 

 265 
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