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 Currently there is a growing interest in the field of modifying and development of 
membrane technology and its properties by many researchers to suit a wide range of 
applications as well to its importance in our daily lives and industrial applications. 
There is several parameters effecting on the nature of the membranes (morphologies 
and performance). One of the important factors is the concentration of the polymer in 
the casting solution. Micro porous PVDF-HFP membranes is one of the most popular 
materials with asymmetric pore structure  and were prepared at different concentrations 
(16-20) wt.% using Phase Inversion method. The casting solution of polymer 
membranes were consist from PVDF-HFP, N, N –dimethylacetamide (DMAc) solvent 
and deionized water as coagulant bath and were investigated in terms of microstructure, 
porosity, contact angle, and pore size. In addition, the viscosity played an important 
role in determining the precipitation rate and affected the kinetics of membrane 
formation via coagulation bath. In this study, the effects of polymer concentration on 
the morphology of PVDF-HFP membrane were investigated. Scanning electron 
microscope (SEM) was used to examine the morphology of the membranes. The 
emphasis was placed on the each of variables the viscosity, contact angle, porosity and 
mean pore size as ruling factors on the microstructure of the membranes. The SEM 
images indicate that the membrane surface clearly and the both porosity and pore size 
are decreased with increase of polymer concentration While the both contact angle and 
viscosity exhibited an increase for an increasing concentration of polymer. These 
results can be explaining the relationship between forming structure and precipitate. 
When the low polymer concentration in the casting solution tends to precipitate, and 
thus forming a finger like structure while high polymer concentration on the other hand, 
tends to form a sponge-structured membrane. 
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INTRODUCTION  
 
 In view of the astronomical increase in the 
emission of CO2 and the related environmental 
consequences forces the developments in the 
direction of sustainability and Carbon Capture and 
Storage (CCS). Fossil fuels used as energy source 
stand at a percentage 86% from all energy sources 
utilized in the world (Metz, Davidson, de Coninck, 
Loos, & Meyer, 2005; Panwar, Kaushik, & Kothari, 
2011). While more than one third of the CO2 
emissions comes from the combustion of fossil fuels 
in power plants worldwide (Gambhir, Napp, Emmott, 
& Anandarajah, 2014; Köne & Büke, 2010),  as well 
as the emission of CO2  coming from the natural gas 
sweetening (gas purification process).  

 The presence of CO2 reduces the heating value 
of the CH4 gas stream in power station, because of its 
acidic properties, the presence of CO2 leads to 
corrosion in equipment and pipelines network. The 
maximum value of CO2 is 2-3% under the 
specification of natural gas. In order to remove CO2 
from natural gas there are several traditional methods 
such as adsorption, cryogenic distillation and 
absorption by amine solution, the latter being the 
most frequently used method to separate CO2 from 
gas mixtures (Ismail & Yaacob, 2006; Simons, 
2010).  
 Additionally, membrane processes are 
frequently used for gas separation for instance, the 
separation of oxygen and nitrogen from air to 
produce nitrogen (He & Hägg, 2012) , and also for 
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the separation of CO2 from CH4 (Boday, Kuczynski, 
& Meyer III, 2014; Du et al., 2011).  
 At present time, membrane technology can be 
said to be an attractive alternative and competitor to 
conventional technology which has high energy 
efficiency, low capital cost, ease of processing, 
simple process equipment, and relative ease of 
operation and controlling (Akin, Araus, & Temelli, 
2015; Li & Chen, 2005).  
 However, polymer membranes have been 
diagnosed to suffer a trade-off limitation between 
permeability and selectivity. Gas separation with 
membranes has undoubtedly evolved into a 
commercially viable method since 1980s. Nowadays, 
several factories use membrane technology for the 
separation of gases with most factories engaged in 
the use of cellulose-acetate membranes, which have a 
CO2/CH4 selectivity of about 13-15 at normal 
operating conditions. (Abedini & Nezhadmoghadam, 
2010; Baker, 2002; Elimelech & Phillip, 2011). 
 Since 1960, when Loeb and Souriajian first 
introduced the Phase Inversion method, remarkably, 
a considerable amount of progress has been made in 
understanding the formation mechanism of 
asymmetric membranes.  
 Phase Inversion method as a technique 
summarizes that, a thin film of polymer solution is 
cast onto a suitable substrate and subsequently 
immersed into a coagulation bath. Thereafter, the 
diffusion exchange of a solvent and a non-solvent  
result in the phase separation and the formation of 
membrane (Loh & Wang, 2012).  
 This usually turns out to be a characteristic 
morphology of asymmetric membranes showing a 
dense top layer, which is commonly recognized as 
the skin layer, and a more porous sub layer.  The skin 
layer thus plays the role of a selective barrier film to 
the permeation of solute through the membrane, 
which is the main reason for the asymmetric 
membranes being widely used for gas separation and 
liquid separation, while the porous sub layer offers 
an exclusively good mechanical strength (Abedini & 
Nezhadmoghadam, 2010).   
 To a large extent and as a choice for 
hydrophobic polymeric membrane materials, Poly 
vinylidene Fluoride (PVDF) has received much 
attention which is in addition to its desirable 
properties such as both excellent chemical and 
thermal resistances (Pereira, Isloor, Bhat, & Ismail, 
2014).  This is in addition to the processing ability of 
PVDF material to be used in making of asymmetric 
micro porous membranes via a simple and 
convenient Non Solvent-Induced Phase Inversion 
Separation (NIPS) which is one of the main factors 
contributing to its popularity (Zhang, Yang, & Xu, 
2012). 
 In contrast, commercially available Polytetra 
Fluoroethylene (PTFE) flat sheet or tubular 
membranes and Polypropylene (PP) hollow fiber 
membranes are symmetric in structure, they are 

mostly produced by stretching or via thermal 
methods given their insolubility in common solvents. 
 The preparation of PVDF membranes has 
therefore been the subject of many studies in various 
membrane-based separation applications for instance 
ultrafiltration, microfiltration, pervaporation and gas 
absorption. This is due to its outstanding properties, 
such as excellent chemical resistances (with respect 
to various acids and alkalis), thermal stability, 
mechanical strength, mechanical flexibility, 
oxidation resistance and exceptional hydrolytic 
stability (Ghasem, Al-Marzouqi, & Zhu, 2012; F. 
Liu, Hashim, Liu, Abed, & Li, 2011). 
 A copolymer of PVDF-HFP attracted interest as 
a potential candidate. The incorporation of an 
amorphous phase of hexafluropropylene (HFP) into 
the main constituent VDF blocks has modified the 
properties of the homopolymer, and it is expected to 
have broad applications for instance distillation, 
pervaporation and gas separation. Due to the 
amorphous domains (HFP) can trap more liquid at 
inside and the crystalline regions (VDF) can help 
maintain mechanical integrity of the films (García-
Fernández, García-Payo, & Khayet, 2014). 
 Hence, PVDF-HFP material was specifically 
used to make micro porous membranes intended for 
the making of membrane contactors for 
pervaporation and membrane distillation. It should be 
noted however that all the PVDF-HFP membranes 
reported so far in the literature were made in the 
configuration of flat sheet. Consequently, the Phase 
Inversion method with different dope systems was 
adopted to cast PVDF-HFP flat sheet membranes 
(Rahimpour & Madaeni, 2010; Wongchitphimon, 
Wang, Jiraratananon, Shi, & Loh, 2011). 
 
Objectives Of The Study: 
 The main objective of this research was to 
examine the morphology and microstructure of 
PVDF-HFP membranes prepared at different 
concentrations (16 -20) wt. % and under a well-
defined and controlled casting condition based on the 
gas permeation and Scanning Electron Microscopy 
(SEM). Thus, special emphasis was placed on the 
different polymer concentrations that influence the 
viscosity, porosity and mean pore size as calculated 
by the gas permeation method. 
 
Experimental: 
Materials:  
 Given the widely characterized acceptance as a 
very good solvent for many polymers (Daraei et al., 
2013; M. Liu, Wei, Xu, Guo, & Zhao, 2013) the 
solvent (N, N Dimethyl actimid (DMAc) (Anhydrous 
99.5%) (Sigma Aldrich) had been chosen in the 
current research with PVDF-HFP (Poly Vinylidene 
Fluoride-co Hexa FluoroPropylene) (average 
Mwt~400, 000 by GPC, pellet) (Sigma Aldrich) as 
materials used for fabrication while ultrapure 
deionized water was used as the coagulation bath. 



297                                                                         Hameed R. Alamery et al, 2015 
Australian Journal of Basic and Applied Sciences, 9(36) December 2015, Pages: 295-302 

Membrane Preparation: 
 The membrane preparation and all other samples 
needed for this study were done using Phase 
Inversion method whereby PVDF-HFP pellet has to 
be dissolved in solvent (N, N Dimethyl Actimid 
(DMAc) with a determined polymer concentration 
(16-20 wt. %).  
 The solvent had to be first placed into a reactor 
vessel and heated to 40±1ᵒc.  Thereafter, the required 
amount of PVDF-HFP polymer was then added to 
the solvent. This resultant polymer solvent mixture 
was then stirred at 300±2 rpm for 6 hours until a 
viscous, and colorless solution of PVDF-HFP in 
DMAc was obtained. It was then followed by cooling 
at room temperature for 3 hours to remove all 
bubbles formed upon dissolution. 

 The film casting process was developed to 
evaluate the particular combination of polymer, 
solvent and precipitant. This polymer solution was 
cast at room temperature onto a glass plate (300mm x 
500mm x 6mm), and drawdown technique was used 
to produce films of wet thickness of 250µm. Then 
after some few seconds, the plate was immersed in 
deionized water which has been serving as the 
coagulation bath. Then the films were separated from 
the glass plate and were placed in the deionized 
water bath for 24 hours to remove all the residual 
solvent as well as to complete the membrane solidity 
which is followed by drying at room temperature for 
a further 24 hours before characterization. The 
composition and preparation conditions of prepared 
membranes are as shown in Table1.  

 
Table 1: Composition and preparation conditions of prepared membranes. 
 

Membrane Polymer    
Concentration 

Wt.% 

Solvent 
Concentration wt.% 

Dissolution Temp. 
(°C) 

Dissolution Time 
(h) 

Coagulation bath 

Sd1 
Sd2 
Sd3 
Sd4 
Sd5 

16 
17 
18 
19 
20 

84 
83 
82 
81 
80 

40±1 
40±1 
40±1 
40±1 
40±1 

6 
6 
6 
6 
6 

Deionized water 
Deionized water 
Deionized water 
Deionized water 
Deionized water 

 
 
 
Characterization Of Prepared Membranes: 
 
Scanning Electron Microscopy (SEM): 
 To investigate the surface and cross-section 
morphology of the membrane a JEOL, JSM-6460LA 
Analytical Scanning Electron microscope was 
adopted. These membranes were frozen in liquid 
nitrogen then fractured for cross-section observation 
and the samples were all platinum sputtered using 
(JEOL, JFC-1600) before testing. 
 
Hydrophobicity: 
 The water contact angle method was used in this 
research to ascertain the hydrophobicity of the 
membrane surface.  By this method, water contact 
angles were measured by using sessile drop methods 
using Rame-Hart (Model 300 Advanced Goniometer) 
instrument with deionized water as contact liquid. 
Moreover, 2µL of the water droplets were dropped 
on the PVDF-FHP   membrane surfaces and the 
corresponding result of all measurement were taken 
from the mean of at least five single measurements. 
 
Viscosity, Porosity And Pore Size Measurement:  
 The viscosity of PVDF-HFP at a given various 
concentration was duly measured using Viscometer 
(Brookfield DV-ц+ Pro, USA) and the result of all 
measurements was taken from the mean of at least 
five single measurements. 
 Meanwhile, the Porosity (ԑ) of the membrane 
was measured by employing Equation (1) and the 
prepared membranes were immersed in n- octanol 

(ACS, ISO, Reag pH Eur, Merck) for exactly 2 hours 
and then filter paper was used to dry the membrane 
surface. Also, the weight of the membrane before 
and after immersion was equally measured. 

 
 Where Mp, Mo is the mass of the dry and n- 
octanol absorbed in the wet membrane respectively, 
ρp is the density of the polymer and ρo is the density 
of n- octanol (Mansourizadeh & Ismail, 2010).The 
pore size distribution of the prepared membranes was 
measured using BET (Brunauer Emmett Teller), gas 
adsorption analyses were carried out by nitrogen 
adsorption–desorption isotherms at 77 ̊K using a 
surface area and pore size instrument Modal (ASAP 
2020 Surface Area and Porosimetry Analyzer). 
Samples were degassed at 50 °C in vacuum for 4 h 
prior to investigation. The Pore size distribution of 
the prepared membranes was measured using a 
Porolux 1000 Porometer (IB-FT GmbH, Germany).  
 

RESULTS AND DISCUSSIONS 
 
Surface And Cross Section Morphology: 
 PVDF-HFP membranes were successfully 
fabricated from various polymer concentrations. 
During preparation of the membrane the membrane 
casting thickness was 250 ±10 µm and deionized 
water (at 25 C̊) was used as coagulation bath. In 
order to understand the role of polymer concentration 
on the morphologies and the performances of the 
fabricated membranes, different polymer 
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concentrations (16 –20 wt. %) were used. These 
membranes were labeled as Sd1-16, Sd2-17, Sd3-18, 
Sd4-19 and Sd5-20 according to its polymer 
concentration and the compositions of casting dope 
are as shown in Table 1.  
 Fig., (1- B) illustrates the SEM images of all 
membranes and corresponding morphologies that 
were observed. In the course of the process dense 
skin layer had little and very small open pores of 
membranes with higher polymer concentrations: B-
Sd4 and B-Sd5; while for B-Sd1, B-Sd2 and B-Sd3, 
the dense skin layer exhibited several small open 
pores.  
 It was noticed that increasing the polymer 
concentration in polymer solution resulted in reduced 
coagulation value due to stronger polymer/ solvent 
interaction and slower interaction between non 
solvent and polymer, which in turn lowered down the 
solvent power for polymer. 
 There was also rapid precipitation and 
immediate phase separation especially for nascent 
skin layer once the miscibility of the system 
decreases, and expansion of demixing gap occurs.  
As soon as this occurred, the diffusional exchange 
between solvent (DMAc) and non-solvent (deionized 
water) in the sub layer would be hindered by the 
already formed skin layer resulting in a slower 
precipitation rate (Sofiah, Nora'aini, & Marinah, 
2010). 
 As a result of fast phase separation at surface 
layer and slower phase separation at sub layer, 

asymmetric membrane with dense and thick skin 
layer supported by a closed cell sub layer was 
produced by solution of higher polymer 
concentration. 
 The SEM micrographs of cross-sections of the 
prepared membrane are shown in Fig. (1-A), all 
membranes were prepared to have an asymmetrical 
structure and composed from two layers; the up skin 
layer with finger- type structure and the down layer 
is a sub layer with sponge - type structure,  but the 
dense skin layer was with little very small open pores 
of membranes with higher polymer concentration A-
Sd4 and A-Sd5 while for A-Sd1, A-Sd2 and A-Sd3 
the dense skin layer exhibited several small open 
pores with finger-like cavities as well as a micro-
structure (Sofiah et al., 2010).  
 Still, Frommer and Lancet (Gao, Tang, & Wu, 
2009) found a close relationship between the 
membrane structure and the precipitation rate. In 
general, the systems with rapid precipitation rates 
tend to form a finger- type structure while systems 
with slow precipitation rates result in a sponge-type 
structure. This phenomenological correlation seems 
to be valid for the present systems where the 
precipitation rate should be taken at the time required 
for the primary gel membrane to freely float from the 
glass plate into the water bath, and a short floating 
time exhibited indicates a rapid rate of movement of 
the precipitation front and vice versa (Gao et al., 
2009). 

 

 
 
Fig. 1: SEM images of PVDF-HFP membranes prepared with a concentration between (16-20)                                 
         Wt. % (A) Cross-section and (B) Upper surface. 
 
 
Viscosity, Porosity And Pore Size: 
 The viscosity of the polymer dope is an 
important parameter to affect the kinetics of 
membrane formation and then the resultant 
membrane structure. Therefore, the viscosity of the 
polymer dope as a function of PVDF-HFP 

concentration was determined, As shown in Fig. 2 
and table 2, increasing the polymer concentration 
increases the viscosity values 
(Sd1<Sd2<Sd3<Sd4<Sd5 ) of (876.7< 1035 <1461 < 
1839 < 2340) respectively. In this regard, the highest 
viscosity (2340 CP) was found for the membrane 
with the high polymer concentration of (20 wt. %). 
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 While the lowest one (876.7 CP) was found in 
the membrane with the lowest polymer concentration 
of (16 wt. %) , and the general relationship is a direct 
correlation relationship which significantly shows 
chain entanglement occurrence in the dope solution. 
Chung et al. in their own submission suggested that a 
dope exhibiting significant chain entanglement might 

produce sheet membrane with ultra-thin skin layer 
and minimum pore porosity (Ren, Chung, Li, Wang, 
& Liu, 2002). Interestingly, the aim of this research 
was to explore all probable and appropriate 
conditions for asymmetric micro porous flat 
membrane preparation.  

 
Table 2: Effects of polymer concentration on membrane maximum pore size, porosity, viscosity and contact angle. 
 

Membrane Viscosity MPa. Sec Porosity % Pore size ( Å ) Contact angle ᵒ 
Sd1-16 876.7 75.53 59.735 68.6 
Sd2-17 1035.0 73.45 51.455 70.4 
Sd3-18 1461.0 71.94 50.364 71.2 
Sd4-19 1839.0 66.64 40.807 76.8 
Sd5-20 2340.0 60.58 13.841 82.2 

Note: 1c.p = 1mPa.sec = 0.001Pa.sec; 1nm = 10angstroms = 10-9m,   1angstrom = 10-10m. 

 

 
 
Fig. 2: Viscosity vs. polymer concentration (wt. %).      
 
 Porosity is one of the main factors which affect 
the performance of polymer membrane in gas 
separation processes (Sun et al., 2015). In this study, 
porosity and pore size membrane of Sd1 to Sd5 had 
been measured and the results were shown in Fig. 3 
and Table 2. It was observed in Fig. 3 and Table 2, a 
decrease in the porosity values with the increase in 
the polymer concentration (Sd1< Sd2<Sd3<Sd4< 
Sd5) of (75.53 >73.45 > 71.94 >66.64 >60.58) 
respectively. While the highest value for porosity 
(75.53%) and lower viscosity (876.7 cp )  were of the 

membrane with a lower polymer concentration of (16 
wt. %) ,and the low porosity (60.58 %) and highest 
viscosity (2340 cp ) were found in membrane with 
the high polymer concentration of (20 wt.%). And 
interpret this case which A higher solution viscosity 
caused the exchanging process between the solvent 
and the non-solvent to become much slower, thus, 
the membrane structure becomes denser and 
compact, subsequently leading to lower porosity for 
a higher polymer concentration (Sofiah et al., 2010).  

 

 
 
Fig. 3: Porosity % and Pore size Å vs. Polymer concentration (wt. %). 
 
 One of the decisive factors in consideration to 
evaluate performance of polymer membrane in a gas 

separation process is membrane pore size (Sun et al., 
2015).  As depicted in Fig. 3 and Table 2 above, 
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increase in polymer concentration leads to decrease 
in the pore size  (Sd1<Sd2<Sd3>Sd4<Sd5) of 
(59.735 >50.364> 40.807 >32.355 >13.841Å).  
Generally the relation is an inverse relationship 
between the concentration of polymer solution with 
pore size and porosity. Also it was observed closely 
in the aforementioned Table 2 that the low polymer 
concentration (16 wt. %) in polymer solution gives 
big pore size (59.735 Å) and the high polymer 
concentration (20 wt. %) in polymer solution gives 
small pore size (13.841 Å).  
 Fig. 1- (B) shows the SEM micrographs of the 
membrane’s surface which further supported the 
results. The proposed pore size is due to lower 
diffusion rate of non-solvent at a high solution 
viscosity. While an increase in the polymer 
concentration results in significant increase in 
solution viscosity of PVDF-HFP polymer solution.  
 This phenomenon will lead to a higher mass 
transfer resistance between the non-solvent 
(precipitation bath) and the solvent (DMAC) in the 
system during solidification of the casting solution. 
Thus, at high polymer concentration, the 
precipitation process stops after a longer period of 
time, which leads to the formation of denser 
membrane, with smaller pore sized distribution 
(Ahmad, Ideris, Ooi, Low, & Ismail, 2014). 
 
Contact Angle:  

 In chemistry, hydrophobicity of membranes is 
represented in terms of the contact angle between the 
water and the surface of the membrane. This angle 
between the solid and liquid surfaces is summarily 
called contact angle. In the case of water, the 
membranes are said to be hydrophobic if the contact 
angle exceeds 90 ̊. When water is applied to the 
surface, the external surface layers interact with the 
water. A hydrophobic surface with low free energy 
produces a high contact angle with water, while a 
wet high-energy surface allows the drop to spread 
and reducing the contact angle (Ahmad & Ramli, 
2013) . 
 The hydrophobic property of PVDF-HFP 
membranes is greatly affected by the porous surfaces 
of the membranes and the importance of the role 
played by hydrophobicity of the membranes in 
decreasing many problems from happening during 
separation process, for instance wetting problems. 
This is mainly due to the smaller pore size and 
decrease porosity leads to increasing higher contact 
angles. Membrane with higher polymer 
concentration is having higher resistance for the 
water to flow (Ooi, Yatim, Ahmad, & Lai, 2012) . 
Moreover, as observed in Fig. 4 and Table 2, the 
contact angle increased with the increase of the 
polymer concentration (Sd5> Sd4>Sd3>Sd2>Sd1) of 
(82.2°>76.8°>71.2°>70.4°>68.6°) respectively, and 
decrease pore size (Sd1>Sd2>Sd3>Sd4>Sd5)of 
(59.735>50.364>40.807> 32.355>13.841). 

 

 
 
Fig. 4: Contact angle vs. polymer concentration (wt. %).   
 
 While the highest contact angle (82.2°) was 
found for the membrane with the highest polymer 
concentration of (20 wt.%); the lowest one of (68.6°) 
was rather found in the membrane with the lowest 
polymer concentration of (16 wt.%).  This is to prove 
the directly proportional relationship between the 
contact angle and polymer concentration, and of 
course the reverse relationship of the contact angle 
with both of pore size and porosity. 
 
Conclusion: 
 In the context of this research, PVDF-HFP 
membranes were fabricated using Phase Inversion 
method at different concentrations of (16-20 wt. %). 

There are many important and decisive factors to 
evaluate the performance of polymer membrane in a 
gas separation process such as viscosity, contact 
angle, porosity and pore size. The PVDF-HFP 
membrane morphology is highly affected by the 
polymer concentration during membrane fabrication 
as shown in the results.  
 This study further revealed that both viscosity 
and contact angle increased with increase in the 
polymer concentration with the highest viscosity of 
(2340 CP.) that was found for the membrane with the 
high polymer concentration of (20 wt. %), while the 
lowest one (876.7 CP.) was found in the membrane 
with the lowest polymer concentration of (16 wt.%),  
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and the general relationship between the viscosity 
and contact angle with polymer concentration was a 
direct proportionality relationship. In addition, it is 
noted that the highest contact angle of (82.2°) was 
found for the membrane with the high polymer 
concentration of (20 wt.%) while the lowest one of 
(68.6°) was detected for the membrane with the 
lowest polymer concentration of (16 wt.%). 
 Indeed, the porosity percentage and pore size of 
micro porous PVDF-HFP membranes are decreased 
with increase of polymer concentration, but the 
highest value for porosity of (75.53%) and pore size 
of (59.735Å) were of the membrane with a lower 
polymer concentration of (16 wt. %) while the low 
porosity of (60.58%) and pore size of (13.841Å) 
were found in the membrane with the high polymer 
concentration of (20 wt. %).  
 In addition, this proves the proportional 
relationship between both contact angle and viscosity 
with polymer concentration, and of course the 
reverse relationship of the contact angle and viscosity 
with both pore size and porosity.  
 Nevertheless, the morphological structure of 
porous PVDF-HFP membranes depends on the 
interactions between the polymer/solvent and the 
solvent/non-solvent system. These results can be 
explaining the relationship between forming structure 
and precipitate rate.  
 When the low polymer concentration in the 
casting solution tends to precipitate, and thus 
forming a finger like structure while high polymer 
concentration on the other hand, tends to form a 
sponge-structured membrane. 
 Finally, these results offered a better 
understanding of effects of polymer concentration on 
membrane structure and properties. 
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