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Air permeability is crucial to nanofibrous membrane applications, such as in 
wound dressing and membrane distillation. Herein, hierarchical structure mem-
brane is prepared layer by layer with different fiber diameters, using electrospin-
ning method. The results showed that with different layer arrangement results in 
different air permeability, and optimal condition is found.  
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Introduction 

Due to the valuable properties including high porosity, high specific surface area, 
controllable fiber diameter and membrane thickness, nanofibrous membrane has drawn grow-
ing interest in both fundamental research and practical applications. Meanwhile, as the most 
facile method of fabricating nanofiber, electrospinning technique evokes high interest in re-
cent decades. Electrospun nanofiber membrane is given fantastic attention and is applied in 
many high-tech areas such as wound dressing [1, 2] and membrane distillation [3, 4]. For both 
of the mentioned applications, air permeability is a key indicator for the practical applications, 
because good air permeability provides good micro-environment for cell proliferation in 
wound dressing; and for membrane distillation, better air permeability means better flux. 
Therefore, there is a growing urge to investigate the membrane air permeability. 

Many parameters can affect the air permeability of nanofiber membrane, such as fi-
ber diameter, membrane thickness, surface wettablity of membrane and membrane porosity 
[5-7]. However, to date, previous studies draw little attention to the effect of membrane con-
figuration on membrane air permeability. Lee et al. [8] investigated a fabric with commercial 
non-woven as support layer and electrospun membrane as barrier layer. The reconstructed 
membrane exhibited better air permeability than commercial non-woven. Afterwards, 
Bagherzadeh et al. [9] reported a multi-layer fabric using nanofiber membrane as a middle 
layer. This multi-layer fabric showed better water vapor permeability. Recently, Kang et al. 
[10] constructed a double-layer membrane consisting of microfiber-layer and nanofiber-layer. 
The resulting membrane showed different air permeability and filtration efficiency compared 
to commercial non-woven. All these researches indicate that membrane configuration has im-
portant influence on air permeability of nanofiber membrane.  
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In the present study, multi-layer membrane with different layer diameters was pre-
pared by electrospinning method. Subsequently, the air permeability of different hierarchical 
structure membrane was investigated.   

Experimental 

Materials 

Poly (vinylidene fluorideco-hexa-fluoropropylene) (PVDF-HFP), Mw 400000, was 
supplied by Aladdin Industrial Corporation, Shanghai, China. N,N-dimethyl formamide and 
acetone were purchased from Sinopharm Chemical Reagent Co., Ltd. China (Shang Hai, Chi-
na). Polyacrylonitrile (PAN), Mw 150000, was purchased from Beijing Lark Branch Co. Ltd. 
All reagents were analytical grade and were used as received without further treatment. 

Preparation of PVDF-HFP and PAN nanofibrous membrane 

The PVDF-HFP was dissolved in a binary solvent system of N,N-dimethyl forma-
mide/acetone (weight ratio of 5:5) at room temperature for 5 hours’ stirring, obtaining 10, 13, 
16, 19, and 22 wt.% transparent solutions, respectively. For the spinning process, a high elec-
tric potential of 12 kV was applied to a droplet of silk fibroin (SF) solution at the tip of a sy-
ringe needle (0.8 mm in internal diameter). The electrospun nanofibers were collected on flat 
aluminum foil which was placed at a distance of 15 cm from the syringe tip. A constant vol-
ume-flow rate of 1 mL/h was maintained using a syringe pump. The ambient relative humidi-
ty and temperature used in the spinning process were 45±2% and 25±2 °C, respectively, and 
kept constant. Then, the resulting PVDF-HFP membranes were heated 5 hours at 50 °C using 
lab oven.  

Additionally 4 PVA solutions were prepared using N,N-dimethyl formamide as a sol-
vent, the concentrations were 8, 10, 12, and 14 wt.%, respectively. The voltage is 17 kV. The 
flow rate was 0.5 mL/h. The distance between needle and collector was maintained in 17 cm.  

Measurement and characterization 

The morphology of electrospun PVDF-HFP and PAN nanofibers was observed us-
ing a SEM, Hitachi S-4800, Tokyo, Japan. The diameters of nanofibers were calculated by 
measuring at least 100 fibers at random using Image J program. The air permeability of 
PVDF-HFP membrane was measured by an air permeability tester (YG461E, Tianjin, China). 
To minimize the error, each PVDF-HFP concentration was spun with 10 minutes. Meanwhile, 
for air permeability test, each sample was tested for ten times, and the ultimate value is the 
average of the ten results. The filtration efficiency of PAN composite membranes was meas-
ured by automatic filter tester (TSI1830, USA). 

Results and discussion 

Figure 1 shows the morphology and diameter of electrospun PVDF-HFP nanofibers 
with varying PVDF-HFP concentrations. It can be clearly seen that: all the resulting PVDF-
HFP nanofibers showed smooth surface and the fiber diameter increased with the increase of 
PVDF-HFP concentration, from 123.5±16.8 nm of 10% to 697.8±42.3 nm of 22%. The fiber 
diameter was relative to the pore size which affects the pore size distribution and porosity of 
membrane [11], and at last governs the air permeability of membrane [6, 12]. The smooth sur-
face, uniform and wide diameter rage of resulting PVDF-HFP membrane makes it possible to 
reconstruct the membrane with hierarchical structure.   
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Figure 1. Morphology and diameter of electrospun PVDF-HFP with different concentrations 

Inspired by the natural silkworm cocoon [13], hierarchical membrane with different 
diameter of single-layer was prepared by electrospinning. For the spinning process, every lay-
er was spun with 10 minutes. For 10/13/16/19/22 hierarchical structure, fig. 2(b), 10 wt.% so-
lution was first spun with 10 minutes, following sequentially by 13, 16, 19, and 22 wt.% solu-
tions. After this procedure, hierarchical membrane was fabricated. As shown in fig. 2, the 
10/13/16/19/22 hierarchical structure exhibited better air permeability than that for 
22/19/16/13/10 hierarchical structure, tab. 1, indicating that hierarchical membrane from 
small pore size to large pore size is an optimized strategy. It was noting that with the increase 
of differential pressure the air permeability gap between 10/13/16/19/22 hierarchical structure 
and 22/19/16/13/10 hierarchical structure increased.   

Table 1. The air permeability of different PVDF-HFP structure at different pressure 

Membrane structure 50 Pa 100 Pa 150 Pa 200 Pa 

10/13/16/19/22 24.71±0.25 52.16±0.26 73.16±0.28 102.96±0.27 

22/19/16/13/10 20.61±0.23 44.02±0.25 59.16±0.27 81.27±0.28 

The results of fig. 2 show that membrane configuration is also crucial to air permea-
bility of membrane. Therefore, other two strategies were put forward, as shown in fig. 3.  

Three single-layers with different diameters, fig. 3(a), were used and two symmet-
rical structures were presented in figs. 3(b) and 3(c). Interesting, the air permeability of the 
22/16/10/16/22 symmetrical structure is better than the 10/16/22/16/10 symmetrical structure, 
see fig. 3(d) and tab. 2. Additionally, the air permeability gap between the two membranes al-
so increased with the increase of differential pressures, conforming that membrane configura-
tion has crucial influence on air permeability of membrane.  

Figure 4 shows the morphology and diameter distribution of electrospun PAN nano-
fibers with different concentrations. It is obvious that the fiber diameter increases with the in-
crease of concentration of PAN solution. 

We studied the filtration efficiency filtration resistance for different structures, the 
fibers were spun onto a non-woven with different PAN solutions and different spinning peri- 
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Figure 2. Schematic diagram and air permeability of reconstructed hierarchical membrane;  
the number implies the concentration 

 
Figure 3. Schematic diagram and air permeability of reconstructed hierarchical membrane;  
the number implies the concentration 
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Table 2. The air permeability of different PVDF-HFP structure at different pressure 

Membrane structure 50 Pa 100 Pa 150 Pa 200 Pa 

22/16/10/16/22 20.91±0.22 45.47±0.24 64.49±0.23 90.19±0.25 

10/16/22/16/10 13.46±0.18 27.2±0.19 38.32±0.21 50.86±0.23 

ods, the results were given in tab. 3. It is obvious that a minimal filtration resistance of 
125.5 Pa was observed for the 8/10/12/14 structure where the fiber diameters increase gradu-
ally. However, an opposite 14/12/10/8 structure saw a resistance as high as 230.0 Pa, almost 
twice of the 8/10/12/14 structure, while its filtration efficiency improved only 8%. The disor-
dered 8/14/10/12 structure had the almost same filtration efficiency as for the hierarchical 
8/10/12/14 structure, while its resistance increased greatly from 125.5 Pa to 153.1 Pa. 

Table 3. The filtration performance of different PAN structures  

Conclusion  

Different membrane configurations were prepared by electrospinning with hierar-
chical structure. Three strategies were used in constructing the multi-layer membrane. The re-
sults show that a membrane with hierarchical structure performs optimally with low resistance 
and high air permeability, which benefits the membrane application in wound dressing and 
membrane distillation. 
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Figure 4. Morphology and diameter distribution of electrospun PAN with different concentrations 
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