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A B S T R A C T   

In this work, a concept of hierarchically porous membranes (HPMs) with isolated-round-pores connected by 
narrow-nanopores whose separation performance could be enhanced significantly is reported. On one hand, the 
simulation results provide the direct evidence that the existence of isolated-round-pores can shorten diffusion 
length and minimize diffusion barrier, which is the reason for the higher flux relative to the reference with only 
narrow-nanopores; on the other hand, HPMs have been fabricated successfully in ternary blend of PVDF/PMMA/ 
PLLA. Due to the special miscibility in the blend, phase separation produces PLLA islands and PVDF/PMMA 
matrix. In the matrix, PMMA has been expelled out during the crystallization of PVDF, resulting in bi-continuous 
structures of them in nanometers. After the extraction with chloroform, the narrow-nanopores (from nano- 
continuous PMMA) connect the isolated-round-pores (from islands of PLLA) with each other, yielding inter-
penetrated micro-channels. During separation with HPMs, the selectivity is determined by porous structures in 
matrix. It has been further improved by the width of the anisotropic narrow pores, contributing to the high 
rejection ratio. The permeability has been enhanced remarkably via shorter diffusion length and lower diffusion 
barrier resulted from the isolated-round-pores. Our result provides a novel solution for trade-off effect between 
permeability and selectivity in separation.   

1. Introduction 

Porous polymeric membranes have been wildly used in separation 
due to their advantages of low energy consumption, high efficiency and 
pollution-free [1]. Flux and rejection ratio are two important parameters 
to evaluate the permeability and selectivity respectively [2]. Generally, 
the former can be enhanced by increasing pore size, whereas bigger 
pores tend to sacrifice the rejection property. Smaller pores provide 
higher rejection ratio but lower flux. This is well known as the trade-off 
effect [3–6]. So far, several strategies have been developed to overcome 
this effect. Firstly, both chemical surface modification and blending 
strategy are efficient ways to improve the hydrophilicity of porous 
membranes [7–9]. For instance, Wei et al. reported that poly(vinylidene 
fluoride) (i.e. PVDF) was modified by radiation induced grafting of 
acrylic acid, contributing to the enhanced hydrophilicity and higher 
water flux [9]. Behboudi et al. prepared polyvinyl chloride/polycar-
bonate (PVC/PC) membrane via non-solvent induced phase separation 
(NIPS) methods. Because of the addition of PC, the hydrophilicity, pure 

water flux and BSA rejection are improved simultaneously [8]; secondly, 
the interfacial polymerization has been employed to fabricate skin layer 
on supporting layer, producing asymmetric membranes [10–12]. The 
supporting layer and skin layer provide mechanical and separation 
performances respectively [13]. According to this method, Jin and her 
coworkers prepared excellent nanofiltration membranes exhibiting both 
high flux and high rejection ratio via sacrificial nanoparticles templates 
[14]; thirdly, the narrow pores with anisotropic pore geometry in two 
directions, are promising candidate to enhance the separation perfor-
mance since the width and length of them correspond to high rejection 
ratio and high flux respectively [15,16]. The absence of fabrication 
strategy, however, does limit the applications of them; finally, hierar-
chically porous membranes (HPMs), exhibiting at least two length scales 
of porous structures including big pores and small pores, have been 
regarded as one potential solution for trade-off effect because of the 
extra flow channels [17,18] and the enhanced hydrophobic or hydro-
philic properties resulted from hierarchical roughness [19,20]. 

There have been some reports concerning HPMs. In most of them, big 
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pores connect with each other, producing wide interpenetrated chan-
nels. Some small pores distribute on the wall of them. In this case, the 
fluid passes the membranes mainly through wide channels. The exis-
tence of small pores can provide extra micro-channels, contributing to 
the higher flux. To fabricate this kind of HPMs, double (including hard/ 
hard and hard/soft) templates have been employed [21–26]. For 
instance, the self-assembly of colloidal particles with different diameters 
in a certain matrix produced the well-ordered stacking of them. After the 
removal of these templates, it is facile to prepare hierarchically porous 
structures [27–29]. In our previous work, hierarchically porous PLLA 
fabrics with both small pores in each fiber and big pores among elec-
trospun fibers have been fabricated by electrospinning poly(L-lactic 
acid)/poly(ethylene oxide) (PLLA/PEO) blend solution and etching PEO 
with water [21]. The resultant fabrics exhibit much higher flux relative 
to the specimen composed of compact fibers. Unfortunately, this kind of 
HPM corresponds to lower selectivity due to the connectivity of big 
pores. The other kind of HPM, in which big pores act as island while 
small pores connect with each other, is a more promising solution for 
trade-off effect. Both big and small pores play important roles in sepa-
ration. For one thing, it is the small pores in matrix that determine the 
selectivity, contributing to the higher rejection ratio; for another thing, 
it has been believed that the existence of isolated big pores can provide 
higher flux via shortening diffusion lengths and minimizing diffusion 
barrier. In this kind of HPM, however, both the efficient fabrication 
strategy and direct evidence for shorter diffusion length and lower 
diffusion barrier remains absent. 

In this work, therefore, our attention has been paid to hierarchically 
porous membranes with isolated-round-pores connected by narrow- 
nanopores. On one hand, simulation has been performed on this HPM 

and the reference with only narrow-nanopores to compare the diffusion 
length, diffusion barrier, flow velocity and flux in them, which is an 
efficient way to clarify the role of isolated-round-pores in the improve-
ment of the flux; on the other hand, a novel strategy has been developed 
to fabricate HPMs with isolated-round-pores connected by narrow- 
nanopores in the ternary blend of poly(vinylidene fluoride)/poly 
(methyl methacrylate)/poly(L-lactic acid) (i.e. PVDF/PMMA/PLLA) 
based on the combination of soft/soft templates of phase separation and 
crystallization [30,31]. This structure is expected to exhibit the 
following advantages. Firstly, it is the porous structures in matrix that 
dominate the selectivity of HPMs. Therefore, the rejection ratio can be 
further improved by the width of narrow pores in our HPMs; secondly, 
the permeability can be enhanced by isolated-round-pores because of 
the lower diffusion barrier and shorter diffusion length; thirdly, the 
excellent mechanical performance of HPMs can be expected since the 
matrix with narrow pores displays high stress and elongation at break 
[30–32]; finally, the adopted strategy is suitable for mass production. 

2. Simulation and experiment 

2.1. Simulation 

We build a two-dimensional model system, in which the channel is 
constructed by sine functions, and the diameter is set as 0.12 μm (Fig. 1). 
In the reference specimen, the porosity was fixed at 57.5%. In HPMs, 
some circles with the diameter of 2 μm have been added in the matrix 
randomly, resulting in the porosity of 69.3%. Moreover, we set two 
symmetrical fluid domains on both sides of the model system to realize 
the water in and out. The left-hand side boundary condition is influx 

Fig. 1. Flow velocity distribution in reference (A, B) and HPMs (C, D). B and D are images with higher magnifications of A and C respectively. The blue arrow 
represents the flow direction from the left to the right. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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with the pressure of 1 � 105 Pa, and that of the right-hand side is outflux 
with the pressure of 0 Pa. Water has been considered as incompressible 
Newtonian fluids with a laminar flow, which is calculated with COMSOL 
Multiphysics 5.3a package. 

2.2. Materials 

PVDF (KF850, Mw ¼ 209000 g/mol, Mw/Mn ¼ 2.0, ρ ¼ 1.82*103 kg/ 
m3) and PMMA (Mw ¼ 15000 g/mol, ρ ¼ 1.20*103 kg/m3) were supplied 
by Scientific Polymer Products Inc and Aldrich respectively. PLLA 
(3001D, Mn ¼ 89300 g/mol, Mw/Mn ¼ 1.8) was purchased from Nature 
Works. P(MMA-co-GMA) (SZ-01, Mn ¼ 40000 g/mol, PDI ¼ 2.0)con-
taining 8 wt% of GMA monomeric unit was provided by Aikechem 
(Hangzhou, China). 

2.3. Sample preparation 

All materials were dried at 80 �C for 12 h before processing. Ac-
cording to the porosity of HPMs in simulation, the weight fraction of 
PVDF/PMMA/PLLA has been fixed at 40/40/20. P(MMA-co-GMA) (SZ- 
01) was used as the compatibilizer for the blend, whose weight fraction 
was 0.5%. The blends were prepared by melt mixing at 200 �C for 2 min 
using a batch mixer (Haake Polylab QC), with a rotation speed of 20 rpm 
and subsequently raised to 50 rpm for 10 min. Then, the samples were 
hot-pressed at 200 �C and 25 MPa for 10 min to obtain a film with a 
thickness of 150 μm. All films were melted at 190 �C for 30 min and then 
fully crystallized at 145 �C for 24 h. The reference specimen from binary 
blend of PVDF/PMMA (weight ratio ¼ 50/50) and PVDF/PMMA/PLLA 
blends (weight ratio ¼ 30/30/40 and 20/20/60, for the investigation of 
miscibility of them) were also prepared according to the method dis-
cussed above. To fabricate porous PVDF membranes, PMMA and PLLA 
were etched by chloroform in a soxhlet extraction apparatus. The 
membranes were soaked in alcohol for 2 h after etched by chloroform 
and then soaked into the water for 2 h for the measurement of flux and 
rejection ratio. 

2.4. Characterizations 

Scanning electron microscope (SEM Hitachi S-4800) with an accel-
erating voltage of 5.0 kV was used to observe the morphologies of hi-
erarchically porous membranes. The dynamic mechanical properties 
were studied by dynamic mechanical analysis (DMA TA Q800) with 
heating rate of 3 �C/min at 5 Hz. Mercury intrusion porosimetry (MIP 
Autopore Ⅳ9500) was used to measure the required pressure to inject 
mercury into membranes. The contact angles were obtained with the 
help of Drop Shape Analysis (DSA, DSA-100, German, Kruess). 

2.5. Membrane performance evaluation 

The mechanical properties of the membranes were measured on the 
Instron universal material testing system (Model 5966) at room tem-
perature, with a tension rate of 10 mm/min. The Deionized (DI) water 
flux of each membrane was evaluated by a self-made filtration setup 
under a driving pressure of 1 bar and each membrane was tested for at 
least three times. The flux (J) was calculated according to equation (1). 

J¼
V
At

(1)  

where V, A and t are water volume, valid membrane area and testing 
time respectively. The rejection ratio of the hierarchically porous 
membranes has been evaluated by taking BSA solution (2 g/L, dissolved 
in 0.01 mol/L phosphate buffer saline) as the model system based on 
equation (2), 

Rð%Þ¼
�

1 �
Cp

Cf
� 100

�

(2)  

where Cp and Cf were the BSA concentrations of permeate and feed 
solutions, respectively. The concentrations were measured by UV–vis 
spectrophotometer at a fixed wavelength of 280 nm. The BSA concen-
tration of permeate and feed solutions were both diluted twice before 
measurement. In the test of cycle stability, each membrane was washed 
by ultrasound cleaner for 5 min before next test. 

3. Results and discussion 

To compare the selectivity as well as permeability of HPMs and the 
reference specimen with only small pores, simulation has been per-
formed on both of them. For brevity, the connected small pores have 
been constructed by sine function. In the results of reference specimen, 
the uniform flow is obvious (Fig. 1A and B). In HPMs with both isolated- 
round-pores and small nanopores, however, the flow velocities depend 
crucially on the positions. In the channels with larger distance between 
isolated-round-pores, the flow velocity exhibits lower magnitudes, 
shown as the blue channels in Fig. 1D (Route 1). On the contrary, the 
regions between close neighboring round pores correspond to much 
higher velocity (yellow channels in Fig. 1D). According to the calcula-
tion, the flux in HPMs is nearly twice as high as the reference (details are 
shown in Supplementary Information), which can be attributed to the 
following issues. On one hand, the Laplace pressure in the curved 
channels exhibits much higher values (0.3MPa) relative to the isolated- 
round-pore (0.1MPa) due to the lower radius shown in Fig. 1. As a result, 
the fluid in the former tends to flow to the latter, which is the reason for 
the lower diffusion barrier; on the other hand, the existence of isolated- 
round-pores can shorten the diffusion length remarkably (Route 2), 
accounting for not only its lower magnitude in Darcy’s law (equation 
(3)), but also the preferred routes as shown in the yellow regions in 
Fig. 1C. 

Q¼
� kA

�
PiPf

�

μL
(3)  

where k, A, Pi, Pf, μ and L are coefficient of permeability, cross sectional 
area, initial pressure, final pressure, viscosity and diffusion length of 
fluid respectively. The simulation results make it clear that the hierar-
chically porous structures contribute to the higher flux relative to the 
reference via shorter diffusion length and lower diffusion barrier. Its 
selectivity, however, is determined by the porous structures in matrix 
since big pores are not connected with each other. In both cases of 
reference and HPMs, the comparable rejection ratios during separation 
can be expected since they exhibit the same width of curved channels. 

The hierarchically porous membranes have been designed and pre-
pared in the ternary blend of PVDF/PMMA/PLLA. PVDF membranes 
with porous structures only in nanometers (the reference specimen) 
have also been prepared from binary blend of PVDF/PMMA. To compare 
their separation performances with simulation results, the weight ratios 
of 40/40/20 in ternary blend and 50/50 in binary blend have been 
adopted, in which the theorical porosities of the resultant PVDF porous 
membranes are 60% and 70% respectively after the removal of PMMA 
and PLLA. As shown in Fig. 2A and B, narrow-nanopores distribute on 
the whole fracture surface of the reference specimen. In Fig. 2C, there 
are isolated-round-pores with the diameter of several microns. In SEM 
image with higher magnification (Fig. 2D), there are narrow-nanopores 
distributing both in the matrix (Fig. 2E) and on the wall of round pores 
(Fig. 2F). In this work, therefore, hierarchically porous membranes with 
isolated-round-pores (in microns) and narrow-nanopores have been 
fabricated successfully. In the HPMs, our attention should be paid to the 
following issues. Firstly, the narrow pores themselves in reference 
contribute to the permeable channels, which have been validated in our 
previous works [30,31]; secondly, the round pores act as island, pro-
ducing no effect on the selectivity; thirdly, the isolated-round-pores are 
connected with each other by the narrow-nanopores (Fig. 2D–F); finally, 
both PMMA and PLLA are removed by means of chloroform extraction. 
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The narrow pores and big pores come from the removal of PMMA and 
PLLA respectively, which will be discussed in detail in the following 
sections. The successful removal of them, validated by means of weight 
calculation (data not shown here), suggests that there are inter-
penetrated channels flowing through both isolated-round-pores and 
narrow-nanopores in these HPMs which can be used as separation 
membranes. 

The performances of the reference and HPMs have been evaluated 
and the results are shown in Fig. 3. As shown in the photos in Fig. 3A, 
both membranes are self-supporting and flexible. In the strain-stress 
curves of them (Fig. 3A), the reference membrane exhibits higher ten-
sile strength and elongation at break. They are 8.0 MPa and 40% 
respectively. In the HPMs, the tensile strength can also reach 6.6 MPa. 
This value is lower than that in reference, but much higher than the 
results of PVDF porous membranes prepared by solution process [33, 
34]. The elongation at break decreases to 20%, which can be attributed 

to the higher porosity (70%) resulted from the existence of round pores 
in the membrane. The contact angles of the reference and HPMs are 
shown in Fig. 3B and C. The values of them are 75.5� and 81.0�
respectively, both of which are very close to that in the case of flat PVDF 
films without porous structures (Fig. S1). The slight decrease and close 
magnitudes of contact angle of them can be attributed to the similar 
porous structures on membrane surface (Fig. S2). BSA solution and DI 
water have been adopted to assess the selectivity and permeability of the 
hierarchically porous membranes respectively. The water flux and the 
rejection ratio of BSA can be calculated based on the water volume, BSA 
concentrations of permeate and feed solutions according to equation (1) 
and equation (2). As shown in Fig. 3D, the flux is 101.9 L m� 2h� 1 in the 
reference specimen with only small narrow pores. In the hierarchically 
porous membranes, however, this value reaches 213.7 L m� 2h� 1, which 
is twice as high as the reference. The pronounced improvement of flux in 
HPMs has good agreement with the simulation result shown in Fig. 1. 

Fig. 2. SEM images of reference specimen (A, B) and HPMs (PVDF/PMMA/PLLA ¼ 40/40/20, with SZ-01 wt fraction of 0.5%) (C, D). E and F are SEM images with 
higher magnification at the indicated position of matrix and pore wall shown in D. The scale bar in the inset of A is 5 μm. 

Fig. 3. Mechanical (A) and separation (D, under the pressure drop of 1 bar) performances, contact angles (B and C) of reference specimen and HPMs (with SZ-01 wt 
fraction of 0.5%). The photos in A show that both the reference and HPMs are self-supporting and flexible. E and F represent the pressure during mercury intrusion 
measurement and the cycle stability of flux/rejection ratio of HPMs. 
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The rejection ratio of membranes with hierarchically porous structures 
is 91%, exhibiting the comparable value with that in reference (92%). 
Therefore, the rejection ratio of HPMs has not been influenced by the 
existence of isolated-round-pores. According to the discussion above, it 
is clear that the special structures in HPMs with isolated-round-pores 
connected by narrow-nanopores can improve the permeability without 
the loss of selectivity. Furthermore, the prepared HPMs exhibit excellent 
cycle stability in both flux and rejection ratio (Fig. 3F). The mercury 
intrusion measurement has been performed to clarify the influence of 
isolated-round-pores on the required pressure and flux of HPMs. In 
Fig. 3E, the reference specimen corresponds to higher pressure during 
the intrusion of mercury, whose peak position locates at 2897 psia. It 
exhibits much lower magnitude in the case of HPMs (1895 psia). The 
decrease of required pressure in the latter which is consistent with the 
simulation results shown in Fig. 1D can be ascribed to the shorter 
diffusion length in Darcy’s law and the extra driving force for the 
entrance of mercury to big pores resulted from the lower Laplace pres-
sure. Both of them contribute to the improvement of flux in Fig. 3D. 

To clarify the formation mechanism of the hierarchically porous 
structures, our attention has been paid to the miscibility of PVDF, PMMA 
and PLLA in the blends. Dynamic mechanical analysis (DMA) was 
employed to investigate the glass transition temperatures in the ternary 
blend. As shown in Fig. 4, the dash lines represent the glass transition 
temperatures of neat PVDF, PLLA and PMMA. They are � 34.8, 71.1 and 
112.2 �C respectively. In the ternary blend of PVDF/PMMA/PLLA with 
the weight ratio of 40/40/20 (black line in Fig. 4), the glass transition of 
PVDF cannot be found. Two peaks locating at ~70 �C and ~100 �C are 
obvious. The former can be attributed to the relaxation of PLLA since the 
value is very close to its glass transition temperature. Then, the latter 
corresponds to the glass transition temperature of PVDF/PMMA mixed 
phase. This result indicates that PLLA rich phase and PVDF/PMMA 
mixed phase account for the glass transition temperatures of ~70 �C and 
~100 �C respectively. To validate this conclusion, ternary blends with 
lower weight fraction of PVDF/PMMA have been investigated. As shown 
in Fig. 4 (red and blue lines), the peak positions of them remain at ~70 
�C and ~100 �C while the intensity of the latter decreases remarkably. 
The results discussed above suggest that PMMA prefers to mix with 
PVDF while PVDF/PLLA is immiscible in the adopted composition 
[35–38]. Phase separation in the ternary blend produces islands of PLLA 
and matrix of PVDF/PMMA mixed phase. The miscibility and phase 
separation in ternary blend can be also supported by DSC results shown 
in Fig. S3, in which the Tm depression of PVDF due to the existence of 
PMMA suggests the excellent miscibility between them [39]. 

The formation of hierarchically porous structures can be described as 
follow. PVDF exhibits good and poor miscibility with PMMA and PLLA, 
respectively. In melting state, phase separation in ternary blend takes 
place, producing the matrix of PVDF/PMMA mixed phase and PLLA 
islands since the volume fraction of the former is higher (Fig. 5A). Upon 
cooling down to room temperature, PVDF crystallizes, expelling PMMA 
to inter-lamellar or inter-fibrillar regions. This is the reason for the bi- 
continuous structures in nanometers in the matrix (Fig. 5B). The 
segregation of amorphous component during the crystallization of the 
other component and the resultant bi-continuous structures have been 
discussed in details in our previous works [30,31]. The distribution of 
PMMA in PVDF spherulites has also been supported by the much higher 
value of PVDF long periods in the results of small angle X-ray scattering 
(Fig. S4). Upon extraction with chloroform, PMMA and PLLA have been 
removed simultaneously (Fig. S5), accounting for the occurrence of 
narrow-nanopores and isolated-round-pores respectively (Fig. 5C). The 
sea-island structures from phase separation as well as bi-continuous 
structures in nanometers from crystallization in ternary blends have 
also been validated by SEM. Firstly, the fracture surfaces of ternary 
blend have been examined by SEM, in which phase separation results in 
typical sea-island structures (Fig. 5D and E); secondly, the fracture 
surface was immersed in a sodium hydroxide solution (1 mol/L) for 24 h. 
As shown in Fig. 5F and G, there are some holes with the diameter of 
several microns in the matrix. It is reasonable to confirm that the islands 
on the fracture surface are composed of PLLA rich phase since only PLLA 
can be removed by sodium hydroxide solution in the ternary blend in 
this period [40]; finally, the residual cross section was washed with 
chloroform. In addition to the isolated-round-pores resulted from the 
PLLA islands, there are narrow pores in nanometers (Fig. 5H and I). For 
one thing, the subsequent formation of PLLA islands (Fig. 5D and E), big 
pores (Fig. 5F and G) and narrow nano-pores (Fig. 5H and I) can act as 
the evidence for the phase separation and resultant PVDF/PMMA matrix 
as well as PLLA islands; for another thing, the results in Fig. 5 clarify the 
formation mechanism of hierarchically porous PVDF membranes. The 
isolated-round-pores and narrow-nanopores come from the PLLA islands 
and PMMA continuous phase in PVDF/PMMA matrix respectively 
(Fig. 5A–C). The successful removal of PMMA and the consequent 
nano-channels are the base for the migration of chloroform to PLLA 
islands. Therefore, the isolated-round-pores are connected with each 
other by the narrow-nano-pores, which is the reason for the inter-
penetrated channels shown in Fig. 2 and flux in Fig. 3D. According to the 
mechanism discussed above, it is facile to tailor the size of round and 
narrow pores via the templates of phase separation (by means of com-
patibilizers) and crystallization (e.g. isothermal crystallization temper-
ature) separately and precisely (shown in Figs. S6 and S7) [36,41]. 

Based on the porous structures shown in Fig. 2, the separation per-
formances from simulation (Fig. 1) and experiment (Fig. 3) results, the 
synergism effect to enhance permeability without the loss of selectivity 
in HPMs with isolated-round-pores connected by narrow-nanopores can 
be described as follow (Scheme 1). The rejection ratio is determined by 
the porous structures in matrix, in which there are only narrow- 
nanopores both in reference and in HPMs. This is the reason for the 
comparable rejection ratio shown in Fig. 3D. Relative to traditional 
round pores, the selectivity has been further improved since it is the 
width of narrow-nanopores that dominates the rejection ratios. In HPMs, 
there are isolated-round-pores in addition to narrow-nanopores in ma-
trix. The existence of them produces the following influence on the flux. 
On one hand, higher magnitude of radius in them corresponds to lower 
Laplace pressure, providing an extra driving force for the entrance of 
fluid to them. This effect has been shown clearly in simulation results 
(Fig. 1D) and accounts for the lower required pressure during mercury 
intrusion (Fig. 3E); on the other hand, the comparison between Route 1 
and Route 2 in Fig. 1D indicates the much shorter diffusion length in 
Darcy’s law in HPMs, which is the reason for the preferred route flowing 
through isolated-round-pores as many as possible (Fig. 1C). In one word, 
the isolated-round-pores connected by narrow-nanopores in matrix in 

Fig. 4. Loss tangent of PVDF/PMMA/PLLA ternary blends with different 
composition obtained from dynamic mechanical analysis (DMA). The dash lines 
represent glass transition temperatures of neat PVDF, PLLA and PMMA 
respectively. 
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HPMs contribute not only the higher flux with the help of lower diffu-
sion barrier and shorter diffusion length, but also the comparable 
rejection ratio determined by porous structures in matrix. 

4. Conclusion 

To break trade-off effect in separation, our attention has been paid to 
hierarchically porous membranes (HPMs) with isolated-round-pores 
connected by narrow-nanopores. On one hand, the simulation results 
provide direct evidence that the former can shorten diffusion length and 
minimize diffusion barrier. It is the key reason for the improved sepa-
ration performance in HPMs and remains absent for a long period; on the 

other hand, this kind of HPM has been designed and fabricated in 
ternary blend of PVDF/PMMA/PLLA. PVDF exhibits excellent and poor 
miscibility with PMMA and PLLA respectively, accounting for the phase- 
separated PLLA islands and PVDF/PMMA matrix. During the crystalli-
zation of PVDF, PMMA has been expelled out, producing bi-continuous 
structures in nanometers. Upon extraction with chloroform, PLLA and 
PMMA are removed simultaneously, resulting in the isolated-round- 
pores and narrow-nanopores respectively. The latter connects the 
former with each other, yielding interpenetrated micro-channels. Dur-
ing separation, the selectivity is determined by the width of narrow- 
nanopores in matrix, contributing to the comparable rejection ratios in 
HPMs and the reference specimen. The permeability has been enhanced 
remarkably due to the existence of isolated-round-pores. Our result 
provides a novel strategy for the solution of trade-off effect between 
permeability and selectivity in separation. 
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Fig. 5. Schematic representation of formation mechanism of HPMs from PVDF/PMMA/PLLA blend upon extraction (A) to (C). (D) to (I) show SEM images of PVDF/ 
PMMA/PLLA ¼ 40/40/20 with lower (D, F, H) and higher (E, H, I) magnifications. Images (D, E), (F, G) and (H, I) represent original fracture, fracture immersed in 
sodium hydroxide solution and residual fracture washed by chloroform, respectively. 

Scheme 1. Schematic illustration of the synergism effect to enhance perme-
ability without the loss of selectivity in HPMs with isolated-round-pores con-
nected by narrow-nanopores. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.memsci.2020.118040. 
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