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Abstract: Composite electrospun fibrous membranes are widely studied for the application of
membrane distillation. It is an effective approach to enhance the membrane distillation performance
in terms of anti-wetting surface and permeate flux by fabricating composite fibrous membranes
(CFMs) with a thin skin layer on a thick supporting layer. In this work, various membranes prepared
with different pore sizes and porosities by polyacrylonitrile and polyvinylpyrrolidone were prepared.
The membrane characteristics and membrane distillation performance were tested. The mass transfer
across the membranes was analyzed experimentally and theoretically in detail. It is shown that the
skin layer significantly increases liquid entry pressure of the CFM by 5 times. All the membranes
have a similar permeate flux. The permeate flux of membranes is stable at 19.2 ± 1.2 kg/m2/h, and
the salt rejection ratios remain above 99.98% at 78 ± 1 ◦C for 11 h. The pore size and porosity of
membranes have an insignificant effect on the temperature distribution of membrane. The porosity
and pore size of the skin layer have an insignificant effect on the mass transfer process of the CFM.
The mass transfer process of the CFM is governed by the supporting layer.

Keywords: composite fibrous membrane; membrane distillation; transport analysis; liquid entry
pressure; porosity

1. Introduction

Membrane distillation (MD) is a phase-change membrane-separation process driven
by the transmembrane-saturated vapor-pressure difference induced by temperature dif-
ference [1,2]. As a gas–liquid barrier, the hydrophobic membrane only allows vapor to
go through. Water evaporates on the interface between the feed and membrane and
condenses on the cold side of the membrane [3,4]. To prevent membrane wetting and
ensure the diffusion space of vapor molecules, commonly used membranes have micron
or submicron pore size (0.1–1 µm) [5,6]. The hydrophobic membrane plays two main
roles in MD: preventing the contact between the feed and permeate through the mem-
brane pore; and providing efficient transfer space for vapor molecules [7]. Membrane
is the core component of MD. The membrane parameters, such as pore size, porosity,
and hydrophobicity, are constantly optimized with the development of MD [8–10]. The
commonly used intrinsic hydrophobic membrane materials include polyvinylidene flu-
oride (PVDF) [11], polytetrafluoroethylene (PTFE) [12,13], polypropylene (PP) [14], and
polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) [15,16]. In the follow-up
study, hydrophilic materials such as polyacrylonitrile (PAN) [17] and nylon [18] with
hydrophobic surface modification can also be used in MD.

One of the goals of MD is to improve the permeate flux. Membrane with large
porosity, small tortuosity, large pore size, and thin thickness can reduce the mass transfer
resistance and improve the permeate flux [19,20]. Compared with the membrane prepared
by phase inversion or stretching method, the porosity of electrospun membrane can reach
more than 90%, and the tortuosity is close to 1 [21–23]. Therefore, electrospun membrane
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can significantly improve the mass transfer coefficient and enhance the MD performance
according to the basic mass transfer mechanism [5,24]. Increasing the pore size of the
membrane is an effective way to further improve the permeate flux. The increase in
membrane pore size reduces liquid entry pressure (LEP) [18,25]. Membranes with low LEP
are easy to be wetted leading to a decrease in salt rejection ratio in MD [26]. Therefore,
it is difficult to increase the permeate flux and prevent the membrane from being wetted
simultaneously in single-layer membranes. Fabrication of composite fibrous membranes
(CFMs) with multi-layers is an approach to enhance the MD performance.

CFMs prepared by electrospinning technology have been used in MD to meet different
demands [27,28]. Tijing et al. first prepared electrospinning CFMs with PVDF-HFP and
PAN to improve permeate flux [29] Hydrophilic and hydrophobic membranes are also used
in MD to treat wastewater containing volatile organic compounds and surfactants [30,31].
CFMs with a modified structure (TiO2 [32,33], SiO2 [34–36], carbon nanotubes [37,38], and
silver nanoparticle [39,40]) can achieve anti-fouling or anti-bacterial performance. The
membranes with different pore sizes of PVDF-HFP skin layer and polyethylene tereph-
thalate (PET) supporting layer can increase the membrane strength and enhance the MD
performance [41]. Except for hydrophilic and hydrophobic membranes [42,43], most of the
studies on the CFMs are always found in direct contact MD (DCMD) [28,44,45]. Previous
studies on CFMs have focused on their characterization and application, the transport
behavior in the membranes needs to be further studied.

CFMs were fabricated by electrospinning a thin skin layer with a relatively small
fiber diameter on a supporting layer with relatively large fiber diameter in this study. The
skin layer was composed of smooth, rough, or beaded fibers. The membrane properties
of morphology, porosity, pore size, and LEP were characterized. The air-gap membrane
distillation (AGMD) performance in terms of permeate flux and salt rejection ratio as well
as the stability of the membrane were tested. The effects of the membrane pore size and
porosity on the mass transfer and temperature distribution were theoretical estimated. The
influence of skin layer and supporting layer on the MD performance and the transport
mechanism of membranes were analyzed. The porosity and pore size of an optimized CFM
were proposed after theoretical estimation.

2. Materials and Methods
2.1. Electrospinning

The polymer solution of PAN (DOW Inc., Midland, MI, USA, Mw = 85,000) and
PAN/Polyvinylpyrrolidone (PVP) (Shanghai Aladdin Bio-Chem Technology Co., LTD.,
Shanghai, China, AR, Mw = 130,000) was prepared with N,N-dimethylformamide (Shanghai
Aladdin Bio-Chem Technology Co., LTD., Shanghai, China, AR, 99.5%) and acetone (Tianjin
Kemiou Chemical Reagent Co., Ltd., Tianjin, China, AR, >99.5%) (95/5, wt./wt.) as solvent.
To obtain the fiber with different diameters and morphologies, several exploratory tests
were carried out. The concentrations of PAN solution were selected as 19 wt.%, 11.5 wt.%,
and 7 wt.%. The concentration of PAN/PVP solution was selected as 5.5 wt.%/6 wt.%.
The prepared solution was placed on a magnetic stirrer (240 rpm), heated and stirred
overnight in a 60 ◦C water bath, and defoamed at room temperature of 25 ± 1 ◦C. The
relative humidity was 20% ± 5%. The flow rate of the solution was 0.02 mL/min. A
rotating collector with a diameter of 10 cm was used as the collector. The rotating speed
was 40 rpm. The receiving distance between the jet and the front surface of the rotating
collector was 15 cm. The electrospinning parameters of the membrane are shown in Table 1.
The electrospinning process of the CFM is shown in Figure 1. First, a supporting layer
with a thickness of ~50 µm was electrospun from PAN solution (19 wt.%). Then the skin
layer was electrospun on the supporting layer surface. The polymer solutions for the skin
layer are shown in Table 2. The solution was quickly switched during the electrospinning
process within 5 min. All the membranes were dried at 60 ◦C for more than 12 h to
remove the residual solvent, and then the further tests of microscopic morphology, porosity,
water contact angle, and LEP in Section 2.2 as well as MD in Section 2.3 were conducted.
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Membranes containing PVP were washed in deionized water at 90 ◦C for ~24 h. The
washing process was repeated 3 times.

Table 1. Electrospinning parameters for polymer solutions and the resulting fiber diameter of
membranes.

Materials Flow Rate
(mL/min) Voltage (kV) Rotating Speed

(rpm)
Fiber Diameter

(µm)

PAN (19 wt.%) 0.02 +16/−6 40 1.1 ± 0.1
PAN (11.5 wt.%) 0.02 +16/−6 40 0.2 ± 0.05

PAN/PVP
(5.5 wt.%/6 wt.%) 0.02 +16/−6 40 0.25 ± 0.05

PAN (7 wt.%) 0.02 +12/−6 40 0.05 ± 0.02/0.6 ± 0.4 *

* The diameter of the fiber connecting the beads is 0.05 ± 0.02 µm. The bead diameter is 0.6 ± 0.4 µm.
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Figure 1. Schematic illustration of an electrospinning setup for manufacturing a CFM.

Table 2. Parameters of the membranes.

Code of Sample
Membranes M1 M2 M3 M4

Supporting layer PAN
(19 wt.%) PAN (19 wt.%)

Skin layer PAN
(11.5 wt.%)

PAN/PVP
(5.5 wt.%/6 wt.%)

PAN
(7 wt.%)

δ1 (µm) ~7 ~7 ~9 ~7
δt (µm) 60 ± 2 64 ± 3 58 ± 5 62 ± 4

Contact angle (o) 151 ± 3 153 ± 3 155 ± 5 160 ± 3
LEP (kPa) (25 ◦C) 47 335 386 541

εt (%) 93 ± 1 94 ± 1 90 ± 1 92 ± 1
ε1 (%) ~93 ~97 ~75 ~86

d1 (µm) 3.22 0.49 0.42 0.27

See the nomenclature for abbreviations and codes.

2.2. Membrane Characterization

Scanning electron microscopy (SEM) (Quanta 450, FEI) was used to characterize the
membrane morphology. A conductive gold layer was sputtered on the membrane surface
by a coating unit (Q150T, Quorum Emitech & Polaron, Laughton, East Sussex, UK) for 90 s
before the measurement. Image-Pro Plus 6.0 was used to measure the fiber diameter.

The porosity (ε) was measured by the gravimetric method. A rectangular membrane
sample with uniform thickness was weighted by an electronic balance and was recorded
as mm. The samples were immersed in isopropanol for 10 min. The membrane was taken
out from isopropanol and sandwiched in polyethylene meshes. The excess isopropanol
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on the membrane surface was wiped off. The wet membrane was weighed as mwm. The
membrane porosity is calculated using the following equation [46]:

ε =

mwm−mm
ρIPA

mwm−mm
ρIPA

+ mm
ρp

(1)

where ρIPA and ρp are the densities of the isopropanol and the precursor polymer, respec-
tively. The skin layer porosity can be calculated according to the thickness of the CFM and
supporting layer:

ε1 =

(
1 +

δ2

δ1

)
εt −

δ2

δ1
ε2 (2)

where ε and δ are the porosity and thickness, respectively. The subscripts 1, 2, and t
represent the skin layer, supporting layer, and CFM, respectively.

All membranes used for contact angle, LEP, and MD tests were transformed into
hydrophobic membranes by initiated chemical vapor deposition (iCVD) with 1H,1H,2H,2H–
Perfluorodecyl acrylate (PFDA) (Sigma-Aldrich Co. LLC, St. Louis, MO, USA) [17]. The
contact angle was measured by a goniometer. Flatten the membrane sample on the sample
stage. 2.5 µL of deionized water was randomly dropped on the sample to measure the
contact angle. The contact angle tests were repeated 10 times.

The LEP tests were carried out with an upgraded unit (see Figure 2) from refer-
ences [18,47]. The membrane was placed in a stainless steel holder with an effective
diameter of 9 mm. A stainless steel mesh was used as membrane support in the holder to
ensure that the membrane remained flat under pressure. The heating chamber was filled
with deionized water. During the test, the heating chamber was set at the test temperature
of 25 ◦C, 40 ◦C, 50 ◦C, 70 ◦C, and 80 ◦C, respectively. The temperatures in the heating
chamber and holder were measured by thermocouples. The temperature of the water bath
was 5 ◦C higher than that of the heating chamber. The deionized water was pressed into the
heating chamber at a constant flow rate (0.3 mL/min) by an injection pump. A piezometer
was used to measure the pressure on the membrane. The LEP tests were repeated 3 times.

The pore diameter was estimated by Young-Laplace equation [48]:

d = −4γ cos θ/∆P (3)

where d is the pore diameter, ∆P is the pressure difference between the liquid and vapor
phases (i.e., LEP), γ is the liquid surface tension, and θ is the intrinsic contact angle of the
material.

Membranes 2021, 11, x FOR PEER REVIEW 4 of 15 
 

 

All membranes used for contact angle, LEP, and MD tests were transformed into hy-
drophobic membranes by initiated chemical vapor deposition (iCVD) with 1H,1H,2H,2H–
Perfluorodecyl acrylate (PFDA) (Sigma-Aldrich Co. LLC, St. Louis, MO, USA) [17]. The 
contact angle was measured by a goniometer. Flatten the membrane sample on the sample 
stage. 2.5 μL of deionized water was randomly dropped on the sample to measure the 
contact angle. The contact angle tests were repeated 10 times. 

Table 2. Parameters of the membranes. 

Code of Sample 
Membranes 

M1 M2 M3 M4 

Supporting layer PAN 
(19 wt.%) 

PAN (19 wt.%) 

Skin layer  PAN 
(11.5 wt.%) 

PAN/PVP 
(5.5 wt.%/6 wt.%) 

PAN 
(7 wt.%) 

δ1 (μm) ~7 ~7 ~9 ~7 
δt (μm) 60 ± 2 64 ± 3 58 ± 5 62 ± 4 

Contact angle (o) 151 ± 3 153 ± 3 155±5 160 ± 3 
LEP (kPa) (25 °C) 47 335 386 541 

εt (%) 93 ± 1 94 ± 1 90 ± 1 92 ± 1 
ε1 (%) ~93 ~97 ~75 ~86 

d1 (μm) 3.22 0.49 0.42 0.27 
See the nomenclature for abbreviations and codes. 

The LEP tests were carried out with an upgraded unit (see Figure 2) from references 
[18,47]. The membrane was placed in a stainless steel holder with an effective diameter of 
9 mm. A stainless steel mesh was used as membrane support in the holder to ensure that 
the membrane remained flat under pressure. The heating chamber was filled with deion-
ized water. During the test, the heating chamber was set at the test temperature of 25 °C, 
40 °C, 50 °C, 70 °C, and 80 °C, respectively. The temperatures in the heating chamber and 
holder were measured by thermocouples. The temperature of the water bath was 5 °C 
higher than that of the heating chamber. The deionized water was pressed into the heating 
chamber at a constant flow rate (0.3 mL/min) by an injection pump. A piezometer was 
used to measure the pressure on the membrane. The LEP tests were repeated 3 times. 

The pore diameter was estimated by Young-Laplace equation [48]: ݀ ൌ െ4ߛ cos ߠ /∆ܲ (3)

where d is the pore diameter, ΔP is the pressure difference between the liquid and vapor 
phases (i.e., LEP), γ is the liquid surface tension, and θ is the intrinsic contact angle of the 
material. 

 
Figure 2. Unit for measuring LEP. Adjust the voltage through the DC supply to control the tem-
perature of the heating wire for controlling the temperature of the heating chamber. One side of 
the membrane is connected to deionized water and the other side is connected to air. 

Figure 2. Unit for measuring LEP. Adjust the voltage through the DC supply to control the temper-
ature of the heating wire for controlling the temperature of the heating chamber. One side of the
membrane is connected to deionized water and the other side is connected to air.

2.3. Membrane Distillation

The MD tests were conducted based on an air-gap membrane distillation (AGMD)
system described in detail in the previous studies [17,47]. CuSO4 solution (3.5 wt.%, blue
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color) was used as the feed. The substitution of CuSO4 solution for NaCl solution had
an insignificant effect on the MD performance [49]. The coolant temperature was kept
at 20 ± 1 ◦C in all the tests. The flow rates of the feed and coolant were 0.8 L/min and
2 L/min, respectively. The circulation pressure of the feed in the MD system is ~15 kPa.
The stability of the membranes was tested at 78 ◦C for 11 h. The permeate concentration
was detected by a total dissolved solids (TDS) sensor. The salt rejection ratio was estimated
by the TDS of the feed and permeate.

To analysis the mass transfer in the MD, permeate flux is estimated by Darcy’s law [50]:

N = Bm

(
Pf m − Pma

)
(4)

where N is the permeate flux, Pfm is the saturated vapor pressure on the interface between
the feed and the membrane, Pma is the saturated vapor pressure on the interface between
the membrane and the air gap (see Figure 3). Pfm and Pma can be calculated based on the
temperature of the corresponding interface (Tfm and Tma), respectively. Bm is the mass
transfer coefficient for the membrane, which is given by [51,52]:

1
Bm

=
1
B1

+
1
B2

(5)

where B1 and B2 are the mass transfer coefficients for the skin layer and supporting layer
(see Figure 3). B1 and B2 are determined by transition diffusion in this work (Knudsen
number: 0.04–0.5) and can be evaluated by the following simplified equation [5,53,54]:

1
B1

=
δ1

ε2
1

(
1

CKd1
+

1
CM

)
,

1
B2

=
δ2

ε2
2

(
1

CKd2
+

1
CM

)
(6)

where B is the mass transfer coefficient, ε is the porosity, d is the pore diameter, and δ is the
thickness. The subscripts 1 and 2 represent the skin layer and supporting layer, respectively.
CK and CM are coefficients related to temperature in Knudsen diffusion and molecular
diffusion, respectively [3,5]:

CK = 2.48 × 10−2
(

1
T

) 1
2
, CM = 4.09 × 10−8 T1.072

Pa
(7)

where Pa is the partial pressure of air in the pore, T is the temperature in the pore.
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3. Results and Discussion
3.1. Morphology of the Membrane

The surface and cross-section of membranes is shown in the SEM images (see Figure 4).
The code, thickness, and composition of the membranes are shown in Table 2. The fiber
diameters of the supporting layer of the M2, M3, and M4 as well as the membrane M1 are
1.1 ± 0.1 µm. The thickness of M1 electrospun from PAN solution (19 wt.%) is 60 ± 2 µm.
The skin layer of M2 is electrospun from PAN solution (11.5 wt.%). The fiber diameter
of the skin layer of M2 is 0.2 ± 0.05 µm, and the thickness is ~7 µm. M1 and the skin
layer of M2 are composed of fibers with a cylindrical structure and a smooth surface. The
skin layer of M3 composed of fibers with a rough surface is electrospun from PAN/PVP
solution (5.5 wt.%/6 wt.%). The fiber diameter of the skin layer of M3 after washing is
0.25 ± 0.05 µm, and the thickness is ~9 µm. The skin layer of M4 composed of beaded
fibers is electrospun from PAN solution (7 wt.%) with a thickness of ~7 µm. The thickness
of the supporting layers is 50 ± 4 µm.
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(e–h) show the top view of the cross-section in the membranes. (i–l) show the section view of the
cross-section in the membranes. (m–p) are the cross-section of M1 and the skin layer of CFMs. The
scale bars of (a–d) are 1 µm. The scale bars of (e–p) are 10 µm.
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There was no adhesion between fibers in the skin layer of M1 and M2. The fibers
in the skin layer of M3 and M4 adhere to each other. The reasons for the adhesion are
different. The residual PVP can still be found in the skin layer of M3 by Flourier-transform
infrared spectroscopy (FTIR) analysis (see Supporting Information (SI) Figure S1). Thus, in
the washing process, PVP adheres to the fiber surface, resulting in the adhesion between
the fibers. The adhesion in the skin layer of M4 is due to the slow volatilization of the
solvent in the bead due to the smaller specific surface. The bead dissolves the fiber and
adheres to it [55]. The fiber diameter (0.19 ± 0.05 µm, see SI Figure S2) of the skin layer of
M3 before washing is almost equal to that of M2. After washing, the fiber diameter of the
skin layer of M3 increases slightly (see Table 1), and the fiber surface becomes rough.

The fiber diameter distributions of M1, skin layer of M2, and skin layer of M3 are
in the ranges of 0.85–1.3 µm, 0.1–0.35 µm, and 0.15–0.5 µm (see Figure 5). The average
diameter is shown in Table 1. All the distributions are close to normal. The bead diameter
of the beaded fiber is 0.6 ± 0.4 µm. The diameter of the fiber connecting the beads is
0.05 ± 0.02 µm. The experimental data show that the smaller the average fiber diameter,
the narrower the fiber diameter distribution. This is because the larger fiber diameter is
caused by the higher concentration of the electrospinning solution. The viscoelastic force
and surface tension of the electrospinning solution with high concentration are difficult to
overcome by the electrostatic force leading to an unstable electrospinning process [21].
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The membrane porosity is shown in Table 2. The porosities of the skin layer of M1
and M2 with unadhered fibers are much higher than that of M3 and M4 with adhered
fibers. This is because the three-dimensional pore structure of the membrane changes
into a two-dimensional structure after the fibers adhere to each other. The free overlap
between fibers is converted into fixed adhesion, so space for fibers to move is reduced. For
electrospun fibrous membrane with a unadhered three-dimensional open structure, the
smaller the fiber diameter, the higher the porosity [18,56].

3.2. Wettability of the Membranes

According to Cassie-Baxter theory, the contact angle of the membrane is larger with
higher porosity, smaller surface energy, and rougher surface [57]. The porosity of the
electrospun fibrous membrane is high, and the surface energy of coating material (PFDA)
is 9.3 mN/m [58]. Thus, the contact angles of all the hydrophobic modified membranes are
above 150◦ (see Figure 6). The contact angle of M2 is larger than that of M1 due to the higher
skin layer porosity. The low skin layer porosity of M3 decreases its contact angle. The
washing process may lead to a rougher surface of the skin layer of M3. Thus, the contact
angle of M3 is close to that of M1. The contact angle of M4 is ~160◦, which is consistent
with the previous study [59]. The rougher surface of the beaded fibrous membrane leads to
a smaller contact surface between the droplet and surface [60,61].
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volume of deionized water is 2.5 µL.

The LEP of all the membranes at different temperatures is shown in Figure 7a and SI
Figure S3. The LEP values at 25 ◦C of M1, M2, M3, and M4 are 47 kPa, 335 kPa, 386 kPa, and
541 kPa, respectively. According to the Young–Laplace equation, LEP is mainly determined
by the membrane pore size, surface energy of test liquid, and surface energy of membrane.
The surface energy of the membrane is the same after hydrophobic modification (see
contact angle analysis). Deionized water was used for all the tests. Therefore, LEP is only
governed by the membrane pore size. For electrospun fibrous membranes, the larger the
fiber diameter, the larger the membrane pore size [62]. The fiber diameters of the skin layer
of M2, M3, and M4 are less than 1/5 of that of M1 leading to at least 5 times higher LEP at
the same temperature. Thus, the LEP can be significantly improved by electrospinning a
membrane with a small fiber diameter on the supporting layer.
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LEP is also affected by the fiber morphology. The skin layer of M4 is composed of
beaded fiber with the smallest diameter of the fiber linking the beads. The bead can be
considered to be the expansion of the fiber leading to a further decrease in the membrane
pore size. Thus, the LEP value of M4 is highest under the same temperature among M1,
M2, M3, and M4. The adsorbed PVP on the fiber surface in the skin layer of M3 decreases
the membrane pore size. The LEP value of M3 is higher compared to that of M2.

The ratio of LEP at different temperatures to that at 25 ◦C is plotted in Figure 7b. The
ratio of LEP almost decreases linearly with a slope of ~0.013 (1/◦C). LEP decreases by
70%–80% with the increase of temperature from 25 ◦C to 80 ◦C. The surface tension of
water only decreases by 14% under the same temperature difference [63]. The decrease in
LEP requires further investigations.
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3.3. Membrane Distillation

As shown in Figure 8a, the permeate flux increases from 2 kg/m2/h to 20 kg/m2/h
with the feed temperature from 40 ◦C to 80 ◦C. When the feed temperature is higher than
50 ◦C, the salt rejection ratio for M1 decreases. The permeate of MD with M1 is blue under
the feed temperature of 80 ◦C. This indicates the membrane was wetted. As shown in
Figure 8b, the salt rejection ratios for M2, M3, and M4 remain higher than 99.98%. The
permeate is colorless and transparent with TDS less than 10 ppm. This is because the LEP
values of all the membranes (40 kPa at the feed temperature ≤ 40 ◦C) are higher than
the circulation pressure of the feed (see Section 2.3). When the feed temperature is 80 ◦C,
the LEP of M2, M3, and M4 is still higher than 40 kPa, while that of M1 is only 10 kPa.
Therefore, by electrospinning a thin layer with small diameter fiber on its surface, the
membrane with a relatively large pore size can be applied to MD.
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Figure 8. MD performance in terms of (a) permeate flux (b) salt rejection ratio under
different temperatures.

The stability of M2, M3, and M4 is tested for 11 h under the feed temperature of
78 ± 1 ◦C. As shown in Figure 9a, the permeate fluxes of M2, M3, and M4 are stable at
17.9 ± 0.4, 19.4 ± 0.3, and 20.4 ± 0.5 kg/m2/h, respectively. The salt rejection ratios for
M2, M3, and M4 in MD are always above 99.98%. The permeate flux is almost independent
of the operation time. This indicates that the properties of the M2, M3, M4, and transport
behavior in MD remain unchanged. The CFMs have good chemical stability, mechanical
stability, and thermal stability.
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Figure 9. (a) Permeate flux and (b) salt rejection ratio for the CFMs in MD under extreme conditions.
The feed temperature is 78 ± 1 ◦C. The test is running for 11 h.

The CFM combines the advantages of the supporting layer and the skin layer. The
supporting layer has high electrospinning efficiency and low mass transfer resistance.
The skin layer has a large LEP at the cost of long electrospinning time and complicated
manufacturing process. When the electrospinning time is 2 h, the PAN solution (19 wt.%)
can be electrospun into a membrane with an area of 20 cm × 31.4 cm and a thickness
of ~50 µm. The thickness of the membrane electrospun with a PAN solution (11.5 wt.%)
or PAN/PVP solution (5.5 wt.%/6 wt.%) is only 30 µm under the same conditions. The
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thickness of the membrane electrospun with PAN (7 wt.%) solution is only 3 µm under the
same electrospinning time. As the surface tension of PAN solution (7 wt.%) is too high, the
solution drops between the needle and the collector without electrospun into fibers.

3.4. Permeation Analysis

As mentioned in Equation (6), the B value is determined by porosity, pore size, and
thickness of each layer. Moreover, as mentioned in Equation (5), there is series connection
of the mass transfer resistance between the skin layer and supporting layer. The influence
of each layer on Bm is not only determined by the relative change of B1 and B2 in the
common range of pore size and porosity of each layer but also strongly influenced by the
absolute value of B1 and B2. To find out the determining factor, Bm based on the common
ranges of porosity and pore size of each layer was estimated. To facilitate the analysis, the
thicknesses of the skin layer and supporting layer are set as 7 µm and 50 µm for theoretical
estimations, respectively. The module parameters and operation parameters of AGMD in
this experiment are used in the estimations. The temperature of the feed and coolant are
70 ◦C and 20 ◦C, respectively. When estimating the influence of the skin layer parameters,
the pore diameter of the supporting layer is 3.22 µm and the porosity is 93%. When
estimating the influence of the supporting layer parameters, the skin layer parameters
are set as the average values of M2, M3, and M4. The pore diameter is 0.4 µm, and the
porosity is 85%. A commonly used stretched membrane and electrospinning membrane
porosity range of 70%–95% and pore size range of 0.2–3.3 µm are adopted for estimations.
The estimation process is based on our previous study [64]. The theoretical estimations are
shown in Figure 10.
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Figure 10. (a) Permeate flux and (b) Bm for the membrane with the feed temperature at 70 ◦C.
The porosity varies from 70% to 90%. The pore size varies from 0.2 µm to 3.3 µm. The skin layer
parameters have an insignificant effect on the permeate flux. The transport behavior is governed by
the supporting layer parameters.

As shown in Figure 10a, the permeate flux varies from 11 kg/m2/h to15.7 kg/m2/h
with the change of skin layer parameters, and the relative change is 42%. The permeate flux
varies from 3 kg/m2/h to 16 kg/m2/h with the change of supporting layer parameters, and
the relative change is 434%. Therefore, it can be considered that in the range of commonly
used membrane parameters, the skin layer parameters have an insignificant effect on
transport behavior. This is consistent with the experimental results as shown in Figure 8a:
the MD with different membranes gives a similar permeate flux. This means that the skin
layer only improves the LEP of the membrane (see Figure 7). As the main body of the
membrane, the supporting layer not only improves the mechanical properties and thermal
stability but also dominates the transport behavior. Modification and optimization of the
internal structure of the supporting layer can realize the special application of MD and
optimize the MD performance. The CFM provides a way for membrane with large pore
size to be applied in MD without changing the MD performance.

The permeate flux can be characterized by Bm. As shown in Figure 10b, Bm varies
from 2.44 × 10−6 kg/m2/Pa/s to 3.72 × 10−6 kg/m2/Pa/s with the change of skin layer
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parameters, and the relative change is 53%. Bm varies from 0.78 × 10−6 kg/m2/Pa/s to
3.68 × 10−6 kg/m2/Pa/s with the change of supporting layer parameters, and the relative
change is 373%. This indicates that the effects of skin layer parameters on Bm can be
ignored compared with the supporting layer parameters under the same conditions. With
the change of skin layer parameters, the temperatures on both sides of the membrane are
69 ± 0.2 ◦C and 68 ± 0.1 ◦C, respectively, and the temperature difference across the mem-
brane is 0.95 ± 0.03 ◦C (see SI Figure S4). With the change of the supporting layer parame-
ters, the temperatures on both sides of the membrane are 69.3 ± 0.4 ◦C and 68.4 ± 0.5 ◦C,
respectively, and the temperature difference across the membrane was 0.93 ± 0.16 ◦C. In
AGMD, the skin layer and supporting layer parameters have an insignificant effect on the
temperature distribution in the membrane. This is because the main thermal resistance in
AGMD comes from the air gap.

Compared to the pore size, the porosity has a greater effect on Bm. This is because Bm
increases squarely with the porosity according to Equation (6). The B value of Knudsen
diffusion increases linearly with the pore size. Therefore, Bm for M2 is the largest, and
that for M3 is the smallest. This is consistent with the theoretical estimations. The relative
change of Bm is 13% with the pore size of the skin layer and 61% with that of the supporting
layer under a constant porosity of 85%. The relative change of Bm is 30% with the porosity
of the skin layer and 165% with that of the supporting layer under a constant pore size
of 0.4 µm.

As shown in Figure 10, the enhancement of permeate flux and Bm decreases with the
increasing pore size under a constant porosity. This is because the increase of B value of
Knudsen diffusion decreases the influence of Knudsen diffusion according to Equation (6).
The relative change of permeate flux is less than 15% when the pore size is larger than 1 µm.
Increasing the pore size of the supporting layer can maximize the permeate flux and Bm.
When the pore size is larger than 15 µm, the transport mechanism in the supporting layer
is molecular diffusion. Thus, the increase of pore size does not affect the permeate flux
and Bm. As shown in Figure 10a, when the pore size of the supporting layer is larger than
2.5 µm and the porosity is higher than 96%, the permeate flux of the CFM is greater than
that of the M1 membrane. To achieve higher permeate flux, membranes with relatively
higher porosity and larger pore size as the supporting layer is recommended based on
our estimations.

4. Conclusions

The permeate flux and anti-wetting performance of MD can be improved simultane-
ously by the CFM. The CFMs can be fabricated by electrospinning a thin skin layer (7–9 µm)
of PAN and PVP with various morphologies on a thick supporting layer (~50 µm) of PAN.
The CFMs have good thermal stability, mechanical stability, and chemical stability. The
skin layer increases the LEP of the CFM by 5 times. All the CFM gives a similar permeate
flux. The skin layer and supporting layer parameters have an insignificant effect on the
temperature distribution in the membrane. The permeate flux is mainly characterized by
Bm. The transport behavior is dominated by the supporting layer. Increasing the porosity
can increase Bm continuously and rapidly compared with pore size. Increasing the pore
size to 1 µm can increase the penetrate flux rapidly. Continue to increase the pore size can
reach the maximum permeate flux under a constant porosity. The optimized CFMs should
have a supporting layer with high porosity and large pore size and a skin layer with high
porosity and pore size less than 1 µm. This study provides a route of modifying many
porous membranes for the application of MD.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-037
5/11/1/14/s1, Figure S1. FTIR spectra of untreated PAN powder, PVP powder, and skin layer of
M3 after washing. Figure S2: (a) Morphology and (b) diameter distribution of the skin layer of M3
before washing. The average diameter is 0.19 ± 0.05 µm. Figure S3. Pressure drop of the membrane
under the temperature in a range of 25 ◦C–80 ◦C. The flow rate is 0.3 mL/min. Figure S4. The
temperature on both sides of the membrane (a) and temperature difference across the membrane (b)
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for the composite membrane with the feed temperature at 70 ◦C. Tfm is the interface temperature
between the feed and composite membrane. Tma is the interface temperature between the composite
membrane and air gap.
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Nomenclature

B mass transfer coefficient (kg/m2/s/Pa)
C coefficients related to temperature in mass transfer diffusion (kg/m2/s/Pa)
d pore diameter (µm)
m mass (g)
N permeate flux obtained from the test (kg/m2/h)
P pressure (Pa)
T temperature (◦C)
Greek Letters
δ thickness (µm)
ε porosity (%)
ρ density (g/cm3)
Index
1 skin layer
2 supporting layer
a air
c coolant
f feed
fm interface between the membrane and feed
IPA isopropanol
K Knudsen diffusion
m membrane
ma interface between the membrane and air gap
M Molecular diffusion
p polymer
t total CFM
wm membrane wetted with the isopropanol
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