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A B S T R A C T   

A new class of PVDF-based membranes suitable for membrane distillation were prepared via electrospinning. The 
classical fiber morphology of PVDF electrospun membranes was changed to generate a beaded structure by 
tuning the solvent ratio and operating parameters during membrane fabrication. Results showed that by 
increasing the N, N-Dimethylacetamide (DMAC) to acetone ratio used to prepare the PVDF solution, PVDF 
micron-sized beads can be created within the fiber structure of the electrospun membrane. This is mainly 
ascribed to the lower saturated vapor pressure of the DMAC, which is slowing the polymer solidification rate, 
resulting in a fiber-to-bead morphology. An increase in the bead density induces an increase of the WCA of the 
resulting membrane (from 134◦ to 148◦), with a concomitant reduction of the membrane thickness. Large bead- 
to-fiber ratios may be obtained by working with low PVDF concentration (17 wt%) but at the expense of 
membrane mechanical stability. The latter can be enhanced by increasing the PVDF solution concentration. The 
results show that simultaneous deployment of 17 and 25 wt% of PVDF solutions in a double-needle electro-
spinning device enables the fabrication of electrospun PVDF-beaded membranes with high hydrophobicity, low 
thickness and good mechanical stability for membrane distillation. The best membrane showed a 34% increase in 
membrane permeability and maintained a more stable water flux compared to a commercial PVDF membrane 
when filtering hypersaline solution in high-recovery direct contact membrane distillation. Thus beaded PVDF 
structured electrospun structures may represent a facile method to improve PVDF membrane performance in MD 
applications.   

1. Introduction 

The mitigation of freshwater demand through the recovery of high- 
quality water from contaminated sources is becoming crucial for in-
dustrial and agricultural development [1]. One of the main alternative 
sources is hypersaline water, such as the brine produced during reverse 
osmosis desalination or produced water (PW) obtained during oil and 
gas extraction. The latter is generally disposed directly to the sea with an 
average PW: oil volume ratio of 3 : 1 [2]. The PW represents a huge 
potential for high-quality water recovery. However, to deal with the 
large salt concentration, hypersaline waters cannot be managed through 
conventional reverse osmosis (RO) systems, and only energy-intensive 
systems can be deployed, such as thermal desalination processes 

(multi-effect or multi-stage flash distillation) [3,4]. An alternative 
technology is membrane distillation (MD). MD has attracted much 
attention over the past two decades as freshwater is extracted from 
hypersaline sources deploying low-grade heat energies to drive the 
filtration [5–7]. 

Ideally, a highly porous, thin, and hydrophobic membrane is 
required in MD, allowing for the transfer of water vapor from the feed to 
the distillate side with low thermal conductivity while avoiding leakage 
of the liquid saline solution [6]. Polyvinylidene fluoride (PVDF), Poly-
tetrafluoroethylene (PTFE), polypropylene (PP) and polyethylene (PE) 
represent the most common polymers used to fabricate membranes for 
MD applications [6,8,9]. Recently, research has focused on improving 
the characteristics of the membranes produced with these established 
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materials where additives have been incorporated within the membrane 
matrix to increase hydrophobicity or to minimize the thermal conduc-
tivity [5,10]. Thus, to enhance the performance of commercial PVDF 
membranes, studies have focused on coating pristine membranes with 
hydrophobic materials (such as isotactic polypropylene, TiO2 or silica 
nanoparticles) [10–12]. Also, studies have shown the potential of using 
carbon nanotubes for modification of commercial MD membranes [13], 
and Shan et al. showed the possibility of developing superhydrophobic 
surfaces by incubating commercial MD membranes in AgNO3 followed 
by fluorination with perfluorodecanethiol (PFDT) [14]. However, in 
these cases, the increase in membrane performances was obtained at the 
expense of complex fabrication procedures utilizing toxic and not 
environmentally friendly compounds. Moreover, the modification pro-
cess of both chemical treatments and the incorporation of nanoparticles 
may not be suitable for practical applications due to the potential 
delamination of the membrane materials during filtration processes with 
the potential release of harmful chemicals into the environment [10]. 

In order to overcome these limitations, electrospinning may repre-
sent a promising technology. During electrospinning, nanostructures 
may be easily incorporated within the membrane matrix by selecting 
appropriate polymers and tuning operating conditions [15,16]. Never-
theless, the wide range of options makes it difficult to find the proper 
recipe for tailoring the membrane matrix for specific applications. Since 
the very beginning, research has been focused on developing fabrication 
procedures for electrospun membranes, favoring the formation of uni-
form fiber-based matrixes [17,18]. The presence of any change in fiber 
morphology was identified as a potential “defect” in the membrane, 
affecting its integrity and performance. Essalhi et al. reported a 
comprehensive study on the fabrication of PVDF electrospun membrane 
for direct contact membrane distillation (DCMD) [17]. They observed 
that by increasing the polymer dose, defects appeared within the 
membrane matrix, i.e., nano-beads within the fiber structure. This has 
been ascribed to the instability of the jet polymer solution in relation to 
the electrical current [19,20]. Therefore, an increase in the polymer 
dose together with an increase in the net charge density (e.g., via higher 
electrical current or specific solvents) prevents the formation of beads 
[21]. Indeed, studies showed that a larger net charge density helps the 
formation of thinner fibers without defects (beads), resulting in an in-
crease in the mechanical stability of the membrane [21,22]. However, 
the incorporation of nano-beads within the membrane matrix may 
induce a change in the membrane behavior, resulting in a potential 
improvement of the membrane characteristics when working in mem-
brane distillation mode. 

In this work, a new class of PVDF-based membranes suitable for 
membrane distillation application were prepared via a co- 
electrospinning device. The device has two needles that can use PVDF 
solutions with different concentrations in order to make PVDF mem-
branes composed of two kinds of nanofibers with different morphol-
ogies. By tuning polymer solution solvent ratios and operating 
parameters during fabrication, the classical fiber morphology of PVDF 
electrospun membranes was changed to the micron-sized beaded 
structure. The membrane matrix bead density and morphology were 
investigated using scanning electron microscopy (SEM) and optical 
microscopy, as well as measurements of water contact angle (WCA), 
porosity, and liquid entry pressure (LEP). Membranes were tested in 
DCMD mode, assessing water flux, recovery and salt rejection in the 
treatment of synthetic hypersaline water and performance compared 
with a commercial PVDF membrane. 

2. Material and methods 

2.1. Materials 

Commercial PVDF polymer particles with an average molecular 
weight of about 275,000 by gel permeation chromatography (GPC), 
sodium chloride (NaCl), N,N-Dimethylacetamide (DMAC) and acetone 

were supplied by Sigma-Aldrich. The commercial PVDF membranes 
(mean pore size: 0.46 μm, WCA: 130.3 ± 0.05◦, thickness: 135 μm) were 
purchased from Aquastill (Sittard, Netherlands). All reagents were used 
as supplied, with deionized water used to prepare feed and distillate 
solutions for the DCMD experiments. 

2.2. Membrane preparation 

PVDF polymer solutions were prepared by adding PVDF particles in 
an organic solvent of DMAC and acetone and stirred at 50 ◦C for at least 
48 h. Co-electrospinning was carried out to prepare composite PVDF 
nanofiber membranes with the two syringes located on the opposite 
sides of the collector drum. The distance between the two needles 
attached to the syringes and the collector drum was 15 cm with a voltage 
of 15 kV and a total electrospinning time of 10 h. During the electro-
spinning, the chamber humidity and temperature were maintained at 30 
RH% and 18 ◦C, respectively. 

With the aim of studying and controlling the fiber-to-bead 
morphology, the DMAC to acetone weight ratio was changed during 
membrane fabrication, ranging from 70%/30% of DMAC/acetone to 
vice versa, see Table 1. First, membranes were prepared using the same 
polymer concentration (17 wt%) in both needles of a double-needle 
electrospinning device. The second group of membranes were pro-
duced by replacing the 17 wt% with the 25 wt% PVDF solution in one of 
the needles, while adjusting the polymer injection rate. These mem-
branes are denoted with a suffix P in Table 1 and referred to as mem-
branes with polymeric enhanced solution throughout the paper. After 
fabrication, membranes were dried in a vacuum oven at 45 ◦C for 12 h. 
To evaluate the differences in polymer matrixes and while comparing 
the resulting membrane characteristics, pure PVDF fiber-based mem-
branes (denoted M − 0) were prepared based on literature reports [18, 
23]. The procedure involved the utilization of the solution with the 
highest PVDF concentration (i.e., 25 wt% in both needles), while 
reducing the polymeric injection rate. An overview of the processing 
parameters is presented in Table 1. 

2.3. Membrane characterization 

Scanning electron microscopy (SEM, FEI Quanta FEG 250, America) 
was used to investigate the surface morphology and thickness of the 
membranes, while Image J was used to measure the fiber diameters and 
pore sizes. To characterize the roughness of PVDF membranes, an op-
tical profiler (S Neox, Sensofar) was applied by incorporating Nikon – 
EPI 20X lens incorporated. 

In order to characterize the dimension of the polymer beads, the 
concept described by Bormashenko was applied [24]. The equivalent 
radius (r) was used to measure the area of the beads, and the latter 
assumed to be equivalent to that of an ellipse with a width of 2*a (a 
representing the half of the width) and a height of 2*b (b representing 
half of the height), supposing a ≥ b and the coordinate of foci being (±c, 
0). The eccentricity (e) was calculated afterwards, following equation 
(1), thus characterizing the elongation of the beads. 

e=
c
a
=

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
b2

a2

√

(1)  

where e is the eccentricity, while a, b, c and r are measured in μm. 
The membrane porosity was calculated according to the method 

reported by Cao et al. [25], using the following equation (2). 

Porosity  =(1 −
ρm

ρp
) × 100% (2)  

Where the ρm (g/cm− 3) is the density of the membranes, and ρp (1.78 g/ 
mL) is the density of PVDF. 

The liquid entry pressure (LEP), representing the pressure limit 
above which there is the passage of liquid through the membrane, was 
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calculated as previously reported [26,27]: 

LEP=
− 2Bγlcosθ

rmax
(3)  

where the B is the geometric factor, which is a correction factor for non- 
cylindrical pores, γl (N m− 1) is the surface tension of water [28], θ (◦)is 
the WCA, and rmax (μm) is maximum pore size (radius). 

The mechanical properties were investigated by using a tensile 
testing instrument (WDW-M, Weidu, China). Rectangular 5 × 2 cm 
membrane coupons were used with samples cut in triplicates from each 
coupon. Membrane thickness was measured using SEM (FEI Quanta FEG 
250, America) with samples soaked in ethanol and broken in liquid ni-
trogen to get cross-section interfaces. WCA was measured by using an 
optical contact angle, and contour analysis systems (OCA15EC, Data-
physics), with a dosing volume of 5 μL DI water and a dosing rate of 2 
μL/s with values obtained as mean ± sd from five samples. 

2.4. Direct contact membrane distillation units 

Two homemade DCMD devices were applied to test the membranes 
with the feed and distillate solutions in counter-current flow. For pre-
liminary membrane characterizations, a lab unit comprising a rectan-
gular membrane cell (4.5 cm2) was deployed to measure the water flux 
through all the membranes with a peristaltic pump (BT100-1 L, Lon-
gerPump) driving the system with an average flow rate of ~32 mL/min 
for both feed and distillate side. The water flux and salt rejection were 
measured for 2 h using a 100 g/L NaCl as feed solution. To characterize 
the water recovery performance and permeability of the hand-made 
membranes, we used a larger DCMD unit, comprising a rectangular 
membrane cell of 9.5 mm long and 4.5 mm wide, for a total active 
membrane area of 42.75 cm2. Two gear pumps (WT3000-1JB, Lon-
gerPump) were used to circulate the feed and distillate streams, with an 
equal flow rate for the feed and distillate side of 300 mL/min. With the 
larger DCMD device, the permeability of the membranes was firstly 
measured, recording the water flux by changing the driving force of the 
filtration, i.e., the temperature of the feed solution (40; 55 and 70 ◦C), 
while keeping constant the temperature of the distillate side (20 ◦C). 
During the permeability test, a 100 g/L NaCl solution was used as feed, 
thus simulating possible hypersaline waters. The concentration was kept 
constant during the entire experiment. Moreover, the electrospun 
membrane was also tested for 20 h, while the concentration and tem-
perature of the feed solution were controlled at 100 g/L and 55 ◦C, 
respectively. In order to test the filtration performances of the new 
electrospun membranes, high-recovery experiments were performed. 
Working with an initial concentration of 100 g/L of NaCl in the feed 
solution (initial volume 0.5 L), the filtration was run up to 80% water 

recovery. An electrical conductivity meter (Orion Star A212, Thermo 
Fisher Scientific) was used to measure the conductivity, and a balance 
(Kern EW, Germany) was used to measure the water flux. 

3. Results and discussions 

3.1. Tailoring the nanofibers by incorporating beads in the nanofiber 
matrix 

During electrospinning, the fiber formation is strongly dependent on 
the saturated vapor pressure (SVP) of the solvents used to fabricate the 
membrane. Wet fibers may be collected at the drum by using solvents 
with intrinsic lower SVP, thus resulting in an increase in the surface 
tension force with the consequent formation of beads within the mem-
brane matrix [23]. However, the presence of beads within the 
electro-spun membrane matrix may not necessarily represent an issue 
but instead a potential improvement in DCMD when tuning the mem-
brane fabrication procedure, as reported in the following discussion. 

SEM images of the surface of the custom-made membranes are re-
ported in Fig. 1, while Table 2 shows the physical characteristics of each 
membrane. As shown in Fig. 1, by tailoring the concentration of the 
solvent, it is possible to drive the formation of beads within the mem-
brane matrix, while working with fixed processing conditions (i.e., 17 wt 
% PVDF and 1 mL/h injection rate) during electrospinning, as shown 
Table 1. There is indeed a clear difference in the morphological structure 
of the electrospun PVDF fibers when increasing the DMAC to acetone 
ratio. Membranes with lower acetone concentration showed an increase 
in the density of the beads within the membrane matrix, ascribed to the 
higher surface tension resulting from an intrinsic lower SVP of the sol-
vents mixture (DMAC SVP < Acetone SVP) [29,30]. As a reference to a 
fully fiber membrane and without any beads, the SEM image of the 
membrane M − 0 was shown in Fig. 1. It is worth noting that M − 0 was 
prepared with a DMAC to Acetone ratio of 7:3 (Table 1). In this case, the 
higher PVDF concentration in the solution used to fabricate the mem-
brane combined with the lower injection rate inhibits bead formation. 
Fully fibrous morphologies were reported in literature following similar 
protocols [18,23]. This leads to a fundamental conclusion: the custom-
ization of the fiber morphology by incorporating nano-beads should be 
carried out not only by decreasing the SVP of the solvent mixture but 
also by precise controlling the polymer concentration and injection 
rates. 

Significant differences may be observed in customized membranes 
by looking at the SEM and optical profiler images (Fig. 1). By increasing 
the DMAC to acetone ratio, the classical fiber morphology is slowly 
changed from smooth nanofiber to polymer aggregates evident as beads, 
with different shapes depending on the DMAC concentration used. More 

Table 1 
Description of membrane samples with operating conditions and the polymer concentrations deployed during fabrication. Membranes are denoted as “M” followed by 
the relative DMAC weight. (e.g., M − 7 denotes the membrane fabricated with 70% (w) DMAC). Membranes fabricated with the polymeric enhanced solution are 
denoted with the suffix P and suffix 0 denotes pure PVDF-fiber membranes.  

Sample 
Code 

D/A ratio (wt 
%) 

Processing conditions Voltage 
(KV) 

Distance 
(cm) 

Temp. 
(◦C) 

Humidity 
(%) 

Left needle Right needle 

Conc. (wt 
%) 

Injection rate (mL/ 
h) 

Conc. (wt 
%) 

Injection rate (mL/ 
h) 

M-7 7:3 17 1.0 17 1.0 15 15 18 30 
M-7-P 7:3 17 1.0 25 0.4 15 15 18 30 
M-6 6:4 17 1.0 17 1.0 15 15 18 30 
M-6-P 6:4 17 1.0 25 0.4 15 15 18 30 
M-5 5:5 17 1.0 17 1.0 15 15 18 30 
M-5-P 5:5 17 1.0 25 0.4 15 15 18 30 
M-4 4:6 17 1.0 17 1.0 15 15 18 30 
M-4-P 4:6 17 1.0 25 0.4 15 15 18 30 
M-3 3:7 17 1.0 17 1.0 15 15 18 30 
M-3-P 3:7 17 1.0 25 0.4 15 15 18 30 
M-0 7:3 25 0.4 25 0.4 15 15 18 30  
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Fig. 1. SEM and optical profiler images of the electrospun membrane surface fabricated with the same PVDF solution used in both the needles (17 wt% of PVDF 
concentration), while varying the DMAC to acetone mass ratio. 

Table 2 
Physical properties of the electrospun membranes, fabricated with the same PVDF solution used in both the needles (17 wt% of PVDF concentration) while varying the 
DMAC to acetone mass ratio. Here, Eccent. is the eccentricity of beads shape.  

Sample 
code 

Pore size 
(μm) 

Fibers diameter 
(nm) 

Beads density 
(*10− 4/μm2) 

Beads width 2a 
(μm) 

Beads height 2b 
(μm) 

Eccent. Equivalent radius 
(μm) 

Theoretical LEP 
(KPa) 

Porosity 
(%) 

M-7 0.10 ±
0.04 

64.9 ± 25.4 690 3.4 ± 1.8 3.2 ± 1.8 0.34 1.7 107.6 87.3 

M-6 0.10 ±
0.05 

82.8 ± 38.2 84 4.5 ± 1.5 3.6 ± 1.6 0.60 2.0 142.7 85.9 

M-5 0.12 ±
0.06 

189.1 ± 112.8 58 5.9 ± 1.4 3.5 ± 1.5 0.80 2.3 76.1 90.6 

M-4 0.17 ±
0.10 

378.2 ± 192.4 24 7.9 ± 1.7 4.3 ± 1.3 0.84 2.8 65.2 92.6 

M-3 0.17 ±
0.11 

388.2 ± 200.8 17 8.3 ± 1.5 4.0 ± 0.7 0.88 2.9 53.8 91.7 

M-0 0.25 ±
0.16 

766.8 ± 319.4 – – – – – 23.9 94.5  

Fig. 2. WCA (a) and thickness (b) of the electrospun membranes. Results are reported for membranes fabricated with same PVDF solution used in both the needles 
(17 wt% of PVDF concentration), while varying the DMAC to acetone mass ratio. Inserted WCA images in (a) correspond to the bars below the images. 
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“spindle-like” beads are entrapped in the membrane matrix when up to 
40% of DMAC is used during the fabrication procedure [23,31]. Larger 
DMAC concentrations result in a more “sphere-like” structure of the 
polymer beads. Finally, M − 7 shows an extreme scenario where the 
large density of the beads causes the formation of clusters within the 
membrane matrix. These results can be explained considering the lower 
intrinsic SVP of the DMAC compared to the acetone one. Consequently, 
the increase of the surface tension when DMAC is deployed affects the 
solidification rate of the polymer, slowing down the change from the 
liquid to the solid phase, giving time for the beads to be shaped [31]. The 
change in the bead’s shape, along with the increase of the DMAC to 
acetone ratio, is also described by the eccentricity data reported in 
Table 2. The eccentricity increases with a decrease in the DMAC con-
centration. Based on Equation (1), a larger eccentricity entails a flatter 
bead shape (i.e., more “spindle-like”), in accordance with what was 
observed through the SEM analysis, see Fig. 1. The polymer aggregation 
into beads is affecting the fiber morphology also by reducing its thick-
ness, see Fig. 2. By increasing the acetone to DMAC ratio, fibers with 
large diameters dominate the membrane matrix, thanks to the higher 
viscosity and faster solidification rate achieved by decreasing the surface 
tension during the fabrication [32]. Similar behavior was observed and 
reported in the literature. For example, Liu et al. obtained fully fiber 
morphologies during the electrospinning of PVDF solution with high 
acetone ratio, and Clasen et al. analyzed the hydrodynamics behind the 
single fiber formation, demonstrating the role of the surface tension 
under the incorporation of beads within the fiber filament [17,31,32]. 

3.2. Understanding the influence of fiber-to-bead morphology on 
membrane characteristics: water contact angle, surface roughness, 
thickness and porosity 

The hydrophobicity and thickness are essential parameters in 
membranes designated for MD applications [33]. Overall, an increase in 
hydrophobicity results in an increase in the force against the saline 
water passage (i.e., larger Liquid Entry Pressure), while a lower mem-
brane thickness results in an enhanced water transport through the 
membrane. According to the Wenzel and Cassie-Baxter model, an in-
crease in surface roughness increases membrane hydrophobicity [34]. 
Fig. 2 reports the measurements of the WCA for the electrospun nano-
fiber membranes. The commercial PVDF membrane showed a WCA of 
130.3◦, similar to the electrospun PVDF membrane of M − 0 (131.8◦). 
With the incorporation of the beaded-nanofiber structure by increasing 
DMAC to acetone ratio, the electrospun nanofiber membranes (i.e., M −
3 to M − 7) exhibited higher WCA values as compared to the nanofiber 
membrane without beads (i.e., M0). In particular, M7, with the highest 
density of beads in the nanofiber membrane, shows the highest hydro-
phobicity with a WCA of 148◦. It is our hypothesis that the increase in 
hydrophobicity of the PVDF membrane contributes to a potential 
improvement in MD performance [35–37]. 

An increase in the DMAC to acetone ratio results in an increase in the 
hydrophobicity of the material, followed by a decrease in the thickness 
of the membrane, see Fig. 2b. The M − 7 is indeed showing the highest 
contact angle with the lowest membrane thickness of 148.6 μm. This is 
ascribed to the larger beads density characterizing the membrane ma-
trix, as shown in Fig. 1. Moreover, as reported by the optical images, a 
larger bead density enhances the membrane surface roughness from 8.2 
μm to 37.4 μm and thus results in higher intrinsic hydrophobicity of the 
membrane, and this is accompanied by a decrease in membrane thick-
ness, shown in Fig. 2 [38]. 

The pore size and consequently the membrane porosity is another 
key parameter in MD. Larger porosity values may increase the perme-
ability of the membrane while diminishing the thermal conductivity (i. 
e., heat losses) within the polymer matrix [10,39]. However, contrary to 
what was observed for the WCA, an increase in the DMAC to acetone 
ratio results in a decrease in the porosity of the PVDF membrane 
(measurements reported in Table 2). This is in accordance with the SEM 

and optical profile images in Fig. 1. Larger fiber diameters obtained with 
higher acetone concentrations increase the overall porosity of the 
membrane matrix, while the usage of a larger DMAC to acetone ratio 
results in thinner fibers incorporating beads, which strongly reduce the 
size of the voids available for the water vapor passage. Nevertheless, 
larger pore size generally induces a decrease of the intrinsic LEP, (see 
Table 2), resulting in a higher membrane wetting propensity [11]. An 
opposite trend is observed for M − 7, where the bead clusters signifi-
cantly influence pore shape, resulting in a decrease of the correction 
factor included in eq (3) and, thus, a decrease in the theoretical LEP 
value. 

3.3. Improving the mechanical stability of the membrane via polymeric 
enhanced solution 

Results reported in Fig. 4 show the influence of the increase in the 
DMAC to acetone ratio over the membrane integrity. Overall, an in-
crease in the beads’ density induces a reduction in the membrane 
integrity. This is evident from the tensile stress tests performed on the M 
− 5 and M − 7 membranes. The M − 5 showed a relatively low modulus, 
while M − 7 did not show any feasible data. This is mainly ascribed to 
the thinner fibers incorporated in the membrane matrix when larger 
DMAC concentrations are used. As reported in Table 2, the M − 5 
showed an average fibers diameter three times larger than the M − 7 
[17,18]. The results suggest that a trade-off exists when changing from a 
fibrous to a bead-based morphology in electrospun membranes for 
DCMD. A bead-based morphology implies an increase in the hydro-
phobicity with a concomitant decrease in membrane thickness, thus 
potentially leading to a performance increase in MD. However, this is 
made at the expense of membrane integrity. An overview of these results 
is conceptualized in Fig. 3, where the changes in membrane character-
istics are illustrated as a function of the DMAC to acetone ratio. 

In order to overcome the limitation of the mechanical stability of the 
beaded membrane, the polymer matrix can be further tailored, 
increasing the concentration of the PVDF in solution to 25 wt%. The 
SEM and optical profiler images of these membranes are reported in the 
Supporting Information (Fig. S1). The membranes were prepared 
following the same DMAC to acetone ratios reported in the previous 
section. The new M − 3 to M − 7, denoted as M-3-P, M-4-P, M-5-P, M-6-P 
and M-7-P, showed different morphologies compared to the original 
ones. No polymeric clusters and large sphere-like beads were detected, 
which usually appeared when increasing the DMAC to acetone ratio. At 
the same time, an increase in the diameter of the fibers was clearly 
observed for each of the membranes prepared. 

Overall, the Young’s modulus of M-5-P and M-4-P prepared with the 
polymeric enhanced solution was improved by 70% and 47%, respec-
tively, while compared to M − 5 and M − 4, together with an increased 
elongation rate at break of 32% and 120%, as reported in Fig. 4 and 

Fig. 3. Qualitative assessment of the influence of solution composition on 
membrane properties. Here, the circle diameter is proportional to the values 
obtained for the different characterization tests performed. WCA (Water Con-
tact Angle), Thick. (Thickness), B. Dens. (Beads Density), M. Int. (Membrane 
Integrity), Poros. (Porosity). 
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Table 3. Interestingly, the M-7-P showed higher values during the stress 
test. This may be ascribed to the lower SVP of the DMAC combined with 
a larger PVDF concentration in the solution. While the higher DMAC to 
acetone ratio would induce the formation of a bead, these may be 
crushed and fused together with the fibers coming out from the larger 
PVDF concentration used on one side of the electrospinning machine. 
Thicker fibers junctions are thus formed during the fabrication process, 
as reported by Fig. S1 in the SI, leading to a higher mechanical stability. 

The physical properties of the electrospun membranes fabricated 
with a PVDF enhanced solution of 25 wt% were also investigated, and 
the results are presented in Table S1 of the Supporting Information. 
WCA, thickness and porosity follow the same trends reported in the 
previous section. Even in the presence of a more concentrated polymeric 
solution, an increase in the DMAC to acetone ratio results in an increase 
of the WCA followed by a decrease in the thickness and porosity. 
However, this was less pronounced compared to the membranes pre-
pared with a 17 wt% PVDF solution. As expected, working with similar 
surface tension resulting from higher DMAC to acetone ratios may affect 
greatly the morphology of membranes fabricated with a lower polymer 
concentration in solution [40]. Large bead-to-fiber ratios may be ob-
tained by working with low PVDF concentration (17 wt%) but at the 
expense of a poor mechanical stability of the membrane. The latter can 
be enhanced by increasing the solution concentration. However, to keep 
a high beads density in the matrix, this polymeric enhancement should 
be precisely controlled, thus avoiding a fully fibrous morphology. Based 
on the results obtained, a simultaneous deployment of 17 and 25 wt% of 

PVDF solutions may be considered the optimum condition to fabricate 
electrospun PVDF beaded membranes with high hydrophobicity, low 
thickness and good mechanical stability for DCMD. 

3.4. Direct contact membrane distillation experiments: water flux 
evaluation and recovery experiments 

As shown in Table 2 and Table S1, the membranes prepared with 
only 17 wt% PVDF solution has relatively higher beads density as well as 
higher WCA than the corresponding P-membranes. However, the mean 
fiber diameters were all lower than the fibers prepared by 25 wt% so-
lution. As a result, the mechanical properties of P-membranes were 
greatly improved after introducing the polymeric enhanced solution. 
Considering the mechanical strength required for membrane tests, we 
chose the electrospun membranes prepared with the polymeric 
enhanced solution to be tested in DCMD. First, filtration experiments 
were performed to measure the water flux of the membranes. As a 
reference, the filtration rate of the commercial PVDF membrane was 
measured, adopting the same operating conditions in the DCMD device. 
The results are reported in Fig. 5a. Overall, the electrospun membranes 
present an increase in the water flux compared to the commercial PDVF 
membrane, and M-4-P has the highest water flux. Moreover, as shown in 
Table S2, the WCA of M-4-P is close to M − 4 and the Young’s modulus of 
M-4-P is the highest among the selected self-prepared membranes. 
Therefore, M-4-P is the most promising membrane for DCMD. This may 
be ascribed to the high hydrophobicity given by the presence of beads in 
the membrane matrix combined with the highest porosity measured 
among the tested P-membranes (Table S1 in SI). The superior perfor-
mance is also evident in the permeability test, presented in Fig. 5b. An 
increase of 34.1% in permeability was obtained for M-4-P compared to 
the commercial PVDF. The enhanced permeability allows the feed so-
lution to reach high recovery faster than the commercial membrane. 
Fig. 5c presents the recovery test for the commercial PVDF and the 
electrospun M-4-P. These experiments were performed with the aim of 
simulating in batch the potential behavior of the membranes in real 
applications. Similar trends were observed for both the membranes, 
with an overall recovery rate of 75% prior to reaching irreversible 
scaling. However, the M-4-P showed a constant higher water flux 
compared to the traditional PVDF membrane. 

The high-recovery experiments were performed at an initial TDS 
concentration of 100 g/L, thus simulating a real case scenario for MD 
with potential applications within the treatment of feed streams with 
high TDS concentrations (e.g. reverse osmosis brine), as suggested by 
recent studies [33,41]. In terms of rejection measured from permeate 
conductivity, the electrospun membrane showed similar performances 
compared to the commercial PVDF, with the conductivity decreasing 
with the increase of recovery, see Fig. 5d. The decrement of conductivity 
implies that the permeate vapor diluted the DI water even though the 
initial conductivity was about 1.0 μS/cm. Therefore, the membranes 
have a near 100% selectivity of sodium chloride, thus showing the po-
tential applicability of this new electrospun membrane for the extraction 
of high-quality water from hypersaline and complex wastewater sour-
ces. Besides, 20 h long-term water flux was also performed on M-4-P 
while the concentration and temperature of feed solution were main-
tained at 100 g/L and 55 ◦C, respectively, as shown in Fig. S2. The 
long-term test proved that M-4-P has stable water flux and good 
anti-wetting performance at the designed temperature difference. The 
larger water flux achieved in comparison with the commercial PVDF 
during the high-recovery test suggests a potential saving of ~33% 
membrane area when working with the same operating conditions in 
MD (i.e., same driving force and water flow rate). This represents a 
significant advantage when scaling up the technology, potentially 
implying a reduction of the system installation costs. Moreover, thanks 
to the versatility of the electrospinning procedure, the new PVDF 
membrane may be easily developed in different configurations (e.g., flat 
sheet or tubular) while maintaining the same “fiber-to-bead” 

Fig. 4. Stress tests performed on the customized membranes fabricated with (i) 
17 wt% of PVDF solution (M − 4, M − 5) and with (ii) polymeric enhanced 
solution (M-4-P, M-5-P and M-7-P). It is worth noting that M − 7 showed a 
brittle texture, resulting in no feasible stress tests. 

Table 3 
Mechanical properties of the customized membranes.  

Sample code M-4 M-5 M-4-P M-5-P M-7-P 

Stress at break 
(MPa) 

0.30 ±
0.03 

0.20 ±
0.02 

1.02 ±
0.13 

0.44 ±
0.01 

0.75 ±
0.08 

Strain at break 
(%) 

55.22 ±
1.48 

46.37 ±
1.33 

121.67 ±
2.92 

61.10 ±
2.45 

77.10 ±
2.38 

Young’s 
modulus 
(MPa) 

0.57 ±
0.06 

0.43 ±
0.05 

0.84 ±
0.13 

0.73 ±
0.10 

0.97 ±
0.13  
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morphological characteristics. 

4. Conclusion 

In this work, a new class of PVDF membranes were prepared via 
electrospinning. The fabrication procedure was tailored with the aim of 
creating micron-sized beads within a fibrous morphology. The results 
highlight the importance of working with solvents with low saturated 
vapor pressures, thus resulting in wet fibers during the electrospinning 
procedure, allowing the formation of polymeric nanostructures in the 
membrane matrix. Specifically for PVDF membrane fabrication, a larger 
DMAC to acetone ratio is preferable in this respect. In such solvent 
mixture, with a controlled PVDF concentration (17 wt%) and a polymer 
injection rate (1 mL/h), membranes can be prepared with beads in the 
polymeric matrix, and beads density can be controlled by changing the 
DMAC to acetone ratio. 

The creation of beads within the fiber morphology leads to an in-
crease in membrane hydrophobicity. In the membranes prepared with 

only 17 wt% PVDF solutions, WCA was increased from 134◦ to 148◦

when changing from a fully fibrous to a more bead-based membrane 
morphology. Besides, an increase in the bead density in the polymeric 
matrix results in a decrease in membrane thickness and porosity, but at 
the expense of membrane integrity. In order to overcome this issue, the 
electrospinning procedure was modified by introducing a more 
concentrated polymeric solution in the process (25 wt % PVDF solution 
in one of the two needles of the double-needle electrospinning device) 
and larger DMAC to acetone ratios. Compared to M − 5 and M − 4, the 
Young’s modulus of M-5-P and M-4-P prepared with the polymeric 
enhanced solution was improved by 70% and 47%, respectively. 

The membranes prepared with the polymeric enhanced solution 
were tested in DCMD. Membranes showed higher water fluxes compared 
to a commercial PVDF membrane due to the higher WCA combined with 
the lower membrane thickness achieved by the creation of beads in the 
fiber matrix. The best performances were obtained for M-4-P, which was 
prepared by using 17 wt% and 25 wt% PVDF solutions, while the DMAC 
to acetone ratio was 4:6 for the 17 wt% solution. Compared to the 

Fig. 5. Results of the filtration experiments performed in DCMD mode. a) Water flux of the different electrospun membranes fabricated with the polymeric enhanced 
solution compared with the commercial PVDF membrane (named M − C). b) Results of the permeability tests performed on the commercial PVDF and the M-4-P. c) 
and d) report the results of the high recovery experiments, presenting the trend of the water flux and conductivity, respectively. Tests were performed with the 
commercial PVDF and the M-4-P membranes. High-recovery experiments were conducted with hypersaline solution (initial concentration of 100 g/L of NaCl) and a 
feed and distillate temperature of 55 ◦C and 20 ◦C, respectively. 
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commercial PVDF, this new membrane showed a 34.1% increase in 
membrane permeability with a higher and constant water flux in high- 
recovery experiments. This suggests a potential saving of ~33% mem-
brane area when working with the same operating conditions in MD, 
leading to substantial savings in installation costs. 

The beaded structure occurs naturally, representing a particular 
advantage for this new class of PVDF membranes. No external chemicals 
or energy are needed to incorporate nano-beads in PVDF fibers. Com-
bined with the superior performance, this suggests potential applica-
tions in challenging feed streams while providing environmentally 
friendly solutions. 
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