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Abstract

A biobased, green, inexpensive additive, Lycopodium particles, which are spores of the
“Lycopodium clavatum” plant, were incorporated in the poly(vinylidene fluoride) PVDF
electrospun nanofiber membranes (ENMs) for desalination by direct contact membrane
distillation (DCMD). Superhydrophobic ENMs were prepared using this additive (PVDF-
ENMs-Lyc). Thanks to their morphological structure and their prominent surface
superhydrophobicity (anti-wetting) character, the resulting PVDF-ENMs-Lyc exhibited an
improved liquid entry pressure (LEP), a high void volume fraction (greater than 87.2%), a good
salt rejection factor (greater than 99.93%) and a reasonably high permeate flux (greater than
51.76 kg-m-h) at 80 °C, which are of great practical importance for water desalination by
DCMD. The optimum membrane prepared with 3 wt% Lycopodium in the dope solution
demonstrated a stable permeate flux of 52.4 + 0.6 kg-m2-h™* with an electrical conductivity
around 4.76 + 0.46 uS/cm (NaCl rejection factor of 99.998 + 0.036%) during 25 h DCMD
desalination experiment using 35 g¢/L NaCl aqueous solution (similar to seawater
concentration). The presented results pave the way for superhydrophobic nanofibrous
membrane engineering suitable for membrane contactors by electrospinning in a single step
without surfactants, organic additives, or chemical post-treatments, just by the incorporation of

a green additive like Lycopodium powder.
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Nomenclature

Abbreviations

CFF

DCMD

DMAC

ENMs

FESEM

IPA

LEP

MD

NaCl

PVDF

PVDF-ENM-Lyc-x

Filter flow distribution

Direct contact membrane distillation

N, N-dimethylacetamide

Electrospun nanofibrous membranes

Field emission scanning electron microscope
Isopropyl alcohol

Liquid entry pressure (10 Pa)

Membrane Distillation

Sodium chloride

Polyvinylidene fluoride

PVDF nanofibrous membrane containing x wt% Lycopodium



Symbols

Mp Viscosity (Pa-s)

Ct NaCl concentration in the feed (g/L)

Cp NaCl concentration in the permeate (g/L)

d Fiber diameters (nm)

di Mean inter-fiber space size (um)

Jw Water vapor permeate flux (kg/m?-h)

T DCMD operating time (h)

T Feed temperature (°C)

To Permeate temperature (°C)

W Circulation stirring rate of the feed and the permeate liquid solutions (rpm)
A Salt rejection factor (%)

A Thickness (um)

E Void volume fraction (%)

0 Contact angle

Qp Permeate electrical conductivity (uS/cm)

Cpolymer Electrical conductivity of polymer solution ((uS/cm)
[polymer Viscosity of polymer solution (Pa-s)

Opolymer Surface tension of polymer solution (mN/m)



1. Introduction

Globally, natural water resources are diminishing with an alarming rhythm caused by
worldwide exponential population growth, accelerated urbanization, and human exploitation,
thus decreasing the availability of clean water dramatically. Consequently, membrane
separation technology has become a highly pursued strategy for desalination and potable water
production [1]. Within the broad range of existing desalination and water purification
technologies, reverse osmosis (RO) is the leading one. However, it remains subject to high
operational hydrostatic pressures and subsequent energy consumption, especially for the
treatment of high saline waters [2, 3]. Alternatively, the non-isothermal separation technology
of emerging interest membrane distillation (MD), based on the use of hydrophobic microporous
membranes, can produce distilled water from high saline aqueous solutions up to their
saturation, including RO brines, as it is not limited by the osmotic pressure of the feed solution
[4]. One of the advantages of MD is its high water recovery, excellent quality of the produced
water, and low operating hydrostatic pressure [5]. The MD performance, particularly the
permeate flux, is determined mainly by the vapor pressure gradient induced by the operating
temperature difference, which established at both sides of the membrane kept at atmospheric

pressure [6-8].

Several methods have been adopted to prepare membranes suitable for MD, including
interfacial reactions, sol-gel processes, extrusion, etching, stretching, and polymer phase
separation [9, 10]. However, most proposed membranes show unsatisfactory permeate fluxes
caused by either low porosity, limited pore connectivity, membrane fouling/scaling propensity,
or pore wetting, reducing therefore their lifetime [2]. Therefore, developing robust hydrophobic
porous membranes with high porosity and pore interconnectivity is one of the hot topics in MD

membrane engineering.



The simple, inexpensive, and cost-effective electrospinning technique has evolved into a
state-of-the-art method for developing electrospun nanofibrous membranes (ENMs) using a
wide range of different types of materials with a controlled thickness, tailored cross-section
(i.e., single or multilayered; tight or loosed web) and different nanofiber diameters among
others [11]. Having a series of outstanding inherent properties, ENMs play a pivotal position
within several water treatment areas because of their high specific surface area, high surface-
to-mass ratio, superior interconnected porosity (void volume fraction), mechanical robustness,
high water permeability, high rejection of non-volatile solutes from water, low heat transfer by
conduction (i.e., high thermal efficiency), good fouling resistance, and controllable wettability
[12]. However, incorporating new additives to ENMs associated with improving their
hydrophobicity without altering their internal properties remains one of the challenges to be

solved.

Polyvinylidene fluoride (PVDF) and PVDF derivatives have been considered mainly for
preparing ENMs for MD due to their intrinsic hydrophobicity. Yet, such ENMs still suffered
from the unstable salt rejection property due to the low liquid entry pressure (LEP) induced by
the relatively large fiber diameter and interfiber size of the ENMs [11, 13, 14]. This problem
was addressed by improving the membrane surface hydrophobicity to produce
superhydrophobic ENMs [15-17] and/or using hot-pressing post-treatments of the prepared
ENMs [18-22]. For instance, incorporating additives, mainly nanomaterials, into electrospun
membranes has been found to improve the membrane characteristics, such as its robustness,
hydrophobicity, antifouling, and wetting properties [23-25]. The most commonly reported
additives used to prepare MD ENMs include silica nanoparticles (SiNP) [26-29], fluorinated
zinc oxide (ZnO) nanoparticles [30, 31], alumina nanoparticles, TiO2 nanoparticles [32-34],
clay nanoparticles [35, 36], graphene [37], carbon nanotubes (CNTSs) [38-41], graphene oxide

[39, 42], and other fluorinated materials [11, 43, 44]. As can be seen, both organic and inorganic



additives have been considered to improve the MD characteristics of ENMs [44-47]. However,
using green additives to form mixed matrix membrane structure has been somehow overlooked

in the past years.

Lycopodium, a fine yellow powder derived from the spores of the plant Lycopodium
clavatum, exhibits a tremendous hydrophobic character [48-50]. Lycopodium's
superhydrophobic character dates back to 1907 when H. Ollivier recorded contact angles of
almost 180° on surfaces coated with soot, arsenic trioxide, and Lycopodium powder [51].
However, until the mid-1930s, this phenomenon started to gain considerable attention due to
the first principles of superhydrophobicity outlined by Wenzel [52] and Cassie [53].
Lycopodium particles have been used for various purposes, including the increase of the
polyethylene film hydrophobicity by stamping it on polyethylene surfaces [54], for liquid
marble fabrication [55], for sorption of heavy metal ions from aqueous solution [56], as sole
emulsifiers of oil and water mixtures [57], for use as biosorbent microcapsules to improve the
magnetic removal of heavy metals or humic acid (HA) from different aqueous media [58], and
to enhance drug delivery [59-61]. In the present research study, it is the first time that this green
additive is used in MD membrane engineering. PVDF ENMs were prepared by electrospinning
for desalination by DCMD. The effects of Lycopodium concentration on the ENMs” surface
morphology, surface wettability, structural characteristics, and DCMD performance were

investigated.



2. Materials used, ENM preparation and characterization

Polyvinylidene fluoride (PVDF) polymer (Mw = 275,000 g/mol), N, N-
dimethylacetamide (DMAC), acetone, POREFIL125 (surface tension 16 mN/m, Porometer),
isopropyl alcohol (IPA), sodium chloride (NaCl, Panreac) and Lycopodium powder were
purchased from Sigma-Aldrich Chemical Co. All chemicals used were of analytical grade and

were used as received.

To obtain an homogeneous dispersion for the preparation of ENMs, a certain amount of
Lycopodium powder was added to the DMAc/acetone solvent mixture (80/20 wt%) and then
sonicated for 3 h using an ultrasonic bath (Fisher Scientific FB15047). Simultaneously, the
PVDF was completely dissolved at 45°C in the DMAc/acetone solvent mixture (80/20 wt%).
Subsequently, the PVDF solution was mixed with the Lycopodium dispersion for 5 h at 45°C
using a magnetic stirrer (IKA, RCT basic) to obtain a homogeneous electrospinning solution.
The prepared solution was then sonicated for an additional 3 h and subsequently degassed at
room temperature overnight. The polymer concentration was 25 wt%, and the amount of
Lycopodium was 0.25, 0.5, 1, 2, and 3 wt% in the electrospinning solution. For the sake of
comparison, we prepared a reference electrospinning solution of PVDF (25 wt%) without

Lycopodium.

For ENMS preparation, a glass syringe (Nikepal, 20 mL) connected to a syringe pump
(KD Scientific, model KD.S-200-CE) was filled with 10 mL polymeric solution and turned on
at a rate of 1.25 mL/hr. To ensure the flow of the polymeric solution from the syringe to the
stainless-steel needle tip (Hamilton Company; inner/outer diameter 0.6/0.9 mm), a 50 cm
Teflon tube was used. A positive DC voltage of 24 kV using a DC electric voltage source (Iseg;
model T1CP 300 304P; 1 x 30 kV / 0.3 mA) was applied to the solution polymer solution,
causing nanofibers formation. The distance between the needle tip and the grounded copper

metallic collector covered with aluminum foil was 27.5 cm. The electrospinning time of each
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ENM was kept at 90 min. The electrospinning temperature was 22.0 £ 1.5 °C, and the relative
humidity was 28.9 + 2.5%. All ENMs prepared in this study were subjected to a thermal post-

treatment in a vacuum oven at 180 °C for 30 min to remove any residual solvent.

The electrical conductivity (€p), viscosity (up), and surface tension (op) of the polymer
solutions were measured with a conductivity meter (CyberScan CON11 Conductivity/TDS/°C,
Eutech Instruments) equipped with a conductivity electrode (EC-CONSEN91W/35608-50), a
digital viscometer (Brookfield, DV-1+) equipped with stainless steel spindles (LV1, LV2, LV3,
and LV4) connected to a thermostat (Model HETO 21-DT-1, Rego SA), and an Optical Contact
Angle Meter (CAM 200) employing pendant drop shape analysis, a stainless steel needle with
an outer diameter of 1.827 mm, and a constant drop volume (12.5 £+ 0.5 pL), respectively. All
measurements were conducted at an average temperature of 22.5 °C. For each polymer solution,
we report the average value together with its standard deviation derived from at least five

measurements. The obtained values of Qp, 1p, and oy are listed in Table 1.

Table 1. Electrical conductivity (Qpolymer), ViSCOSity (upoymer), and surface tension

(opolymer) OF the dope solutions (PVDF/Lycopodium/DMAc/acetone) used to prepare the ENMs.

Lycopodium Qpolymer olymer
(Wt2%) (uS/em) (P Coobmer (MN/m)
0.00 08.96+2.73 6.02+0.08 31.23+0.11
0.25 09.73+2.13 6.83+0.44 31.67+£0.25
0.50 10.25+1.03 8.32+0.83 32.41+0.32
1.00 10.88 £ 0.54 11.44+0.13 34.03+0.41
2.00 11.05+0.12 1332+1.22 34.93 +0.53
3.00 11.67+0.21 15.12+1.83 36.01+0.41

To study the morphological characteristics of the prepared ENMs, field emission
scanning electron microscopy (FESEM, JEOL model JSM-6335F) was employed to examine
the ENMs surface after coating with a thin layer of gold of about 5 nm by an evaporator

(EMITECH K550 X) at 25 mA for 1 minute. To analyze the SEM images of the ENM surface



and determine the nanofiber diameters (df) and their distributions, the UTHSCSA ImageTool
3.0 program was used. For each ENM, the average diameters together with their standard
deviations were reported based on the diameters of a total number of 100 nanofibers and
considering at least three different images at the same magnification.

The hydrophobic character of the prepared ENMs was analyzed by measuring the water
contact angle (#) of the surface of each sample. A computerized optical contact angle meter
(CAM 200) equipped with a CCD camera and a stainless-steel needle together with the image
analysis software (Cam200usb) was used to measure this characteristic at room temperature.
The mean size of the deposited distilled water droplets on the surface of the samples was
approximately (10.0 £ 0.2 uL). The average values together with their standard deviations were

reported considering more than 10 readings for each ENM.

The thickness (o) of the prepared ENMs was measured at different points of each sample
by employing a micrometer equipped with a probe (ISL Isocontrol) and carrying out at least 50
measurements on three different samples, and finally, the mean value of the thickness together

with its corresponding standard deviation was reported.

The LEP measurements were performed using distilled water and 30 g/L aqueous NaCl
solution for each ENM, considering an effective area of 12.56 x 10* m?. Each sample was
placed in a stainless-steel static cell connected to a vessel filled with 2 L of a liquid sample.
Then, a constant pressure of approximately 4 kPa was applied over the membrane by means of
a nitrogen bottle for 5 min at room temperature. Subsequently, the applied pressure was
gradually increased every 2 min with steps of 2 kPa. The registered LEP was the applied
pressure at which the penetrating liquid across the inter-fiber space was visualized at the bottom
of the membrane cell. Finally, we report the average LEP value together with its standard

deviation considering three different samples for each ENM.
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The porosity (&) was determined based on the density obtained using a Pycnometer:
Firstly, by using isopropyl alcohol (IPA) as a penetrating liquid in the inter-fiber space to obtain
the polymeric material density. Secondly, by using distilled water as a non-penetrating liquid

in the inter-fiber space to obtain the ENM matrix density (om).

To determine the mean inter-fiber space size (d;) and its distribution, POROFIL125 was
used as the liquid wetting agent and a gas-liquid displacement capillary flow porometer (CFP;
POROLUX™ 100, IB-FT Germany). Pressurized air was used as the inert gas for all
measurements, and the applied hydrostatic pressure varied from 0 to 1.5 MPa at room
temperature (~24°C). ENM samples of 18.5 mm diameter were first wetted and mounted in the
sample holder of the porometer. Next, the pressurized air was allowed to flow through the
sample in a stepwise manner at 80 s/bar. For each ENM, at least three tests were performed
with three different samples for each ENM, and the inter-fiber space was reported together with
its standard deviation. More details of the followed procedure was described elsewhere [39,

62].

DCMD tests were carried out for all ENMs using the Lewis cell setup schematized in
Figure S1. The Lewis cell consists of two stainless steel jacketed chambers, having a length of
20.5 cm each, and a PVC support placed between the two chambers where Viton O-rings fix
the membrane to guarantee the absence of any possible water leakage. The two chambers, feed
and permeate, are respectively connected to a thermostat and a chiller through their
corresponding water jackets to establish the required temperatures for the DCMD experiments.
The thermostat (Techne, model TE-8D) was used to adjust the feed temperature, while the
cooling system (Polysciences, model 6206T) was used to adjust the permeate temperature. To
guarantee uniform bulk temperatures and concentrations in each chamber, both feed and
permeate were stirred by a set of chain-driven magnetic stirrers. A pair of thermocouples (Pt

100) placed near both sides of the membrane surface and connected to a digital meter with an
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accuracy of
+ 0.1°C were used for temperature measurements. Both the feed and permeate tanks were

placed at the same level to eliminate any transmembrane hydrostatic pressure.

The DCMD experiments were conducted first using distilled water as feed and then 35
g/L NaCl aqueous solution as feed while the permeate was distilled water maintaining the
stirring speed of in both the feed and permeate chambers fixed at 500 rpm. For leakage testing,
permeate flux reproducibility, and wetting or fouling quantification, a DCMD checking
experiment was performed before and after each desalination experiment for 5 h, using distilled
water as feed (at 70 °C) and in the permeate side (at 20 °C). In each case, the permeate flux (Jw)
was calculated by means of Eq. (1), considering the collected condensate in the permeate
chamber over a predetermined time. The NaCl concentration of the permeate and feed solutions
was determined by measuring the electrical conductivity using a conductivity meter (712

QMetrohm), and the salt rejection factor (o) was calculated by Eq. (2):

mpermeate
=T AAr 1
LAWY )
a’(o/) = 1 Cp,final 100 (2)
0 - - .
Ctinitiat + Cf final
2

where myermeate 1S the weight of the collected permeate over a predetermined time (t), A is
the effective membrane area; Cyiniciars Cr finar @Nd  Cp ring; are the initial and final NaCl

concentrations of the feed and permeate solutions, respectively.
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3. Results and discussion

3.1 Morphology and hydrophobicity of the prepared ENMs

Natural organic alternatives instead of organic derivatives for promoting the
hydrophobicity of MD membranes are attractive choices to be considered. In this study,
attempts are made to use Lycopodium spore particles, yet their size is much larger than most
organic particles commonly considered in MD membrane modification, as shown in Fig. 1. It
can be observed that the Lycopodium particles size is around 27 um in diameter, are reasonably
monodisperse, and exhibit a rough surface. However, its surface shows a distinctive honeycomb
structure with an average pore size of 5 um. The particle size analysis by Imagel software
showed that the diameter of the particles ranged from 20 to 36 um. Moreover, all Lycopodium
particles exhibit the same decoration structure and roughly the same size, evidenced by their
narrow size distribution (Fig. 1). As can be seen in Fig. 1, Lycopodium spores are characterized
by a spherical head with a honeycomb pattern and possess a Y-shaped marking at the bottom
originated by the cell division process during which the spore contacts three other spores

arranged in a tetrahedral order, giving them the name of trilete spores [63].

13



Mean =27.01 % 0.16 pm [ Histogram
—— Gaussian fit |

Frequency (%)

Figure 1. SEM image of the original Lycopodium clavatum spore grain at different

magnifications shows the details of its morphological structure and size distribution.

As can be seen in Fig. 2 showing the FESEM images of the top surface of the prepared
ENMs together with the nanofiber size (dr) distribution, all PVDF-ENMs-Lyc are composed of
randomly oriented nanofibers and Lycopodium beads, which are most likely originated by
electrospinning of PVDF and electrospraying of Lycopodium particles. Visibly, the apparent
density of Lycopodium particles at the surface of PVDF-ENMs-Lyc increased from 756 to 3465
particles/mm? as the Lycopodium content was increased from 0.25 to 3 wt%, indicating an
enhancement of 358.33%. Furthermore, Lycopodium-based ENMs surfaces exhibited different
textural aspects resulting from the presence of Lycopodium, such as agglomerations and
entangled Lycopodium particles within nanofibers and misalignment of nanofibers as indicated
with the blue and red circles in Fig 2.

The properties of the polymer solution for electrospinning (especially its surface tension,
viscosity, and electrical conductivity) strongly determine the ENMs' morphological structure,

particularly their fibers size and beads formation [64]. A decrease of the nanofiber size (df) was
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observed with the increase of the Lycopodium content in the dope solution (i.e., 50.4% with the
increase of Lycopodium concentration from 0 to 3 wt%). A higher Lycopodium content in the
PVDF solution resulted in an enhanced electrical conductivity (i.e. an increase of 30.25% when
the Lycopodium concentration was 3 wt% compared to that of the PVDF solution, see Table
1), promoting therefore nanofibers with smaller size, regardless of the increase of the viscosity
of the polymer solution upon Lycopodium addition. This result indicates the predominant effect
of the electrical conductivity on the size of the electrospun nanofibers compared to those of the
viscosity and surface tension. The polymeric solution's enhanced electrical conductivity
increases the solution jet's surface charge density, causing its elongation and stretching through
the air gap as a response to the applied electric field [65, 66]. In addition, Fig. 2 shows relatively
more intertwined nanofibers with beads and Lycopodium particles with increasing the
Lycopodium content in the electrospinning dope. This can be attributed to the increased surface
tension of the polymeric solution with the increase of the Lycopodium concentration (Table 1)

[64].
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Figure 2. FESEM images of PVDF ENM and PVDF-ENMs-Lyc surfaces prepared with
different Lycopodium contents together with histograms showing their nanofiber diameter (dr)
distributions.

For the stable performance of a membrane during the MD process, a strong
hydrophobicity of the membrane surface facing the hot feed solution is essential. The surface
morphology of PVDF-Lyc-ENM prepared with different Lycopodium contents showed the
presence of several beads entangled with fibers of different sizes (i.e., Lycopodium powder
particles), showing a roughness at the micro and nanoscale that could potentially increase the
surface water contact angles [67-69].

Wettability is recognized as one of the most critical properties of nanofibrous membranes
for fundamental and practical applications such as MD. In general, the improvement of
hydrophobicity reduces wettability during the MD process. Besides the membrane pore size,

this can be controlled by the water contact angle following Young-Laplace equation [70].

Figure 4 shows the enhancement of the water contact angle with the increase of the
Lycopodium content. The water droplets deposited on the Lycopodium-based ENM surfaces
showed higher apparent contact angle values over 145° than that of PVDF ENM due to the
incorporation of Lycopodium in the prepared ENMs. Surprisingly, at Lycopodium content of 1
wt%, ENMs switched to superhydrophobic character, achieving a value of 150.8° and by further
increasing Lycopodium content to 3 wt%, the superhydrophobicity of ENMs achieved a value

of 161.6°.

According to Cassie et al. studies [53, 71], air can be trapped under the water droplet after
its contact with the ENM rough surfaces, forming "air pockets". Consequently, the rough
grooves, Lycopodium particles in our case, and the entrapment of air bubbles within the grooves
below the water droplet prevent wetting and complete penetration of water, a phenomenon

commonly described by the Cassie-Baxter model, which is referred to as the homogeneous
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wetting regime [54, 72, 73]. Moreover, due to the particular effect of the Lycopodium particle
shape on the increase in surface roughness, the water droplets act as a non-wetting Cassie-

Baxter mode rather than a Wenzel mode in such a singular geometry (see Fig. 3).

Wenzel state
Cassie—Baxter state

Figure 3. Schematic illustration of Wenzel and Cassie—Baxter contact modes.

Generally speaking, the rough morphological structure and the high hydrophobicity
resulting from the presence of Lycopodium in ENMs support the conclusion that incorporating

Lycopodium-based particles into polymeric solutions is an effective approach to improve the

hydrophobic character of ENMs inducing even superhydrophobicity.

Super-hydrophobic zone _Q
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Figure 4. Effect of Lycopodium content (CLycopodium) ON Water contact angle (6) of the PVDF-

ENMs-Lyc surface and the recorded images of the deposited water droplets.
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The void volume fraction (&), thickness (6), LEP, average inter-fiber space size (di), and
its distribution are also critical parameters to be known for a good MD performance. Figure 5
shows the change of these parameters with the considered Lycopodium content in the

electrospinning PVDF solution.

The void volume fraction of the PVDF ENMs decreased from 0.97 to 0.87 (i.e., a
reduction of 10.15%, Fig. 5a) as the Lycopodium content was increased from 0 up to 3 wt%.
Meanwhile, the thickness of the ENMs was also increased by 47.59% (Fig. 5a). This can be
related to both the increase of the Lycopodium particle density and the gradual increase of the
surface tension of the polymeric solution, which enhances the size and density of the beads.
Moreover, it must be pointed out that the increase of the Lycopodium content enhances the
electrical conductivity of the polymeric solution, leading to a high dissipation of the electrical
charges to the metallic collector and less accumulation of charges in the formed nanofibers.
This latter effect weakens the possible repulsive interactions between nanofibers and,
consequently, promotes the formation of more tightly compacted nanofibrous networks with

low void volume fraction values.

It was expected that decreasing the diameter of the nanofiber might result in thinner
PVDF-ENMs-Lyc when maintaining the same electrospinning time. However, the thickness of
the PVDF-ENMs-Lyc was increased by 47.6% when the amount of Lycopodium reached 3
wt%. This can be attributed partly to the increase of the Lycopodium particles density in the
nanofibrous network of PVDF-ENMs-Lyc favoring the formation of thicker nanofibrous

membranes regardless of the decrease in nanofiber size.

During ENM formation, the nanofibrous layer formed on the metallic support acts as an
electrical insulator, reducing the dissipation of the electric charges to the collector, and favoring

therefore their accumulation in the nanofibers and the subsequent repulsive forces between
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them that result finally in a less compact nanofiber network. However, the electric charges will
dissipate more easily through an ENM layer with a higher electrical conductivity, reducing
therefore, their accumulation in the nanofibers and, subsequently, the fibers' repulsion,
promoting finally a tightly packed ENM structure. In the present study, for mixed matrix
nanofibers, the higher Lycopodium concentration in the dope resulted in a higher electrical
conductivity and thicker PVDF-ENMs-Lyc membranes with lower void volume fraction,
indicating once again the predominant effect of the electrical conductivity. It is to be noted that
the PVDF-ENMs-Lyc prepared in the present study exhibit void volume fraction values similar
to those of other types of ENMs [74-77], but greater than those of most commercial membranes,
which are prepared for other purposes rather than for MD (Gelman's TF200, TF450, TF1000;
Gore's PTS20, PT20, PT45 made of polytetrafluoroethylene supported by a polypropylene net
(44-90%) [78, 79]; Millipore's GVHP, HVHP, GVSP, PV22, PV45 made of PVDF (62-80%)
[79-81]), and PVDF flat sheet membranes prepared by phase inversion (26.8-79.6%) commonly

used in MD [80].

Compared to the PVDF ENM, an improvement of the LEP was detected for the PVDF-
ENMs-Lyc using distilled water (i.e., an increase from 41.67 to 75.00 kPa) and 35 g/L NaCl
aqueous solution (i.e., from 76.67 to 88.33 kPa) with the increase of Lycopodium content (Fig.
5b). This is attributed to both the increase of the hydrophobic character of the ENMs as
discussed previously and the reduction of the maximum inter-fiber space, which follows the
same void volume fraction tendency. The values of LEP for the saline solution were found to
be greater than those for distilled water because of the higher surface tension of saline solution
compared to that of distilled water, taking into consideration that in Young-Laplace equation
the Laplace pressure is proportional to the liquid surface tension [82]. It is noteworthy to

mention that the detected ranges of LEP values of PVDF-ENMs-Lyc are comparable to those
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reported for other nanofibrous membranes prepared by electrospinning for the MD separation

process [11, 83].
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Figure 5. Effects of Lycopodium content on the PVDF ENMs (a) thickness () and the void
volume fraction (g), and (b) the liquid entry pressure (LEP) of water and 35 g/L NaCl aqueous

solution together with the mean size of the inter-fiber space (d;).

The inter-fiber space (mean, small, and maximum) of the PVDF-ENMs-Lyc prepared
using different Lycopodium content in the PVDF solution together with the inter-fiber space
distribution are plotted in Fig. 6a-b. These were obtained using the dry/wet test technique
mentioned previously. As shown in both Figs. 5b and 6, a gradual decrease of the inter-fiber
space (mean, small, and maximum) was observed with the increase of the Lycopodium
concentration in the electrospinning dope solution. A reduction of 69.5% of the mean inter-
fiber space could be registered when increasing the Lycopodium content up to 3 wt% (see Fig.
5b, 6a). Moreover, the inter-fiber space distribution curves shifted toward smaller values with
increasing Lycopodium content (see Fig. 6b). The same indicated reasoning to explain the void

volume fraction tendency is applicable for the inter-fiber space.
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Figure 6. Variation of the maximum, mean and minimum inter-fiber space (d;) of the prepared

PVDF ENMs with different Lycopodium content (a) and its cumulative distribution (b).
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3.2 DCMD performance

Considering the obtained characteristics of the PVDF-ENMs-Lyc, these were tested for
desalination by DCMD as described previously. First, the feed temperature (40 to 80 °C) effect
on the DCMD of all prepared PVDF ENMs was studied using both distilled water and 35 g/L
NaCl aqueous solution as feed, maintaining the permeate temperature at 20 °C. The results are
shown in Table S1. As it was expected, it was observed an exponential enhancement of the
DCMD permeate flux with increasing the feed temperature for all PVDF ENMs due mainly to
the increase of the vapor pressure at the feed/ENM interface following an Arrhenius-type
dependence [11, 61]. This is a common behavior of all MD membranes. With the increase of
the feed temperature from 40°C to 80°C, DCMD permeate flux increased from 40.57 to 57.02
kg/m?h for PVDF-ENM-Lyc-3 and from 48.04 to 70.43 kg/m%*h for PVDF-ENM with
increasing the feed temperature from 40 to 80 °C, respectively. As can be seen in Fig. 7a the
permeate flux decreased as the Lycopodium content in the dope solution was increased, and it
seems attending asymptotic values for both distilled water and 35 g/L NaCl aqueous solution
used as feed. Such reduction of the DCMD permeates flux agrees with the obtained
characteristics of the PVDF-ENMs-Lyc, considering that the higher content of Lycopodium in
the dope, resulted in thicker ENMs with smaller void volume fraction and inter-fiber space (see
Fig. 5a,b). It is well known that in MD, the permeate flux is proportional to the membrane void
volume fraction and pore size and is inversely proportional to the membrane thickness [5, 84].
In addition, all PVDF-ENMs-Lyc the permeate flux for the 35 g/L NaCl aqueous solution was
found to be smaller than that of distilled water used as feed, and the difference between them
became greater for higher temperatures. This is due to the reduction of the vapor pressure of
the aqueous feed solution with the increase of the salt concentration and to the concentration
polarization effect at the feed/ENM side coupled to the temperature polarization effect already

present when distilled water is used as feed [61, 85, 86]. It must be pointed out that the PVDF
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ENM prepared without Lycopodium showed lower salt rejection factor (i.e. lower than 99.92%
at 40 °C and 99.86% at 80 °C; as its final permeate electrical conductivity significantly increased
from 3.48 uS/cm to 105.54 puS/cm at 40 °C and from 3.84 puS/cm to 171.34 puS/cm at 80 °C,
respectively; Fig. 7b) indicating wetting of this ENM inter-fiber space as its LEP is smaller than
that of the PVDF-ENMs-Lyc (Fig. 5b). In contrast, the salt rejection factors of all PVDF-
ENMs-Lyc were generally over 99.94%, irrespective of the considered feed temperature and
Lycopodium content. Compared to the PVDF ENM, the PVDF-ENM-Lyc-0.25 electrospun
with 0.25 wt% Lycopodium in the dope showed a slight improvement of the salt rejection factor
reflected by a smaller final electrical conductivity of the permeate (i.e. 74.32 uS/cm at 40 °C
and 99.94 uS/cm at 80 °C starting with an initial value of around 3.84 uS/cm, respectively; See
Fig. 7b and Table S1). Again, this increase of the final electrical conductivity of the permeate
is attributed to the lower LEP value of the PVDF-ENM-Lyc-0.25 compared to the other PVDF-
ENMs-Lyc resulting in a partial inter-fiber space wetting caused by the large inter-fiber space

(see Fig. 5b and 6).

When increasing the Lycopodium content to 3 wt%, the resulting PVDF-ENM-Lyc-3
exhibited an improved permeate quality with a final electrical conductivity of only 7.40 uS/cm
at a feed temperature of 40 °C and 3.94 uS/cm at 80 °C starting with an initial permeate electrical
conductivity of 3.84 uS/cm (See Fig. 7b and Table S1). This result is due to the high LEP
achieved for this ENM associated with its superhydrophobic character and low maximum inter-
fiber space, as discussed previously (Figs. 4, 5b, 6). Based on the good DCMD performance
obtained for this ENM prepared with 3 wt% Lycopodium in the dope solution, a permeate flux
of 51.76 kg/m?.h and a salt rejection factor of 99.998% with a final permeate of 3.94 uS/cm for
35 g/L NaCl aqueous feed solution at 80 °C, this ENM was selected for the following long-

term DCMD tests.
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Figure 7. Effects of Lycopodium content in the dope solution (CLycopodium) and feed temperature
(Tf) on the DCMD permeate flux (Jw) using distilled water and 35 g/L NaCl aqueous solution
as feed (a), and on the salt rejection factor («) together with the final permeate electrical

conductivity (Qpsina)) (b), being the initial permeate electrical conductivity (Qp,inita) around
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3.484 + 0.523 uS/cm, the permeate temperature (Tp) 20 °C, and the stirring rate of both the

feed and permeate solutions 500 rpm.

To test the DCMD stability of the PVDF-ENM-Lyc- 3, DCMD desalination was carried
out for 25 h at 80°C feed temperature and 20°C permeate temperature using an initial 35 g/L
NaCl feed aqueous solution. The permeate flux, salt rejection factor, and final electrical
conductivity of the permeate are plotted as a function of the DCMD operating time in Fig. 8.
For the sake of comparison only, the PVDF-ENM prepared without Lycopodium was used
under the same DCMD conditions, although it was observed that this membrane is unsuitable

for MD.

For the PVDF-ENM, an initial DCMD permeate flux of 67.69 kg/m2.h was registered.
However, as it was expected, the permeate flux was increased gradually during the first 12 h of
the DCMD experiment (i.e., an increase of 6%), after which a very high permeate flux of about
140.0 kg/m?.h was reached (i.e., an increase of 106.8%; Fig. 8a) during the next 13 h of DCMD
experiment. As can be seen, the salt rejection factor of this PVDF ENM started to decrease after
only 1 h DCMD experiment (i.e., over only 1 h DCMD operation the permeate electrical
conductivity increased from 3.48 to 171.3 puS/cm and up to 1181. 3 uS/cm for 25 h DCMD
operation, Fig. 8b), reaching a very low value around 92%. These results indicated the inter-
fiber space wetting of this ENM, confirming its unsuitability for MD applications. In contrast,
the PVDF-ENM-Lyc-3 demonstrated to be robust for MD provided that its permeate flux
remained stable around 52.39 + 0.62 kg/m?.h, with a very high stable salt separation factor of
around 99.998 + 002%. Moreover, as can be seen in Fig.8b, the electrical conductivity of the
permeate was maintained very low, less than 6 ps/cm (i.e., in the range 4.003-5.515 uS/cm)
with an average value 0f 4.76 + 0.46 uS/cm. As stated previously, compared to the other ENMs,
this result is attributed to the superhydrophobic character, smaller maximum inter-fiber space,

and higher LEP of the PVDF-ENM-Lyc-3.
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Figure 8. Permeate flux (Jw) together with the salt rejection factor () of both the PVDF-ENM
and the PVDF-ENM-Lyc-3 (a) and the permeate electrical conductivity (¢2) (b) as a function

of the DCMD operating time (t) using initially 35 g/L NaCl aqueous feed solution (Tt = 80 °C,

Tp =20 °C, 500 rpm stirring rate).
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At the end of the desalination experiments, the membrane was removed from the module and
then subjected to a visual check by visualizing how the water droplets slide over the membrane
surface maintaining its superhydrophobic character without showing any sign of wetting or
beginning of scaling/fouling (see videos S1 and S2 of the water droplets sliding on the
membrane surface before and after DCMD desalination experiments, respectively). This
indicates that the tested membrane exhibits a good surface hydrophobic stability with a high
potential for desalination. Longer-term desalination experiments than 25 h should be performed
using other feed solutions (e.g., wastewater), to investigate whether scaling/fouling occurs or

not on this type of membrane.

4. Conclusions

Superhydrophobic electrospun PVDF ENMs with micro- and nanostructured hierarchical
surfaces were prepared using a small amount of Lycopodium as a green, inexpensive, biobased
additive. The incorporation of Lycopodium particles in PVDF electrospinning solution was
found to be an attractive strategy to prepare membranes with superior DCMD desalination
performance. Furthermore, more importantly, the structural characteristics of the PVDF ENMs
can be adjusted by varying the Lycopodium concentration in the dope solution. The addition of
Lycopodium up to 3 wt.% improved significantly the water contact angle up to 161.2°, reduced
from 1465 to 476 nm the long-awaited high inter-fiber space of ENMs prepared for MD without
heat-pressure post-treatment, enhancing therefore the LEP by 89.27 % for the 35 g/L NaCl
solution in order to guarantee the stability of the PVDF ENMs. The PVDF ENM prepared with
3 wt% Lycopodium (PVDF-ENM-Lyc-3) yielded the best DCMD performance in terms of the
quantity and quality of the produced permeate confirmed by the results of the performed long-

term DCMD test (i.e. a stable permeate flux of 52.4 + 0.6 kg'm™2-h with a good salt rejection
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factor, 99.998%, and an electrical conductivity around 4.76 + 0.46 nS/cm when treating 35 g/L
NaCl aqueous solution at 80°C feed temperature and 20°C permeate temperature).
In general, the results demonstrated that Lycopodium is a viable and environmental-

friendly additive for the fabrication of polymeric membranes suitable for MD technology.
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