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Abstract—A method has been developed for the formation of hybrid membranes consisting of a hydrophilic
microporous substrate and a hydrophobic nanofibrous polymer layer deposited by electrospinning. A track-
etched poly(ethylene terephthalate) membrane has been used as the hydrophilic microporous substrate, onto
the surface of which a thin layer of titanium is deposited by magnetron sputtering to provide the nanofibrous
layer with adhesion. Simultaneously, this layer has been used as an electrode of a deposition collector for the
electrospinning formation the nanofibrous coating. It has been shown that the application of this method for
the preparation of polymer coatings using poly(vinylidene fluoride) as a starting material for the formation of
nanofibers makes it possible to obtain a highly hydrophobic layer, the surface of which has an average water
contact angle of 143.3 %+ 1.3° depending on the deposition density. The morphological study of the nanofi-
brous coating has shown that its microstructure is typical of nonwoven materials. The nanofibers that form
the porous system of this layer have a wide scatter of sizes. FTIR spectroscopic and X-ray diffraction investi-
gations of the molecular structure of the nanofibrous layer have shown that the B-phase prevails in its struc-
ture, with this phase being characterized by the maximum dipole moment. It has been shown that the elabo-
rated hybrid membranes ensure high separation selectivity of desalinating an aqueous 26.5 g/L sodium chlo-
ride solution by the membrane distillation method. In the studied regime of the membrane distillation, the
salt rejection coefficient for membranes with nanofibrous layer densities of 20.7 £ 0.2—27.6 + 0.2 g/m? is
99.97—99.98%. It has been found that the use of a highly hydrophobic nanofibrous layer with a developed porous
structure in combination with a hydrophilic microporous substrate makes it possible to increase the productivity
of the membrane distillation process. The value of the maximum condensate flow through the membranes is,
on average, 7.0 kg m?/h, and its value depends on the density of the deposited nanofibrous layer.
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INTRODUCTION

In the new millennium, the production of drinking
water is becoming a global problem for humanity. The
growing shortage of fresh water can be compensated by
desalination of seawater. Various methods can be used
for this purpose, such as distillation, reverse osmosis,
electrodialysis, ion exchange, etc. [1]. Membrane dis-
tillation (MD) is, at present, one of the promising
methods for water desalination. This method is based
on the permeability of a microporous membrane to
water vapor and its impermeability to liquid water [2—
6]. It has a number of advantages over other processes,
with the main one being the high separation selectiv-
ity. Operating temperatures of membrane distillation
are much lower (commonly, the temperature of a mix-
ture being separated is in a range of 50—80°C) than
that of the traditional distillation process. Therefore,
there is no need to heat the mixture to the boiling

point in this case. This makes this process to be eco-
nomically attractive. Since the driving force of MD is
the difference in temperatures rather than pressures,
the operating pressures are low compared to mem-
brane processes such as reverse osmosis. This makes the
MD process to be technologically safer. In addition,
when MD is implemented, heat losses to the environ-
ment are insignificant as compared with other processes.

Various membrane distillation modules (MDMs)
are used to carry out the MD process. Currently, four
main configurations of the modules are used to realize
this process: a direct contact membrane distiller, an air
gap membrane distiller, a sweeping gas membrane dis-
tiller, and a vacuum membrane distiller [2, 3]. The
configuration of the air gap module is optimum,
because the air gap provides a significant reduction in
the heat losses as compared with other modules owing
to the presence of a condensing partition and a greater
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temperature difference between the hot and cooled
surfaces, and also it provides a higher thermal energy
for water evaporation [5, 6].

Membranes are the basic elements of the separat-
ing modules used in the MD processes. Commercial
hydrophobic microfiltration membranes produced
from polypropylene (PP), poly(vinylidene fluoride)
(PVDF), and polytetrafluoroethylene (PTFE) are
commonly used for these purposes. Their key property
is the low wettability of their surfaces, which prevents
water from penetrating into vapor-filled pores. Due to
their considerable thickness, these membranes have a
high resistance to mass transfer and, hence, a low pro-
ductivity. To successfully implement the processes of
salt water desalination, it is necessary to create a new
generation of highly productive membranes that
would be efficient in thermogradient (occurring under
the action of temperature gradients) separation pro-
cesses, which include the MD method.

An efficient approach to creating membranes for
MD is the functionalization of hydrophilic membrane
surfaces, as the essence of which is imparting new
functional properties to membranes by a partial or
complete change in the composition of the chemical
groups in surface layers, as well as by a modification of
the surface morphology [7—9]. One of the methods for
functionalizing membranes is the deposition of
diverse thin polymer coatings onto their surfaces [ 10—
14]. Such a modification leads to the formation of
composite membranes (CMs) that consist of a porous
substrate, i.e., the original membrane, and a deposited
polymer layer. The deposition of a polymer coating
makes it possible to finely tune the chemical and phys-
ical properties of resulting composite membranes to
improve their service characteristics, including surface
wettability. Of greatest interest for the production of
membranes specifically designed for MD is the devel-
opment of methods for creating bilayer composite
membranes, in which one of the layers is a hydrophilic
support, while the other thin layer, which determines
the functional properties of the created membranes,
has hydrophobic properties. The combination of a thin
hydrophobic layer with a thick hydrophilic support
makes it possible to increase the permeate flow
through a membrane.

A number of modern modification methods can be
used to apply hydrophobic polymer coatings onto
membrane surfaces. Of greatest interest are methods
for forming coatings from an active gaseous phase [15].
This group of the methods includes the deposition of
coatings due to polymerization of low-molecular-
weight organic compounds resulting from the disper-
sion of polymers under the action of laser radiation
[16, 17], radio-frequency discharge plasma [18, 19], or
a beam of accelerated electrons [20—23]. This
approach is distinguished by the simultaneous occur-
rence of two main stages, namely, the stage of forming
volatile low-molecular-weight products and the stage
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of their activation, which is understood as the process
of transition to a reactive state. These methods are
high-tech and make it possible to regulate the struc-
ture and composition of deposited layers, as well as to
produce highly hydrophobic and superhydrophobic
coatings on solid surfaces [21—23].

For example, it was shown in [23] that the deposi-
tion of coatings from an active gaseous phase obtained
by electron-beam dispersion of PTFE onto the surface
of a track-etched membrane (TM) made of poly(eth-
ylene terephthalate) (PET) led to significant hydro-
phobization of the membrane surface layer, with the
hydrophobization degree being dependent on the
coating thickness. When a polymer layer 100 nm thick
was deposited, a coating was formed that had highly
hydrophobic properties and a water contact angle of
130°. An increase in the thickness of the deposited
layer to 500 nm due to a significant growth of the sur-
face roughness led to the formation of a coating with
superhydrophobic properties and a contact angle of
155°. The resulting composite membranes, as com-
pared with the original membrane, showed higher sep-
aration selectivity when desalinating an aqueous
sodium chloride solution by the membrane distillation
method. In addition, the productivity of bilayer com-
posite membranes in the M D process was higher than
that of the original track-etched PP membrane due to
the low resistance to the mass transfer (owing to a
reduction in the path length of water vapor transfer
through the hydrophobic PTFE coating layer). The
distillate resulting from the MD process satisfied the
requirements imposed on drinking water and process
water used in many technologies.

Therewith, electrospun nanofibrous membranes
are, at present, widely used in MD processes for water
desalination along with thin-layer composite mem-
branes [24—29]. The production of such membranes
consists in applying a static electric field to a jet of a
polymer solution or melt escaping from a small die. As
a result, the polymer jet is charged and dispersed into
jets of smaller (down to the nanometer range) diame-
ters due to electrostatic repulsion. During the flight
stage, the jet dries up, and the resulting nanofibers are
accumulated on the surface of a collector to form a flat
sheet [30, 31]. Compared to commercial hydrophobic
microfiltration membranes, nanofibrous membranes
made of PVDF and PTFE have a higher degree of
hydrophobicity due to their developed porous struc-
ture. In addition, they exhibit a greater productivity in
the MD processes of water desalination due to their
high bulk porosity. The listed advantages are compen-
sated by the insufficient mechanical strength of such
membranes and, as a result, the need to use membranes
of considerable thicknesses, as well as the difficulty of
obtaining a repeating (identical) pore structure.

In this regard, a promising way to creating polymer
membranes for MD aimed at water desalination may,
in our opinion, be the method proposed in [32—34] for
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the formation of hybrid membranes by depositing a
nanofibrous polymer layer of chitosan onto the surface
of a TM using the electrospinning method. The adhe-
sion of the nanofibrous layer to the TM surface was
provided by using a thin layer of pre-sputtered tita-
nium, which simultaneously served as the electrode of
the deposition collector during the electrospinning
process [35]. The increased adhesion of the nanofi-
brous chitosan layer to the titanium surface can be
explained by the covalent binding of the film of tita-
nium oxides covering the metal (the presence of this
film was shown in [35]) with the surface functional
groups of chitosan [36]. It may be assumed that the use
of a combination of a hydrophilic track-etched mem-
brane and a hydrophobic nanofibrous polymer layer
having different pore geometries will make it possible
to obtain an optimum membrane structure with a set
of properties required for the MD process. The use of
a track-etched membrane as a porous substrate having
strictly calibrated cylindrical pores will make it possi-
ble not only to control the permeability of water vapor
but also to improve the mechanical properties of the
hybrid membrane as a whole. The hydrophobic nanofi-
brous layer with a high porosity will significantly increase
the productivity of the membranes of this type.

Thus, the goal of this work was creating and study-
ing the properties of a hybrid membrane that could be
used in the M D processes for water desalination. As a
hydrophilic porous substrate, we used a bilayer com-
posite membrane consisting of a poly(ethylene tere-
phthalate) track-etched membrane with a thin tita-
nium layer applied onto its surface. Poly(vinylidene
fluoride) was used to form a hydrophobic nanofibrous
layer. The efficiency of the developed membranes was
assessed using the process of aqueous sodium chloride
solution desalination by the air gap MD method.

EXPERIMENTAL

In the experiments, we used a PET TM with an
effective pore diameter of 0.3 um obtained on the basis
of the Hostaphan RNK polymer film produced by
Mitsubishi polyester film Co. (Germany) with a nom-
inal thickness of 23.0 um. The membrane was
obtained by irradiating the initial film with positively
charged krypton ions having an energy of
~3 MeV/nucleon accelerated in a U-400 cyclotron.
The ion fluence was (2.7 + 0.3) x 103 cm~2. In order to
form pores, the irradiated film was chemically etched
at a temperature of 75°C in an aqueous 3 mol/L
sodium hydroxide solution according to the procedure
described in [37]. Before etching, the selectivity of the
track etching process was increased by subjecting the
film to UV radiation having a maximum intensity at
310—320 nm. When studying the membrane distilla-
tion process for water desalination, a commercial
hydrophobic PVDF membrane (Durapore, Merck)
with a pore size of 0.45 um manufactured by the phase
inversion method [38] was used as a reference sample.
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Below, the membrane of this type is referred to as
PVDF, Merck.

Titanium was sputtered onto the membrane surface
using a UMN-180 extended magnetron sputterer
equipped with a planar cathode (LLC Ivtekhnomash)
according to the procedure described in detail in [35].
The coating was deposited by sputtering titanium with
a purity of 99.7% from a vertically installed target in
argon (99.99%). The thickness of the deposited layer
was 40 + 4 nm. The membrane with the deposited tita-
nium layer is denoted as TM (Ti).

To obtain a nanofibrous coating on the surface of
the TM (Ti) membrane, an 8% spinning solution was
prepared using PVDF with an average molecular
weight of 6 X 10° g/mol (BLD Pharm, China). A 60 :
40 (vol/vol) mixture of N,N-dimethylformamide
(DMF, 99.8%, Sigma-Aldrich, Germany) and ace-
tone (99.9%, PanReac AppliChem, Spain) was used
as a solvent.

A nanofibrous PVDF layer was deposited onto the
surface of the TM (Ti) membrane by electrospinning
with the use of a Nanon-01A setup (MECC Co. LDT,
Japan). An F90XSH200 mm drum collector with sizes
of 29.7 X 21 cm was chosen as a cathode. The follow-
ing deposition regime was used: voltage, 25 KV, solu-
tion dosing rate, 1.4 mL/h; die size, 0.7 mm; distance
between the die and the cathode, 15 cm; the angle
between the die and the cathode, 90°; drum collector
rotation rate, 50 rpm; velocity of die movement along
the X axis, 1 cm/s; and spinning solution volumes, 5,
10, 15, and 20 mL. The densities of the nanofibrous
layers deposited onto the surface of the TM (Ti) mem-
brane were ~6.9 = 0.2, 13.8 £ 0.2, 20.7 £ 0.2, and
27.6 = 0.2 g/m?, respectively. Below, the series of the
hybrid membrane samples obtained in this way is
referred to as TM (Ti) + PVDF (V), where Vis the vol-
ume of the spinning solution used for the electrospin-
ning of nanofibers.

The following methods were employed to study the
structure and properties of the hybrid membranes.
The gas permeability of the membranes was deter-
mined with a POROLUX 1000 capillary flow poro-
simeter (POROMETER) using samples with a diam-
eter of 25 mm. The operating gas pressure was 10* Pa.

The microstructure and morphology of membrane
samples were studied using a “HITACHI” S-3400N
high-resolution scanning electron microscope (SEM)
(Japan) operating in the thermal emission and the sec-
ondary electron mode. The accelerating voltage was
15 kV. The obtained micrographs were processed in
the Gatan Digital Micrograph software shell.

The wettabilities of the membrane surfaces were
characterized by the values of the static water contact
angles measured at room temperature by the sessile
droplet method [39] using an “Easy Drop DSA100”
setup (KRUSS, Germany) and the Drop Shape Anal-
ysis V.4 software. For this purpose, a 3-puL water drop-
let was applied with a microsyringe onto the surface of
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Fig. 1. Layout of the laboratory setup used to carry out the
membrane distillation process.

a membrane. The image of the droplet was recorded
with a video camera and digitized after reaching an
equilibrium state, in which the droplet ceased to
spread. The contact angle was determined as the angle
between the surface of a wetted membrane and the line
tangent to the curved surface of the droplet at the point
of the three-phase contact. Deionized water with a
specific resistance of 18.2 MQ cm obtained using a
Milli-Q Advantage Al0 setup (Millipore, United
States) was used for the measurements. The average
values were obtained from at least five measurements
for each membrane sample.

The values of LEP,, (water pressure at a membrane
inlet) were determined according to the method
described in [40]. A Millipore filtration cell was used
for the measurements, which were performed for
membrane samples with an effective area of 17.34 cm?.
The cell was filled with deionized water; then, pressure
was gradually applied to it from a balloon with air at a
temperature of 23°C. The minimum pressure (equal to
the value of LEP,), at which water penetrated into the
interfiber space, was recorded. The LEP,, value was
found by averaging at least three measurement results
obtained for each membrane sample.

The surface functional groups were analyzed using
a Nicolet iS20 FTIR spectrometer (Thermo Fisher
Scientific) equipped with a Smart iTX attachment. All
measurements were performed at a resolution of
4.0 cm~! and the number of scans equal to, at least, 32.
The recorded spectra were processed in the Origin
2017 software shell. The absorption bands were
assigned according to [41].

The X-ray diffraction (XRD) analysis was carried
out with a PANalytical EMPYREAN powder diffrac-
tometer using Cuk, radiation with a wavelength of

1.5406 A. Diffraction patterns were obtained within an
angle range of 20 = 5°—60° with steps of 0.026°. The
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phase composition was determined using the PDF-4
database.

The applicability of the membranes to the desali-
nation of an aqueous sodium chloride solution was
experimentally studied with a laboratory setup
(Fig. 1), which contained a vertically installed air gap
MDM. The MDM was made of Kaprolon material
(TC (technical certificate) 2224-036-00203803-2012,
Russia). The working area of the membrane was 5 X
1073 m?. The MDM consisted of two chambers sepa-
rated by a membrane and a monolithic cooled parti-
tion. The thickness of the air gap between the mem-
brane and the cooled partition was 4 mm. A hot flow
(water being desalinated) passed through one of the
chambers, and a flow of cold water moved through the
other. The hot flow circulated in a closed loop
between the MDM and a LOIP LT-100 water thermo-
stat (Russia), which maintained a temperature of
65°C. The cold flow circulated in a closed circuit
between the MDM and a LOIP FT-211-25 liquid
cryostat (Russia), which maintained a temperature of
15°C. The temperatures of the solution being desali-
nated and water used to cool the monolithic partition
were selected based on the analysis of the literature
data, which are most completely presented in reviews
[2—6]. The temperatures of the hot and cold flows at
the inlet and outlet of the MDM were controlled with
electronic thermometers having a division value of
0.1°C. Water being desalinated, the concentration of
sodium chloride in which was 26.5 g/L, and cold water
were thermostated in special containers according to
the “water bath” principle. The movement of the hot
and cold flows was initiated by LOIP LS-301 pumps
(Russia). The flow rates in the hot solution and cold
water chambers were equal to 600 = 5 mL/min. The
rates of these flows were controlled by rotameters. The
condensate being formed on the surface of the cooled
partition flowed by gravity through a bottom fitting
into a glass measuring cylinder. The volume of the
condensate produced over a certain time was mea-
sured. The efficiency of the membrane distillation
process was assessed using the salt rejection coeffi-
cient, which was calculated as the following ratio:

R(%)=%x100%, (1)

0

where C, is the sodium chloride concentration in the
initial solution and C, is the sodium chloride concen-
tration in the condensate. The salt concentrations in
the initial solution and condensate were determined
conductometrically using a Starter 3100C instrument
(OHAUS Co., China). The measurement error was
+0.5%. To maintain a constant concentration of
sodium chloride during the experiments, deionized
water was added to the container with the solution
being desalinated every 30 min. The amount of added
water corresponded to the measured volume of the
condensate.
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Table 1. Characteristics of the studied membrane samples
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Membrane Density of nanofibrous Air flow Contact angle, LEP,,
sample layer, g/m? at AP=10* Pa, L/h cm? deg kPa
T™ (Ti) — 41.6 £ 0.3 399+3.5 —
PVDF, Merck — 43.9+0.2 124.3 £ 0.5 120+ 2
TM (Ti) + PVDF (5) 6.9+0.2 412+0.2 144.3 £ 1.2 2541
TM (Ti) + PVDF (10) 13.8 £ 0.2 40.6 £ 0.2 1409+ 1.3 27+ 1
TM (Ti) + PVDF (15) 20.7+0.2 33.0x0.3 143.2t 14 27+ 1
TM (Ti) + PVDF (20) 27.6+0.2 32.0+0.4 144.7 £ 1.2 27+1
RESULTS AND DISCUSSION shown in the inset of Fig. 2a. The average nanofiber

The results of measuring the characteristics of the
TM (Ti) membrane, a commercial PVDF membrane
(Durapore, Merck), and TM (Ti) + PVDF (V) hybrid
membranes with different densities of the nanofibrous
PVDF layer deposited by electrospinning are given in
Table 1. As follows from the presented data, the depo-
sition of the nanofibrous layer causes a slight decrease
in the specific productivity with respect to air relative
to the TM (Ti) membrane due to the partial closure of
the pores on its surface. The formation of the nanofi-
brous PVDF layer on the surface of the TM (Ti) mem-
brane is illustrated in Fig. 2a, which shows a SEM
micrograph of the surface layer of the TM (Ti) +
PVDF (10) membrane. It can be seen that the depos-
ited layer consists of randomly arranged nanofibers,
i.e., it has a random microstructure typical of nonwo-
ven materials. The nanofibers composing the porous
system of this layer have a wide scatter of sizes. The
nanofiber diameter distribution histogram plotted on
the basis of the analysis of the microphotograph is

SR

>

Number of fibers, %

S N A~ o

diameter obtained by the Gaussian approximation of
the data appeared to be 325.7 = 4.9 nm. Samples of the
membranes with different densities of the deposited
nanofibrous layer had almost the same microstruc-
ture; therefore, the micrographs of other samples are
not presented.

Figure 2 also shows micrographs taken from the
surface of the commercial PVDF membrane
(Durapore, Merck), which was used to compare the
results of desalinating the aqueous sodium chloride
solution by membrane distillation (Fig. 2b), and the
TM (Ti) membrane, used as a porous substrate for the
deposition of nanofibrous PVDF layer (Fig. 2¢). It can
be seen that the latter membrane has a surface struc-
ture typical of track-etched membranes [42]. The
deposition of a titanium layer 40 = 4 nm thick does not
change significantly the pore diameter on its surface.

FTIR spectroscopy and XRD analysis were
employed to determine the chemical structure of the
deposited nanofibrous layer. It is known that PVDF is

300 350 400

Fiber diameter, nm

Fig. 2. SEM micrographs of membrane sample surfaces: (a) TM (Ti) + PVDF (10); (b) PVDF, Merck; and (c) TM (Ti).
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Fig. 3. (a) FTIR spectrum and (b) X-ray diffraction pattern of a nanofibrous PVDF layer on the surface of a TM (Ti) membrane.

a semicrystalline material containing four possible o-,
B-, v-, and 8-phases having different conformations of
macromolecular chains [43—46]. The C—F bonds are
polar, and the largest dipole moment is achieved when
all polymer dipoles are oriented in the same direction,
as they are in the B-phase of PVDF. The dipole
moments of o-crystallites are oriented in opposite
directions, thereby leading to zero total polarization.
FTIR spectroscopic examinations performed with the
use of a Smart iTX attachment were employed to iden-
tify the phases of the nanofibrous PVDF layer depos-
ited onto the surface of the TM (Ti) membrane; the
spectrum of the layer is presented in Fig. 3a. It is seen
that the spectrum contains the following absorption
bands: an absorption band at 1430 cm~! corresponding
to the wagging vibrations of CH, groups, a band at
1400 cm™! attributed to the asymmetric stretching
vibrations of CF, groups, a band at 1273 cm~! assigned
to the wagging vibrations of CH, groups, a band at
1171 cm™" due to the symmetric stretching vibrations of
CF, groups, and a band at 839 cm™! attributed to the
stretching vibrations CF, groups. All these absorption
bands correspond to the B-phase of PVDF. The spec-
trum also contains an absorption band at 874 cm™!
assigned to the pendular vibrations of CH, groups and
aband at 761 cm~! characteristic of the skeletal vibra-
tions of CF, groups. The two last bands correspond to
the o-phase of PVDF.

Thus, we can note the prevailing intensity of the
peaks assigned to the B-phase, and the low intensity of
the peaks characteristic of the ai-phase. Fraction Fp of
the B-phase can be calculated using the following
equation [47]:

A

FB:1.3A(,+AB’ 2)

where A, is the absorption at 761 cm™' and Aj is the
absorption at 840 cm~!, with the determination accu-
racy of the absorptions being equal to 0.1%. The calcu-
lations carried out by Eq. (2) have shown that the frac-
tion of the B-phase in the nanofibrous PVDF layer is
74.2%. The analysis of the IR absorption spectrum
allows us to conclude that the fraction of the B-phase
in the electrospun PVDF sample is slightly higher than
that in the sample prepared by casting from a solution
(64.4%) 148].

The XRD analysis has shown the presence of both
B- and o-phases in the nanofibrous PVDF layer
(Fig. 3b). For example, the peak at 20 = 18.2° (100) is
due to the presence of the o.-phase. The broad peak in
the region of 20.6° corresponds to superimposed dif-
fraction maxima due to the (110) and (200) planes of
the B-phase [47]. The peak at 26 = 36.3° also belongs
to the B-phase, namely, to the (020) crystallographic
plane [48]. The ratio between the integral intensities
observed in the X-ray diffraction patterns confirms the
fact that the B-phase prevails in the nanofibrous
PVDF layer on the surface of the TM (Ti) membrane.
The significant content of the B-phase with a high
dipole moment in the nanofibrous PVDF layer leads
us to conclude that, in this case, the adhesion of this
layer to the titanium surface increases mainly due to
the ion—dipole interaction.

Studying the surface properties of the hybrid mem-
branes has shown that the deposition of a nanofibrous
PVDF layer by the electrospinning method leads to
significant hydrophobization of the TM (Ti) mem-
brane surface (Fig. 4). For example, while the surface
of a track-etched PET membrane after applying a tita-
nium layer has water contact angle ©,, equal to 39.9 =
3.5°, the hybrid TM (Ti) + PVDF (V) membranes
have an average contact angle of 143.3 X+ 1.3°
(Table 1); i.e., the membranes of this type are highly
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Fig. 4. Water contact angles at the surfaces of membrane samples: TM (Ti), PVDF Merck, and TM (Ti) + PVDF (10).

hydrophobic. The commercial PVDF membrane
(Durapore, Merck) has a slightly lower value of O,
equal to 124.3 £+ 0.5°. The difference between the sur-
face wettabilities of the studied membranes is most
likely due to the higher roughness of the deposited
nanofibrous layer, which has hydrophobic properties.
It is known that the development of polymer rough-
ness or the presence of deep pores on its hydrophobic
surface leads to an increase in the contact angle [49,
50]. Apparently, the surface microstructure of the
nanofibrous PVDF layer is organized in such a way
that it provides a higher contact angle than that of the
PVDF microfiltration membrane (PVDF, Merck).

Thus, the application of a nanofibrous PVDF layer
by electrospinning onto a TM (Ti) membrane surface
leads to the formation of hybrid membranes consisting
of three layers. Two of them form a composite of a
track-etched PET membrane and a layer of deposited
titanium. The water contact angle of the unmodified
surface of the track-etched membrane is 72.0 = 1°.
The third layer is highly hydrophobic. Its average con-
tact angle is 143.3 £ 1.3°.

A water contact angle at a surface is the key param-
eter indicating whether a membrane is more hydro-
phobic than another one. However, when membranes
are used for water desalination by membrane distilla-
tion, in addition to ©,, an important parameter is
LEP,, (liquid pressure at the membrane inlet), which
is the minimum pressure required for a liquid (in this
case water) to penetrate the pores of a membrane. To
prevent pores from wetting, the value of LEP,, must be
as high as possible. The LEP,, value for hydrophobic
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membranes can be calculated by the Young—Laplace
equation [51]:

-2B (C)
LEP, = w’ (3)
,

max

where B is a geometric factor determined by the pore
structure of a membrane (in the case of cylindrical
pores, B=1), 7, is the water surface tension measured
in N/m, ., is the maximum pore size of the mem-
brane, and O, is the water contact angle at the mem-
brane surface. According to Eq. (3), the value of LEP,,
depends on the pore size and the hydrophobicity of a
membrane. Hence, to reach a high value of LEP,,
membrane materials must be highly hydrophobic and,
therefore, have a low surface energy and small pore
sizes. Note that the choice of membranes with small
pore sizes may decrease the productivity of the mem-
brane distillation process due to their low permeabil-
ity. In other words, to achieve high process productiv-
ity, the used membranes must have a high permeabil-
ity and a high LEP,, value. However, geometric factor
B cannot be determined for nanofibrous layers of
hybrid membranes having pores of arbitrary configu-
ration. Therefore, the value of LEP,, was determined
according to the method [40] described in the Experi-
mental section.

The values of LEP,, for hybrid membranes formed
by depositing nanofibrous PVDF layers of different
densities onto the surface of the TM (Ti) membrane
are given in Table 1. It follows from the presented data
that, in comparison with the commercial PVDF
membrane (Durapore, Merck), for which the value of
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Fig. 5. Time variations in (a) condensate flows and
(b) salt rejection coefficients during the M D process for
TM (Ti) + PVDF (V) membranes with different densi-
ties of the deposited nanofibrous layer and a PVDF mem-
brane, Merck.

LEP,, is 120 = 2 kPa, the hybrid membranes show a
decrease in LEP,, from 27 £ 1 to 25 = 1 kPa. This
means that the deposited nanofibrous PVDF layer
does not have a sufficient resistance to wetting; i.e.,
hybrid membranes require lower pressure to force
water penetration into the pores. The absence of
changes in the LEP,, with variations in the density of
the nanofibrous layer deposited onto the surface of the
TM (Ti) membrane indicates that the hybrid mem-
branes have identical average pore diameters and
structures of the developed pore space, since the con-
tact angles of their surfaces are almost equal. The
comparison of our experimental data on the LEP,,
value with the literature data has shown that the elab-
orated membranes are actually not inferior to the
nanofibrous PVDF membranes used for water desali-
nation by membrane distillation [24, 52]. However, in
order to increase the LEP,, values of our hybrid mem-
branes, it is apparently necessary to increase the den-
sity of the deposited nanofibrous PVDF layer by
increasing either the viscosity of the working solution
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or the time of the deposition process. For example, it
has been shown [40] that, as the time of PVDF elec-
trospinning is increased from 1 to 6 h, LEP,, rises from
62 to 110 kPa.

The method of air gap membrane distillation was
used to determine the efficiency of aqueous sodium
chloride solution separation with the studied mem-
branes. Figure 5a shows the data on time variations in
the membrane productivity. It can be seen that, during
operation of the TM (Ti) + PVDF (5) and TM (Ti) +
PVDF (10) membranes, the condensate flow
increases to a certain maximum value at the initial
stage. In this case, a hybrid membrane with the density
of the deposited PVDF layer equal to 6.9 g/m? shows a
higher maximum value of the condensate flow equal
to 7.58 = 0.15 kg/m? h. As the density of the PVDF
layer deposited onto the surface of the TM (Ti) mem-
brane increases, the maximum condensate flow
decreases. For example, the maximum condensate
flow through a membrane with a deposited PVDF
layer density of 13.8 g/m? is equal to
7.27 £+ 0.15 kg/m? h. Among the studied membranes,
the highest and lowest gas permeabilities are inherent
in the membranes with deposited PVDF layer densi-
ties of 6.9 and 13.8 g/m?, respectively. This allows us to
conclude that the efficiency of membranes in the pro-
cess of membrane distillation is, primarily, governed
by their gas permeability, i.e., porosity. Two hours
after the onset of the tests, when the curves have
reached the maximum value, the TM (Ti) + PVDF (5)
and TM (Ti) + PVDF (10) membranes have shown an
identical tendency to maintaining the condensate flow
in the course of time. On the contrary, for the TM
(Ti) + PVDF (15) and TM (Ti) + PVDF (20) mem-
branes, the curves for the time variations in the con-
densate flow reach a maximum value over the first
30 min after the onset of the tests. In this case, the
maximum condensate flow also depends on the den-
sity of the deposited PVDF layer, i.c., the lowest flow
is observed for the TM (Ti) + PVDF (20) membrane
with the density of the deposited PVDF layer equal to
27.6 g/m?. A slightly higher value of the maximum
condensate flow is inherent in the TM (Ti) + PVDF
(15) membrane with a deposited PVDF layer density
of 20.7 g/m? (Table 2). This fact should be taken into
account when choosing the duration of the nanofi-
brous PVDF layer deposition on the surface of a TM
(Ti) membrane.

The comparison of the experimental data on the
productivity of the hybrid membranes with that of the
commercial PVDF membrane (Durapore, Merck),
which has a pore size of 0.45 um and is used for desali-
nating water by membrane distillation, has shown that,
when the process is carried out in a similar regime, the
latter membrane is significantly inferior to the mem-
branes that we have developed (Fig. 5a). Despite the
slightly higher gas permeability compared to the
hybrid membranes, the maximum condensate flow is
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Table 2. Comparison of productivities and separation selectivities of membranes in the process of membrane distillation

Hybrid membranes
Parameters PVDF, Merck|TM (Ti) + PVDF |TM (Ti) + PVDF |TM (Ti) + PVDF | TM (Ti) + PVDF
®) (10) (15) (20)

Maxi densate fl

i condensate oW | 4684010 | 7.58+0.15 727 £0.15 6.78 + 0.12 6.45+0.12
kg/m- h
* Specific electrical conduc-| ¢\ ) 5 1968 + 10 1642 + 10 53404 56+0.5
tivity of condensate, uS/cm

Salt concentrationincon- | g5 4 o5 | 9346+ 5.4 638.6 + 3.2 7.96 + 0.06 5.34 +0.05
densate, mg/L
* Salt rejection coefficient, % 99.97 96.47 97.59 99.97 99.98

* After carrying out the process for 6 h.

1.5 times lower than the average maximum flow
through the TM (Ti) + PVDF (V) membranes. Thus,
the hybrid membranes, which consist of a hydrophilic
substrate represented by a PET TM with a deposited
titanium layer and a highly hydrophobic nanofibrous
PVDF layer, have shown higher condensate flow val-
ues than the commercial PVDF membrane, because
they provide a shorter path for vapor passing through
the hydrophobic layer due to its smaller thickness and
more developed pore structure. The other part of the
membranes, which has the hydrophilic nature, exhib-
its a lower resistance to the mass transfer. It is the com-
bination of a thin highly hydrophobic nanofibrous
layer, which has a developed pore structure, with a
hydrophilic microporous substrate in the hybrid mem-
branes that leads to an increase in the productivity of
the membrane distillation process in the course of
desalinating an aqueous sodium chloride solution.

It should be noted that, in [23], when studying the
process of membrane distillation using composite
membranes consisting of a track-etched PET mem-
brane with a pore diameter of 0.25 um and coatings
deposited from an active gaseous phase obtained by
electron-beam dispersion of PTFE, we observed a
tendency to a decrease in the condensate flow with
time. After reaching the maximum values, the con-
densate flows began to gradually decrease until the end
of the experiment. For example, a decrease in the con-
densate flow by 0.6% was recorded in 6 h for a com-
posite membrane coated with a PTFE layer having a
thickness of 100 nm. For a membrane with a deposited
PTFE layer 300 nm thick, this value was 1.5%, and, for
a membrane with a coating 500 nm thick, it was 1.7%.
A similar time dependence of the condensate flow was
observed for the initial track-etched membranes made
of PET and PP. For them, the condensate flow also
increased to a certain maximum value at an initial
stage; then, the flow began to gradually decrease. We
have assumed that the main reason for the decrease in
the productivity of the composite and original track-
etched membranes is, most likely, the design of a
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membrane separation module. The analysis of the
experimental data led us to conclude that the use of a
porous Caprolon sheet with a low thermal conductiv-
ity coefficient (0.35 W/m K) in [23] as a substrate for
membranes located in MDMs apparently led to the
condensation of water vapor in membrane pores. This
hindered the mass transfer at a certain stage of the MD
process and led to a decrease in the productivity with
time. In this work, when studying the membrane dis-
tillation process, we used a porous brass sheet as a sub-
strate for membranes located in an MDM. The ther-
mal conductivity coefficient of the brass sheet was sig-
nificantly higher, i.e., 85.5 W/m K. As a result of
replacing the substrate, no significant overcooling of
the membranes in the MDM was observed and, prob-
ably, water vapor was not condensed in the pores.

Table 2 presents the comparison between the sepa-
ration selectivities of the hybrid membranes during
desalination of an aqueous 26.5 g/L sodium chloride
solution (specific electrical conductivity of
49.70 mS/cm) by membrane distillation. In addition,
Table 2 shows the data on the separation selectivity of
the commercial PVDF membrane (Durapore, Merck)
with a pore diameter of 0.45 um. It can be seen that the
studied TM (Ti) + PVDF (15) and TM (Ti) + PVDF
(20) hybrid membranes ensure a high separation selec-
tivity comparable with the selectivity of the commer-
cial PVDF membrane. As a result of the membrane
distillation process, the salt content in water is
reduced, on average, by more than 4000 times. The
salt rejection coefficient in the studied process is
99.97—99.98% throughout the process (Fig. 5b). For
the TM (Ti) + PVDF (5) and TM (Ti) + PVDF (10)
membranes, a decrease in the salt rejection coefficient
is observed during membrane distillation (Fig. 5b).
This finding may, apparently, be explained by possible
wetting of the surface of the nanofibrous layer of the
membranes due to the low deposition density, which
facilitates the penetration of the salt into the conden-
sate. For comparison, let us note that the initial PET
TM possessing hydrophilic properties has low separa-
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tion selectivity during membrane distillation. As has been
shown in [23], the coefficient of salt rejection during the
separation of an aqueous 15.0 g/L sodium chloride solu-
tion is equal to 53.45%, while the salt content in the con-
densate at the end of the process is 6.98 g/L.

Thus, the problem of producing highly efficient
hybrid membranes that we have developed for the pur-
pose of their use for water desalination is associated
with determining a sufficient but necessary density of
the nanofibrous PVDF layer deposited onto the sur-
face of the TM (Ti) membrane. On the one hand, this
problem is associated with a sufficient density of this
layer, which would lead to a noticeable increase in the
contact angle of the initial membrane (i.e., the manu-
factured hybrid membranes should be highly hydro-
phobic but should not cause a noticeable decrease in
the productivity of the membrane distillation process).
The performed experiments have shown that, to attain
this purpose, it is sufficient to deposit a layer with a
density of 6.9 g/m?. In this case, the surface of the
nanofibrous layer will have highly hydrophobic prop-
erties. On the other hand, it is necessary to choose the
density of the deposited nanofibrous layer that would
ensure a high salt rejection coefficient during mem-
brane distillation. Selection of the optimum density of
the deposited PVDF layer ranging from 20.7 = 0.2 to
27.6 = 0.2 g/m? ensures the formation of hybrid mem-
branes that have a highly hydrophobic surface, suffi-
cient productivity, and a high salt rejection coefficient.
This makes it possible to use them for water desalina-
tion by membrane distillation.

CONCLUSIONS

The following conclusions can be inferred from the
obtained results. The deposition of nanofibrous
PVDF coatings onto the surface of a TM (Ti) mem-
brane by electrospinning leads to the formation of
hybrid membranes consisting of three layers. Two of
them form a composite of a track-etched PET mem-
brane and a layer of deposited titanium. The water
contact angle at the unmodified surface of the track-
etched membrane is 72.0 £ 1°. The third layer com-
posed of PVDF nanofibers has highly hydrophobic
properties. The contact angle of this layer slightly var-
ies depending on the deposition density and is, on
average, equal to 143.3 + 1.3°.

The SEM morphological studies of the electrospun
PVDF layer have shown that it consists of randomly
arranged nanofibers, i.e., it has a microstructure typi-
cal of nonwoven materials. The nanofibers forming
the porous system of this layer have a wide scatter of
sizes. The studies of the molecular structure of the
deposited nanofibrous layer by the methods of FTIR
spectroscopy and XRD analysis have shown that the
B-phase prevails in its structure and amounts to 74.2%
ofthe layer. This is slightly higher than that in the sam-
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ple prepared by casting from a solution, for which the
fraction of the B-phase is 64.4%.

The developed hybrid membranes provide a high
separation selectivity of desalinating an aqueous
sodium chloride solution by membrane distillation.
The salt rejection coefficient in the studied regime of
the membrane distillation process is 99.97—99.98%.
Moreover, the membranes have shown higher con-
densate flow values than the commercial PVDF mem-
brane (Durapore, Merck), because the hybrid mem-
branes provide a shorter path for vapor to penetrate
through a highly hydrophobic layer owing to its
smaller thickness and more developed porous struc-
ture. The other part of the membranes, which has a
hydrophilic nature, creates a weaker resistance to the
mass transfer. It is the combination of a thin highly
hydrophobic layer, which has a developed porous
structure, with a hydrophilic microporous substrate in
the composition of the hybrid membranes that leads to
an increase in the productivity of membrane distilla-
tion in the process of desalinating an aqueous sodium
chloride solution. The distillate obtained by the MD
process meets the requirements imposed on drinking
water and process water used in many industries.

Thus, the functionalization of a hydrophilic micro-
porous TM (Ti) membrane by the deposition of a
nanofibrous PVDF layer on its surface makes it possi-
ble to finely tune the chemical and physical properties
of the resulting hybrid membranes, including their
wettability. The formation of a highly hydrophobic
layer of PVDF nanofibers leads to the creation of
membranes with high selectivity of the separation of
an aqueous of sodium chloride solution by membrane
distillation. Moreover, the combination of a thin
highly hydrophobic nanofibrous layer having a devel-
oped porous structure with a hydrophilic microporous
substrate in hybrid membranes leads to an increase in
the productivity of the membrane distillation process
employed for water desalination.
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