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Abstract

This study focuses on the synthesis of a PVDF membrane using DMAc as the solvent through a combination of evaporation-
induced phase separation (EIPS) and non solvent-induced phase separation (NIPS) techniques. The experimental findings
underscore the significant role of thermodynamic and kinetic parameters in the phase inversion process, influencing the surface
and transport properties of the resulting membrane. By precisely controlling the combined processes of EIPS and NIPS, a
customized membrane with specific characteristics such as a rough surface (roughness of up to 725.9 pm) and hydrophobicity
(water contact angle up to 117°) was successfully achieved. The synthesized membrane exhibits good membrane properties
(total porosity > 50%, mean pore size ranging from 0.01 to 0.35 wm) with well-connected pores. To assess its quality, the
membranes permeate flux, reaching up to 12.8 kgh~! m~2, and salt rejection rate of 99.8% were evaluated using Vacuum
Membrane Distillation (VMD). Furthermore, a fouling study was conducted to investigate the impact of operating time on
membrane performance, revealing a negligible decline in membrane fouling over a 200-h run.

Keywords Phase inversion - Polyvinylidene fluoride (PVDF) - Hydrophobicity - Desalination - Vacuum membrane distillation

(VMD)

1 Introduction

The availability of high-quality water is a critical envi-
ronmental concern in many regions worldwide due to the
increasing global population. To meet the demand for fresh-
water resources, efficient and environmentally friendly water
treatment technologies are necessary. Among various water
treatment processes, membrane-based separation methods
have gained prominence due to their inherent advantages,
including easy cleanability, scalability, and mild operating
conditions, which contribute to cost-effectiveness and adapt-
ability [1, 2].

Membrane distillation (MD) has emerged as a promising
technology for desalination, offering notable features such as
high separation efficiency [3], low energy consumption [4],
and low operating pressure [5]. In MD processes, the driving

<1 Sushant Upadhyaya
supadhyay.chem @mnit.ac.in

Department of Chemical Engineering, Malaviya National
Institute of Technology, Jaipur 302017, India

force for separation is the vapor pressure difference across
a micro-porous hydrophobic membrane, which allows only
vapor molecules to pass through to the permeate side of the
membrane module. In achieving stable flux and improved
rejection performance, various membrane properties play a
crucial role, including hydrophobicity, wetting characteris-
tics, liquid entry pressure (LEP), membrane porosity, pore
size distribution, and surface morphology. Understanding the
phenomena involved in membrane preparation is essential for
obtaining membranes with desired characteristics that ensure
long-term sustainability.

In the field of membrane distillation (MD),
poly(vinylidene) fluoride (PVDF) has emerged as the
preferred material for hydrophobic membranes due to its
excellent properties, including chemical and mechanical
resistance, which make it well-suited for MD applica-
tions [6, 7]. Among the various methods used to fabricate
PVDF membranes, the phase inversion technique is widely
employed [8, 9]. This technique encompasses four cat-
egories: non-solvent-induced phase separation (NIPS),
evaporation-induced phase separation (EIPS), thermally-
induced phase separation (TIPS), and vapor-induced phase
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separation (VIPS). Of these methods, NIPS is favored for its
simplicity and ability to produce membranes with desired
properties.

NIPS-prepared membranes possess an asymmetrical
and porous structure. Some researchers have successfully
enhanced membrane porosity by incorporating additives into
the dope solution. Surface modification techniques have also
been employed to increase the membrane’s hydrophobicity.
In MD applications, it is crucial for the membrane to be
hydrophobic to prevent the passage of liquid feed, allowing
only vapors to pass through [10]. A hydrophobic membrane
exhibits non-wettability, even under high flow rates and pres-
sures. The non-wetting behavior can be characterized by the
liquid entry pressure (LEP), which depends on factors such
as the contact angle of water with the membrane surface,
as well as the pore structure and size. The surface rough-
ness of the membrane significantly influences the contact
angle (hydrophobicity) of water on the membrane surface. By
adjusting the operating parameters during membrane prepa-
ration, the surface roughness can be enhanced.

It’s worth noting that limited research has ventured into the
combination of the two-phase inversion processes for syn-
thesizing PVDF-DMAc membranes [11, 12]. While some
authors have tinkered with process parameters, such as brief
exposure times to ambient air (ranging from 0.5 to 6 min)
before NIPS, however, they have not controlled the envi-
ronmental humidity [8, 13, 14].This brief exposure to the
atmosphere primarily affects the membrane’s surface but
cannot be considered as EIPS process. During this short
period, it basically promotes solvent evaporation, result-
ing in a thin skin layer rather than the formation of a
porous structure dominated by water vapor diffusion from
the atmosphere. The implementation of the prolonged EIPS
method before the NIPS process can profoundly impact
the membrane’s surface characteristics and hydrophobicity.
Therefore, in this study, combination of EIPS and NIPS meth-
ods has been explored in order to understand the process
dynamics for improving the membrane characteristics and
hydrophobicity. This research mainly focuses on synthesiz-
ing PVDF membranes using a controlled two-phase inversion
process, namely EIPS and NIPS. The casted membranes
undergo short to prolonged evaporation times during the
EIPS method prior to NIPS and its effect on the membrane’s
morphology, topography, mean pore diameter, membrane
porosity, contact angle and transmembrane flux were investi-
gated thoroughly. In addition, fouling study on the membrane
surface is also conducted in long run. The main of this work
is to contribute systematic knowledge and determining the
favorable condition of EIPS prior to NIPS during fabrica-
tion of PVDF membrane suitable for desalination application
using Vacuum membrane distillation in long usage.
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2 Material and Methods
2.1 Materials

Polyvinyl difluoride (PVDF) powder (FR- 904 grade, Kynar
HSV 900) was obtained from Sita Chemicals Pvt. Limited in
India. The solvent used, dimethyl-acetamide (DMAc), was
sourced from TECH INC India Pvt. Limited with a purity of
99.5% and a density of 0.940 g/ml. A non-woven fabric sheet,
100 wm thick, was utilized as the membrane support and
was supplied by Permonics Membrane Pvt. Ltd in Vadodara,
Gujarat, India.

2.2 Solubility Parameter

The dissolution of a polymer in a solvent is primarily influ-
enced by the Hansen solubility parameter [15]. Hansen’s
solubility parameter (R,) comprises three components: the
polar component (84), the dispersion force component (3,),
and the hydrogen bonding component (§5,). The value of R,
determined by Eq. 1, represents the distance between the
polymer molecule and the solvent molecule. A lower R, value
indicates better solubility of the polymer in the solvent.

R = \/4Ga1 — 80 + (51 — )7 + G — 842> (1)

where, subscripts 1 and 2 refer to the solvent and the polymer,
respectively.

2.3 Preparation of Dope Solution

PVDF flat sheet membranes were synthesized using the
dry—wet phase inversion method. To prepare the casting solu-
tion for membrane fabrication, PVDF powder (16 wt%) was
dissolved in the solvent DMAc (Dimethyl-acetamide). The
mixture of DMAc and PVDF powder was stirred at 70 °C
using a temperature-controlled magnetic stirrer to achieve
a homogeneous dope solution. The resulting solution was
then degassed to remove any trapped air. A non-woven fab-
ric was affixed to a glass plate to provide a smooth surface
for membrane casting. The homogeneous dope solution was
poured onto the non-woven fabric, ensuring even distribu-
tion. A membrane casting machine was employed to cast a
uniform and thin layer of the polymeric solution, resulting
in a film thickness of 250 microns over the non-woven fab-
ric. Following the preparation of the polymeric films, they
were placed in a BOD incubator under specific conditions as
outlined in Table 1 for the evaporation-induced phase sepa-
ration (EIPS) process of phase inversion. The incubation was
conducted at a temperature of 30 °C and a relative humidity of
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Table 1 Nomenclature of membrane prepared with different Evapora-
tion time during EIPS

Membrane code Evaporation time (min)

M-1 1

M-10 10
M-20 20
M-40 40

30%. This allowed for controlled evaporation of the solvent
within the film. Subsequently, the prepared film underwent
the non-solvent-induced phase separation (NIPS) process by
immersion in a water bath. The film was submerged in the
water bath for 24 h to ensure complete solvent removal from
the membrane matrix. After the phase inversion processes,
the membranes were dried at room temperature for one day
and then subjected to further characterization.

2.4 Membrane Characterizations

The synthesized membranes with different evaporation times
were subjected to comprehensive characterization to eval-
uate their morphology, hydrophobicity, crystallinity, sur-
face roughness, tensile strength, porosity, and permeability.
The characterization techniques employed included field-
emission scanning electron microscopy (FESEM) for mor-
phological analysis, the sessile drop method to determine
hydrophobicity, Fourier transform infrared spectroscopy
(FTIR) for assessing crystallinity, atomic force microscopy
(AFM) to measure surface roughness, universal testing
machine (UTM) for tensile strength evaluation, gravimet-
ric method to determine membrane porosity, and Vacuum
Membrane Distillation (VMD) for measuring membrane
permeability. These techniques provided valuable insights
into the membrane’s structural and functional properties,
enabling a comprehensive understanding of their perfor-
mance.

2.4.1 Gravimetric Method

The porosity of the synthesized membrane was determined
by the gravimetric method. A square coupon of dimension 1
x 1 cm was cut and submerged in propanol for 24 h at room
temperature so that the solvent could penetrate completely
inside the pores of the membrane. The weight of the wet and
dry samples was measured and the porosity of the membrane
was calculated by using Eq. 2 [16]:

Wi—W>
_ i
= @

d; dp

where is the W weight of the wet membrane, g; W, is the
weight of the dry membrane, g; d; is the 2-propanol density,
g/m’; d p is the polymer density, g/m3.

2.4.2 Scanning Electron Microscopy (SEM) and Image)J
Software

Scanning electron microscope (SEM) images of the PVDF
membranes were obtained to examine their top and cross-
sectional views. For the cross-sectional analysis, the mem-
branes were fractured using liquid nitrogen. To enhance
conductivity, all PVDF membranes were coated with a thin
layer of gold. The gold-coated membranes were then placed
on a copper holder and observed under the scanning electron
microscope (JEOL, JEM 2100). Multiple SEM images were
captured at different magnifications to examine the mem-
brane morphology.

To analyze the SEM images, Image] software was uti-
lized. The software was employed to determine the pore size
distribution and calculate the mean pore size. The equivalent
diameter of the membrane pores was determined based on
the estimated area obtained through image processing. The
circular assumption was made for the pores, and the calcula-
tion was performed using the formula presented in Eq. 3 [17,
18],

deq = v/A/x 3)

The pore size distribution for synthesized membranes was
obtained in the form of a histogram and probability density
function (pdf) estimated by Eq. 4 [19]:

—(Ind,, *1nl1«m)2
dfdy) P50 )

ddw) ~— dylno, 21

where, d,, is the membrane pore size,o,, is the geometric
standard deviation and p,, is the mean pore size.

“

2.4.3 Hydrophobicity and LEP

Hydrophobicity of the fabricated membrane was determined
by measuring the contact angle of the dry PVDF membranes
using the Sessile drop method. In this method, Kruss Drop
shape analyzer (DSA25) Mk2 was used to analyze the con-
tact angle, and a droplet of 4 pl of double distilled water
was placed onto the membrane’s top surface with the help of
a needle. Afterward, a static image of the water droplet on
the membrane surface was taken. Contact angles were mea-
sured using FTA software for each membrane at ten different
locations.

The liquid entry pressure of water (LEPw), was defined
as the maximum pressure difference at which the first drop
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of liquid water penetrates into the pores of the membrane.
This is calculated by a theoretical expression, based on the
Young Laplace equation, Eq. 5:

-2
LEPy, — —2Prcosd (5)

Fmax

where y is water surface tension, 6 is the contact angle of
water to the membrane surface, 7y, is the maximum pore
radius detected and B is the geometrical factor for the circu-
larity of pores varying from O to 1 (1 = for circular pores).

2.4.4 Fourier Transforms Infrared Spectroscopy (FTIR)

The PVDF crystal phase in fabricated membranes was
analyzed by FTIR spectra using a PerkinElmer, G-FTIR
instrument with a resolution of 0.5. The top layers of the
dry membranes were pressed firmly against the crystal plate,
and the FTIR spectrum was generated with a spectrum fre-
quency range from 400 to 4000 cm~!. Two replicates from
each membrane sample were measured.

2.4.5 Atomic Force Microscopy (AFM)

The surface roughness of the fabricated membrane was mea-
sured using an atomic force microscope Bruker Nano 5 AFM
setup at Material Research Center, MNIT Jaipur, operated in
tapping mode using commercially available Si cantilevers
(300 kHz frequency). The force constant of the cantilevers
was kept to be 40 N/m, and the cantilever’s oscillation fre-
quency was 300 kHz. The scan size of each sample was 5 x
5 wm with a scan rate of 1.0 Hz. At least two replicates were
analyzed for each membrane sample.

2.4.6 Mechanical Properties

Mechanical properties of the prepared membranes were mea-
sured using Universal Testing Machine (UTM, Instron-5967)
atroom temperature. The sample was prepared by cutting the
membrane samples in rectangular strips of dimension 10 cm
x 2 cm, with a margin of 1.5 cm on both sides to clamp the
sample in the machine. These samples were clamped at both
ends and pulled in tension at a constant elongation rate of
10 m/ min, gauge length 50 mm, and maximum force 250 N.
For each condition used, the average values of three replicates
were reported.

2.5 Membrane Flux and Salt Rejection

All the prepared membranes were tested on vacuum mem-
brane distillation (VMD) set up for desalination. The mem-
branes were cut into a circular shape (¢ = 90 mm with ¢,

Springer

= 52 mm) to fit in the VMD membrane module. The aver-
age permeate flux was determined after a 6-h run at constant
operating parameters of feed flow rate, feed temperature, feed
salt concentration, vacuum pressure, and chilling tempera-
ture. The permeate flux is measured by the following Eq. 6
[20]:

_,o><VxlO’6
N At

N Q)

where p is the density of permeate in kg/m?, V is the volume
collected in the permeate receiver in ml, A is the effective
membrane area (= nfg ) in m?, ¢, is the effective diameter
in m, ¢ is the time of permeate collection in h, and N is the
permeate flux in kg/m>-h.

The salt (NaCl) concentration in the permeate flux was
determined by estimating the electrical conductivity of the
permeate and by using the calibration curve drawn between
salt concentration and conductivity. The salt rejection was
calculated by using Eq. 7 [21]:

C
Salt rejectionR (%) = (1 — C—p> x 100 @)
f

where C), and C s are the salt concentrations in the feed and
permeate streams, respectively.

3 Results and Discussions

The fabricated membrane topography, morphology, crys-
talline phase, wetting characteristics, porosity, and mechan-
ical properties are investigated thoroughly by implementing
two steps in phase inversion process. Primarily, the effect of
evaporation time during EIPS process on membrane charac-
teristics is understood by using various analytical techniques
such as AFM, SEM, FTIR, sessile drop method, gravimetric
method, and UTM. The scientific findings are discussed in
detail in the subsequent sections.

3.1 Solubility

The solubility parameter of four different polar solvents
DMAc, NMP, DMSo and DMF was listed in Table 2. It was
observed that the value of R, the solvent — polymer pair of
DMACc and PVDF is smaller than those of other solvents,
indicating that the affinity of PVDF with DMACc is better
than other solvents, so DMAc is considered to be the best
solvent to dissolve PVDF.
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Table 2 Solubility parameter of

solvents with PVDF Name of solvent §d Ap Ah R,(Solvent-PVDF)
DMAc 16.8 11.5 10.2 1.624807681
NMP 18 12.3 7.2 2.569046516
DMSo 18.4 16.4 10.2 4.687216658
DMF 17.4 13.7 11.3 2.451530134
PVDF 17.2 12.5 9.2

Fig. 1 SEM images of the top surface of PVDF membrane prepared with different EIPS evaporation times at 5000 X(top) and 25,000 X (bottom)

magnification

3.2 Topographical Study

Numerous SEM top surface micrographs for casted mem-
branes were captured as shown in Fig. 1. Four sets of
micro-graphs are studied under an EIPS evaporation time
range of 1-40 min, with magnification of 5000X and their
magnified image is also shown in the same image at 20000X.
It is observed from Fig. 1 that membrane with an evapora-
tion time of 1 min has smooth and dense surface containing
numerous pores in it. This morphology results when NIPS
dominates the phase inversion process where there is a rapid
exchange of solvent and non-solvent at the time of demixing.
As the casted polymeric film was dipped in the coagula-
tion bath, immediately the phase separation began with the
movement of solvent out from the membrane matrix and
non-solvent inwards the membrane matrix. The membrane
matrix is divided into two phases: one with the higher poly-
mer concentration that forms the solid part of the membrane,
and another phase with the lower polymer concentration
that gives rise to the pores. The movement of solvent from

the membrane matrix toward the top surface increases the
polymer concentration at the top surface forming a thin poly-
meric layer at the top which acts as a mass transfer barrier
for solvent and non-solvent exchange rate. An asymmetrical
structure with a thin porous skin layer at the top, followed by
afinger-like structure, and underneath a sponge-like structure
was formed with EIPS evaporation time of one minute. When
the EIPS evaporation time increased to 10 min a noticeable
change was observed in the SEM image of the M-10 mem-
brane depicted in Fig. 1. Some small structures embedded in
the membrane matrix are visible showing the nucleation of
polymer PVDF. The nucleation of polymer can be explained
by the fact that the humidity present in the environment
causes instantaneous phase inversion of polymeric film at
some particular points resulting in the formation of small
globules at the membrane’s top surface. The formation of
these globules on the top skin of the casted membrane may
increase the membrane roughness and reduce the membrane-
wetting characteristics. From Fig. 2, it is observed that the
cross-sectional structure of the membrane is asymmetric in
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Fig.2 SEM images of the cross-sectional surface of PVDF membrane prepared with different EIPS evaporation times at 1000 X(top) and 5000 X

(bottom) magnification

nature with a small thin polymeric layer at the top surface,
showing that for EIPS evaporation time 10 min only, the sur-
face of the membrane get affected, whereas the membrane
matrix is similar to that prepared by NIPS method.

On further increasing the EIPS evaporation time for the
membrane to 20 and 40 min, the membrane morphology
underwent dramatic changes. The top surface is rough and
porous with spherulitic micro-particles are linked together
through fiber-like connections. This implies that polymeric
film may precipitate, and PVDF particles aggregate due
to crystallization during the slow phase separation process
induced by water vapors present in the environment. Here, the
crystallization of PVDF (solid-liquid demixing) has become
a competitive and predominant phase separation mechanism
compared to liquid-liquid demixing during phase separation.
The cross-section representation of this membrane is shown
in Fig. 2. It can be easily illustrated from the micrographs
that globular particles are created and interlocked totally to
form an open bi-continuous network. The same behavior in
the top and cross-sectional microstructure is observed for
M-3 and M-4. This indicates homogeneous and symmetric
morphology throughout the membrane matrix. For a long
exposure time, the demixing is initiated before immersion
into the coagulation bath, which results in globular morphol-
ogy without cellular pores.

The synthesized membrane’s average pore size is depicted
in Fig. 3, aligning with the described formation process. Ini-
tially, at a 1-min evaporation time, the pore size measured
0.13 pm. Subsequently, as the evaporation time increased
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Fig. 3 Effect of EIPS time on Average pore diameter of fabricated mem-
brane

to 10 min, the pore size expanded to 0.33 pwm. How-
ever, at a 40-min evaporation time, the pore size decreased
to 0.21 wm. These findings indicate that during the first
10 min, the Non-Solvent Induced Phase Separation (NIPS)
process predominates over the Evaporation-Induced Phase
Separation (EIPS) processes, resulting in an overall asym-
metric membrane structure created through the NIPS method.
Nonetheless, a minor alteration at the top layer contributes to
an increase in the membrane’s hydrophobicity. Furthermore,
with further increases in time, the EIPS process surpasses the
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phase inversion process, resulting in a symmetrical mem-
brane with smaller pore sizes. Dehban (2021) documented
analogous results, highlighting that the membrane aperture
displayed a sequence of behaviors: it initially expanded, sub-
sequently contracted, as exposure time prolonged [22].

3.3 Effect on the Crystal Structure of PVDF
Membranes

The FTIR spectrum analysis was performed to investigate
the change in the specific crystalline phase of different mem-
branes M-1 to M-40 on increasing the evaporation time of
EIPS process during phase inversion. The transmittance rep-
resented in FTIR spectra of fabricated membranes under
various evaporation times is shown in Fig. 4 for wave number
range from 400 to 4000 cm™!. It is observed that a similar
trend of depression was followed by all four membranes. It
is also corroborated from the spectra that g phase polymer-
ization dominates over the other two-phase (« and y) since
depression in each spectrum is observed to be at 840 and
470 cm~!. However, the depression peak is not observed at
796 and 762 cm™! for « phase and 834, and 567 cm~! for y
phase polymerization—this occurrence of 8 polymerization
because of the use of polar solvent for membrane synthesis. 8
polymorphs show high dipole movement as they align with
the same direction of C-F bonds of polar solvent whereas
o polymorphs show zero dipole movement as they are ori-
ented in opposite directions. Generally, o polymorphs are
favored during the crystallization of PVDF polymer, but
polymorphs are more stable thermodynamically. Moreover,
the EIPS process makes the membrane formation process
slower which favors thermodynamically stable 8 polymorph
as compared to faster NIPS process. Cui. Z. (2015) reached
a similar conclusion, indicating that a higher concentration

of the solution promotes the formation of the § phase of
polymerization [23]. Furthermore, as the duration of expo-
sure to EIPS increases, the remaining polymeric solution
becomes more concentrated. Consequently, with prolonged
EIPS exposure, the dominance of 8 phase polymerization
over the other two phases becomes more pronounced.

3.4 Study of Membrane Hydrophobicity
and Topography

The membrane wetting phenomena is understood by estimat-
ing the contact angle and LEP of the synthesized membranes.
It is found that the membrane contact angle increased from
91° to 117°, along with the increase in LEP from 19 to
180 kPa on increasing the EIPS evaporation time from 1
to 40 min, as shown in Figs. 5 and 6 respectively. It is also
evident from the figure that the desired contact angle was
obtained at an evaporation time of 10 min with a suitable
LEP for the membrane distillation process. The cause of the
increase in contact angle and LEP may be attributed to the
fact that a membrane with a short exposer time may create a
smooth top surface compared to a higher exposer time. This
fact is further examined by the AFM topography, as shown
in Fig. 7 to investigate the surface roughness [24]. It is visu-
alized that at a lower time EIPS evaporation of 1 min, the
surface roughness is found to be 81 with 38.6 nm (ridge) and
-42.4 nm (valley) as compared to the surface roughness of
229 and 725.9 nm for 10 and 20 min, respectively. Hence-
forth, the surface roughness is minor at a lower evaporation
time. This supports the fact of increasing contact angle with
evaporation time. Moreover, in this study, the increment in
contact angle and surface roughness was observed on increas-
ing evaporation time. This can be understood by the fact that
liquid-liquid de-mixing mass transfer trends shift towards
solid-liquid de-mixing.

3.5 Membrane Porosity and Its Mechanical
Properties

The effect of EIPS on membrane porosity and its mechanical
properties are represented in Fig. 8. On increasing the EIPS
time from 1 to 40 min, the synthesized membrane porosity
decreases from 58.7 to 52.3%. The decrement in the poros-
ity is due to the phase separation process prevailing before
coagulation because of solid-liquid demixing at a higher
evaporation time. As a result, polymer agglomerates form
worm-like structures, which in turn create smaller pore sizes
and poor interconnectivity in the synthesized PVDF mem-
brane. The same can also be corroborated from the SEM
image as shown in Figs. 1 and 2.

At lower evaporation time, there is a rapid exchange of
solvent and non-solvent at the membrane interface during
coagulation. This is because of the reason that the chemical
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Fig.6 Effect of EIPS evaporation time on contact angle and LEP of
synthesized membranes

composition of the thin polymeric layer at the membrane’s
top surface is above the binodal line in the ternary phase dia-
gram. In contrast, the chemical composition of the membrane
matrix is below the binodal line at the time of phase inversion.
This phenomenon creates a smooth top surface and deeper
finger-like pores in the membrane matrix. Furthermore, the
developed polymeric skin layer acts as a mass-transfer bar-
rier between solvent and non-solvent and increases the time
for exchange of solvent and non-solvent, which results in the
asymmetric highly porous structure of the membrane at lower
evaporation time. In spite of the bigger average pore size of
the membrane at the surface for the membrane prepared with
an EIPS evaporation time of 10 min, its porosity decreases
as the length of finger-like pores decreases. In EIPS process,
non-solvent moves in the upward direction of the membrane
matrix because of the concentration gradient formed on the
membrane surface. So, the fraction of solvent decreases in the
membrane matrix at the time of the NIPS process, causing in
reduction of the size of finger-like pores (caused by instan-
taneous de-mixing). The decrement in the void fraction of
the membrane matrix results in a less porous membrane and
on further increasing the EIPS evaporation time, nucleation
and growth process dominates over the NIPS process, i.e.,

@ Springer

most of the solvent from the membrane matrix gets evapo-
rated before putting it into the coagulation bath favoring the
spherulites formation by nucleation and growth mechanism.
The structure of the membrane became symmetrical with less
void content resulting in a decrement in porosity.

Moreover, the tensile strength of the fabricated membrane
was estimated using UTM under various evaporation times.
Figure 8 implies that membrane tensile strength decreases
from 180 to 117 MPa on increasing the EIPS time from 1
to 40 min. The reason for declining tensile strength may
be attributed to the fact that at higher EIPS time, the poly-
mer matrix is not interconnected due to extreme solid—liquid
demixing. This creates polymer agglomeration throughout
the membrane matrix, as a result, a worm-like structure and
less flexible microstructures are formed. In the literature [24,
25], it was emphasized that with a decrease in membrane
porosity, the membrane tensile strength increases, however,
an exciting result was observed in this study that both mem-
brane porosity and its tensile strength decrease. Zhao (2018)
contended that the emergence of spherulites within the mem-
brane matrix leads to a reduction in membrane strength [26].
Consequently, in a similar vein, as the EIPS time increases,
spherulite formation takes precedence. Despite a decrease
in porosity, it’s worth noting that membrane tensile strength
also declines. This result shows that membrane porosity and
tensile strength may show antagonistic as well as synergistic
effects depending on the interconnectivity of polymer matrix
during membrane fabrication.

3.6 Flux Through the Membrane

The fabricated PVDF membranes were tested for desalina-
tion through the VMD process, line diagram of which is
illustrated in Fig. 9. The feed solution of 20,000 mg/l NaCl
concentration was taken in a feed tank of 10 L. This highly
concentrated solution was heated at 60 °C and feed with a
volumetric flow rate of 2 lpm to the membrane module of
an effective membrane diameter of 52 mm under permeate
pressure of 10 kPa. The excess solution was bye-passed to
the feed tank. The vapor emerging in the permeate channel
of the membrane module was condensed in the condenser
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Fig. 8 Effect of EIPS time on porosity and tensile strength

using a continuous supply of cold water from the chiller in
which the temperature was maintained at 10 °C.

The water permeates flux obtained under stable operating
conditions for various fabricated membranes with respect to
EIPS evaporation time is shown in Fig. 10. Itis observed from
the figure that the highest permeate flux of 12.8 kg/m?h was
obtained at EIPS evaporation time of 10 min. This is because
of Poiseuille contribution along with Knudsen diffusion (0.01
< Kn < 1). Knudsen number is estimated to be 0.6 at STP by
Eq. 8 as follows:

1
A 2mdi ¥y
_ A Nmdy 8)
dpore dpore

Kn

where, X is the mean free path of the water vapor molecule
transferred (m), dy, is water vapor molecule diameter (m),
N/V is the number of molecules per unit volume (m’3), dpore
is the mean pore diameter of the membrane (m).

(b)yM - 10

334.9 nm
118.3 nm

-110.7 nm -391.0 nm

Height

(©) M — 20

Mean pore diameter is highest for EIPS evaporation time
of 10 min, therefore, the permeate flux is also highest for
this evaporation time since flux is proportional to dgore
for Poisuille flow. The superior quality of the membrane
prepared under these conditions is due to optimal solvent
uptake. However, with a further increase in exposure time
for the EIPS process, the flux decreases. This decline in
permeate flux is because of significant changes occurring
in the microstructure of the fabricated membrane since the
finger-like structure of the membrane converted to a worm-
like morphology on increasing the EIPS time from 10 to
40 min. Moreover, the surface roughness is also increased at
higher EIPS time; as a result membrane hydrophobicity gets
enhanced, which can be attributed to a higher contact angle.
The percentage removal is found to be constant throughout
under the range 99.3-99.9% with all the fabricated mem-
branes under different EIPS evaporation time.

3.7 Fouling Study

In a continuous operation, the salt concentration of
20,000 ppm was used as a feed solution for a VMD setup
and the trans membrane permeate flux was collected contin-
uously for about 200 h for all the four synthesized membrane
at various EIPS time to understand the fouling phenomena.
The operating conditions of the VMD setup were kept con-
stant throughout the operation: 20,000 ppm of NaCl feed
solution, 60 °C of feed temperature, 2 lpm of feed flow
rate, and 10 kPa of vacuum pressure for 200 h run. From
Fig. 11, it was observed that there is no significant decline
in the permeate flux for all the four membranes within
200 h process duration. The permeate flux was found to be
in the range of 14.89-13.8 kg/m? h for membrane synthe-
sized at 10 min EIPS time. However, permeate flux was in
the range of 11.49-10.7 kg/m? h, 10.56-9.69 kg/m? h and

@ Springer
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9.54-8.79 kg/m? h for the synthesized membrane at 20, 40
and 1 min of EIPS. Sing et al. observed comparable findings
when utilizing a commercial PVDF membrane. They noted
a 4% reduction in permeate flux through the membrane over
a continuous operation period of 200 h [27]. This minimal
decrement during the process may be due to the minor scale
deposition on the membrane surface. Each experiment is con-
ducted twice and the average value is considered in the data.
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Fig. 11 Effect of operating time on the permeate flux of synthesized
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4 Conclusion

In this study, PVDF microporous hydrophobic membranes
were fabricated by combining two-phase inversion tech-
niques in order to modify the properties of PVDF membrane
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for desalination application using Vacuum Membrane Distil-
lation. It was found from the micrographs that the membrane
microstructure changes remarkably from an asymmetri-
cal structure with finger-like long deep pores followed by
sponge-like pores to a worm-like structure throughout the
membrane matrix on increasing the evaporation time from
1 to 40 min. Furthermore, it was also observed that mem-
brane surface roughness gets affected significantly from 38.6
to 334.9 nm on increasing the evaporation time from 1 to
20 min. These elevations of ridges at higher evaporation
times also increase the membrane contact angle to a great
extent. The FTIR spectroscopy of membrane corroborated
that during phase inversion, B polymerization dominates
the « and y type polymerization. The pore size of mem-
brane is greatly affected by the EIPS evaporation time and
at 10 min evaporation time, maximum mean pore diameter
was obtained (0.33 pm) despite a slight decrease in porosity.
The membrane prepared with evaporation time of 10 min
shows better performance with 12.8 kg/m*h flux through
VMD with expectable LEP of 49 kPa with a good hydropho-
bicity characteristics of contact angle 98 °. All fabricated
membranes were rigorously tested within the VMD setup for
desalinating highly concentrated NaCl solutions. The results
demonstrated the membrane’s high potential for desalina-
tion, as the percentage removal consistently ranged from
99.3 to 99.9% across membranes prepared under varying
EIPS times. Furthermore, fouling phenomena during VMD
operation has been investigated in long run. It is clearly
evident from the experimentation that fabricated membrane
under 10 min evaporation time exhibits negligible fouling
compared to others. Even after a 200-h continuous run.
In conclusion, the integration of EIPS alongside NIPS in
membrane fabrication offers a promising avenue for achiev-
ing excellent hydrophobicity, controlled pore size, enhanced
flux, and superior performance during continuous operations.
This study underscores the potential for tailoring membrane
properties to meet the specific demands of VMD-based
desalination applications.”
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