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1. Introduction

Ithough water is a crucial component of life, wa-
ter scarcity and pollution continue to threaten hu-
mans, and every living organism and ecosystem
on the planet ""*. Nearly 1.1 billion people lack access
to fresh and clean water © . These water challenges are

commonly observed in rural settlements in developing
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Although PVDF flat sheet membranes have been widely tested in MD,
their synthesis and modifications currently require increased use of green
and inexpensive materials. In this study, flat sheet PVDF membranes
were synthesized using phase inversion and water as the pore former. Re-
markably, the water added in the casting solution improved the membrane
pore sizes; where the maximum pore size was 0.58 pm. Also, the incor-
poration of f-SiO2NPs in the membrane matrix considerably enhanced
the membrane hydrophobicity. Specifically, the membrane contact angles
increased from 96° to 153°. Additionally, other parameters investigated
were mechanical strength and liquid entry pressure (LEP). The maximum
recorded values were 2.26 MPa and 239 kPa, respectively. The modified
membranes (i.e., using water as the pore former and f-SiO2NPs) were the
most efficient, showing maximum salt rejection of 99.9% and water flux
of 11.6 LMH; thus, indicating their capability to be used as efficient ma-
terials for the recovery of high purity water in MD.

countries "*”). Currently, wastewater reuse and desalina-
tion serve as suitable alternatives to meet the increasing
demand for clean water, and to tackle water shortages.
Desalination has been extensively studied using mem-
brane technology . Notably, Membrane Distillation
(MD) has attracted the interest of many researchers over
other membrane technologies due to its efficient removal

of salts from water "',
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Membrane distillation is a liquid-mixture separation
process through a hydrophobic membrane. The vapour
pressure gradient induced by the temperature difference
across the two interfaces of the membranes is the main
driving force of the process ! '°. Therefore, the water
is transported through the porous membrane in the form
of vapour. In addition to process parameters and module
designs, MD performance is affected by membrane mor-
phology (i.e., including size and distribution of pores,
porosity, and surface roughness), physical and chemical
characteristics of the membrane, as well as membrane
wettability. Among other challenges, membrane morphol-
ogy has been the most limiting factor in simultaneously
controlling membrane wetting as well as improved fluxes
[17-20]

To circumvent the low rates of water recoveries in MD,
several studies have focused on the improvement of the
membrane pore sizes. Briefly, the electrospinning of nano-
fibre membranes has been tested as an alternative tech-
nique to enhance membrane pore sizes, pore distribution,
and porosity *'**. However, the resulting membranes
were prone to fouling owing to their high surface rough-
ness '** . Similarly, highly porous membranes (i.e.,
pore sizes > 1.5 pm) have shown a negative impact on the
Liquid Entry Pressure (LEP) of the membrane. Putting
this into a technical perspective, the LEP of membranes
must be strictly higher than the MD operating pressures
(29301 " Consequently, nanofibre membranes are likely to
encourage the passage of liquid water due to their large
pores; thus, compromising the overall performance of the
separation process "',

Besides nanofibre membranes, flat sheet and hollow
fiber membranes have been extensively explored for their
possible application in MD. For instance, Bruggen and
co-workers tested commercial PTFE, PVDEF, PE, and PP
flat sheet membranes in Direct-Contact MD (DCMD)"?.

Water fluxes ranging between 15 — 20 L-m™-h”" were
reported. Several water-soluble pore-forming agents, in-
cluding polyvinyl pyrrolidone (PVP), polyethylene glycol
(PEG), and polyacrylic acid (PAA) have been success-
fully tested for enhancing the pores of the membrane ™.
Although water is a green component during membrane
synthesis, its exploitation in the preparation of MD mem-
branes has been rarely reported. In this study, water was
used as the pore former (additive) and non-solvent (coagu-
lant) during the phase-inversion synthesis of hydrophobic
PVDF flat sheet membranes for MD. Moreover, octadec-
yltrimethoxysilane (OTMS)-modified silica nanoparticles
(f-SiO,NPs) were incorporated into the PVDF membranes
to enhance their hydrophobicity. This novel combined
procedure would highly assist in preventing MD mem-
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brane wetting, improving the rate of water recovery, as
well as increasing salt rejections.

2. Materials and Methods

2.1 Reagents

PVDF (MW = 534,000 g mol '), N,N-dimetheylacetamide
(DMAC) (Puriss p.a., 99.5%) were purchased from Sigma
Aldrich (Germany). Deionized water (Direct-Q®, Merck
Millipore) were used for solution preparation.

2.2 Synthesis of Membrane Samples

PVDF flat sheet membranes were prepared following a
previously reported non-solvent induced phase method
B4 Briefly, PVDF (10 g) was transferred to a conical
flask containing DMAc (100 mL). In order to enhance
the membrane pore sizes and hydrophobicity, water and
OTMS-modified SiO,NPs were added into the casting
solution. The detailed synthesis of OTMS-modified
SiO,NPs is reported elsewhere °*'. The mixtures were
stirred for 4 h at 80°C, followed by vacuum degassing.
The compositions of the casting solutions are presented
in Table 1. The solutions were cast on a glass plate using
a casting knife with a gap height of 150 um, followed by
immediate immersion in a 15°C water coagulation bath.
The prepared membranes were stored in deionized water
for 48 h to complete the phase separation process. The
membranes were air-dried prior to characterization and
use. Pristine PVDF flat sheet membranes (i.e., neither
pore-enhanced nor modified with f-SiO,NPs) were termed
as M1. The pore-enhanced membranes using 2% and 4%
water additive were termed as M2 and M3, respectively.
Similarly, the pore-enhanced membranes using 2% and 4%
water additive and subsequently modified with 1%(w/v)
f-SiO,NPs were termed as M4 and M5, respectively.

Table 1. Composition of the casting solution for the syn-
thesis of PVDF flat sheet membranes

Membrane | PVDF(g) | DMAc(mL) | H,0 (g) SiO,NPs (g)
M1 10 100 0 0
M2 10 100 2 0
M3 10 100 4 0
M4 10 100 2 0.1
M5 10 100 4 0.1

2.3 Characterization of Membranes

The surface and cross-sectional morphology of the mem-
branes were investigated using Scanning Electron Micros-
copy (SEM, JOEL STM-IT300). Likewise, the surface to-
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pography and roughness of the membranes were analyzed
using Atomic Force Microscopy (AFM, Witec Alpha 300
A, TS-150). In order to assess the hydrophobic nature of
the membranes, water contact angle measurements were
conducted using the sessile drop method in a DSA30E
Kruss drop shape analyzer (GnbH). The Liquid Entry
Pressure (LEP) was measured using a dead-end cell. The
cell was filled with deionized water, and the pressure was
gradually increased until the presence of filtrate was re-
corded. The tensile strengths of the membranes were cal-
culated from the stress-strain graphs, which were obtained
using a Small Angle X-ray Scattering system (SAXSpace,
Anton Paar GmbH) equipped with a universal extensional
fixture. The membrane pore sizes were measured using
the dry-to-wet method in a liquid expulsion capillary flow
porometer (3G). Finally, the porosity of the membranes
was obtained from the polymer density measurements
where isopropyl alcohol (i.e., which penetrates inside the
pores of the membrane) and de-ionized water (i.e., which
does not penetrate through the membrane pores) were
used. The following equation was used to calculate the
membrane porosity (€).

— (WW_Wd)/pi
W, —w)/ p+w,/p,

()

Where W, is the weight of the dry membrane, W, is
the weight of the wet membrane, /0; is the density of iso-
propyl alcohol, and P, is the density of the polymer.

2.4 Membrane performance in Direct Contact
Membrane Distillation

The performance of the PVDF flat sheet membranes
was studied on a DCMD laboratory-scale set-up using a
35%(w/v) NaCl solution (i.e., typical concentration of dis-
solved salts in seawater). The temperature of the feed and
permeate streams were kept at 60°C and 20°C, respective-
ly. The feed and permeate streams were cycled through
the MD cell (i.e., active surface area of 1.25 x 10 m’) at
a flow rate of 0.75 L-min”' in a counter flow mode. The
feed stream was composed of either deionized water (i.c.,
resistivity of 18 MQ.cm) or saline water (i.e. 35%(w/
v) NaCl solution), while the initial permeate stream was
composed of deionized water. The water flux was calcu-
lated using equation 2, by following the change in per-
meate weight (g) over time. The weight increment of the
water passing through the membrane in vapour state was
measured using an EMB 3000 1 weighing balance (Kern
& Sohn GmbH). To calculate the salt rejection efficiency,
the conductivity of the feed and permeate solutions was

Distributed under creative commons license 4.0

monitored using a Shimadzu conductivity meter. Based
on the initial and final electrical conductivities of the feed
and the permeate, equation 4 was used to calculate the salt
rejection (SR) performance.

AV

= 2
water AtnA ( )

Where AV is the volume of the permeate collected at
a time interval At, and 4,, is the membrane surface area.
The difference in volume (AV) was calculated from the
change in mass (Am) of the water collected, where 0.997
kg/L was used as the density (p) of water at room tem-
perature (equation 3).

A
Ay =22 3)
P
C
SR=| 1= |*100% )

/

Where SR is the salt rejection, C,and C, are the salt
concentrations in the feed and permeate streams, respec-
tively.

3. Results and Discussion

3.1 Morphological Analysis of Membranes

The SEM analysis was performed to investigate the
surface morphology and pore geometry of the PVDF
flat sheet membranes. Figure 1 presents the surface and
cross-sectional micrographs of the membranes. All mem-
branes exhibited similar topography with a slight change
in pore size when the amount of pore former (water) was
increased in the casting solution. The differences in mem-
brane pore sizes were discussed in the forthcoming sec-
tions. During the preparation of the casting solution, the
maximum amount of water added was 4%(w/w) relative
to the solution. Beyond this weight percentage, the casting
solution formed a suspension due to the exchange of sol-
vent (DMAc) and non-solvent (water). Remarkably, the
porous structure of the membrane was formed when the
coagulation processed was slowed down. Therefore, the
added water during the preparation of the casting solution
reduced the diffusion rate of the non-solvent during phase
separation.

A careful analysis of the cross-sectional images
demonstrated the formation of finger-like pore structures.
Remarkably, the interstitial spaces between the porous
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internal structures increased with increasing water content
(Figure 1 M2-M5). Similar observations were reported
by Malik et al. (2018) when water-soluble polymers such
as PAA and PEG were used as pore formers during mem-
brane synthesis . Contrarily, the addition of f-SiO,NPs
did not show a significant change in surface and internal
morphology. Therefore, the water added as an additive in
the casting solution played a significant contribution in
the formation of the microvoids within the internal struc-
ture of the membrane. According to Gumbi and co-work-
ers, water increases the casting viscosity; thus, bringing
the solution viscosity closer to the binodal composition
where the suppression of macrovoids is favoured "*.
These changes in membrane morphology as a function of
increase in additive content have a direct impact on mem-
brane topology and roughness *'.

Figure 1. SEM micrographs of PVDF flat sheet mem-
branes

Note: (M1) Pristine PVDF flat sheet membranes, (M2 & M3) pore-en-
hanced membranes using 2% and 4% water additive, respectively, and
(M4 & M5) pore-enhanced membranes using 2% and 4% water additive,
respectively, and subsequently modified with 1%(w/v) f-SiO,NPs.

To investigate the effect of additives (i.e., water and
f-SiO,NPs) on the membrane topology and roughness, an
AFM analysis of the membranes was conducted (Figure 2).
The analysis was performed on pristine PVDF flat sheet
membranes (M1), pore-enhanced membranes using 4%
water additive (M3), and pore-enhanced membranes using
4% water additive and subsequently modified with 1%(w/
v) f-SiO,NPs (M5). These membranes selected for AFM
characterization are a representative of the different syn-
thesis methods performed in the current study. The surface
roughness increased upon addition of water in the casting
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solution, as evidenced by the root mean square roughness
(Squmi < Squ)- Likewise, the addition of f-SiO,NPs further
enhanced the membrane surface roughness. Thus, the
order of membrane surface roughness was M1<M3<MS5.
Remarkably, the increase in membrane roughness was
not only caused by the pore formation induced by water
added as an additive in the casting solution but also by
the membrane viscosity as stated in the previous section.
Additionally, surface roughness was mainly caused by
the protrusion of SiO,NPs leading to the formation of
re-entrant structures. In previous studies, it was reported
that membranes with high surface roughness encourage
air-entrapment °*, These air-entrapment increases mem-
brane resistance to wetting by low surface tension liquids.
An increase in membrane roughness is an indication of
increased effective membrane area caused by the nodular
shapes with valleys, which is ultimately beneficial for MD
applications.

Figure 2. AFM images of PVDF flat sheet membranes

Note: (M1) Pristine PVDF flat sheet membranes without the pore former
and SiO,NPs, (M3) pore-enhanced membranes using 4% water additive,
and (M5) pore-enhanced membranes using water 4% water additive and
subsequently modified with 1%(w/v) f-SiO,NPs.

3.2 Contact Angles and Liquid Entry Pressure

The membranes used in MD applications should be strict-
ly porous and not be wetted by the process liquids "”.
Consequently, the LEP should not be lower than the oper-
ating pressure of the process. Therefore, the membranes
should be hydrophobic. As such, the effect of additives on
the membrane wettability (i.e., assessed by the membrane
contact angle) and liquid entry pressure were presented in
Figure 3. The contact angle (CA) results showed that the
pristine PVDF flat sheet membranes (M1) were hydro-
phobic (CA = 96+2°). The addition of water as the pore
former did not impact the membrane contact angles. The
contact angles for M1, M2, and M3 were approximately
similar (CA,;, = 96°, CA,,, = 97°, CA\; = 94°). Remark-
ably, the PVDF membranes changed from hydrophobic
to superhydrophobic (CA = 153°) upon the addition of
f-SiO,NPs. This phenomenon was in agreement with pre-
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viously reported studies ™"
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Figure 3. Contact angles and LEP of PVDF flat sheet
membranes

Note: (M1) Pristine PVDF flat sheet membranes, (M2 & M3) pore-en-
hanced membranes using 2% and 4% water additive, respectively, and
(M4 & M5) pore-enhanced membranes using 2% and 4% water additive,
respectively, and subsequently modified with 1%(w/v) f-SiO,NPs.

The membrane-water contact angle showed a direct
impact on the liquid entry pressure (LEP). Also, the LEP
was affected by the membrane pore size as well as the
geometry. Notably, the LEP gradually decreased from
126 kPa (M1) to 114 kPa (M3). This change in LEP was
ascribed to the increase in membrane pore-size (Figure 4).
A drastic change in LEP (i.e. from 126 kPa to 239 kPa)
was observed on the superhydrophobic membranes (i.e.,
compared to the hydrophobic membranes). This change
was caused by cavitation induced by the superhydropho-
bic nature of the membranes and the water polarity. Water
becomes energetically unstable when in contact with the
superhydrophobic membranes, resulting in the formation
of water bubbles and blocking the membrane pores. Con-
sequently, the water requires higher pressures to be driven
across the membrane. This phenomenon was also reported
by Li and co-workers °*

3.3 Pore Size and Mechanical Strength of Mem-
branes

As previously indicated, membrane pore sizes have a di-
rect relationship with LEP. Similarly, the membrane pores
also exert an impact on the mechanical strength of the
membrane. Therefore, to investigate the effect of additives
on the size of the pores and the mechanical strength of
membranes, the membrane pore size and Young’s mod-
ulus were recorded and presented in Figure 4. The pore
sizes of membranes M1, M2, M3, M4, and M5 were 0.21
pm, 0.39 um, 0.52 pm, 0.47 pm, and 0.58 pm, respective-
ly. The size of the membrane pores depends on the rate of
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solution phase separation. Briefly, the addition of the pore
former (water) decreased the rate of solvents exchange
during phase separation leading to the formation of big
pores. Therefore, water was the primary contributing fac-
tor for the formation of highly porous membranes.

0.8 40 =
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Figure 4. Pore size and Young’s modulus of PVDF flat
sheet membranes

Note: (M1) Pristine PVDF flat sheet membranes, (M2 & M3) pore-en-
hanced membranes using 2% and 4% water additive, respectively, and
(M4 & M5S) pore-enhanced membranes using 2% and 4% water additive,
respectively, and subsequently modified with 1%(w/v) f-SiO,NPs.

While highly porous membranes are a pre-requisite in
MD, the increase in membrane pores led to a decrease in
mechanical strength, as evidenced by Young’s modulus
(Figure 4). Specifically, Young’s moduli decreased from
2.26 MPa for the pristine membrane (M1) to 1.29 MPa
upon the addition of 4% H,O in the casting solution (M3).
This lower mechanical strength was associated with in-
creased voids within the structure, causing a crack prop-
agation during tensile stress and subsequently resulting
in a mechanically weaker membrane. However, further
addition of f-SiO,NPs led to a slight increase in mechan-
ical strength. The incorporation of NPs in the membrane
decreased the membrane porosity, rendering them stron-
ger. Also, the silica nanoparticles act as crosslinkers in the
composite membranes and increase the membrane rigidity,
which subsequently improved their mechanical strength.

Similar observations have been reported elsewhere ***.

3.4 Flux and salt rejection studies

The water flux and salt rejection across all PVDF flat
sheet membranes were studied in a DCMD set-up, and the
results were presented in Figure 5 and 6, respectively. The
measurements were conducted at 10 h. intervals while the
feed and permeate temperatures were kept at 60° and 20°,
respectively. The initial water fluxes of M1, M2, M3, M4,
and M5 were 6.6 LMH, 7.8 LMH, 8.2 LMH, 10.2 LMH,
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and 11.6 LMH, respectively. An unstable slight increase
in water flux on M1, M2, and M3 was associated with
the possible wetting within membranes; thus, promoting
the passage of water in a liquid state. This possible mem-
brane wetting would be related to low LEP values (114-
126 kPa). Thus, the final water flux on M1-M3 ranged
between 6.9 LMH — 8.1 LMH. Contrariwise, an unstable
slight decrease in water flux was observed on M4 and M5.
This flux decay was attributed to the possible temperature
polarization and membrane artifacts deviations. The final
water flux on M4 and M5 was 9.4 LMH and 9.7 LMH,
respectively. Although the superhydrophobic membranes
(M4-M5) were affected by the process parameters, result-
ing in a flux decay as a function of time, they performed
well in terms of fluxes compared to the less hydrophobic
MI1-M3.

The salt rejection studies were performed using
35%(w/v) NaCl. A 99.9% salt rejection was recorded
for £-SiO,NPs-modified PVDF flat sheet membranes. An
almost stable salt rejection was observed with a minimal
loss (£0.06%) on M4 and MS5. Furthermore, a slight loss
in salt rejection (from 99.2% to 97.8%) was recorded
on pristine PVDF membrane (M1). Salt rejection losses
recorded for M1-M3 were in the range of 1.4-1.5%. The
higher decay in salt rejection on M1-M3 compared to
M4-M5 would be attributed to membrane wetting. While
membrane porosity is a requirement in MD, highly porous
membranes with low hydrophobicity promote membrane
wetting by the process liquids; thus, compromising the
separation efficiency of the membrane. Therefore, a com-
bined strategy for improved membrane porosity and hy-
drophobicity is imperative.

12
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0
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Figure 5. Water flux in DCMD using PVDF flat sheet
membranes

Note: (M1) Pristine PVDF flat sheet membranes, (M2 & M3) pore-en-
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hanced membranes using 2% and 4% water additive, respectively, and
(M4 & MS5) pore-enhanced membranes using 2% and 4% water additive,
respectively, and subsequently modified with 1%(w/v) f-SiO,NPs.
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Figure 5. Salt rejection in DCMD using PVDF flat sheet
membranes
Note: (M1) Pristine PVDF flat sheet membranes, (M2 & M3) pore-en-
hanced membranes using 2% and 4% water additive, respectively, and

(M4 & MS) pore-enhanced membranes using 2% and 4% water additive,
respectively, and subsequently modified with 1%(w/v) f-SiO,NPs.

3.5 Membrane Performance Comparison Studies

A comparison of MD performance using PVDF flat
sheet membranes was illustrated in Table 2. This summary
was obtained from the literature and the current study. The
synthesized PVDF flat sheet membranes demonstrated
performances similar to those in the literature. The high-
est flux (22.4 LHM) was reported by Fan et al (2013) .
However, the salt rejection reported were similar to those
obtained from the f-SiO,NPs reported in the current study.

Table 2. Properties of PVDF membranes and their perfor-
mances at 60°C feed temperature

Mem- |10 ca | Lep | TO| T | i | P (SRR
Prane | umy | O [ €PD umy| ) | oapay |PMI) (o5
M1 1013 96 | 126 (022 76 | 23 | 6.6 | 99.2| 1N
study
M2 | 734 | 97 | 118 |0.39]| 81 18 | 7.8 | 989 | This
study
This
M3 | 942 | 94 | 114 |052] 86 | 13 | 82 | 989
study
This
M4 | 905 | 153|239 047] 78 | 20 |102]999
study
This
M5 | 913 | 141|233 058] 79 | 1.9 | 11.6|99.9
study
PVDF/
sio, | - |135[310] - | - i 29 1999 | [41]
PYof - 156 | 275 [052| 69 - 83 |99.9 | [42]
i0,
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PVDF/

PTFE 81 | 145|120 (0.43| 80 - 2241999 | [40]
PVDF | 62 - 13001034 79 - 52 - [43]
PVDF | 104 | 87 - 1048 54 - 12 - [44]
PVDF/

LiCl 107 1290 | - 81 - 9.7 | 99 | [45]

4. Conclusion

In this study, highly porous and superhydrophobic PVDF
flat sheet membranes were synthesized and tested for water
desalination in MD. The addition of water in the casting
solution resulted in improved membrane pores. To achieve
superhydrophobicity, f-SiO,NPs were incorporated in the
flat sheet nanocomposite membranes. Remarkably, the NPs
did not affect the membrane pore sizes, clearly demon-
strating the combined achievement of membrane pores
and hydrophobicity for improved application in MD. The
recorded membranes pore sizes, mechanical strength, LEP,
contact angle were in the following ranges; 0.21-0.58 pum,
1.29-2.26 MPa, 114-239 kPa and 96-153°, respectively.
These membranes were efficient in salt rejection. However,
the f-SiO,NPs-modified membranes showed the highest
efficiencies. Furthermore, the modified PVDF membranes
were characterized by high water fluxes, indicating a prom-
ising use for high rate water recoveries in MD.
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