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ABSTRACT

A simple protocol for the isolation of hydrophobically coated silica nanoparticles (HSN) by reacting
tetraethyl orthosilicate (TEOS) with an excess of heptadeca- fluoro-1,1,2,2-tetrahydrodecyl) triethox-
ysilane is developed. The fluorinated HSN particles demonstrated a high dispersion of upto 4.0 wt%
in a dope solution of 15 wt% of polyvinylidene difluoride (PVDF) in N,N-dimethylformamide. The
nanocomposite membranes were prepared by the phase inversion technique with a casting thickness
of 150 pm. PVDF-HSN membranes witnessed an improved porosity and hydrophobicity compared
to the neat PVDF membrane. The membrane morphological, contact angle, roughness, and liquid
entry pressure studies demonstrated a suitable modification of membranes in favor of membrane
distillation (MD) application. The MD performance was tested in direct contact membrane distil-
lation configuration for the hot feed of Arabian Gulf seawater with a TDS of 35,800 ppm, and cold
deionized water as permeate. Though, the loading of HSN above 3.0 wt% produced more hydropho-
bic membrane surfaces, the loading of 3.0 wt% of HSN was settled as an optimized composition to
attain high performance during MD. The maximum transmembrane permeate flux of 42.32 kg/m*h
with total salt rejection was obtained for 3.0 wt% loading of HSN when feed and distillates tempera-
tures were at 80°C and 20.0°C, respectively.
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1. Introduction

Membrane distillation (MD) has gained much atten-
tion across the globe as an efficient technology for the
extraction of pure water from seawater and concentrated
brine discharge. MD technology works on the principle
of transport of water vapors through a porous and hydro-
phobic membrane by maintaining a temperature difference
across the membrane [1]. The development of membranes
for MD application comprises a proper selection of poly-
meric material is desired to achieve a membrane surface
with a high porosity and good hydrophobicity to avoid
the membrane wetting during the operations. The most
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commonly employed polymers for membrane fabrica-
tion are polyvinylidene difluoride (PVDE), polypropylene
(PP) and polytetrafluoroethylene (PTFE).The PVDF based
membranes could be easily fabricated using non-solvent
induced phase separation due to its solubility in common
polar organic solvents [2]. While the melt extrusion tech-
niques are quite commonly employed for the fabrication of
PP and PTFE membranes due to their solubility issues [3].
PVDF polymer as a neat membrane material lack from
sufficient porosity and hydrophobicity for MD applica-
tion. Therefore, several methods have been developed in
the literature to improve the characteristics of PVDF mem-
branes for MD application. The incorporation of hydro-
phobic nanomaterials as a nanofillers either by blending

1944-3994 / 1944-3986 © 2019 Desalination Publications. All rights reserved.



R. Kumar et al. / Desalination and Water Treatment 148 (2019) 20-29 21

or by coating are the interesting options to improve PVDF
membrane performance [4]. The hydrophobic nanoparticles
have great influence on the improved membrane morpho-
logical features, porosity, pore size, and hydrophobicity in
favor of MD application [5]. The silica (Si) nanoparticles
demonstrate a facile protocol for the hydrophobic mod-
ification due to the presence of reactive -OH groups and
quite commonly employed modification method include
fluorination reaction using different derivatives of triethoxy
silanes [6-9]. The incorporation of fluoro Si into the PVDF
membrane matrix revealed an interesting option to attain
improved permeation and long-term stability during MD
experiments. Zhao et al. 2017 developed a facile surface
modification method to obtain hydrophobic PVDF mem-
branes by depositing fluorographite particles on the mem-
brane surface [10]. The wetting resistance of the membrane
surfaces increased with the increase in a number of fluoro-
graphite particles on the membrane surface. A better perfor-
mance, sustainability in DCMD tests was achieved using a
highly concentrated sodium chloride (10 wt%) solution as
feed. Lu et al. developed the amphiphobic PVDF compos-
ite membranes for MD with excellent tolerance to various
organic foulants [11]. An easy surface modification method
was explored by dynamically forming perfluorooctyl tri-
chloro silane (PFTS) and coating SiO, nanoparticles onto
the PVDF membrane surface. The anti-fouling, anti-wetting
properties of the surface modified membranes improved
along with the stable operations during the DCMD trials.
The membranes prepared by the blending of nanoparti-
cles has advantages over coating technique, where the for-
mer technique allows the insertion of nanoparticles into the
bulk of membrane matrix [12]. The incorporation of highly
dispersible hydrophobic nanoparticles alters the membrane
morphological features in favor of MD application. Sebas-
tian et al. fabricated the high flux, robust membranes for the
purification of artificial seawater by incorporating graphene
oxide functionalized with 3-(aminopropyl) triethoxysilane
(APTS) into PVDF polymer solutions [13]. The addition of
graphene oxide (GO) and GO-APTS enhanced the perme-
ate flux by 52% and 86%, respectively, compared to pure
PVDE. The best performing membrane contained 0.3 wt%
GO-APTS (with respect to PVDF) and had a flux of 6.2 LMH
(L m~*h™") whilst maintaining perfect salt rejection (>99.9%).
These improvements were attributed to increased surface
and bulk porosity, larger mean pore size and hydrophilic.
Mohamed et al. prepared multi-walled carbon nanotube
(MWCNT), silicon dioxide (SiO,), titanium dioxide (TiO,)
and zinc oxide (ZnO) doped polysulfone (PSf) flat sheet
membranes was by phase inversion process [14]. The high-
est permeate flux obtained in the order of MWCNT (41.58)
> Si0, (38.84) > TiO,(35.6) >ZnO (34.42 L/m?h) with opti-
mized concentration of 1.0, 0.5, 0.75, 0.5 wt% relative to
PSf weight, i.e. 15%. The optimum operational conditions
included feed and permeate temperatures 60°C and 20°C,
respectively, synthetic NaCl feed water with salinity was
10,000 ppm. Hou et al. prepared poly(vinylidene fluo-
ride-co-hexafluropropylene) (PVDF-HFP)/Silica nanopar-
ticles (SiNPs) flat-sheet hybrid membranes for membrane
distillation via electrospinning, and the effects of SiNPs on
the properties of the resultant membranes were investigated
[15]. The SiNPs addition enlarged the pore diameter and
the liquid entry pressure of water of the hybrid membrane

was not significantly influenced by the SiNPs addition. The
membranes were tested through direct contact membrane
distillation using 35 g/L NaCl solution as feed, and the
highest permeate flux bout 48.6 kg/m? h was obtained and
the salt rejection maintained 99.99%. The membrane hydro-
phobicity can also maintain well with long-time immersion
in salt solution. A novel PVDF blend nanocomposite mem-
brane to enhance the flux and wetting resistance of PVDF
membranes for MD applications was prepared using a
polystyrene/ZnO (PS/ZnO) hybrid nanocomposite [16]. It
was found that the addition of the PS/ZnO hybrid nano-
composite (0.25, 0.5 and 0.75%) resulted in an increase in
porosity (>70%) due to increased pore size and reduction of
the spongy layer thickness. Furthermore, the addition of the
nanocomposite also improved the surface roughness and
contact angle. The membranes composed of 0.75% PS/ZnO
hybrid nanocomposite exhibited high performance stability
and the desalination flux of 30 g L™ saline aqueous solution
significantly increased, and rejection reached 99.99%.

The favorable morphological characteristics of MD
membranes include a sponge-like structure than a fin-
ger-like structure for the improved porosity and mechani-
cal property [17,18]. Sun et al. reported the formation of the
finger-like upper layer and the sponge-like bottom layer by
the blending of polydimethylsiloxane with PVDEF [19]. With
the increase of PDMS in the dope solution, the length of the
finger-like layer reduced, and the loose spongy pores fully
distributed over the membrane cross sections. The altered
morphological features, especially with more sponge-like
structures, were achieved by a uniform and high dispersion
of nanoparticles in the dope solution. The spongy structures
were formed due to the lowered rate of precipitation during
the phase inversion process in the presence of nanoparti-
cles [20,21]. The reformed morphological structures with
increased spongy pores by the incorporation of nanoparti-
cles was consistent with the few other MD studies [22,23].

In this current work, we demonstrate a novel pro-
cess for the isolation of hydrophobically modified silica
nanoparticles (HSN) by coating a long chain fluoro deriv-
ative of triethoxy silane. The coated particles were segre-
gated in the reaction mixture itself by adding an excess of
heptadeca-fluoro-1,1,2,2-tetrahydrodecyl) triethoxysilane
(HDFTT) as a reagent. The HSN nanoparticles were charac-
terized and used as filler for the fabrication of PVDF nano-
composite membranes. The seawater desalination of newly
fabricated PVDF-HSN membranes was tested in direct con-
tact membrane distillation configuration. Also, this study
covers the detailed characterization of PVDF-HSN mem-
branes to correlate the membrane structural features with
the desalination performance results.

2. Materials and methods

The polymer PVDF Kynar® HSV 900 powder (specific
gravity: 1.76-1.79, tensile strength at yield (MPa), tensile
elongation at yield (5-10%) was acquired from Arkema Inc.
HDFTT was purchased from ABCR GMBH, Germany, Tet-
raethylorthosilicate and polyethylene glycol (M = 600 Da)
were procured from Sigma Aldrich Co., ethanol, sodium
chloride, and 25% solution of aqueous ammonia were pur-
chased from Merck Co.
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2.1. Synthesis of fluoro coated silica nanoparticles (HSN)

The synthesis of HSN includes a reported protocol in the
literature with modifications in the stoichiometric ratio of the
reactants [24]. In the modified protocol the excess addition
of HDFTT allowed the settling of precipitated fluoro coated
Si in the reaction mixture itself. In a typical procedure, tet-
raethyl orthosilicate (20 mL), with an excess of HDFTT (10
mL) was dissolved in 100 mL of ethanol at 25-26°C. Then the
reaction mixture was charged with a solution of ammonium
hydroxide/ethanol solution (25 ml 28% NH,-H,O in 75 mL
ethanol) at 25-26°C. The turbid solution was allowed to stir
at 25-26°C for 12 h to ensure complete fluoro coating of the
Si nanoparticles. The stirring was stopped to settle down the
precipitated HSN particles, the supernatant was separated by
decanting, the precipitates were washed with ethanol (2x100
mL) followed by washing with deionized water (1x100 mL)
and dried at 80°C for 5 h.

2.2. Preparation of membranes

PVDF (15.0 wt%) was dissolved in N, N-Dimethylfor-
mamide (82.0 wt%) and polyethylene glycol (3.0 wt%) over
a period of 10 h at 50°C. The dope solution was allowed to
stand at 50°C for 1 h to eliminate the trapped air bubbles.
Then, the dope solution was cast over a polyester non-wo-
ven fabric support using a casting blade adjusted to a thick-
ness of 150 pm. Finally, the membrane was precipitated by
dipping the coated fabric support in deionized water at
25-26°C. So, the obtained membrane was washed several
times with the DI water and dried at 25-26°C before char-
acterization. The PVDF membranes with HSN fillers were
prepared using the similar protocol and their compositions
as presented in Table 1.

2.3. Membrane characterization
2.3.1. FTIR analysis

The FTIR of HSN was recorded using ATR-IR instru-
ment from Bruker Co. (ALPHA model) to confirm the chem-
ical modification of silica nanoparticles by fluoro coating.

2.3.2. Membrane morphological study

FESEM from Keysight technologies (model-1500) was
used for the membrane surface and cross-sectional images
in backscattering mode, to characterize HSN particles and
to take Energy dispersive spectrum of the PVDF-3.0HSN

Table 1

membrane. The surface roughness of the membranes was
recorded using AFM instrument from Concept Scientific
Instrument (Nano-Observer), France, by scanning the
membrane surface over 10 x 10 um dimensions.

2.3.3. Contact angle measurement

The membrane surface hydrophobicity was evaluated
by contact angle measurements using an optical contact
angle and interface tension meter from USA KINO (mod-
el-SL200KB).

2.3.4. Liquid entry pressure (LEPw) measurement

The LEPw values of membranes were measured using
a dead-end filtration cell purchased from Sterlitech Corpo-
ration, USA. The pressure of the feed side slowly increased
at a 0.05 MPa interval during the measurement. At each
pressure interval, the membrane was kept at the constant
pressure for 10 min and the pressure was noted when the
first drop of water came from the cell permeate side [25].
This pressure was considered as a LEPw point.

2.3.5. Porosity and pore size measurement

The porosities of membranes were determined accord-
ing to the gravimetric method [22]. The initial weight of the
wetted membrane in anhydrous isopropanol was recorded
as m, after immersing the sample for 24 h. Then, the wetted
sample was dried in an oven at 50°C for 24 h and the dry
weight of the membrane was recorded as m,. The overall
porosity of the membrane was recorded using the following
equation:

(ml —m%
(m] _mz)

where m, is the weight of the wet membrane, m, is the final
weight of dried membranes, p_ is the density of isopropanol
(0.786 g/cm?) and p s the density of the polymer (1.78 g/cn’).

The FESEM instrument was used to determine the pore
size of the top surface of the membranes assuming that the
surface pores were circular [26-28]. The average pore size
was reported by selecting average 50 pores randomly from
each membrane sample.

€=

1)

The codes, compositions of synthesized membranes and their physical properties

Membrane Code PVDF  DMF  PEG HSN Dope viscosity Contactangle LEPw  Porosity  Pore size
Wt%)  (Wt%h)  (Wt%)  (wt%) (Pa.s) ) (kPa) (%) (nm)
PVDF 15.0 82.0 3.0 0.0 3.8 68.6 85 53.6 52
PVDF-1.0HSN 15.0 81.0 3.0 1.0 47 749 98 66.1 54
PVDEF-2.0HSN 15.0 80.0 3.0 2.0 5.8 78.8 115 68.3 55
PVDF-3.0HSN 15.0 79.0 3.0 3.0 6.9 85.1 130 711 56
PVDF-40HSN  15.0 78.0 3.0 4.0 9.2 88.4 110 70.2 62
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2.4. Flux and mass transfer coefficient calculations and DCMD
test protocol

For MD performance of the PVDF and PVDF-HSN
membranes were tested in a custom-made multiconfigu-
ration MD test unit from Convergence Instruments. The
flow sheet diagram of the MD system is presented in Fig. 1,
and performance of the membranes was evaluated in direct
contact membrane distillation configuration. The system
included in-line temperature sensors, pressure sensors, pH
and conductivity sensors, flow sensors and weighing bal-
ances to monitor temperature, pressure, pH, salinity flow
and weights, respectively, on feed and permeate sides. The
system has a dosing system to dose water to keep the con-
centration constant at the feed side or dynamically increase
or reduce the salinity. The heating of the system was done
via plate and frame heat exchangers that are connected to
a heating or chilling bath. All tubing and connectors are
corrosion resistant, including flow through blocks for the
sensors. All tubing from the hot and cold side are ther-
mally insulated to keep heat loss to a minimum. The cold
side was cooled via either the available chilled water line
or an already available chiller unit. The system was fully
automated with software which allows to build/custom-
ize experiments and create MS Word/Excel/PDF results.
The system has highly flexible and suitable to fit any flat
sheet membrane module. In a typical procedure of DCMD
experiment, the flat-sheet membrane 50 mm (diameter) was
tightly clamped between the two chambers of the mem-
brane module. The hot feed of real seawater collected from
beach well of a desalination plant at Doha, Kuwait and cold
DI water as permeate were flowed concurrently from the
bottom to the upper part of the module with the help of
two pumps. The initial volume of the feed and the distillate
were 2.0 Land 0.25 L, respectively. The circulation feed rate
and permeate rate were adjusted by using two electromag-
netic flow meters. The fluid temperatures were controlled
by water baths and monitored at the inlet and outlet of the
module using temperature sensors (with scale -20°C to
120°C). The experiments were carried out under different
feed temperatures in the range of 50-80°C over a period of
180 min,while the inlet temperature of the cold water was
kept constant at 20°C. For each membrane, three different
experiments were conducted using similar experimental
conditions and the average flux and rejection values have

been reported. The permeate flux of the membrane was cal-
culated by the following equation:

AW
T AAt

where ] is the permeate flux (kg/m?h), AW is the quantity
of distillate (kg), A is the effective membrane area (m?) and
At is the sampling time (h).

The water vapor flux (J ) in MD can also be expressed
by Eq. (3) and it is used to determine the mass transfer coef-
ficient [29].

J @)

J.=k(P;-P,) 3)

where k is the mass transfer coefficient which can be rear-
ranged as Eq. (4)

]
k= w
(Pf_Pﬂ)

where P and P, are the partial water vapor pressure in feed
and permeate side respectively.

(4)

2.5. Water quality analysis

Total dissolved solids (TDS) of seawater feed and per-
meate were measured by Thermo Scientific instrument.
The pH and conductivity were measured by SI analytics
instrumentation. The other parameters such as calcium,
magnesium, chloride, and sulphate were assessed by ion
chromatography system (ICS), whereas, boron and sodium
are determined by inductively coupled plasma optical
emission spectrometry (ICP-OES). The parameters such as
silica, phosphate, and fluoride are estimated by spectropho-
tometer (DR-6000). All analysis was done in triplicate and
average values were reported.

3. Results and discussion
3.1. FTIR analysis

The FTIR spectrum of HSN displayed a peak at 1200
cm™ corresponding to the C-F stretching [30,31]. The peak
at 1085 cm™ and 804 cm™ at (Fig. 2) attributed to the Si-O-Si
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exchanger 1 i :
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Heat exchanger 2

Fig. 1. Schematic diagram of the membrane distillation test unit.
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Fig. 2. The FTIR spectrum of HSN.

stretching [32]. The characteristic peak of silica coating
appeared at 1,143 cm™ corresponding to Si-O-C bond,
which confirms that the —(CH,),-(CF,) -CF, molecules are
clearly attached to silica nanoparticles [7].

3.2. FESEM analysis

The FESEM image of HSN revealed the formation
of nano-sized particles with a varying size in the range
of 30-80 nm (Table 1). Fig. 3 represents the surface and
cross-sectional images of the neat PVDF and PVDF-HSN
membranes. The cross-sectional views of all the membranes

Fig. 3. FESEM images of a) HSN nanoparticles, b and c) surfaces of PVDF and PVDF 3.0HSN-membranes, d, e, and f) cross-sectional
images of PVDF, PVDF-3.0HSN and PVDF-4.0HSN membranes respectively.
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presented the asymmetric structures of membranes with a
dense top layer and a sublayer with porous structures. It is
well evidenced by the previous literature that the presence
of a sponge-like structures in the sublayer relatively pro-
duces more porous membranes [7,20,33]. As an important
requirement of MD membrane morphological character-
istics, the addition of HSN suppressed the rate of precip-
itation during the phase inversion process and generated
more sponge type structures in the sublayer [34]. The load-
ing of HSN in increasing concentration was the reason for
the conversion of larger finger-like voids to short spongy
structures in the membrane cross-sections. Generally, the
addition of hydrophilic nanoparticles to the casting solution
increase the penetration of water molecules more deeply
into the membrane matrix to generate finger-like voids
[23]. In contrary, the nanoparticles selected in the study are
hydrophobic due to the coating of fluoro functional groups.
Therefore, the formation of fully spongy structures for the
higher loading of HSN is ascribed to the water-repellent
HSN molecules which might show resistance for the easy
entry of non-solvent water molecule into the depth of cast
film. The energy dispersive spectral analysis of the PVDEF-
3.0HSN membrane (Fig. 4) confirmed the successful load-
ing and accumulation of the fluoro modified silica particles
onto the membrane surface. Overall, the membrane mor-
phology was altered from finger-like voids to spongy struc-
tures as an essential feature towards the MD application.

3.3. Liquid entry pressure, contact angle, porosity and dope
viscosity

The fluorination is the common method to be used to
lower the surface free energy of the silica particles for the
improved hydrophobicity [35]. Also, the small radius and
a high electronegativity of Fluorine makes the bonding
interaction between fluorine and carbon more stable. In the

X-Ray Energy (KeV)

Fig. 4. Energy dispersive X-ray spectrum of PVDF-3.0 HSN
membrane surface.

current work, the increase in the number of fluorine linked
carbon chains to the silica particles has lowered the surface
energy and increased the surface contact angle values [36].
Additionally, the modification of silica particles by long-
chain —CF, groups and their presence on the membrane
surface had poor adhesion for water molecules due to the
weak van der Waals force [37]. The contact angle values of
the PVDF-HSN membranes increased to a maximum of ~88
° for the loading of 4.0 wt% of nanofiller. LEPwin mem-
brane distillation signifies the resistance offered towards
the wettability by the membrane surface to overcome the
hydrophobic forces and to penetrate the membrane pores.
Therefore, the LEPw value should be high for ideal MD
membrane to attain long-term performance. The PVDF
membranes modified by loading of HSN produced higher
LEPw values due to altered pore morphology and hydro-
phobicity values [38]. The contact angle values of PVDEF-
HSN membranes increased with the increased loading of
HSN as shown in Table 1. All the PVDF-HSN membranes
attained contact angle values less than 90°, thus the pore
morphology has contributed much towards the improved
LEPw values. The LEPw values as presented in Table 1 was
increased for the loading of HSN upto 3.0 wt% due to the
formation of smaller spongy voids in the sublayer. Thereaf-
ter, the loading of 4.0 wt% HSN lowered the LEPw due to
the formation of defected larger voids within sponge type
structures in cross-sections (Fig. 3f). Therefore, loading of
HSN up to 3.0 wt% favored the formation of appropriate
pore structures to attain high LEPw values. Altogether, the
loading of HSN favored the formation of more hydropho-
bic membrane surface and increased the LEPw values to
achieve higher anti-wetting property during MD. Also, the
porosity values presented in Table 1 revealed the increased
porosity of PVDF-HSN membranes until a loading of 3.0
wt% of HSN, attributed to the better dispersion of HSN
as presented in Fig. 5. The improved porosity of PVDEF-
HSN membranes could be the other reason for the mod-
erate increase in contact angle values of the PVDF-HSN
membranes [39]. The viscosity data presented in Table 1
revealed a drastic increase in viscosity for PVDF-4.0HSN
dope solution due to the excess loading of HSN having high
surface energy resulted in the agglomeration of particles.
The increased viscosity for PVDF-4.0HSN had a negative
impact on both LEPw and porosity values of the resultant
membrane due to the agglomeration of HSN in the dope
solution. However, the loading of HSN upto 3.0 wt% has

where — -(CH2)2(CF2)7CF3

PVDF dope solution =~ PVDF-3.0HSN

dope solution

Fig. 5. The images of PVDF and PVDEF-3.0HSN dope solutions.
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positive influence on the increased porosity and hydropho-
bicity of the membranes essential for MD application.

3.4. AFM analysis

The AFM 3D images of membranes with their average
roughness are presented in Fig. 6. The roughness parame-
ters of PVDF-HSN membranes were greatly influenced by
the loading of HSN nanoparticles. Generally, during the
incorporation of fluorinated silica nanoparticles, the driv-
ing force for the formation of the superhydrophobic surface
comes from an agglomeration of nanoparticles onto the
substrate to form a rough surface with a low free energy
[24]. Consequently, during the formation of PVDF-HSN
membranes via the phase inversion process, the hydropho-
bic HSN nanoparticles partly leached into the coagulation
medium. However, due to the less affinity HSN towards
water, some part of HSN retained on the membrane sur-
face to attain rough surfaces for PVDF-HSN membranes.
The loading of 4.0 wt% of HSN produced a highest aver-
age surface roughness of 620 nm and this composition
corresponds to the maximum agglomeration of HSN on
the membrane surface producing more ridges and valley
structures [40]. Additionally, the introduction of long flu-
orine chains created rougher surfaces on the membrane
surface, and this played a positive role in hydrophobicity
by decreasing the surface free energy as well. The poros-
ity data also supported this observation which showed less
porous structures for the PVDF-4.0HSN membrane of parti-
cle agglomeration at higher concentration. However, a con-
trol over increased roughness was achieved until a loading

Ra= 98 nm

Ra= 116 nm

of 3.0 wt% of HSN. The loading of 3.0wt% of HSN termed
as an optimized composition of loading to attain good dis-
persion of nanoparticles and valid roughness values.

3.5. Effect of HSN on permeation flux and performance

The permeate flux of PVDF and PVDF-HSN membranes
at 50-80°C are presented in Fig. 7. The permeate flux of all
the membranes increased with the increase in temperature
due to the increased water vapors as the driving force of
the process. Also, the permeate flux of PVDF-3.0HSN mem-
brane was increased to 42.32 kg/m*h with a rejection of
>99.0% towards seawater TDS and its rejection for other
seawater chemical parameters are presented in Table 2.
The physiochemical analysis of the permeate obtained for

e

rod FmH

T
.
I
-
[ ]
I
[

-

Water flux (LMH)

4 50°C e 60°C m70°C

Wit% of HSN in the PVDF membrane

Fig. 7. The water flux of membranes at different temperatures.

Ra= 108 nm

Fig. 6. AFM 3D images of a) PVDF, b) PVDF-1.0HSN, ¢) PVDF-3.0HSN and d) PVDF-4.0HSN membranes.
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Table 2

Physiochemical analysis of Arabian gulf seawater feed and
permeate obtained for PVDF-3.0HSN and PVDF membranes at
80°C

Parameter Seawater Permeate Permeate
feed (PVDF)  (PVDF-3.0HSN)
pH 74 71 71
Conductivity, mS/cm 55.4 0.32 0.31
TDS, ppm 35800 161 154
Calcium, mg/L 824 104 8.16
Magnesium, mg/L 1154 71 6.23
Sulfate, mg/L 3600 25 21
Chloride, mg/L 26000 34 28
Sodium, mg/L 14,800 98 85
Boron, mg/L 2.75 0.20 0.14
Nitrate, mg/L 3.5 0.75 0.7
Silica, mg/L 16.2 0.903 0.724
Phosphate, mg/L 0.15 0.14 0.11
Fluoride, mg/L 4.3 0.17 0.13

PVDF and PVDE-3.0HSN membranes has been presented
in Table 2. A slightly higher rejection offered by the PVDEF-
3.0HSN towards Si might be due to the electrostatic repul-
sive interaction between the Si present in seawater and the
HSN already present on the membrane surface. The loading
of 4.0 wt% of HSN corresponds to a maximum permeate
flux of 44.6 kg/m?h at 80°C, however, its salt rejection value
was dropped from 99.99% to 96.8% due to the formation
of defected structures in the membrane due to particle
agglomeration effect. Therefore, the loading composition of
HSN played a crucial role in determining the optimum per-
formance of the PVDF-HSN based membranes. As revealed
from the membrane morphological study the formation of
more spongy structures for the loading of 3.0wt% of HSN
has increased the membrane flux. Generally, the membrane
with a smooth surface displays the superior flux than the
rougher surface [41]. However, as revealed in Fig. 8 the
increased roughness for the PVDF-HSN membranes was
quite less for the loading of HSN up to 3.0 wt% and con-
sequently had less effect on the flux. The improved flux
of the PVDF-HSN membranes could be explained by the
formation of the more channels for the transport of water
vapor molecules by the loading of HSN as evidenced from
the surface FESEM images and porosity data. Also, PVDE-
3.0HSN membrane durability was tested at 80°C and mem-
brane showed its superior anti-wetting property over a long
run of 200 h. The drop-in flux was to 41.1 kg/m*h from its
initial value of 42.32 kg/m?h with a minor drop in rejection
to >98.5% towards seawater TDS demonstrating the stable
performance of the membrane over a period of 200 h. A
comparative study revealed that PVDF-3.0HSN membrane
had ~3 times higher durability than the neat PVDF mem-
brane, where the later witnessed salt leakage at around 70 h
of operation. The contact angle study was repeated for the
PVDEF-3.0HSN and neat PVDF membranes after the long
run experiments by washing the membranes using DI water
followed by drying. The PVDF-3.0HSN membrane showed
almost a stable contact angle of 84.9° after 200 h of oper-
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Fig. 8. Effect of temperature on mass transfer coefficient of neat
PVDF and PVDF-3.0HSN membranes.

ation attributed to the good compatibility between HSN
and PVDF polymer matrix not allowing the easy washing
of HSN particles during the MD experiment. Whereas, the
contact angle of neat PVDF reduced to 54.3° after 70 h of
operation and the membrane witnessed easy wetting and
salt leakage during the MD experiment.

The vapor pressure as a main driving force of the MD
process tends to increase with the increase in the operating
temperature of the feed stream. As presented in Fig. 8, the
overall mass transfer coefficient for both the control PVDF
and PVDF-3.0HSN membranes is increased slightly with
an increase in temperature due to the increase in the rate
of water vapor diffusion. At any temperature, the PVDF-
3.0HSN membrane showed higher mass transfer coefficient
compared to the neat PVDF membrane (illustrated in Fig. 8)
attributed to the increased porosity of the PVDF membranes
by HSN particles. The enhancement in the mass transfer
coefficient could also be due to the lowered internal heat loss
through the membrane containing the hydrophobic fluoro
silica particles especially in DCMD configuration [42].

4. Conclusions

The current study developed a new synthetic proto-
col for the isolation of fluoro coated silica nanoparticles
(HSN). The synthesized HSN particles were hydrophobic
and demonstrated a good dispersion in PVDF dope solu-
tion to fabricate PVDF-HSN membranes. The contact angle
study revealed the contribution of HSN particles towards
the improved wetting resistance of the PVDF-HSN mem-
branes in favor of MD application. The less affinity of HSN
towards water molecules resulted in the retarded phase
inversion process and formed more spongy structures with
reduced pore size. The loading of hydrophobic HSN into
PVDF matrix at appropriate composition revealed its poten-
tiality to apply in MD application. The formation of spongy
structures for PVDF-3.0HSN membrane contributed to the
higher porosity of the membrane to attain a high flux of
42.32 kg/m?h and displayed stability over 70 h of operation.
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