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Water is one of the most precious natural resources of the planet. Global water demand is expected to
increase by 20-30% in near future, mainly due to the increase of industrial activities and domestic use. In
this context, up to now, many water treatment technologies have been proposed to address water scarcity.
Among them, processes based on membrane technology such as membrane distillation (MD) have
received significant scientific and technological attention. In the present work, innovative nanocomposite
polymeric membranes were developed, aiming to enhance the performance in relation to the state of the
art membranes for desalination using direct contact membrane distillation (DCMD). To this aim, the
development of porous poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) membranes and
their modification by introducing a top layer of superhydrophobic fluorinated silicon nanoparticles on their
surface was thoroughly studied. The developed membranes were characterized by a variety of techniques
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such as SEM, contact angle and liquid entry pressure (LEP). The superhydrophobic nanoparticle-coated
membranes compared to pristine PVDF-HFP membranes, have improved fouling resistance properties,
DOI: 10.1039/d2ew00407k increased permeability and wetting resistance against various low surface tension organic compounds. The
results indicate that the nanocomposite membranes exhibit improved overall performance aiming to tackle
rsc.li/es-water critical issues of membrane distillation process.

Water impact

Membrane distillation (MD) is an alternative water treatment technology for clean water recovery. Innovative nanocomposite membranes with enhanced
wetting resistance and antifouling properties were prepared and studied, aiming to increase their permeate flux and lifespan. This work contributes
towards optimised MD applications for the potential treatment of various waste waters with improved permeate water quality.

Membrane distillation (MD) is a fairly new concept that is
steadily gaining popularity in the field of desalination
research as it combines the established desalination methods

1. Introduction

Across the world, the demand for water will continue to rise. In

particular, the water shortage increases due to various factors
such as world's population growth, climate change and water
pollution. One way to face this issue is through membrane-
based water treatment, e.g. reverse osmosis (RO), which tends
to be established as the main technology not only for brackish
and seawater desalination, but also for the treatment of various
wastes in order to recover purified water.">
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of membrane filtration and heating. The most common
configuration of MD is direct contact membrane distillation
(DCMD) in which the surfaces of the membrane are in direct
contact with both heated feed and cold permeate fluids. The
evaporation takes place at the hot feed-membrane side
producing the vapor, which diffuses through the membrane
and condenses at the surface-cold permeate side.>* Although
MD lacks in energy performance in comparison to reverse
osmosis, there are instances where it is favorable to be used,
such us for high salinity feedwaters (>50.000 TDS) and/or
where waste or solar heat is abundantly available.>®

The most common types of hydrophobic membranes used
for MD application are made from polymers such as
polyvinylidene fluoride (PVDF), polypropylene (PP) and
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polytetrafluoroethylene  (PTFE). The most widespread
technique of producing polymeric membranes is phase
inversion which is defined as a demixing process where the
initially homogeneous polymer solution is transformed, in a
controlled way, from a liquid to a solid phase. The
solidification process begins with the transition of a single
liquid to two liquids (liquid-liquid demixing).””® The liquid
with the highest concentration of polymer will solidify to
form the solid matrix while the low concentration region is
responsible for the pore structure development.

In the last decades, efforts have been focused on the
enhancement of the hydrophobicity of the membranes (water
contact angle higher than 90°) or, even more, attempts have
been performed to render them superhydrophobic (contact
angle higher than 150°), which also results in an increase in
permeability. In specific, Efome et al® prepared flat sheet
nanocomposite PVDF membranes containing
superhydrophobic SiO, nanoparticles by the phase inversion
technique and investigated their performance in vacuum
membrane distillation. It was found that the maximum flux
was observed at a nanoparticle concentration of 7 wt% with an
average flux of around 3 kg m™ h™, which was 4 times higher
than that of the neat PVDF membrane. A salt rejection of more
than 99.98% indicates that the fabricated membrane is suitable
for vacuum membrane distillation. Additionally, Zhang et al.*
developed a PVDF composite membrane with omniphobic
property, where silica nanoparticles and PVDF microspheres
were deposited on the PVDF membrane with the aid of
polydopamine, followed by fluorosilanization of the modified
membrane surface. The composite membrane presented
superhydrophobicity with water contact angle (WCA) of 169.0°
and oleophobicity with oil contact angle (OCA) of 112.1°. This
study suggests that the re-entrant and anti-fouling PVDF
composite membrane with omniphobic properties could be
potentially applied in membrane distillation. In another work,
Zheng et al'' prepared multiscale nano/microspheres
(SINPs@PS) based on electrostatic interactions between silica
(SiNPs) and polystyrene (PS) microspheres, which subsequently
were immobilized on the surface of a commercial PVDF porous
membrane, followed by surface fluorination in order to obtain
an omniphobic (both hydrophobic and oleophobic) membrane
with hierarchical structure. This membrane mimicking the
lotus surface due to its omniphobic character coupled with its
excellent anti-fouling/anti-wetting properties was proposed to
be used in DCMD treatment of oily emulsions.

In the present study, macroporous hydrophobic
nanocomposite ~ PVDF-HFP  membranes  having a
superhydrophobic ~ coating  of  fluorinated silicon

nanoparticles (SiF-NPs) on their surface were produced
following a simple and easily applicable method for
membrane distillation-based desalination processes. The
hydrophobic porous membranes were prepared by the phase
inversion precipitation method using deionised water as the
nonsolvent and acetone as solvent. A top layer of fluorinated
silica nanoparticles was then applied using spin coating.
Characterization was performed by means of scanning
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electron microscopy (SEM), liquid entry pressure of water
(LEP,) and contact angle. The membranes were also
evaluated regarding their anti-fouling properties using
protein adsorption tests, while their wetting resistance was
assessed using different surface tension liquids. Finally, the
membranes were tested in DCMD with NaCl solution and
their performance was evaluated.

2. Experimental
2.1 Materials

Poly(vinylidene fluoride-co-hexafluoropropylene), PVDF-HFP,
(average Mw ~ 455000, Mn ~ 110000), and acetone (ACS
reagent, >99.5%) were purchased from Sigma-Aldrich (Merck

KGaA, Darmstadt, Germany). Deionized (DI) water
(conductivity <10 uS cm™") was used in all cases.
Tetramethyl orthosilicate (98%), 1H,1H,2H,2H-

perfluorooctyltriethoxysilane (98%) and bovine serum albumin
(BSA) obtained from Sigma-Aldrich (Poole, UK).
Hyperbranched polyethyleneimine (BASF, Lupasol G100, Mn ~
5000) kindly donated from BASF (Ludwigshafen,
Germany).

were

was

2.2 Synthesis and characterization of fluorinated silicon
oxide nanoparticles (SiF-NPs)

Previous studies have shown that silicon oxide (SiO,)
nanoparticles can be easily prepared employing a
silicification process in water, under normal conditions with
respect to temperature and pH, by allowing the condensation
of silicic acid in the presence of minimum amounts of
positively charged hyperbranched poly(ethyleneimine),
adopting a method that is mimicking the formation of
biosilica structures in nature.'”> The same principle was
employed for the development of fluorinated silica
nanoparticles as described in our previous publication
(Scheme 1)."* In short, 1 mL of a solution containing 1 M of
silicic acid (obtained from the hydrolysis of tetramethyl
orthosilicate in the presence of 1 mM HCI) and 0.3 M
perfluorooctyltriethoxysilane was added in 10 mL of a 20 mM
hyperbranched poly(ethyleneimine) solution in phosphate
buffer (pH 7.5). The solution was allowed under stirring for 5
min, and the resulting nanoparticles were obtained after
centrifugation (10 min, 12000 RCF) and after repeatedly
washing to remove any starting materials.
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2.3 Membrane preparation

PVDF-HFP was dissolved in acetone at 40 °C to prepare a 5%
wt% stock solution. Deionized water (2 wt%) was added into the
above solution under agitation, until the solution became
homogeneous. After 1 h of stirring, the solution was cast in glass
petri dish (diameter 12 cm) and left to dry in ambient conditions
(22 °C and 40% r.h.) resulting in a porous structure obtained via
vapor induced phase separation (VIPS). After evaporation
(approximately 24 h), the resulting opaque membranes with
thickness 60-65 pm were obtained."* The SiF-NPs were
introduced on the surface of the prepared membranes by spin
coating of an ethanol dispersion of SiF-NPs. The samples were
span for 180 s at room temperature at a spin speed of 2000 rpm.

2.4 Characterization & performance evaluation

SEM images were obtained by a Jeol JSM 7401 F Field Emission
Scanning Electron Microscope with Gentle Beam mode. EDX
analysis of SiF-NPs was performed on a JEOL JXA 733 (AXES UA)
(JEOL Ltd., Tokyo, Japan). For membrane cross-section imaging,
the membrane was freeze-fractured in liquid nitrogen and then
sputter-coated (Hitachi® E1020) with gold at an argon pressure
of 13.3322 Pa (0.1 Torr) for 2 min at a current of 10 mA.

A Veeco Innova microscope coupled with Bruker RTESTPA-
300 probes operating in non-contact (tapping) mode was
employed for AFM imaging. The images were analyzed using
the software Gwyddion.

The morphology of SiF-NPs was also investigated employing
a FEI CM20 TEM microscope.

TGA measurements were collected on approximately 8 mg
of each sample using a SETARAM SETSYS Evolution 18
Analyser, in the range of 35-800 °C, and at a heating rate of 10
°C min", in an Al,Oj; crucible under argon flow (30 mL min ™).

Contact angle measurements using the sessile drop method
were carried out at room temperature using a Kruss DSA-30
drop shape analyser. A 4 uL droplet of liquid was allowed to
settle on the membrane surface and the digital image was
acquired and processed to determine the contact angle. The
liquids employed were octane, dodecane, methylnaphthalene,
diidomethane and water. To minimize the experimental errors,
the contact angles were measured at five random locations for
each sample and then the average was reported. Surface energy
(SFE) and work of adhesion (W,q) were calculated by using the
Geometrical Mean Model,"> which is based on the
contributions of two components, the dispersive (y%) and the
polar (yP) as well as the Young Dupre' equation,'® as follows:

SFE = y¢ + 9P (1)

SFE:Vs+yL—2( yS-VSﬂ/yEVF) (2)

which combined with the Young equation results in:

p(1+ coso) :2<\/}/§Tﬂ+ \/ﬁ) 3)
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and W,q = SFE(1 + cos ) (4)

An important property of any candidate MD porous
membrane is the liquid entry pressure (LEP) value, which is
desired to be as high as possible to prevent wetting of the
membrane pores. This critical pressure difference is related
to the surface tension of the fluid y;, (N m™), the maximum
pore radius rpa (m), the fluid contact angle 6 (°) and
assumes an intrinsic parameter for the pores' geometry B
(—)." The calculation of this parameter is based on Franken
equation, which for parameter B = 1 becomes equivalent to
Young-Laplace's. In this case, takes the following form:

-2y, cos@

rmax (5)
The LEP was recorded as the pressure corresponding to the
point of initial passage of water flow through the
membrane."®
The porosity (¢) was determined by the gravimetric
method, as defined in the following equation:*®

_ W
we+p z

(weip—wp)
et~ Pp)

Yp
Pty

E =

(6)

where, Wy, p, (1770 kg m™®) and w,, p. (786 kg m™°) are the
mass and density of sample and isopropanol, respectively.

Average pore radius (ry,), was calculated by filtration
velocity method, measuring the water flux of the pristine and
modified membrane in limited time under a specified
pressure, respectevily. According to the following revised
form of Guerout-Elford-Ferry equation®® the average pore
radius is:

1/2
I'm = <8(2.9 -1.75¢) Z%?) (7)

where 5 is water viscosity (8.9 x 107 bar s), 6 the membrane
thickness (m), Q the flux per unit time (kg m™> s ), P the
operational pressure (bar) and A the effective membrane area (m>).

The membrane module for DCMD process consisted of two
chambers, one for the feed and the other for the distillate,
having an effective membrane area of 7 x 107 m* A 35 g L™
aqueous NaCl solution was heated at 70 °C and fed in the
module at a flow rate of 50 mL min™", while the permeate side
was fed with ultrapure water (4.8 uS cm™) at a flow rate 40 mL
min™ and at a constant temperature of 17 °C assuring that the
transmembrane pressure was kept below 20 mbar at all times.
The flow rates were recorded electronically using Bronkhorst
CORI-FFLOW™ series mass flow meters. Yokogawa model
ISC40G conductivity meters were recording the conductivities
of feed and permeate side directly during the process. The
temperature of both feeds was measured upstream from the
membrane with a handheld temperature probe, Q-Omega. The
transmembrane pressure was recorded employing a Yokogawa
model EJA110E differential pressure transmitter. Each
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experiment lasted 4 h and the flux and rejection were taken as
the average value under steady conditions. The permeate flux J
(L m™ h™") was calculated by the following equation:
Up
=L 8
I= (5

where, Up is the volumetric flow rate of vapor permeate, (L h™)
and Ay, is the effective membrane area, (m?).

Salt rejection rate was calculated using the following
equation:

C
R= (1 - —") x100% 9)
Ct

where, R is the percentage of the solute rejection, C, is the
concentration of the solute in the permeate and C; is the
concentration of the solute in the feed.

In DCMD, the mass transfer resistance®’ (B,) can be
described by assuming a linear relationship between the
mass flux (J) and the water vapour pressure difference
through the membrane:

J = Bu(Pmt =~ Pmp) (10)
where py,s and pp,;, are the partial pressures of water at feed
and permeate sides evaluated by using Raoult's law”* at the
temperatures Tp,¢ and Tr,p, Tespectively, such as the following:

= o
psoluﬁon = Xsolvent Xpsolvent

It can be assumed that the mass transport takes place via the
combined Knudsen/molecular-diffusion mechanism and the
following equation is used to determine the mass transfer
coefficient™ (BS,):

BS, = {3/2 x td/er x (RRT/8M) + /e X P,/PD x RT/IM}™*  (11)
where ¢, 7, r and ¢ are the porosity (%), pore tortuosity, pore
radius (nm) and thickness (um) of the membrane,
respectively, and M, R, T and P, are the molar mass of water,
gas constant (J mol™ K™), absolute temperature (K) and air
pressure (Pa), respectively. The value of PD (Pa m> s for
water—-air was calculated from the following expression:

PD = 1.895 x 107> (12)

Protein adsorption tests can be used in order to evaluate the
antifouling properties of membranes with bovine serum
albumin (BSA) used in this case as a model foulant. Using
the same apparatus as previously, the fouling of the
membrane was also determined by adding a BSA aqueous
solution (1 g L™ in PBS, 0.1 M, pH = 7.0) in the hot feed. In
order to evaluate the antifouling properties of membrane, the
fouling ratio (Rg) was calculated every 15 min according to
the following equation:

Rp = (1 - i) x 100%
Jo

(13)
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where J is the flux of BSA solution after distillation at various
times intervals (L m™> h™) and J, is the initial flux of BSA
solution at the beginning of the batch test (L m™> h™).

3. Results & discussion
3.1 Characterization of SiF-NPs

SEM, TEM and AFM micrographs (Fig. 1) of SiF-NPs reveal
that the fluorinated silica particles have a plate-like
morphology with a uniform size of about 30 nm and
thickness of about 1.2-1.4 nm. EDS analysis of SEM
micrographs reveals that the Si:O atomic ratio is 1:1.94 +
0.4 and the C:F atomic ratio is 1:0.98 + 0.5 corroborating
the formation of SiO, and the presence of fluoroalkyl chains
in the nanoplates.

3.2 Membrane morphology analysis

The morphology of pristine and modified PVDF-HFP
membrane (ie. top surfaces and cross sections) was also
studied by SEM. Fig. 2 shows that the surface of pristine
membrane has rough and symmetric structure with small
pores of diameter less than 1 um. SEM of the modified
membrane shows that SiF-NPs covered completely and
uniformly the porous surface of the membrane, forming a layer

o
28.6nm
47.20m

. 28.20m

y Sy R~
2 SN .2
-~ -32.6nm

DEMOKRITOS SE GB-l £ 20KV X40000 WD6.

1.0pm

0% 100 159 300 3% 300 3%

X{nm)

Fig. 1 First row: SEM microphotograph and EDS analysis of
perfluorinated silicon oxide nanoparticles; second row: TEM images
of nanoparticles; third row: AFM images and analysis of
nanoparticles’ height.
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on the top membrane surface. The SiF-NPs on the PVDF-HFP
membrane surface partially filled the pores, and thus slightly
reduced the average pore size of the membrane. Also, the
thickness of the pristine membrane was 60-65 um, while the
modified membrane was 75-80 pm, suggesting that the SiF-
NPs layer is ca. 15 um. The variation of the layer's thickness is
expected to affect the membrane's performance. It is generally
accepted that an increase of the membrane's thickness causes
a reduction of the permeability,>* while low thicknesses suffer
generally from energy losses due to conductive heat flux.
Extended research is required for the investigation of the
optimum layer thickness.

3.3 TGA analysis

The TGA plots for SiF-NPs as well as for the pristine and
modified PVDF-HFP membranes are shown in Fig. 3. It can
be seen that both the SiF-NPs as well as the membranes
exhibit excellent thermal stability up to 200 °C, while severe
degradation is observed in the 400-600 °C temperature
range. The residual weight at 800 °C was 30.74% for SiF-NPs,
16.14% for pristine and 17.55% for modified membrane,
respectively. The content of SiF-NPs on the modified
membrane is 9.1% wt. as calculated by the weight loss
registered within the temperature range of 35-800 °C.

3.4 LEP, pore size, porosity & membrane surface wetting
resistance analysis

In MD process, wetting resistance is the most significant
parameter of any candidate membrane. When the membrane
pores are dry, vapor occupies the empty void and separates the
feed and distillate streams and prevents the passage of
nonvolatile solutes. However, pore wetting does occur and is
frequently associated with salt precipitation (scaling) on the
membrane surface. Wetting resistance is based on the
hydrophobicity and as it can be seen in Fig. 4 the water contact

A) Top surface of pristine membrane
—

C) Cross section of pristine membrane D) Cross section of modified membrane

Fig. 2 SEM images of the top surface of the pristine and modified
membranes (A and B respectively) and the corresponding cross section
(C and D respectively).
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Fig. 3 The TGA curve of SiF-NPs, pristine PVDF-HFP and modified
membrane.

angle (WCA) of the pristine membrane is relatively high (6 =
120°). To enhance the wetting resistance of the membrane, a
coating of superhydrophobic SiF-NPs was introduced on the
surface of the membrane in order to become rougher and
superhydrophobic (@ = 170°). Furthermore, the calculation of
SFE showed that the coating lowers significantly the SFE of the
pristine membrane, from 5.46 to 0.3 m] m 2, due to
fluorosilanization,* and consequently prevents membrane
wetting. Therefore, as it was previously referred, water
molecules have less direct contact with the membrane, due to
the surface superhydrophobicity. Because of the low SFE,
according to the eqn (4), the work of adhesion of the
membrane is reduced from 5.5 to 0.4 mJ m 2.

Membrane wetting resistance was also quantified by LEP,
and it is assumed that if the transmembrane pressure
exceeds the LEP, the feed will flood the membrane pores. As
it can been seen in Table 1 the LEP of the pristine membrane
is ~2.7 bar, corresponding to a maximum pore radius ~300
nm, while, as expected, the coating process did not
significantly change the maximum pore size, resulting in LEP
of 5.5 bar and a maximum pore radius of =265 nm.
According to eqn (7), the effective mean pore size radius of
pristine and modified membrane is 94 and 62 nm,
respectively.

To determine the oleophobic properties of the membranes
the following low surface tension organic compounds were
used: octane (21.62 mN m™'), dodecane (25.35 mN m™"),
methylnaphthalene (38.6 mN m™) and diidomethane (50.8
mN m ). The influence of the liquid surface tension on the

B) WCA of modified membrane

A) WCA of pristine membrane

Fig. 4 Images of water contact angles of pristine (A) and modified
membranes (B).
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Table 1 Properties of the pristine PVDF-HFP and modified PVDF-HFP/

SiF-NPs membranes

Membrane PVDF-HFP (pristine) PVDF-HFP/SiF-NPs (modified)
WCA (°) 124 +2 174 + 3

LEP (bar) 2.7 0.3 55402

Diaxrep (NM) 302 * 16 264+ 9

Porosity (%) 60 5 58 +3

oleophobic properties is shown in Fig. 5. It is observed that
the static contact angles slightly increase for lower surface
tension liquids with the introduction of SiF-NPs layer on the
membrane, while for the higher surface tension liquids the
contact angle increase is much more profound. Thus, the
liquid may be in a Wenzel state and the surface chemistry
becomes predominant, which explains the increase in the
contact angle due to the fluorinated groups.”®

3.5 DCMD & fouling evaluation

Regarding the evaluation of the DCMD performance, the
PVDF-HFP and modified PVDF-HFP/SiF-NPs membranes
were tested using as feed NaCl solution (35 g L") as model
solution. The permeate flux of the pristine membrane was
determined at 6 LMH, while the modified membrane had a
flux of 17 LMH that is about 3 times higher. A possible
explanation for this increase is that the addition of the non-
wetting superhydrophobic particles layer alters the interface
between water and polymeric matrix, increasing the vapor/
membrane surface area®” and reducing the temperature and
concentration polarization.

In addition, according to eqn (10), the mass transfer
resistance of pristine and modified membranes were
determined as 0.59 and 1.64 x 10 kg m > s* Pa™', while
according to eqn (11) 6.7 and 6.5 x 1077, respectevily. The salt
rejection for both membranes was very effective and
determined at a value above 99.98%. In order to study the
fouling tendency of the membranes a BSA solution was used.
Fig. 6 depicts the membrane performance under the 1 h BSA
fouling test. It is evident that the flux of both membranes

1801 a" PVDF-HFP .
e PVDF-HFP/SiF-NPs

— 150 e
3
[0} . .
5 1204 .
[0} > .
9, Water
< 90+ T Diidomethane
(@) ? Methylnapthalene

60+ 2 Dodecane

304 Octane

20 30 40 5 60 70 80
Surface tension (mN.m'1)

Fig. 5 Static contact angles as a function of the surface tension of
apolar liquids on pristine and modified membranes.
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Fig. 6 Membrane performance in BSA fouling test-normalized flux (J/
Jo) vs. time.

decreases upon time due to the pollutant layer formed by
protein adsorption. However, it should be mentioned that
the flux of the pristine membrane decreases 40% more than
that of the modified nanocomposite membrane. Therefore,
the R¢ of the pristine membrane after 1 h is 58%, while that
of SiF-NPs membrane is only 17%. These results suggest that
the SiF-NPs on the surface of the membrane reduce
substantially the fouling of the membrane, as they reduce the
adsorption of organic substances onto hydrophobic PVDF-
HFP surface.

The performance of the developed membranes was
comparable to that of previous works, as shown in Table 2.
The results are similar in terms of LEP, WCA and salt
rejection, while the permeate flux of the other membranes
vary. The membranes mentioned by the two literature sources
are modified chemically, as opposed to the present research
that provides a simpler methodology. Further research is
necessary for the optimization of the membranes’
performance. Additionally, membranes such as hydrophobic
(PVDF, PTFE) or hyrdrophilic (PES), which are widely used in
membrane distillation process®*>° could be coated by SiF-
NPs in order to estimate the compatibility of the coating with
these membranes and to evaluate their perfomance.

The outlook of the present work is to establish an
innovative technique of membrane preparation and
modification via one-step method, in order to introduce non
wetting characteristics, rendering membranes suitable for
membrane distillation processes. The production of
superhydrophobic membranes for MD system is of great
importance due to the fact that current commercial
hydrophobic membranes suffer from membrane wetting.

4. Conclusions

In summary, SiF-NPs were successfully prepared and applied
as a coating in PVDF-HFP membranes. The characterization
was conducted by various methods, while their performance
in DCMD was evaluated. The experimental results showed
that the application of a layer of superhydrophobic SiF-NPs

This journal is © The Royal Society of Chemistry 2022
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Table 2 Comparison of this work with previous research

Source Type LEP WCA Flux Salt Rej. Temp hot Salt Conc.
— — Bar ° LMH % °C gL™

This work PVDF-HFP/SiF-NPs 5.5 174 17 99.98 70 35

Zheng et al.*' PVDF-SiNPs@PS 4 176.5 9 99.8 60 10

Zhang et al.** PVDF-SiNPs 5.5 169 37 99.9 70 35

had significant effects on the overall properties of the
membrane. Specifically, DCMD experiments showed that the
nanocomposite membrane had improved fouling resistance
and increased permeability, retaining excellent salt rejection.
Additionally, the wetting resistance against various liquids of
low surface tensions was also enhanced compared to pristine
PVDF-HFP membranes. The results indicate that the
developed superhydrophobic membranes exhibit improved
overall performance aiming to tackle critical issues of
membrane distillation process.
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