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Superhydrophobic Electrospun PVDF

Membranes with Silanization and

Fluorosilanization Co-Functionalized CNTs for Improved Direct Contact Membrane

Distillation

Chongjie Gao®, Wei Deng’, Fuping Pan, Xuhui Feng and Ying Li"

Direct contact membrane distillation (DCMD) is a promising method for water purification and it is essential to fabricate
membranes with high porosity, narrow pore distribution and high surface hydrophobicity. In this study, carbon-nanotubes
(CNTs) with two surface functionalization, i.e., silanization and fluorosilanization, were compounded with polyvinylidene
fluoride (PVDF) to prepare electrospun composite nanofiber membranes for DCMD. The effects of CNT surface
functionalization on CNT dispersity and membrane pore size, porosity, hydrophobicity, and DCMD performance were
investigated. The results showed that CNTs improved the membrane hydrophobicity and surface functionalization of CNTs
furthered this improvement. It was found that membranes with co-functionalized CNTs achieved the highest distillate flux
(~ 45 Lm” h"') and salt rejection (~ 99.99%) among the tested membranes. This flux was 14 % and 46 % higher than the
fluxes on the membranes with unfunctionalized-CNTs and without CNTs, respectively. Characterizations suggested that
the superior performance was attributed to the co-functionalization improved dispersity of the CNTs, high porosity (~
85.5%), large mean pore size (~ 0.89 um) and surface superhydrophobicity (contact angle of ~153 °) of the membrane.
This work implied that co-functionalization of CNTs is an avenue of great potential to improve the performance of PVDF

membranes in DCMD application.
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1. Introduction

Scarcity of clean water is one of the global issues that affect
millions of people worldwide and this problem is becoming
more and more severe due to population growth, industry
development and climate change.'? To solve this problem,
many advanced technologies have been developed, such as
reverse osmosis (RO) and nanofiltration, but these technologies
are still energy-consuming and costly, which blocks large-scale
applications.*’ Direct contact membrane distillation (DCMD)
is a thermal-driven technology that uses the temperature
difference to generate vapor pressure between the hot feed side
and the cool distilled side across a hydrophobic membrane,
consequently, water vapor transports through the membrane

from the hot side and gets condensed on the cool side while
salts and contaminants stay on the hot side (Fig. 3). As the
working temperature of the feed side could be in the range of
30 to 90 °C, lower than the boiling point of water, this
technology can utilize the industrial waste heat, solar energy,
and some renewable energy to heat the feed side, making it
energy-conseving and economic-friendly.” """

The membrane plays the most important role in the
membrane distillation process since it is the determining part
that sets a barrier to liquid water that contains salts and
nonvolatile contaminants but allows clean water vapor to go
through. Many membranes have been developed and studied,
such as polypropylene (PP), polyvinylidene fluoride (PVDF),
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and polytetrafluoroethylene (PTFE) membranes. * PVDF
membranes are a promising candidate for DCMD because of
the low cost, good chemical stability, and available large-scale
fabrication.'"” A lot of studies demonstrated that adding filler
materials into the polymer matrix could modify the membrane
characteristics, such as pore size, porosity, and surface
hydrophobicity, so that to improve the DCMD performance.'**
Carbon nanotubes (CNTs) have been extensively studied as a
filler material for PVDF membranes because CNTs possess
high aspect ratio, high thermal and mechanical stabilities, and
light weight. >'>*?° It has also been reported that surface
functionalization, such as silanization and fluorosilanization,
can further improve the dispersity of CNTs. For example, 3-
aminopropyltriethoxysliane (APTS) functionalized CNTs in
PVDF membrane achieved 92.48% bovine serum albumin
(BSA) rejection but only 64.2% for the nascent PVDF
membrane, which was because APTS-induced silanization
improved the dispersity of MWCNTs and compatibility
between MWCNTSs and polymer matrix and reduced the stress
concentration points in the membranes.'**’ Fluorosilanization
of CNTs could also improve the dispersity of CNTS and result
in well-aligned CNTs inside PVDF crystalline fibers, as well
as convey additional hydrophobicity. **** To our best
knowledge, combination of silanization and fluorosilanization
functionalization of CNTs for composite PVDF membranes to
be used in DCMD has not been studied. We anticipate that the
combination of these two types of surface functionalization
will benefit both the morphology and hydrophobicity of the
CNTs-PVDF membranes to achieve improved DCMD
performance, outperforming membranes with single
functionalization of the CNTs.

Electrospinning has received a wide attention in
membrane manufacturing because electrospun membranes
possess several attributes that make them attractive in
separation technology, such as high porosity, interconnected
open pore structure, pore sizes ranging from tens of nanometer
to several micrometers, high permeability for gases, and a large
specific surface area.’** Electrospun PVDF and PVDF-CNTs
composite membranes with nanofiber structure have been
extensively studied and applied for membrane
distillation.” ' **3*3%% {QObaid, 2016 #25} In this study, the
combined silanization and fl uorosilanization method was
utilized to modify the surface of CNTs. Functionalized CNTs
were then mixed with PVDF to fabricate the composite
membranes by the electrospinning method. The dispersity of
the CNTs with and without functionalization was studied and
membrane surface morphology, porosity, pore size, thickness,
hydrophobicity and liquid entry pressure were characterized
for commercial PVDF membrane, pure electrospun PVDF
membrane,unfunctionalized-CNTs-PVDFandfunctionalized-
CNTs-PVDFelectrospunmembraneforcomparison. Moreover,
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these membranes were tested in a DCMD setup and the
performance, including flux and salt rejection, were studied.
The possible role of functionalized CNTs in membrane
distillation was also proposed.

2. Materials and Experiments

2.1 Materials

Polyvinylidene fluoride (PVDF) powder, Lithium Chloride,
nitric acid, ethanol, N, N-dimethylformamide (DMF) and
acetone were bought from VWR. Lithium Chloride was
used as an additive for improving the conductivity of the
polymer dope solution. Multi walled carbon nanotubes
(CNTs) (average diameter: 6-9 nm, length: 5 um, >99 %)
were obtained from Sigma-Aldrich. F-127, 1H, 1H, 2H,
2H-perfluorododecyl (FTCS),
octadecyltrichlorosilane (OTS) and toluene used for surface
of CNTs and PVDF
membranes were bought from EMD, Millipore Corporation
for reference. The chemical structures of OTS and FTCS
are shown in Fig. 1. All these chemicals were used without
further purification.

trichlorosilane

functionalization commercial

cl OoTS
CI\ /
/S'\/\/\/\/\/\/\/\/\/
Cl
FTCS
/CI F FFFFFFF F
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\/Si F
Cl
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Fig. 1 Chemical structures of OTS and FTCS.

2.2 Experiments

2.2.1 Pretreatment of CNTs

0.5 g CNTs was mixed with 80 mL concentrated nitric acid
in sonication for 4 h and then the mixture was heated at 80 °
C for 24 h, aiming to get the carboxyl function groups on
the surface of CNTs for further modification. After acid
treatment, the CNTs was centrifuged at 12000 rpm for 10
min and washed by 1 L DI water to remove the acid
residual. Then CNTs was dried at 80 °C for 24 h.

2.2.2 Silanization Modification of CNTs

0.5 g pretreated CNTs and 50 mL toluene were mixed and
sonicated for 2 h and then 20 mL 0.5 wt% OTS toluene
solution was added into the mixture. The reaction was
proceeded at 110 ° C for 24 h. The resultant OTS-CNTs
were centrifuged and washed by both toluene and ethanol
for three times and dried at 80 °C for 6 h.

© Engineered Science Publisher LLC 2020



Engineered Science

Research Paper

2.2.3 Fluorosilanization Modification of CNTs

0.5 g pretreated CNTs and 50 mL toluene were mixed and
sonicated for 2 h. After CNTs were well-dispersed, 20 mL
0.5 wt% FTCS toluene solution was added into the mixture.
The mixture was then stirred for 24 h. The final product was
centrifuged, washed by toluene, and dried at 70 °C for 6 h.

2.2.4 Silanization and Fluorosilanization
Co-functionalization of CNTs

Co-functionalized CNTs were prepared using the similar
approaches described in the above sections. The CNTs
samples with silanization, fluorosilanization, silanization
followed by fluorosilanization, and fluorosilanization
followed by silanization were labelled as S-CNTs, F-CNTs,
SF-CNTs, and FS-CNTs, respectively. Unfunctionalized
CNTs were labelled as CNTs. Possible reactions between
CNTs and OTS/FTCS are illustrated in Fig. 2, where the
trichlorosilane groups on OTS/FTCS react with the
carboxyl groups on acid treated CNTs.”

{ o
Acid V4
treatment OTS/FTCS — C\

—_— s —— 0—SiCl,-R

In OTS, R is (CH,),,CH,; In FTCS, R is CH,CH,(CF,),CF,.

Fig. 2 Schematics of possible interactions between OTS/
FTCS and CNTs.

2.3 Electrospinning of Nanocomposite Membranes

PVDF powder was dissolved in a mixture of DMF and
acetone (3:2 by weight ratio) at 50 °C for 12 h under
magnetic stirring to get a homogeneous solution. Then
functionalized and unfunctionalized CNTs and lithium
chloride were added to the PVDF solution. The final weight
concentration of PVDF, CNTs, and lithium chloride were
17 %, 3 %, and 0.004 %, respectively. The metal needle
used in the electrospinning process had an inner diameter of
0.377 mm and the feed rate was 0.9 mL/h. A metal rotating
collector covered by the aluminum foil at a rotation speed
of 500 rpm/min was used to collect the electrospun
nanofibers. The voltage was adjusted to 20 kV. The distance
between the collector and needle was 15 cm. The
environment humidity and temperature were 53 + 3 % and
75 + 2 °F, Moreover, pristine PVDF
electrospun membranes were also fabricated under the same

respectively.
conditions.

2.4 Characterization of Functionalized CNTs and
Electrospun Membranes

© Engineered Science Publisher LLC 2020

Fourier-transform infrared spectroscopy (FTIR) was performed
on a Nicolet iS50 FT-IR spectrometer (Thermo Scientific)
equipped with a liquid nitrogen cooled HgCdTe detector. The
surface morphology was obtained by an ultra-high-resolution
field-emission scanning electron microscope (FE-SEM, JEOL
JSM7500F, Japan) equipped with a cold cathode UHV field
emission conical anode gun. The porosity was measured by the
gravimetric method.* A 2 cm x 2 ¢m sample was cut from the
membrane and immersed into the absolute ethanol for 1 h to
make sure that the membrane was fully wetted. The weight of
membrane before and after wetted was measured. The
membrane porosity € was calculated by Eq (1):

. (m, —m,)p, (1)
(pr—pi)m, +p,m,

where p, is the density of PVDEF, p, is the density of
ethanol, m, is the weight of the wetted membrane, and m, is
the weight of the dry membrane.

The mean pore size, maximum pore size, nanofiber
diameter,
measured by analysis on SEM images using ImageJ. The
thickness of membrane was measured by a micrometer
caliper that has an accuracy of 1 pm and 5 different
positions were measured for each membrane to get the
average value. The liquid entry pressure (LEP), which is the
minimum pressure that makes liquid water permeate the
membrane, was measured on a homemade setup.** The
hydrophobicity of the membranes was evaluated by water
contact angles. The water contact angles were measured by
an optical digital camera equipped with a stage and
photograph analysis software. A 5 pL of DI water droplet
was dropped on the membrane surface carefully and the
camera took photos to analyze the contact angle. The water
contact angles were measured 5 times for each sample and
then calculated to get the average value.”

and nanofiber diameter distribution were

2.5 DCMD Tests

The DCMD performance was tested by a laboratory scale
setup with a 42 c¢cm® membrane area (CF042, Sterlitech,
USA) illustrated in Fig. 3. All the tubes in the setup were
insulated by insulation tapes to reduce heat loss. A 3.5 %
NaCl solution was applied in the feed side and DI water
was used in the distillated side. The feed solution was
maintained at 60° C by a hotplate and the distillate was
maintained at 20 °C by a chiller. The distillate tank was
place on a digital balance and firstly filled with 300 mL DI
water. A conductivity meter was used to measure the
distillate conductivity and temperature. The data was
recorded every half an hour. Water flux J (Lm™ h', LMH)
was calculated by Eq (2):

Eng. Sci., 2020, 9, 35-43 | 37



Research Paper

Engineered Science

Distillated side

Electronic balance

Pump

_Eonductivity meter|

Feed side

Heat stirrer

Pump

Fig. 3 Schematic diagram of the laboratory DCMD setup.

7= Am
pAAL

)

where Am was the weight gain at the distillated side, p was
the density of distillated solution, 4 was the direct contact
area of the membranes and A¢ was the time interval. The
salt rejection efficiency (SR %) was calculated by the ratio
of distillate conductivity (C) and initial conductivity of the
feed solution (C,) using Eq (3).

SR(%) = (1 - Ci) x 100% 3)

3. Result and Discussion

3.1 Characterization of the CNTs

FTIR analysis was performed to confirm that OTS and
FTCS were successfully grafted onto the corresponding
CNTs. The FTIR spectra of pristine CNTs, S-CNTs, F-
CNTs, SF-CNTs, and FS-CNTs were shown in Fig. 4. The
absorption bands observed on all the samples at 1639 cm™
and 1400 cm ™" are ascribed to the O - H bending vibrations
of chemically and CH, bending,
respectively. *>** The spectra of modified CNTs are
obviously different from the spectra of pristine CNTs from
1000 to 1200 cm™; the spectra of modified CNTs have a
broad peak in this range, which could be caused by the co-
existence of the peak at 1080 cm™ and 1180 cm™'. The bands
are from the Si-O-Si bond, which
indicated that the surface functionalization agents (FTCS
and OTS) have successfully grafted on the surfaces of
CNTs.” The peaks at 1270 cm™ are related to the C-F bond
stretching, which confirmed that FTCS was introduced into
F-CNTs, SF-CNTs and FS-CNTs.* Therefore, the intended
surface functionalization on CNTs was attained.

adsorbed water

around 1080 cm’
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Fig. 4 FTIR spectra of functionalized and unfunctionalized
CNTs.

In order to achieve uniform dispersion of the CNTs in
PVDF matrix, it is important to exam the effects of
silanization and fluorosilanization on the dispersity of CNTs
in DMF-acetone mixtures (DMF: acetone = 3:2) that were
also used as solvents for preparing PVDF dope solution. To
do this, different CNTs samples were dispersed in the mixed
solvents using sonication for 30 min and then the
dispersions were placed still to check sedimentation. It can
be seen in Fig. 5 that pristine CNTs and S-CNTs settled
down quickly. After 1 h, the supernatants became clear,
indicating that pristine CNTs had unsatisfied dispersity in
the mixed solution due to intrinsic van der Waals forces and
this could not be remedied by surface silanization.
Nevertheless, F-CNTs, SF-CNTs and FS-CNTs remained
well suspended even after 24 h in the solutions. This
unambiguously demonstrated that fluorosilanization could
improve the suspension stability of CNTs in the DMF-
acetone solution. The use of fluorine containing groups for
surface modification has been well applied to improve the
dispersity of nanoparticles by minimizing surface energy.*

© Engineered Science Publisher LLC 2020



Engineered Science

Research Paper

Positioning of highly electronegative fluorine at the end of
the groups creates a partially negative charge for repulsive
effects to prevent agglomeration. Entangled CNTs bundles
could affect the stretching of the dope solution during the
electrospinning process and lead to non-uniform porous
structure. While modified CNTs have good dispersity that
ensures well dispersed CNTs embedding nicely in the
polymer matrix to help produce uniform porous structures
of the composite membranes.”

S-CNTs
F-CN

CNTs
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| | I SF-CNTs
el Bl SaRdaa
ool TEE 2 wi S = B A A=

5 min

FS-CNTs

0 min

1h 24h

Fig. 5 Dispersity of functionalized and unfunctionalized
CNTs in the DMF-acetone mixed solvents. Photographs
were taken at 0 min, 5 min, 10 min, 1 h and 24 h,
respectively.

3.2 Characterization of Electrospun Membranes
3.2.1 Membrane Hydrophobicity

The surface hydrophobicity of the membranes
characterized by water contact angles and the results are
showed in Fig. 6. Water contact angles on the commercial
membrane and electrospun pristine PVDF membrane are
122 ° and 132 °, respectively. Incorporation of CNTs
improved the hydrophobicity of the PVDF membranes as
the CNTs-PVDF membrane has a contact angle of 142 °.
Since the S-CNTs-PVDF membrane also has the same
contact angle of 142 °, it is likely that surface silanization of
CNTs did not help improve the hydrophobicity of CNTs.
However, fluorosilanization of CNTs increased the contact
angle to 150 ° of the F-CNTs-PVDF membrane. The reason
is that fluorosilanization introduced many hydrophobic
fluoride groups on the surface of CNTs.” The SF-CNTs-
PVDF membrane has the highest water contact angle of 153
°. As shown in Fig. 1, OTS and FTCS have similar chemical
structure, that is a carbon chain with a SiCl3 group, but the
carbon chain in OTS has 18 carbon atoms while the chain in
FTCS has only 12 carbon atoms. This difference would
make these chains have different lengths and make the co-
functionalized CNTs have higher surface roughness and
high hydrophobicity than single functionalization. The FS-

was

© Engineered Science Publisher LLC 2020

CNTs-PVDF membrane, though also had co-functionalized
CNTs, had a lower water contact angle (~ 148 °). This
difference is possibly caused by the sequence of
fluorosilanization and silanization on the CNTs; in the
surface of FS-CNTs, some OTS chains might tangle with
FTCS chains and blocked some fluoride groups, therefore,
the effect of the hydrophobic fluoride group was inhibited,
which did not occur on the surface of SF-CNTs where

fluorosilanization ~was performed after silanization.
Therefore, co-functionalization is superior to single
functionalization in terms of improving surface

hydrophobicity and the functionalization sequence matters.

155 F

-
N
(5]

ey
N
(3]

Water contact angle (°)
@
[$,]

115

Fig. 6 Contact angles of water droplets on different
membranes.

3.2.2 Membrane Morphology and Liquid Entry Pressure

The membrane morphology of the electrospun membranes
was investigated by SEM. It can be seen in Fig. 7 that the
membranes have typical interconnected nanofiber structure
and there was no significant difference between the pure
PVDF membrane and composite PVDF membranes
regarding nanofiber morphology. The CNTs could not be
observed mainly because most of the CNTs were embedded
inside the nanofibers.” The pore size, nanofiber diameter,
and porosity of the membranes are summarized in Table 1.
The mean pore size of the composite membranes is around
0.9 um, which is larger than that of pure PVDF membranes
(~ 0.6 um) and commercial PVDF membrane (~ 0.2 pm),
while the composite membranes have a smaller nanofiber
diameter than the pure PVDF membrane. This can be
explained by the fact that the addition of CNTs increased
the electrical conductivity of the dope solution and
facilitated the formation of thinner nanofibers. Though
CNTs also increased the viscosity of the dope solution, the
raise of electric force caused by increasing of conductivity
was higher than the raise of surface tension from the
increasing of viscosity, consequently, the addition of CNTs
decreased the nanofiber diameter.”**"* It was also noted

Eng. Sci., 2020, 9, 35-43 | 39
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that the membranes with fluorosilanization-functionalized
CNTs have slightly thinner nanofibers. As discussed above,
adding CNTs could increase the electrical conductivity of
the dope solution and thus decrease fiber diameter. Surface
functionalization induced better dispersity of CNTs and
avoided the formation of tangled CNTs bundled that could
influence the extrusion of the dope solution during
electrospinning. Therefore, this fluorosilanization-induced
better dispersity of the CNTs possibly contributed to thinner
nanofibers. In addition, the electrospun membranes were
much thinner than the commercial membrane, which would
benefit the DCMD process because water vapor will
experience less resistance when traveling through thinner
membranes. The porosity of electrospun membrane (~ 85%)
is slightly higher than the commercial one (~ 75 %) and this
was attributed to the unique interconnected nanofiber
structure of electrospun membranes.*

Liquid entry pressure (LEP), the pressure that enables
liquid water to penetrate the membranes, is a key parameter
to evaluate the wetting resistance of membranes. A higher
LEP is beneficial for membrane distillation to ensure feed

water will not penetrate the membranes and contaminate the
distillate. According to the Cantor-Laplace equation, LEP
can be calculated byfycos (8 )/r,.., where f is the geometry
factor, y is the surface tension of water, 6 is the water
contact angle, 7,
the membrane. ** From this equation, LEP is positively
related to the water contact angle, i.e., hydrophobicity and
inversely related to the maximum pore The
commercial membrane has a LEP of ~ 120 KPa that is
almost twice that of the electrospun membranes (Table 1).
This phenomenon was attributed to the fact that the
maximum pore size of electrospun membranes was much
larger than the commercial one, though the electrospun
membranes are more hydrophobic (Fig. 6). The LEP of
electrospun membranes is about 60 KPa and it is high
enough for DCMD operation.

is the maximum diameter of pore size in

size.

3.3 Direct Contact Membrane Distillation Tests

Fig. 8a showed the DCMD performance of the membranes.
A 3.5 % NaCl solution was applied as the feed solutions
and seven membrane samples were tested for DCMD,

Fig. 7 SEM images of pristine PVDF membrane (a), CNTs-
PVDF membrane (b), S-CNTs-PVDF membrane (c), F-CNTs-
PVDF membrane (d), SF-CNTs-PVDF membrane (¢), and FS-

CNTs-PVDF membrane (f).

Table 1 The characteristic parameters of electrospun and commercial PVDF membranes.

Thickness Porosity Mean pore ~ Max pore Mean fiber LEP
Membrane

(um) (%) size (um) size (um)  diameter (um) (kPa)
Commercial 125+4 755+ 1.0 0.22 0.40 N/A 120+ 1
Electrospun PVDF 73+£3 87.3+0.4 0.63 0.80 0.45+0.01 65+7
CNTs-PVDF 79+5 853+3.6 0.88 1.29 0.37 +0.01 63+£2
S-CNTs-PVDF 76 £5 84.2+2.1 0.97 1.28 0.35+0.01 56 +2
F-CNTs-PVDF 83+ 6 84.0+4.9 0.93 1.64 0.34+0.02 60+5
SF-CNTs-PVDF 86+ 1 85.5+0.7 0.89 1.54 0.34 £ 0.03 58+1
FS-CNTs-PVDF 77 +7 83.7+0.9 0.97 1.54 0.34 £ 0.06 68 £ 6

40 | Eng. Sci., 2020, 9, 35-43
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Fig. 8 Distillate flux (a) and conductivity (b) during the DCMD process.

including the commercial membrane, the electrospun pure
PVDF membrane, CNTs-PVDF membrane, and four
functionalized CNTs-PVDF membranes. The water flux of
the commercial PVDF membrane was around 12 LMH and
remained stable during the 6 h test while the pure
electrospun PVDF electrospun had a water flux around 30
LMH, which was about 2.5 times that of the commercial
one. This improvement could be explained from two
aspects. First, the commercial PVDF membrane had a
thickness of 125 pm while the electrospun membranes were
(~ 80 pum). The thinner electrospun
membranes provided shorter water vapor diffusion distance
and smaller resistance between the feed side and distillated
side. Secondly, the porosity was ~ 85 % for the electrospun
membranes but only ~ 75 % for the commercial one and the
electrospun membranes had larger pore size, which made
more water vapor pass through the membranes. The water
fluxes of the CNTs-PVDF and S-CNTs-PVDF membranes
were similar, both of which were about 36 LHM. This value
was 20 % higher than that of the electrospun pristine PVDF
membrane. This improvement was probably a result of the
increased mean pore size and max pore size of the CNTs-
contained PVDF membranes than the pure PVDF
membrane. It was also proposed that some CNTs would
form protrusions on the nanofiber surface that could further
improve the surface roughness and water flux. Moreover,
the surface of CNTs had many activated sites for adsorption
and desorption of water vapor molecules that allowed a fast
diffusion process for the vapor molecules.”* The reason
that no significant flux difference was observed between the
CNTs-PVDF and S-CNTs-PVDF membranes was probably
that the two membranes had similar pore size (Table 1) and
hydrophobicity (Fig. 6), which indicated that surface
silanization for CNTs had limited improvement for PVDF
membranes used in DCMD.

The F-CNTs-PVDF membrane achieved a flux of about 41
LMH and this was about 14 % higher than those of the CNTs-
PVDF and S-CNTs-PVDF membranes, and 36 % higher than
that of the electrospun pure PVDF membrane. This should be
due to the fact that fluorosilanization of the CNTs could

much thinner

© Engineered Science Publisher LLC 2020

improve the max pore size of the membranes (Table 1) and the
hydrophobicity of membrane by grafting hydrophobic groups
on the surface of CNTs. The highest flux was achieved by the
SF-CNTs-PVDF membrane, which was approximately 45
LMH, clearly implying the benefits of silanization and
fluorosilanization co-functionalization. The FS-CNTs-PVDF
membrane, however, only had a flux about 42 LMH, smaller
than that of the SF-CNTs-PVDF membrane but close to that of
the F-CNTs-PVDF membrane. Due to different sequence of the
two functionalization, there may be more hydrophobic groups
on the surface of SF-CNTs than on the surface of FS-CNTs
where silanization could diminish some fluorosilanization-
grafted hydrophobic groups since silanization was performed
after fluorosilanization, resulting in better hydrophobicity of
SF-CNTs-PVDF membranes than FS-CNTs-PVDF membranes.

Distillate conductivity and corresponding salt rejection
were presented in Fig. 8b and Fig. 9. The electrospun pure
PVDF had slightly higher final distillate conductivity and
lower salt rejection rate (~ 99.90 %) than the commercial
membrane (~ 99.92 % ). Other than that, all electrospun
composite membranes achieved high salt rejection rate.
Specifically, the SF-CNTs-PVDF membrane showed a salt
rejection rate around 99.99 %. These results demonstrated
the advantages of incorporating co-functionalized CNTs
into electrospun PVDF membranes as both highest flux and
salt rejection rate were obtained on the SF-CNTs-PVDF
membrane.

Fig. 9 Salt rejection efficiency of the membranes.
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3.4 Possible Mechanisms for Functionalized CNTs-
Improved DCMD Performance

Possible mechanisms of functionalized-CNTs in electrospun
PVDF membranes improving DCMD performance were
illustrated in Fig. 10. First, it has been reported that CNTs
have very high rapid sorption and desorption capacity,
providing water vapor diffusion pathways to go through the
membrane and therefore benefitting
transportation. *>*** Secondly, surface fluorosilanization
could reduce the surface energy and Van der Waals
attraction between the CNTs, this would be helpful for
improving the dispersion of CNTs in the polymer matrix
and make full use of the functionalized CNTs.*** Thirdly,
fluorosilanization  functionalized-CNTs highly
hydrophobic and they could increase the surface roughness
of the nanofibers via forming protrusions on the nanofiber
surface. Fourthly, by combining surface silanization and
fluorosilanization, two surface groups with different lengths
of chains were introduced to CNTs surface, as shown in
Fig. 10. These two different-length chains further increased
the surface roughness of CNTs and nanofibers to improve
the hydrophobicity. As a result, these co-functionalized-
CNTs improved the hydrophobicity and wetting resistance
of the membranes, which helped the superhydrophobic pore
walls repel water vapor molecules to mitigate friction

and water vapor
25,29,33

vapor

were

occurring between the pore walls
molecules to facilitate water vapor transportation.

Feed Side
Distillate side

Co-functionalized Water . Liquid
vapor water

Fig. 10 Schematic diagram of possible mechanisms of
functionalized-CNTs in electrospun PVDF membranes
improving DCMD performance.

4. Conclusion
In this study, surface fluorosilanization and silanization
were applied on CNTs and CNTs-PVDF composite
membranes were fabricated via electrospinning and tested
for DCMD. Highest surface hydrophobicity (~153 °),
distillate flux (45 LMH) and salt rejection rate (~99.99 %)
were achieved on the SF-CNTs-PVDF membrane that
and

incorporated  fluorosilanization silanization  co-

functionalized CNTs into the electrospun PVDF membrane.

42 | Eng. Sci., 2020, 9, 35-43

The performance of this champion membrane was
significantly superior to the commercial PVDF membrane,
electrospun pure PVDF membrane electrospun
composite membranes that had single-functionalized CNTs.
The great hydrophobicity of the SF-CNTs-PVDF membrane
was attributed to the fluoride groups-grafted hydrophobic
CNTs and CNTs-improved surface roughness. This
outstanding hydrophobicity led to high rejection rate, while
the high distillate flux was benefited from the high porosity,

and

large pore size and small thickness. This work suggested
that electrospun PVDF membranes with functionalized
CNTs were promising candidates for membrane distillation
and fluorosilanization-silanization co-functionalization on
CNTs could be a potential avenue to modify CNTs for
fabricating superior PVDF composite membranes.
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