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PVDF-CNT membranes were fabricated using thermally induced phase separation (TIPS) protocol. The mem-
branes are extremely tensile, strong and robust. Membranes exhibit hydrophilic behavior with decreasing
contact angle (CA < 90°) in saline environment. Crystal study (XRD) of membranes reveals a-phased PVDF with
hexagonal (002) oriented CNTs within the polymer matrix. The morphology (SEM) and thermal analysis (TGA)
reveals that the material is made of several porous zones and the material is chemically and thermally stable up
to 500 °C. Raman and FTIR spectrum shows ordered bands of the D and G with complete grafting of PVDF bonds

1. Introduction

Poly(vinylidene fluoride) (PVDF) membrane is a boon to the sci-
entific research where, it has been extensively applied in several in-
dustries and their process due to its superior properties [1]. PVDF is
extremely stable, semi-crystalline polymer and offers higher grades of
chemical resistance, thermal stability and membrane fabricating prop-
erties. Apart from these, PVDF also offers a myriad of applications
which includes membrane distillation, water treatment, removal and
separation of gas-pollutants, recovery of bio-energetic fuel like bio-
ethanol, lithium ion battery separator and physical support for com-
posite membrane synthesis respectively [1-5]. It is the crystalline phase
of PVDF polymer which yields higher mechanical strength and re-
sistance towards impacts, wear and tear, whilst the amorphous phase
renders flexibility to the membrane [6]. PVDF is easy to dissolve in
several organic solvents like N-methyl-2-pyrrolidone (NMP), N,N-di-
methylformamide (DMF), N,N-dimethylacetamide (DMAc), acetone
and Tetrahydrofuran (THF) etc., which helps in fabrication of porous
membranes by several methods involving simple phase inversion pro-
tocols. These protocols are the most common industrial procedures

employed to yield out large scale production of membranes [1,6]. Since
PVDF is highly compatible with process-ability, it can be synthesized in
forms like flat sheet, rolls or bands of hollow fiber and tubular mem-
branes.

Hydrophobicity/philicity is an important parameter for any PVDF
membrane, as several commercial membranes are made of PVDF as its
primary component. The efficiency and performance of PVDF mem-
brane depends on the degree of resistance produced against fouling and
wetting process, which consequently maximizes the operation cost and
failures. Hence the PVDF membranes are modified accordingly to either
make it hydrophobic/phillic to provide effective, improved anti-fouling
and wetting resistance [7,8]. This area has specially gained a lot of
attraction and has opened research with myriad possibilities in the field
of membrane filtration. In addition, the comparatively high mechanical
robustness of PVDF offers advantage over other materials in fabrication
of membranes useful for water treatment processes [6]. Based on these
traits of PVDF, if a 1D filler is added within its matrix it would result in
synergistic advantage of properties there by making the membrane
more robust, lightweight, with improved hydrophobicity/phillicity and
chemical stability. Such 1D filler is a carbon nanomaterial (CNM) in the
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form of carbon nanotubes (CNTs) which will offer more promising re-
sults in the membrane technology [9-13]. Generally the combinatorial
mix of 1D Carbon nanomaterial (viz. CNTs) with polymers offers the
combined merits of organic-inorganic, physico-chemical interactions
and synergistic enhancement in electrical, thermo-mechanical, filtra-
tion/separation properties respectively [9,14,15].

The primary objective of the present work is to assess the ability of
water passage through an ultra thin composite membrane of the VACNT
forest and the PVDF. Where the saline water should be able to have a
free passage through the matrix for desalination application. Thereby,
maintaining its hydrophilic nature so as to avoid any possible fouling.
Authors would like to emphasize that the present work is to fabricate an
ultra thin membrane within the norm of 100 pm using the TIPS method.
So that the energy efficiency and higher water flux for the system
working at low pressure (1bar) is achieved. More over the composite is
designed in such a way using thermal (TIPS) approach so that the
thickness of the composite is well maintained below 100 um (our case
max thickness = 60 um) with very high mechanical strength. Based on
these findings the novelty of the work is the use of TIPS protocol to
create a VACNT-PVDF based membranes for active desalination.
Moreover it is a known fact that most of the desalination membranes
are made of PVDF, Polypropylene or PVA based polymers as their
master matrix for various support fillers. It is the functional and mo-
lecular aspect of these composites which attributes to its novelty and
efficiency.

Hence, the present work describes the fabrication of PVDF-CNT
membrane composite with higher mechanical robustness and improved
hydrophilicity of the membrane synthesized by blending and TIPS
method.

2. Experimental techniques
2.1. CNT synthesis

Synthesis of vertically aligned (VA) CNTs were carried out at first by
depositing the catalysts iron (Fe) and alumina (Al,O3) on single crystal
(100) Si Wafer (p-type, boron doped; Winwin Tech; Korea) by an
electron beam evaporator (Samhan thin film vacuum Co. Ltd., Korea).
The deposited Alumina also acts as a porous substrate and a thin film
buffer layer for enhancing the growth of CNTs [16-19]. The Fe—Al,05
catalyst coated Si wafer is then transferred to a CVD (ISAC Research,
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Inc. Korea) chamber made of quartz tube equipped with furnace and a
quartz seat respectively. Fig. 1 shows the in-house developed CVD
system scheme for VACNT synthesis. In this system the CNTs are syn-
thesized by slowly pre-heating the furnace up to 520 °C at a ramp rate of
20 °C/min in the presence of argon (Ar) and Hydrogen (H,) gas re-
spectively. At this temperature, the pre-treatment process makes the
catalyst transform itself in the form of nano-phased “catalytic islands”
[20,21] on the Si wafer. This process not only helps in obtaining high
quality CNTs, but also synthesizes uniform diametric CNTs. After this
step, the synthesis of CNTs occur with the release of both H, and
acetylene (C,H,) gas in a 4:1 ratio for 30 min when the temperature
reaches 700 °C.

2.1.1. Catalyst deposition

Before the synthesis of CNT, catalyst is prepared by depositing Fe
and Al,O3 on a clean silicon and a silicon dioxide (Si) wafer using an
electron beam evaporator. We deposit 20 nm thick buffering layer of
alumina followed by a 2nm thick iron catalyst on top at a deposition
rate of 0.3-0.4 A, under a high vacuum pressure of 10™* torr respec-
tively. In general, during the process a gaseous state of atomized cat-
alyst is formed which gets condensed and deposited as a thin film on the
wafer uniformly due to a temperature based gradient within the
chamber. Using a system in-built detector, the thickness is monitored in
real time during the deposition process. On completion, the coated
wafer with catalyst is transferred to the CVD system for CNT synthesis.
Fig. 2(a) depicts the catalyst deposition layout for the synthesis of CNT
along with the CVD ramping procedure Fig. 2(b).

2.2. PVDF-CNT composite fabrication

PVDF-CNT membranes are fabricated through temperature induced
phase separation technique (TIPS) with a modified procedure [15] as
depicted in Fig. 3. The casting solution is prepared by mixing (in
weight/weight percentage = w/w%) the required amount of PVDF
10%, 15%, and 20% (Alfa Aeser (44080: (—CH2CF2-),, MP:155-160 °C),
Korea) and 90 w/w %, 85% and 80% of N-methy-2-pyrrolidone (NMP,
Sigma-Aldrich, Korea) at 70 °C until mixed and vigorously stirred using
stirrer at maximum RPM. After complete dissolution of the PVDF in the
NMP, the solution is degassed under vacuum for removal of any air
bubbles.

Then the composite membrane is fabricated by casting the liquid

Scheme (a) : Chemical Vapor deposition (CVD) of CNTs: Unit Design
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Fig. 2. Scheme (a): E-beam based catalyst (Fe and Alumina) coating on Si wafer for synthesis of CNT forest. Scheme (b): Temperature program parameters and the
ramp rate of the CVD equipment for the CNT synthesis.

solution on to the CNT synthesized Si wafer at room temperature. Once Table 1

the wafer is completely covered by the thin layer of the PVDF solution, PVDF, PVDF-CNT membrane recipe.
it is allowed to dry in the air for 15 min and then kept on a hotplate

X N K R EXPT NO PVDF (g) CNT (g) NMP Solvent (g) w/w %
controlled at 55 °C for 12 h. Once the film is dried it can be pulled out
easily (Step.1). If it doesn't pull out, then the wafer with CNT-PVDF film Pure PVDF 0.75 0 15 5%
is immersed in a 50 ml of 1:3 ratio HNO5: HCI to remove the CNT izgll:ingigﬁ ;zs g-gi 12 123‘

. . 00— . . 0
holding from the Fe catalyst. This causes the complete detachment of PVDF20%_CNT 3 0.01 1s 20%
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Fig. 3. Step wise procedure for the synthesis of PVDF-CNT membranes.
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CNT+ PYDF

ENT+ PVDF

Fig. 4. SEM images of the thickness of PVDF-CNT composites films (a) pure PVDF film surface; (b) PVDF 10% with CNT; (c) PVDF 15% with CNT; (d) PVDF 20% with

CNT; (e) As prepared in-house synthesized CNT forest.

obtained membrane is now thoroughly washed for several times using
fresh DI water until the pH of the water and the surface of the mem-
brane (both sides) reaches a neutral state. This is done by mildly
pressing and contacting the pH paper strips to the membrane sides.
After the pH is found to be at neutral point, the membranes are cleaned,
dried and stored in a desiccator for further use. Table .1 shows the
recipe for synthesis of PVDF-CNT composite membrane.

3. Results and discussion
3.1. Scanning electron microscope (SEM)

Scanning electron microscopes (PEMTRON PS250) and FE-SEM/
EDS MIRA3 LMH TESCAN equipped with energy dispersive spectro-
meter (EDS) analyzer was utilized for viewing the surface topology. The
images were obtained at an acceleration voltage of 15keV using a
secondary electron detector. The samples were gold coated using an ion
sputter before conducting the analysis. SEM was obtained to know the
morphology and thickness of the fabricated PVDF-CNT composite films.
Fig. 4 represents the SEM images obtained for the films. Fig. 4 (a) shows
the top surface of the TIPS induced drying of pure PVDF film. The film
in general is smooth (“skin type”) and translucent in nature. The surface
roughness also makes the film seem porous and have good hydro-
philicity. The film is almost 60 um in thickness with similar openings
across its surface. The surface at some areas shows nodular

(Supplementary Fig S.1) structures formed due to the heating (drying)
process. The EDX spectrum shows predominant fluorine peaks without
any inclusions of another element, owing to the purity of its formula
respectively. Fig. 4 (b) represents PVDF 10% with CNT, the film is
around 40-45 um thick across its length. As we can observe that the
PVDF has coated the CNTs completely with traces of CNT visible across
its top and bottom borders. The surface is smooth (“skin type”) and also
quite uniform. From the (Supplementary Fig S.2), one can also observe
that the top surface is “skin type” with milder degree in roughness.
Whereas, the sides (as has been cut by scissors) display a complete
reinforced type structure. Upon close examination, one can observe the
severed CNT forest fibers across the top and bottom layer of the com-
posite with downward finger like flaky projections of PVDF. The ele-
mental profile shows increased carbon content with decreasing
fluoride, owing to the presence of more concentration of PVDF and also
presence of CNTs. The presence of Si peak denotes few particles from
the wafer when the composite was peeled off. The presence of Si and 02
peaks also infer the CNT presence. Fig. 4 (c) displays PVDF 15% with
CNTs. The image shows the partial and uneven covering of the PVDF on
CNTs at one point of the film edge. The total thickness of this film is
54 um. Traces of CNTs can be observed in between the voids, topolo-
gically the surface of the film is even with random and small distribu-
tion of depression like feature. From the (Supplementary Fig S.3), one
can observe that the top surface is highly uneven though “skin type”
with milder roughness and depressions. The edge scan shows almost
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Fig. 5. X-Ray Diffractogram of CNTs and PVDF-CNT composite films.

similar results with the presence of depressions due to thin PVDF
coating. As the coating density is thicker at few sides and edges, one can
observe strands of CNTs standing within the thin matrix at the bottom
(red circles). The elemental profile shows increasing carbon and de-
creasing fluorine peaks as observed in previous scans. Fig. 4 (d) displays
PVDF 20% with CNTs. A similar surface distribution of PVDF is seen
where the CNTs are almost covered with the PVDF but formation of
double layer blanket like openings shows that the effect of drying due to
heat is non-uniform. The base of the CNTs can be seen with small
protrusions (arrow) of a group of CNTs. The thickness of the film is
between 50 and 65 um thick across its length. The variation in length is
attributed to the amount of viscosity, the flow and drying time of the
PVDF. As it is evident that by increasing concentration of PVDF, the
viscosity increases thereby retarding the flow and spread of the PVDF
over the CNTs. From the (Supplementary Fig S.4), one can observe that
the top surface has a mixed topography with highly porous, several
large sized openings and a mixed rough and “skin type” layer sur-
rounding it. The pores when magnified shows cave like pattern with
deep valleys. The edge scans shows few points of openings at the
junction of the top layer but majority of the film seems to be well
covered. At the opening one can also observe the presence of CNTs
bursting out of the matrix. The elemental profile shows similar trend
with more increase in carbon and decrease in the fluorine content as
discussed above. Fig. 4 (e) represents the in-house grown CNTs on the
catalyzed Si wafer using CVD at 700 °C. The CNTs are approximately
50 um thick. The CNT forest is highly interconnected and is supported
well with openings across their lengths which help in allowing an easy
passage of PVDF solution during the coating and film fabrication pro-
cess.

3.2. Electrostatic force microscopy (EFM)

Park systems NX-10 Atomic Force Microscopy (AFM) was employed
to study the surface charge of the membranes. The instrument is
equipped with the electrostatic station. A non-contact mode was em-
ployed to study the surface characteristics of the membranes. A
10 um X 10 um area was considered. (Supplementary Fig S.5), shows
the EFM images of the composite surface for pure PVDF, PVDF 15%
with CNTs, PVDF 20% with CNTs respectively. The scan shows that the
surfaces of the samples are highly rough in nature. The amplitude scales
beside the image shows that the material consists of very low surface
charge potential, which majorly lies in the range of 0.1-0.5mV. The
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Root mean square value of roughness (Rq) in pure PVDF is around
0.217 um with an arithmetic average height (R,) of 0.160 pm. The (Ry,)
peak-to-valley is around 2.756 um respectively. For PVDF 15 %—CNT
the Rq, R, and the R, are 0.194 ym, 0.150 pm and 2.612 pm respec-
tively. For PVDF 20 %—CNT the Ry, R, and the R;, are 0.235pum,
0.175um and 2.77 pm respectively.

3.3. Focused ion beam (FIB)/transmission electron microscopy (TEM)

Higher resolution TEM (300 kV FE-TEM (Tecnai F30 S-Twin) images
of the sample PVDF 10% with CNT is opted due to its thin layer of PVDF
over the CNT forest. Supplementary Fig S6 shows the cross section of
the composite membrane made by Dual Beam: focused ion beam (FIB)
system (Helios NanoLab™). The FIB-TEM Fig S6 (a) image shows the
presence of multiple dark circular components of the CNT walls within
the matrix. Fig S6 (c) image shows the 5 pm thin slice with an overall
cross sectional view of the composite. From the cut out, we can observe
the PVDF matrix as shown by the arrows and the CNT as circular dots at
the center. The top red box in the triangular zone is highlighted,
magnified and displayed in Fig S6 (a) section which shows a high
density of CNTs. The below marked red box is displayed in Fig S6 (d)
which shows the freely spaced CNTs as observed from the top view. Fig
S6 (b) shows an isolated CNT taken from the as synthesized VACNT
forest respectively. The image shows that the tubes are made of 5-10
layers of graphene walls along with some amorphous carbon and few
defects within the surface regions only.

Furthermore, Supplementary Fig S7 (a-e) shows the higher resolu-
tion images of the CNTs within the matrix. The yellow box displays the
zone of selection for higher magnification. All the images show that the
CNT walls are composed of nearly 8-10 layers respectively.

3.4. XRD

X-Ray diffraction was carried out using Bruker-Axis D8 Advance
diffractometer using Cu K-alpha radiation at power of 40 mA and 40 kV
respectively. The diffractograms of the samples are shown in Fig. 5. The
sample shows that CNT is hetero-crystalline in nature with presence of
three prominent peaks at 2(0) theta angles with their hkl lattice or-
ientations 20 = 20.4°(004), 26.4° (002) and 42.8° (101) respectively
[22,23]. The peak at 20.4° corresponds to the presence of amorphous
impurities along with peak broadening at 26° for defective carbon na-
notubes, thus inferring presence of semi-crystalline hexagonal graphitic
planes with possible defects [24]. The peaks observed are in complete
agreement with the JCPDS card #75-1621, #48-1206 and # 89-8487
respectively. The other peaks in the image (Fig. 5) represent the PVDF-
CNT diffractograms. The peaks are almost similar with each other ex-
cept the intensity seems to be variable. The diffraction peaks observed
at 20 angles are characteristic to PVDF viz: 18.3°, 20.5°, and 26.7°
corresponds to the hkl orientation plane of (020), (200) and (020)
which matches well with the JCPDS card # 42-1650 and # 42-1649)
respectively [25-27]. The hkl reflection in the sample represents and
confirms that the major phase of PVDF in our sample is of a-type. Also
the same is observed in the FTIR results (Fig. 6) which are in agreement
with each other.

3.5. FTIR

Fourier transformed Infrared spectra were obtained using Thermo-
scientific, (Nicolet 380) spectrometer. Fig. 6 shows the spectrum range
characteristic to PVDF and CNT signature zones. From the image, peaks
in between 450 and 980 cm ~ ! represents the presence of both o (major)
and [-phases (minor) of PVDF. The peaks observed in between 850 and
900 cm ! is attributed to the- p phase whereas remaining represents
the a-phase respectively [28,29]. After introducing CNTs into the PVDF
the FTIR signal changes a bit which includes a minor decrease in the
intensity and change of positions for the wavenumbers between 700
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and 860 cm ™! respectively [30]. Secondly, the respective signature
vibrations of PVDF and CNTs are visible which corresponds to the C—F
(850-875cm™!) and C—-N (1300-1400cm™!) stretching modes
[28-30]. Since CNTs were very less in their concentration with respect
to PVDF during the coating process, the signals of C—C, C—0 and C—H
are either very weak or not visible. The possibilities may be due to the
thick PVDF coating and less concentration of CNTs [31].

3.6. Raman

Raman analysis of the samples were carried out using a microRaman
spectrometer (Ramboss 500i, Dongwoo Optron Co) with an Ar™" ion
laser source having an excitation wavelength of 514 nm. Fig. 7 shows
the Raman spectrums of CNT, PVDF membrane and PVDF-CNT com-
posite respectively. The spectrums of PVDF and PVDF-CNT composite
have been selectively taken between 200-800 and 1000-1800cm !
respectively. All the PVDF-CNT composites have exhibited similar re-
sults hence only one sample spectrum has been shown in Fig. 7(d) and
(e) with profile fitting using a Gauss curve. Fig. 7(a) displays the
complete spectrum of the as prepared in-house CVD synthesized CNTs
with a D, G and 2D (G’) bands at 1330, 1575 and 2668 cm ! respec-
tively. The Ip/Ig and Ig/Ig ratios 0.92 and 0.87 respectively show that
the material is a heavily stacked multi-walled CNTs with several in-
terior graphene walls. The intensity of D and G bands also show that the
quality of the CNTs produced is of good quality but has few defects
associated within, the secondary possibility of the increasing D band
may also account for the presence of amorphous state or degenerated
graphene walls as observed in the XRD at 2 theta angle of 20.4°(004),
with broadening which is in agreement with the Raman results. The 2D
(G”) band is observed to be almost of the same size of D band hence
inferring the presence of several stacked semi degenerative graphene
walls in CNTs [32,33].

The characteristic Raman spectrum of pure PVDF film is shown in
Fig. 7(b) and c respectively. In Fig. 7(b) and C, the spectrum shows
several a (255-658 cm~!) and B-phase (1425 cm™Y) peaks character-
istic to the PVDF [34,35]. These modes are generally from CF2-bending
and CH2-rocking vibrations. Though the complete scan post 700 cm ™!
did not yield any significant peaks except at 1425 cm ™' deriving that
the sample is indeed made majorly of a-phase and very less of B-phase
respectively [33]. This result is in complete agreement with the FTIR
data. Fig. 7(d) and (e) represents the spectrums obtained for PVDF-CNT
composites. All the sample spectrums show similar results. The peaks in
Fig. 7(d) shows, that the a-phased peaks have shifted to lower wave-
lengths and baseline has also decreased after the addition of CNTs. Si-
milarly peaks between 1300 and 1530 cm ™ Lin Fig. 7(e) is found to also
change with respect to pure CNT and PVDF peak points, as we can see
that the peaks: from 1330 have shifted to 1332 cm ™ for D-band, from
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1425 to 1428 cm ™! for PVDF B-phase and decrease in peak position
from 1575 to 1528 cm ™! for the G-band respectively. This implies the
formation of bonds between PVDF and CNTs by charge transfer process
[36,37]. As it is also observed that, the Ip/Ig ratios have increased from
0.92 for pure CNTs, to 1.08 for PVDF-CNT composite membrane
amounting to the addition of C—C bonding between PVDF and CNTs
through a chemical interaction by donor-acceptance at the interface
[38]. According to Mohan Raja et al. [39], the increase in the ratios is
also due to the increase in hydrogen bonded interaction between PVDF
and CNTs, which also leads to strong adhesive and interfacial interac-
tion properties. This assumption is in complete agreement as the
membrane had strong binding force with CNTs during the pulling
process. A Gaussian profile fit of the composite peak between 1300 and
1600 cm ~ ! confirms the presence of three distinct peaks as observed in
Fig. 7(e) which are almost the same wavelength as observed with the
original composite peak, even the Ip/Ig ratios are almost same (1.08
and 1.079 respectively). Apart from this the broadening of the com-
posite peak between 1300 and 1530 cm ™! implies that the bonding
between the PVDF and the surface of CNTs have taken up strongly. As
the intensity at 1528 cm ™! has decreased, it implies to the presence of
the PVDF's masking effect suggesting that the CNTs are well covered
with PVDF. However, no 2D peak was observed in the composite
sample scans.

3.7. Thermal analysis

Thermal analysis and stability of the samples were carried out using
a Perkin Elmer STA-6000 thermogravimetric analyzer (TGA) with a
heating rate of 10 °C min ' in the presence of nitrogen at a flow rate of
20 ml/min. The analytical temperature range was set between room
temperature and 700 °C. Fig. 8 shows the thermograms related to PVDF
and PVDF-CNT composites. As the results show that all the samples
have almost similar thermal trend with good thermal stability. Pure
PVDF film thermogram (black line) shows temperature stability up to
450°C. The initial loss around 135°C is attributed to the loss of
moisture along with the decomposition of polymeric fluoride (C—F)
chain and residual solvent (NMP) respectively [28]. Later as the tem-
perature progresses, at 503 °C a loss of almost 62% is recorded which is
attributed to the breakdown of the polymer backbone and decomposi-
tion of the 80% of PVDF. The PVDF + CNT composites (red = PVDF
10%); (blue PVDF 15%) and (orange PVDF20%) shows similar
trend. A small dip or loss of mass is observed at the initial point around
150 °C owing to the removal of residual solvents, breakdown of C—H
and absorbed moisture as stated above, secondly a gradual mass loss up
to 80-85% is recorded which is due to the evolution of HF gas as a final
resultant of PVDF degradation along with the degradation of C—C
bonds and C—F bonds of the PVDF and CNTs respectively [40]. A minor
temperature difference is observed for the composite samples during
complete degradation post 500 °C. These shifts in temperature may be
due to the phase change (a-p transition) occurrence as the CNTs are
also embedded within the matrix [28].

3.8. Contact angle

To investigate the membrane surface wetting property (hydro-
phobic/philic), a static contact angle (CA) was measured (SmartDrop
Standard, FemtoFab: Korea). The constant amount of Milli-Q water
(3 ul) was dispensed on the surface of the membrane and the contact
angle was measured using the inbuilt software. Fig. 9 depicts the
membrane contact angle as observed in real time. As it is observed the
pure PVDF membrane is hydrophobic with its CA 103.6°. If we compare
the SEM surface image of PVDF membrane we can observe the presence
of finger like protrusion which is causing the membrane to enact the
“lotus effect” [41], hence we could observe its hydrophobicity more
clearly. On contrary to this, when CNT-PVDF composite is fabricated
and tested for its wettability there is a decrease in the CA for all the
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Fig. 7. Raman Spectrums of (a): the as prepared CNTs; (b), (c): Pure PVDF; and (d),(e) PVDF-CNT composite films displaying their fingerprint zone peaks.

composite samples from 89 to 87° respectively. As its a known fact that
PVDF and CNTs are generally hydrophobic in nature. We believe that
when the membrane is dried at 55 °C, all the solvent moieties are re-
moved and the CNT open ends become reactive thereby creating strong
bonds with the fluoride ions of PVDF resulting in the making of hy-
drophilic membranes. Moreover, this remarkable change may also be
attributed to the development of increased surface negative charge
density and the surface smoothness (skin type morphology as observed
in SEM) of membrane resulting in good hydrophilicity [7].

3.9. Tensile strength

Fig. 10. Ilustrates the Tensile properties of the membranes mea-
sured using a universal testing machine (Lloyd LRX Plus, Ametek Inc).
The crosshead speed was 2 mm/min and the sample dimensions were
35 mm(length), 4 mm (width) with variable thickness for our samples
Viz: pure PVDF 60 um, PVDF 10% + CNT 40 pm, PVDF
15% + CNT 55 um, PVDF 20% + CNT 65 um respectively.
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Additionally, the in-house grown CNTs were also tested for its tensile
property in the form of a CNT-paper. The dimension of the CNT-paper is
35 mm (length), 4 mm (width) and 35 pm (thickness). As observed from
the image (Fig. 10(a)), our CNT paper can withstand stress up to
13.1 MPa with percent elongation at break appearing at 4.3% which
shows a good mechanical flexibility in case of CNT. The modulus of the
paper was found to be 0.25 GPa. Similar reports on CNT papers have
also been reported by several authors [42-44]. Pure PVDF (Fig. 10(b))
displayed a good flexibility where it was able to withstand elongation at
break up till 77% displaying its strong inter bonding between the
monomers due to controlled thermal drying. Secondly, the maximum
yield stress our membrane could withstand was until 54 MPa. The
modulus for pure PVDF was found to be 4.2GPa. The Composite
membranes are illustrated from Fig. 10(c—e) respectively. The in-
creasing bonding strength within the PVDF and CNTs have synergisti-
cally provided enhancement in the mechanical properties of the
membranes.

As it is found when the concentration of PVDF is increased (10%,
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Fig. 8. Thermogravimetric data curves of Pure PVDF (Black line);
PVDF10% + CNT (RedLine); PVDF15% + CNT (Blue Line); PVDF20% + CNT
(Orange Line). (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)

15% and 20%), the capacity to stand higher stress improves (91%, 93%
and 97%) for the samples respectively. But when elongation at break is
considered, the 10 and 15% show a good increase in the elongation
from 4.9% to 23.6% respectively. But as the concentration of PVDF
reaches 20% the elongation at break decreases by almost half and
reaches to 9.8%. We opine that, this decrease in the elongation may be
attributed to the presence of micro air bubble formation and

Composites Part B 160 (2019) 632-643

reformations in the open cell structure in microstructural networking
during the drying (TIPS) process leading to possibly form weak bonds
between the CNT and PVDF interface at certain areas of the mem-
branes, and increased stiffness, which have resulted in the breakage of
the sample [45-47]. The modulus of the composite samples also shows
similar trend (PVDF 10% + CNT) 1.5 GPa, (PVDF 15% + CNT) 4.7 GPa
and 3.5 GPa for PVDF 20% + CNT respectively.

4. Application
4.1. Filtration efficiency

PVDF-CNT composite membrane permeability tests were carried out
as reported by Shawky et al. [48]. Initially the test was carried out for
assessing the passage of milli-Q deionized water through the flat sheet
membranes at 27 °C. The permeate volume was taken at 5Smin interval
for 1 hat a single pressure of 1bar using a Sterlitech™ HP4750 (Sterli-
tech, USA) high-pressure stirred cells equipped with a dead end under
stirred conditions of 800 rpm at 27 °C. The permeability was calculated
as a specific flux in L/h m? bar units. Once the cell and the membranes
were conditioned, the membrane efficiency with respect to the salt
rejection was carried out. The following equations (1)-(3) were used to
determine the parameters [49].

The salt rejection, R (%), was calculated by the following equation

®

=Py 00
cf @

Where Cf is conductivity of the feed (NaCl) solution and C; is con-
ductivity of the permeate solution.

The membrane flux was calculated by the following equation (2),
where the flux, F(Lh™ ' m™ 2), is defined as the volume of water “V” in

R(%) =

Tomperature: 228 *C
Humidity. 4.7 %
angle. 0.0°

Volume: 2.9 i

; Plop: 13543 Pa

¥V Too smad drophe Pase: 13665 Pa

PVDF CA=103.6°

Temperature. 23.0 °C
Humidity: 5.1 %
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CAG) 0 Volume: 3 8 4
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Fig. 9. Contact angle measurements of the PVDF and PVDF-CNT composite films.
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liters (L), which has permeated through a membrane of an area “A”
(m?) in a time interval, “t” (h):

\

=27 @

The membrane's water permeability was calculated by the following
equation (3), Where permeability, P (L pm m ™~ 2h~ Ybar™ 1), is defined
as the volume of water, “V” in liters (L), which has permeated through a
membrane of area “A” (m?) with a thickness “I” in (um) divided by the
pressure difference, “Ap” in (bar), in a time interval, “t” (h):

Vi
At Ap

3)

In this present work, salt (NaCl) with 0.06M(1 L) was used to ana-
lyze the efficiency of the membranes at 27 °C respectively. Throughout
the filtration process the operating pressure was kept constant at 1 bar
(0.1 MPa) with continuous stirring (800 rpm). Also every membrane
was tested with 50 ml of NaCl as feed. The conductivity of feed and the
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permeate were calculated over the time using a standardized digital
Mettler Toldeo (inLab741sm) conductivity meter. All the films used in
this test are less than 65 um in thickness.

The salt rejection tests (Fig. 11) were carried out on the PVDF and
PVDF-CNT composite samples, as it is observed that the increasing
PVDF concentration has shown an increase in salt rejection from 19 to
35% followed by a steady maintenance of the water flux with varia-
bility in the water permeability respectively. Table .2 shows the fil-
tration parameters of all the membranes functioning at the working
pressure of 1 bar. Though, the rejection rates are well below the com-
mercially available PVDF membranes, most of the commercial mem-
branes [6,50] generally work above 1bar of pressure, thus making our
membranes suitable for working at low pressure of only 1 bar for de-
salination. This not only saves energy but also may filter out larger
volume of seawater for future studies. Secondly, the incorporation of
VACNTSs into PVDF matrix has significantly improved its efficiency with
respect to the membrane thickness (which is less than 65um in our
case). This is attributed to the presence of strong network structure with
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Fig. 11. Membranes salt rejection efficiencies.

fine dispersion of pores caused due to the thermal drying of the mem-
branes [48,51-53]. In case of PVDF 15%—CNT, one can find a steady
increase in the filtration efficiency due to the presence of tightly packed
CNT-PVDF layer. The film shows thick layers of PVDF covering over the
CNTs (as observed in SEM images). The thick layers of both CNT and
PVDF may provide more salt interaction between the PVDF pores and
high surface area of the CNTs leading to slightly higher filtration values.
Also one can agree with the XRD image which shows that PVDF15%
—CNT has high intensity of crystalline CNTs within the matrix which
owes to its reactivity in salt removal respectively [48,52]. In case of
PVDF20%—CNT, the trend should have increased with respect to the
increasing concentration of PVDF. But it wasn't the case the authors
find. In this case when the sample was examined by SEM we found that
the surface of the membrane was having mixed topology with very
large distribution of pores with size greater than 8-10 um. This must
have caused limited interaction of the salt solution with the matrix and
CNT surface charge. Hence seepage of the feed must have been easier
there by decreasing the filtration efficiency. Baskoro et al. stated that
rejected molecule tends to get built up in concentrated form around the
boundary layer contiguous to the membrane surface [54,55]. This re-
duces the dynamic force for filtration. Recently Xu et al. reported that
the inter-lamellar structure of the membrane can effectively control the
permeate's transport [56]. When the feed concentration is high, the
Na™ ions interact with the functional arms of the CNTs (COO ™), within
the membrane there by leading to a reduced Donnan exclusion effect.
This reduced interaction results in the low salt rejection [54]. One can
also compare that, most of the commercially available membranes are
at least 50-200 um in thickness when compared to our membranes
which are less than 65 pum respectively, which are 3.5 times thinner
than the commercial ones. Moreover, the mechanical strength of our
very thin membranes is also high with respect to withstanding the

Table 2
Salt rejection efficiency of PVDF and PVDF-CNT Membranes.

maximum operating pressure up to 90 + 5MPa (900 * 50 bar) which
according to us is the lowest reported thickness based pressure suste-
nance for PVDF-CNT membranes. Authors to the best of their knowl-
edge related to VACNT-polymer based membranes have tabulated and
compared their work based on the thickness of the film, its chemical
composite makeup and the working pressure along with its rejection
efficiency in Supplementary Table.S1. Our future study would be or-
iented to enhance the salt rejection efficiency of the very thin mem-
branes by employing surface changes and doping techniques so that the
flux and permeate also normalizes simultaneously.

4.2. Effect of PVDF concentration on morphology and filtration

As a binary system, TIPS process generally involves the use of a
polymer and a solvent for defect free manufacture of composites. Hence
this process offers higher reproducibility with very low defects. Thus,
TIPS process yields in the fabrication of defect free, robust membranes
with improved mechanical strength in the presence of high con-
centrated polymers. This is due to the fact that higher temperatures
allow for better and excellent crystallization. TIPS process offers several
advantages like prefabrication of micro-porous membrane composites
with narrow pore size distribution, unique morphology and high por-
osity [57-59] based on the composition and temperature respectively.
This process faces a major challenge to be addressed in controlling the
pore size (> 50 nm) based on the utilization of excessive temperature
for membrane fabrication. During the quenching process, using water
when the membrane is formed a mild non-solvent induced phase se-
paration (NIPS) effect takes place on the surface which results in the
formation of dense “Skin like” topology [58]. Moreover in our case we
find several points of agreement with the effect of increasing con-
centration of PVDF (from 5 to 20 w/w %) (please refer Table .1) with

Membrane Name Feed pressure (bar) Water flux (Lh™'m~2)

Water permeability (Lumm ~2h~!bar 1) (NaCl) Salt rejection (%)

Pure PVDF 1 47.50
PVDF 10%—CNT 1 47.55
PVDF 15%—CNT 1 47.59
PVDF 20%—CNT 1 47.53

0.285 19%
0.214 25%
0.257 35%
0.309 15%

Note: Feed concentration: 35 g/L (0.06M NaCl) and feed test volume/membrane: 50 ml.
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respect to constant amount of NMP as the dope solvent. As observed
correlatively with SEM, XRD, tensile and other characterization tools
employed in our case, we find that the membranes have “skin like”
morphology and with increasing polymer content, surface openings in
the form of “cave like patterned holes” are observed. Indicating the
effect of temperature and rapid evaporation of the solvent. Higher the
polymer content till the threshold limit, offers very good mechanical
properties. Beyond this, the material tends to show brittle nature due to
immiscibility and formation of bigger disentangled spherulites [58].
Hydrophilicity of the membranes also improved with the increasing
amount of polymer. The contact angle values have come down from
103° to 87° respectively. This infers that the increasing concentration of
the PVDF does have effect in improving the morphology, filtration ef-
ficiency, hydrophilicity and mechanical properties respectively.

5. Conclusion

A facile approach to the fabrication of ultrathin and light weight
PVDF-CNT composite was designed by TIPS method. Additionally, the
VACNTs were synthesized on a Si substrate using a thermal CVD. PVDF
in different aliquots were synthesized and a very small volume was
poured on to the VACNTs to cover them and form freestanding mem-
branes after drying and acid digestion. The Pure PVDF and PVDF-CNT
composites were found to be hydrophilic and thermally stable with
enhanced mechanical stability and durability. The membranes had a
medium thickness in the range of 30-60 um which were assessed for
their salt rejection efficiency at 1 bar of working pressure. The mem-
branes could efficiently remove 0.06 M NaCl up to 35%, with similar
water flux and almost very less energy. The mechanical stability of the
membranes was found to be very good with respect to its modulus and
strain relations, as most of the membranes were able to withstand high
pressures also. The effect of increasing concentration of PVDF from 5 to
20 w/w% shows considerable changes and improvement in the mor-
phology, mechanical property, water filtration efficiency and hydro-
philicity of the membranes. In our future work this will help us to ex-
plore further diverse applications in the field of industrial and domestic
pollution related treatment processes. We also focus our next study on
membranes to be reusable, as we know that PVDF is mostly inert and
non-reactive to acid-base reactions making it more meritorious for
several cycles of reuse without any damage to it.
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