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ARTICLE INFO ABSTRACT

Keywords: In membrane distillation, separation can be greatly enhanced by the use of membranes with high porosity and
PVDF o hydrophobic surface. However, their separation performance drops significantly due to wetting in the presence
Membrane distillation of surfactant. In this work, polymethyl methacrylate (PMMA), carbon black and/or conductive ink was incor-
Carbon black . . . .
PMMA porated into PVDF membranes with microroughness templated from weave pattern to improve membrane
. . morphology electrochemical properties. Fourier transform infrared spectra showed characteristic peaks of PVDF
Electrochemical cleaning € o : .
and additives. Carbon black and conductive ink caused the formation of secondary roughness, while PMMA
induced high porosity and thickness. The PVDF-PMMA-CB membrane with a superhydrophobic surface also
attained electrical conductivity with cyclic voltammetry recorded. A high permeate flux and stable salt rejection
were achieved using this membrane in membrane distillation. It could also be electrochemically cleaned within 4
min after wetting by surfactant, showing a recovered water contact angle of 148.8 °. The membrane could be
cleaned by hypochlorite (OCl-), hypochlorous acid (HOCI), and/or ferric hydroxides generated during elec-
trochemical cleaning. The cleaned PVDF-PMMA-CB membrane achieved NaCl rejection of more than 95%, but a

slightly lower permeate flux than the permeate flux before wetting.

1. Introduction

Water scarcity affects the sustainable growth of our economy and
society unless we can improve the water recovery technologies. In recent
years, membrane distillation received more attention than other water
recovery technologies because it allows the recovery of water from
different water resources using low-grade heat sources without using
high pressure.

The hydrophobic polyvinylidene fluoride (PVDF) membranes with
macropores remain popular in membrane distillation as they can be
easily fabricated through phase inversion or electrospinning. Besides
improving surface hydrophobicity through different strategies to pre-
vent wetting [1], they were modified to achieve high porosity to pro-
mote the permeation of water vapour [2]. They were blended with
different polymers with varied miscibility to disturb demixing during
phase inversion, exhibiting negative heat of mixing if miscible [3-6].
The changes in system thermodynamics could affect pore formation. The
blending polymethyl methacrylate (PMMA) into PVDF dope solution
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resulted in an increased BSA rejection and porosity with a reduced water
contact angle [7]. The pore size was further reduced after thermally
induced phase inversion, which involved casting at -30°C followed by an
icy water bath [8]. Together with poly(L-lactic acid), PMMA could also
serve as the template to improve the porosity of the PVDF membrane
through chloroform etching [8]. Nanopores formed, and the surface
roughness increased to enhance the water contact angles. PVDF could
also be anchored on PMMA strongly during electrospinning [9]. The
electrospun PVDF membrane on PMMA/polyacrylonitrile nanofiber
support achieved a water contact angle of 131 ° and removed water from
methylbenzene effectively. PMMA also improved the conductivity of
PVDF film blended with LiClO4 because of the improvement of charge
carriers’ mobility [10]. The ionic conductivity of the PVDF/PMMA
membrane increased because of the increasing electrolyte uptake into
the porous structure and the presence of PMMA [11]. More additives
such as palygorskite modified PMMA [12] and PMMA-co-poly
(chloromethyl styrene) [13] could improve the ionic conductivity of
PVDF membranes by reducing PVDF crystallinity.
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Fig. 1. FTIR spectra of the PVDF membranes with PMMA, carbon black, or conductive ink.

The improvement of membrane conductivity for fouling reduction
and membrane cleaning was also reported. The polymeric spacer coated
with carbon ink containing graphene nanoplates facilitated the electro-
cleaning of the PVDF membrane [14]. The membrane was successfully
cleaned by hydrogen bubbles formed throughout the microfiltration of
sodium alginate suspension in a filtration system incorporated with a
graphite electrode (anode) at -0.81 V. The PVDF hollow fiber membrane
incorporated with carbon nanotubes was successfully applied in the
aerobic and anaerobic wastewater treatment system with a flux recovery
of 92% between 0.5 and 1.5 V [15]. Electrochemical cleaning also
worked effectively on protein fouled graphene hydrogel membrane. A
flux recovery of 99.0 + 0.1% was recorded after electrochemical
cleaning with 0.1 M NaySOj4 solution at 1.0 V for 60 min [16]. Small
fouling compounds, including dyes on PVDF membrane coated with
CNT and reduced graphene oxide, could be electrochemically cleaned at
2.5V [17]. A very high flux recovery of 94% was attained within 20 min.
Besides carbon, the conductive polypyrrole membrane formed on
stainless steel through electrochemical polymerization. The membrane
was further electrochemically cleaned after being fouled by sodium
alginate, BSA, or humic acid [18]. The electronegativity and hydro-
philicity of polypyrrole were enhanced under 2.0 V, leading to the
successful cleaning.

In this work, PMMA was used to improve the morphology and
electrochemical properties of PVDF membranes produced from phase
inversion and templating. Carbon black or commercial conductive ink
was also blended into PVDF/PMMA membrane. The modified mem-
branes were characterized and tested in membrane distillation. The
membranes were fouled by surfactant and then electrochemically
cleaned to restore the surface hydrophobicity.

2. Materials and methods
2.1. Materials

The membrane dope solution was prepared using PVDF (Solef ®
6010 powder, Solvay Solexis, France) with a molecular weight in the
range of 300-320 kDa as the primary polymer, while N-methyl-2-pyr-
rolidone (NMP) (>99.5%, Merck, Germany) as the solvent. Polymethyl
methacrylate (PMMA) with a molecular weight of 120,000 Da was

obtained from Sigma-Aldrich. Carbon black (N220) from the School of
Material and Mineral Resources, Universiti Sains Malaysia, and a com-
mercial conductive ink (Bare Conductive, United Kingdom) comprising
carbon black, graphite, natural resin, and humectant were selected as
the conductive materials. Sodium chloride (NaCl) (>99.5%) and sodium
dodecyl sulfate (SDS) (>97%) supplied by Sigma-Aldrich were used to
prepare the feed solution of membrane distillation and electrochemical
cleaning.

2.2. Synthesis and modification of membrane

PVDF membrane was fabricated through surface templating and
phase inversion, as reported elsewhere [19]. PVDF (15 wt.%) was slowly
dissolved into NMP at 60 °C under stirring for 6 h to form a PVDF dope
solution. For PVDF/PMMA dope solution, 2 wt% of PMMA was added
into the PVDF dope solution. Meanwhile, 3 wt% of commercial
conductive ink was added to the PVDF dope solution to form the
PVDF-CI dope solution. For PVDF-PMMA-CB and PVDF-PMMA-CI dope
solutions, 2 wt% of PMMA and 3 wt% of conductive materials (carbon
black or commercial conductive ink) were added to the dope solution.
An automated casting machine (XB320D, Beijing Jiahang Technology
Co. Ltd., China) was used to facilitate the casting with a casting gap of
400 pm. The wet film was precipitated in a coagulation bath containing
distilled water for 24 h and dried for another 24 h at room temperature
before peeling off from the nonwoven support. Microroughness on the
membrane surface was created due to the imprinting effects of the
weave pattern on nonwoven support [19].

2.3. Membrane characterization

Fourier transform infrared (FTIR) spectra were scanned using a
spectroscope from 600 cm-1 to 3800 cm-1 (Nicolet iS10, Thermo Sci-
entific, USA). A scanning electron microscope (SEM, TM3000, Hitachi,
Japan) was utilized to study the surface morphology and cross-section of
the fabricated membrane in this work. The surface roughness of mem-
branes was measured using an atomic force microscope (AFM, Hitachi
SPA 300HV). The water contact angle on the membrane surface was
measured using the image of a water droplet (10 pl) placed on the
membrane surface. The water droplet images were captured using the
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Fig. 2. SEM images showing the surface of (a) PVDF-PMMA, (b) PVDF-PMMA-
CB, (¢) PVDF-CI, and (d) PVDF-PMMA-CI membranes.

Fig. 3. SEM images showing the cross-section of (a) PVDF-PMMA, (b) PVDF-
PMMA-CB, (c) PVDF-CI, and (d) PVDF-PMMA-CI membranes.
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electronic microscope (1000X Electronic Digital Microscope Handheld
USB Magnifier) and analyzed using ImageJ software. Meanwhile, the
sliding angle was measured using a contact angle goniometer (LSA 200,
Lauda). The mean pore size of membranes was measured using a gas-
liquid displacement porometer (Porolux 1000, IB-FT GmbH, Ger-
many). Before measurement, the membranes were immersed in a wet-
ting agent (Porefil) for 30 min. Membrane porosity € (%) was calculated
from the wet weight and dry weight. The wet weight was obtained from
the membrane (3 cm x 1 cm) wetted with 2-butanol, while the dry
weight was obtained from the membrane dried at 40 °C.

my/p,
e= ———— x 100% 1
mpy, + mufp,, ’ W

where my, is the weight of wet membrane (g), my, is the weight of dry
membrane (g), pp is the density of 2-butanol (0.81 g/cm®), and py, is
PVDF density (1.78 g/cm®). The membrane conductivity was measured
using a multimeter (Projecta, DT-830B Digital Multimeter). The
conductive membrane was further studied using a potentiostat (Met-
rohm, pStat 300, Spain). The cyclic voltammetry (CV) test was con-
ducted using phosphate buffer solution (0.05 M) with a scanning range
of -0.5 to +1.2 V and a scanning rate of 0.01 V/s.

2.4. Direct contact membrane distillation (DCMD) performance test

The separation performance of membranes was compared using a
direct contact membrane distillation (DCMD) system, as described pre-
viously [20]. The membrane sample with an effective area of 0.001 m?
was fixed in a membrane module, separating the hot feed from the cold
permeate. The hot feed was the saline solution with 35 g/L of NaCl at 60

+ 2 °and the cold permeate was the distilled water at 20 + 2 °. The feed

and the permeate were circulated counter-currently at 500 mL/min
using two peristaltic pumps. The salt rejection was calculated from the
salt concentration of feed and permeate solutions. The permeate flux (J,
kg/mz-h) was calculated using Eqt (2).
AW
= = 2

4 A At @
where AW is the distillation water mass difference (kg), A is the effective
area of flat-sheet membrane (mz), and At is the sampling time (h). The
rejection coefficient, R (%), was calculated using Eqt (3).

R(%):{ - %ﬂ x 100 3

where C, is the NaCl concentration of the permeate (g/L) and Cy is the
NaCl concentration of the feed (g/L).

2.5. Electrochemical cleaning

The membranes were fouled by the salt solution (3.5 wt% of NaCl)
containing surfactant (0.15 mM of SDS) for 5 h and then dried at room
temperature for 24 h before the study of electrochemical cleaning [21].
The fouled and dried membranes were then clamped together with a
piece of stainless steel wire mesh which worked as the cathode. The
other piece of stainless steel wire mesh with the same dimension was
placed 1 cm away from the cathode, and the cleaning was initiated using
a direct current power supply (Nice Power SPS-305, 0-5 A, 0-30 V) as
described elsewhere [22]. The electrolyte was NaCl solution (2 wt%) in
the electrochemical cleaning operated at 2V for 1, 2 or 4 min. The water
contact angle on the membrane samples before and after electrolysis was
measured as described previously. The fouled and cleaned membranes
were further evaluated using the DCMD system.
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Table 1
The characteristics of the PVDF membrane with different additives.
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Membrane Average thickness

Sliding angle (°)
132.6 £ 1.3
151.5+ 0.2
1414+ 0.8
149.6 + 0.7

(um) Water contact angle (°)
PVDF-PMMA 350.4
PVDF-PMMA-CB 343.2
PVDF-CI 257.5
PVDF-PMMA-CI 329.3

529 +23
6.4+ 0.6
298 +1.1
8.4 +£0.7

Mean roughness (um)

Mean pore size (um)
0.0919
0.3629
0.1839
0.2345

Porosity (%)
0.55 £+ 0.37
0.12 + 0.01
0.16 + 0.02
0.13 £ 0.01

Conductivity (1/Qm)

86.4 +£ 0.7 0

82.4 +0.2 0.0902
85.1 + 0.2 0

86.4 +£ 0.3 0

0.5
1 —PVDF-PMMA-CB

Current (LA)

-l

-05 -02 0.1 04 0.7 1
Potential (V)

Fig. 4. Cyclic voltammogram for PVDF-membrane with PMMA and car-
bon black.

3. Results and discussion
3.1. Membrane characteristics

PVDF membranes incorporated with PMMA, carbon black, and/or
conductive ink were successfully fabricated. FTIR spectra of different
PVDF membranes in Fig. 1 showed similar peaks representing the
o-phase of PVDF at 874, 1070 and 1166 cm™ .. Meanwhile, the peaks at
836, 1272 and 1400 cm ™! were attributed to the B-phase [23,24]. The
peaks at 836 and 874 cm ™! could be ascribed to C-F stretching vibration
and C-C-C asymmetrical stretching vibration, respectively [25,26].

Furthermore, the peaks also appeared at 1166 cm™* (C-C groups),
1272 cm’l, and 1400 cm™! (C-F stretching vibration) [27-29]. The
membranes containing PMMA exhibited a peak at 1724 cm ™! that rep-
resents the C=0 stretching vibration [30]. A small peak at band 1666
cm ! could be attributed to C=O stretching vibration of -COOH groups
after incorporating carbon black conductive ink [27,31].

All membranes exhibited weave patterns on the surface, as shown in
Fig. 2(a)i, (b)i, (0)i, and (d)i. Teoh et al. [19] reported the same
imprinting effects of the nonwoven support. The membranes also
exhibited porous surfaces with interconnected polymer molecules.
However, the surface of the PVDF-PMMA-CB membrane (Fig. 2(c)ii)
became rougher than the surface of the PVDF-PMMA membrane (Fig. 2
(a)ii). The incorporation of carbon black particles promoted the for-
mation of pores and secondary roughness on the membrane surface [30,
32]. The PVDF-CI membrane (Fig. 2(c)ii) and the PVDF-PMMA-CI
membrane (Fig. 2(d)ii) exhibited less porous and rough surface than
the PVDF-PMMA-CB membrane. The cross-sectional SEM images (Fig. 3)
reveal the spongy structure with finger-like voids due to the fast solvent
exchange rate in the coagulation bath. Incorporating carbon black into

the PVDF-PMMA-CB membrane enlarged the diameter of finger-like
voids (Fig. 3(b)ii). Mahdavi et al. [32] commented that the strong
interaction between PVDF chains with PMMA chains on the carbona-
ceous surface could delay the phase separation process, resulting in an
enlarged void diameter. Comparing PVDF-CI membrane (Fig. 3(c)ii))
and PVDF-PMMA-CI membranes (Fig. 3(d)ii), the length of finger-like
voids grew significantly due to the presence of PMMA due to changes
in the demixing rate of phase inversion. The velocity of the non-solvent
(water) entering the polymer solution and the velocity of the solvent
molecules leaving the polymer solution influenced the size of the
finger-like void [33]. The hydrophilic PMMA enhanced the pore growth
in the PVDF-PMMA-CI membrane because of the increasing demixing
rate [30]. The water penetration into the membrane solution was pro-
moted, resulting in pores growth. The membrane thickness in Table 1
was determined using SEM images (Fig. 3). The PVDF-PMMA membrane
attained the highest thickness of 350.4 um. As carbon black was added,
the membrane thickness decreased slightly to 343.2 pm. Without
PMMA, the thickness of the PVDF-CI membrane was only 257.5 um. The
thickness of the PVDF-PMMA-CI membrane significantly increased to
329.3 um with the addition of PMMA. The similar finding was reported
by Younas et. al [30]. The incorporation of PMMA increased the overall
polymer concentration of solution and caused the increment of mem-
brane thickness.

As shown in Table 1, the PVDF-PMMA membrane showed the largest
mean pore size with a value of 0.55 pm and the highest porosity of 86.4
%. The mean pore size and porosity decreased significantly with the
incorporation of carbon black and conductive ink, as shown by PVDF-
PMMA-CB, PVDF-CI and PVDF-PMMA-CI membranes. The pore size
and porosity are influenced by the viscosity of the membrane solution
[34]. The incorporation of carbon black or conductive ink into
PVDF/PMMA and PVDF dope solutions could raise the solution viscos-
ity, delaying the phase separation process. Khalid et al. [35] also re-
ported a similar observation when increasing the loading of
dodecylamine modified multi-walled carbon nanotubes. The mean pore
size and porosity decreased at the reduced demixing rate when the
viscosity of the dope solution was increased.

Table 1 also shows that the PVDF-PMMA membrane exhibited the
lowest water contact angle of 132.64 + 1.3 © and the highest sliding of
52.9 + 2.3 ° after achieving the lowest mean roughness. However, the
water contact angle on the PVDF-PMMA membrane contact is still
higher than the common PVDF membranes due to the micro-roughness
created under the templating effect of the nonwoven support [19]. The
water contact angle on the PVDF-PMMA membrane is slightly lower
than those on PVDF membranes prepared using dual-coagulation baths
[36]. The great sliding angle of the PVDF-PMMA membrane (52.9 + 2.3
) could be related to the hydrophilic properties of PMMA [30]. As the
PMMA was added to the PVDF membrane solution, the dipole-dipole
interaction between membrane surface and water molecule was
enhanced [37]. The water contact angle could be increased by incor-
porating carbon black and conductive ink. The PVDF-PMMA-CB mem-
brane attained a superhydrophobic surface and displayed the highest
water contact angle of 151.48 4 0.2 © and the lowest sliding angle of 6.4
+ 0.6 °. Carbon black particles further enhanced the membrane surface
roughness after templating. Hence, the PVDF-PMMA-CB membrane ac-
quired the highest mean surface roughness of 0.3629 ym (Table 1). A
similar observation was reported when carbon nanotubes were
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Fig. 5. The permeate flux of (a) PVDF-PMMA, (b) PVDF-PMMA-CB, (c) PVDF-CI and (d) PVDF-PMMA-CI membranes during DCMD of NaCl solution.

incorporated to enhance the surface roughness of polyvinylidene
fluoride-co-hexafluoropropylene nanofiber membrane for creating a
superhydrophobic surface [38].

The membrane conductivity of the prepared membranes was
measured and tabulated in Table 1. However, only the PVDF-PMMA-CB
membrane exhibited a very low current with a conductivity value of
0.0902 1/Qm. This membrane also exhibited a CV curve, as shown in
Fig. 4. PVDF-PMMA, PVDF-CI, and PVDF-PMMA-CI membranes are not
conductive so they did not generate any reading. The reduction and
oxidation of the PVDF-PMMA-CB membrane were successfully
improved by incorporating carbon black [39].

3.2. Direct contact membrane distillation (DCMD) performance,
membrane wetting, and electrochemical cleaning

In the DCMD test with a feed of NaCl solution (35 g/L), all mem-
branes acquired almost similar permeate flux, near 25.0 L/m2h (Fig. 5).
However, the permeate flux for the PVDF-PMMA membrane declined
after 2 h operation. The flux decline pattern could be related to tem-
perature polarisation and pore wetting [40]. Meanwhile, the permeate
flux for other membranes was maintained stable as they are highly
hydrophobic.

As shown in Table 2, the water contact angle for all membranes
reduced significantly after being wetted with NaCl solution containing
surfactant for 5 h. The PVDF-CI membrane experienced the most severe
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Table 2
The water contact angle measurement on the PVDF membranes with different
additives at different time of electrochemical process.

Electrochemical cleaning duration Membrane Water contact angle

(min) (@)

0 PVDF-PMMA-E 81.6 + 0.6
PVDF-PMMA-CB- 107.0 £ 0.8
E
PVDF-CI-E 75.2 £ 0.3
PVDF-PMMA-CI-E 75.6 + 0.4

1 PVDF-PMMA-E1 89.8 +£ 0.3
PVDF-PMMA-CB- 129.2 + 0.1
El
PVDF-CI-E1 94.3 £ 0.3
PVDF-PMMA-CI- 99.0 £ 0.5
El

2 PVDF-PMMA-E2 93.2 £+ 0.5
PVDF-PMMA-CB- 135.7 £ 0.6
E2
PVDF-CI-E2 97.0 £ 0.2
PVDF-PMMA-CI- 123.2 +£ 0.4
E2

4 PVDF-PMMA-E4 99.5 + 0.4
PVDF-PMMA-CB- 148.8 £ 0.3
E4
PVDF-CI-E4 109.1 + 0.8
PVDF-PMMA-CI- 131.4 £ 0.6
E4

wetting as the water contact angle reduced from 141.38 ° to 75.2 °. The
surfactant in salt solution reduced the interface energy, and the hydro-
phobic surface of membranes was covered by the hydrophilic groups
from the surfactant [41,42]. The water contact angle of the membranes
could be restored after electrochemical cleaning by increasing the
cleaning time to 4 min. Water contact angles on PVDF-PMMA and
PVDF-CI membranes were not fully restored, but the water contact angle
of the PVDF-PMMA-CB membrane was effectively restored to 148.8 +
0.3 °. The PVDF-PMMA-CB membrane is the only conductive membrane
in this work. Improving the conductivity of the membrane is essential to
enhance electrochemical cleaning [43]. During electrochemical clean-
ing, the presence of NaCl electrolyte promoted the formation of hypo-
chlorite (OCl™) and hypochlorous acid (HOCI) to clean the surfactant
accumulated on the membrane surface [38]. The stainless steel mesh
could transform into insoluble ferric hydroxides at a low concentration
to initiate coagulation [44]. The surfactant could be removed through
electrostatic absorption followed by coagulation.

After being wetted in the DCMD system with a hot feed containing 35
g/L of NaCl and 0.3 mM of SDS [21], the wetted membranes showed
increasing permeate flux (Fig. 6). The permeate flux of the
PVDF-PMMA-W membrane increased 8 times compared to the
PVDF-PMMA membrane permeate flux due to wetting. Moreover, the
salt rejection of the PVDF-PMMA-W membrane was only 2.88% since
the liquid instead of the vapour of the feed was transferred through the
membrane during wetting. Similarly, the permeate flux for PVDF-CI-W
membrane increased up to 300 L/m2h with a salt rejection of 6.68%
only. The permeate flux decreased gradually after 50 min operation as
the feed solution finished. The permeate flux of the PVDF-PMMA-CB-W
and PVDF-PMMA-CI-W membranes fell around 60-70 L/m?h, with the
salt rejection of 10.83% and 5.41% were recorded, respectively (Fig. 6
(b) and (d)). The membrane wetting was induced by the hydrophobic
interactions between hydrophobic tails and membrane surface [45]. The
hydrophilic head of the surfactant covered the hydrophobic surface of
the membranes as the hydrophobic tail of the surfactant interacted with
the hydrophobic surface of the membranes.
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Then, the wetted membranes were electrochemically cleaned for 4
min before DCMD using 35 g/L of NaCl solution as the feed. The cleaned
PVDF-PMMA membrane (PVDF-PMMA-W4) achieved a higher permeate
flux than the actual PVDF-PMMA membrane (PVDF-PMMA), with a low
salt rejection of 14.27% (Fig. 6(a)). Meanwhile, the permeate flux of the
cleaned PVDF-PMMA-CB membrane (PVDF-PMMA-CB-W4) near 15 L/
m?h was much lower than the permeate of the fresh PVDF-PMMA-CB
membrane around 25 L/m?h. The salt rejection of the PVDF-PMMA-
CB-W4 membrane had been restored to 95.61%, which is near to the
satisfactory salt rejection of 99%. For the PVDF-CI-W4 membrane, the
permeate flux obtained was 2 times higher than the permeate flux of the
fresh PVDF-CI membrane. However, the salt rejection of the PVDF-CI-
W4 membrane (46.39%) was only half of the salt rejection of the
PVDF-CI membrane. For the PVDF-PMMA-CI-W4 membrane, the
permeate flux was recovered, and it is similar to the permeate flux of the
PVDF-PMMA-CI membrane (Fig. 6(d)). More importantly, the salt
rejection of the PVDF-PMMA-CI-W4 membrane was only slightly
affected compared to the PVDF-PMMA-CI membrane.

4. Conclusions

FTIR spectra showed the characteristic peaks of PVDF, PMMA, car-
bon black and conductive ink. In addition to the microroughness created
by the weave, the secondary roughness on the membrane surface was
significantly affected by carbon black. PMMA induced finger-like void
enlargement during phase inversion after delaying the demixing rate.
The absence of PMMA could result in a thin PVDF membrane due to
changes in the viscosity of the dope solution. The incorporation of car-
bon black and conductive ink improved the membrane hydrophobicity
significantly, and the PVDF-PMMA-CB membrane even achieved a
superhydrophobic surface with a water contact angle of 151.5 ° due to
improvement of surface roughness. However, the pore size of PVDF
membranes was greatly reduced by incorporating carbon black and
conductive ink. The PVDF-PMMA-CB membrane was the only conduc-
tive membrane with a CV pattern recorded. Although the PVDF-CI and
PVDF-PMMA-CI membranes were not conductive, they attained high
permeate flux and salt rejection similar to the PVDF-PMMA-CB mem-
branes. The PVDF-PMMA-CB membrane could be electrochemically
cleaned within 4 min after wetting by SDS, showing a recovered water
contact angle of 148.8 °. The membrane could be cleaned by hypo-
chlorite (OCl™), hypochlorous acid (HOCI), and/or ferric hydroxides
generated during electrochemical cleaning. The cleaned PVDF-PMMA-
CB membrane achieved NaCl rejection of more than 95%, but a
slightly lower permeate flux than the permeate flux before wetting. The
conductivity of this membrane should be further improved and cleaned
through the in-situ electrochemical cleaning process in future works.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.
CRediT authorship contribution statement

N.A. Zakaria: Investigation, Writing — original draft. S.Q. Zaliman: .
C.P. Leo: Conceptualization, Methodology, Writing — review & editing,
Supervision. A.L. Ahmad: Supervision, Writing — review & editing. B.S.

Ooi: Funding acquisition, Writing — review & editing. Phaik Eong Poh:
Investigation, Writing — review & editing.



N.A. Zakaria et al.

Permeate Flux (L/m2.h)

Permeate Flux (L/m2.h)

300
1 (@ —e— PVDF-PMMA
550 ] - ® -PVDF-PMMA-W
s i - & -PVDF-PMMA-W4
5 ]
£200] Me-&O A
2 ] .
é 150 _ Rejection = 2.88%
2 ]
< i VTS o
ﬂé 100 /Rejgctlon 14.2;A)
o ] oo -0 9v—-0-e 9O
350 7 Rejection = 90.25%
0-""IllIIIIII'IIII'I""I""I
0 10 20 30 40 50 60
Time (min)
300 1
:(C) PVDF-CI
250 1 PVDF-CI-W
- > = PVDF-CI-W4
~ 200 1
£ ]
= 1 Rejection = 6.68%
% 150 - / oo
= . Rejection =46.39%
2 ]
g 100 1
g 1 Rejection = 95.39%
501 ¢©
0 ] T T T T T T T T T T T T T T !
0 20 40 60
Time (min)

Journal of the Taiwan Institute of Chemical Engineers 138 (2022) 104448

300
] () —e—PVDF-PMMA-CB
250 - & -PVDF-PMMA-CB-W
] - & -PVDF-PMMA-CB-W4
200 1
150 ERejection= 10.83%
1Rejection = 96.12%
100 ERejection= 95.61%
50 1
0 -llllll-ll|llll|l-ll|-lll|"ll|
0 10 20 30 40 50 60
Time (min)
300
1 @ —e— PVDF-PMMA-CI
250 - @& -PVDF-PMMA-CI-W
] - & -PVDF-PMMA-CI-W4
200 1
150 - Rejection =5.41%
1 Rejection =95.81%
100 _ Rejection = 90.74%
50 1
0 1 T T LA S R B B B R | T T T T 1
0 20 ~ 40 60
Time (min)

Fig. 6. The permeate flux of (a) PVDF-PMMA, (b) PVDF-PMMA-CB, (c) PVDF-CI and (d) PVDF-PMMA-CI membranes during DCMD of NaCl solution (solid line with
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electrochemical cleaning (dotted line with no fill marker).
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