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ABSTRACT

A novel way to remove fouling from forward osmosis membrane is carried out in this
research work. Electric field was used as a novel fouling removal option in this research
work. Therefore, conductive membrane was prepared with the use of chitosan (CHS), poly-
vinyl alcohol (PVA), and graphene (Gr). The prepared membrane named as “CHS/PVA/
Gr”. Various characterization methods are used to characterized this CHS/PVA/Gr mem-
brane i.e. conductivity, porosity, swelling ratio, water flux measurement, and scanning elec-
tron microscopy (before and after fouling). To check the CHS/PVA/Gr membrane
performance and fouling behavior forward osmosis (FO) experiments are carried out with
distilled water (DI water) and algae-containing water. In FO experiments, as a feed solution
algae water (nearby lake water) and as a draw agent, high concentration NaCl solution
(4 M NaCl) was used. Membrane fouling and draw solution leakage was investigated in this
research work by laboratory-scale forward osmosis (FO) setup. The water flux in FO mode
was 312 Lm2h™" (LMH) (with DI water as a feed) and reverse salt diffusion 0.015
gm_2 h! (gMH). The initial FO water flux value is 28.1 LMH with algae-containing water.
Intention of fouling removal method is to regain the initial water flux after giving cleaning
treatment in IC current the form of elect. After cleaning experiments, the restore water flux
values are 14.2 and 22.04 LMH for distilled water and electric field cleaning method,
respectively.

Keywords: Forward osmosis; Membrane; Electric field; Fouling

1. Introduction

Water scarcity is a major problem for almost all
countries of the world. This need can be satisfied by
claiming water from various non-conventional sources
such as wastewater and sludge. Water purification can
be done by methods such as electrolysis, distillation,
and membrane filtration. Among these, electrolysis is
not practical as it consumes huge amount of energy.
Distillation is not useful because of it is for fractions
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with high vapor pressure and boiling point near to
water. Hence, membrane filtration is an effective way
for production of water.

Forward osmosis (FO) and pressure-retarded
osmosis (PRO) are emerging osmotically driven mem-
brane processes, where water is driven through a
semipermeable membrane from a feed solution (FS) of
low osmotic pressure to a draw solution (DS) of high
osmotic pressure. Forward osmosis does not require
an applied pressure. Forward osmosis has potential
applications including seawater and brackish water
desalination.
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Forward osmosis (FO) process can serve as alterna-
tive process to RO to desalinate water at reduced cost
as it operates at low or no pressure. Fouling is one of
the main challenges in the FO process. Solute or parti-
cles in feed water deposit onto the membrane surface
in such a way that causes flux decline, this process is
known as fouling and it affects the quality and quan-
tity of the water recovered. The decline of flux due to
membrane fouling is a big problem in waste-water
treatment as it significantly affects the performance.
Studies have been carried out to find out various
methods of reducing fouling, i.e. feed water pretreat-
ment, increasing antifouling properties of membranes,
and optimizing operating conditions [1-5]. In FO pro-
cess, both sides of the FO membrane are in constant
contact with impaired waters: the active layer with
wastewater effluent and the support layer with
seawater or brine. So, understanding the fouling
behavior in the osmotic dilution process becomes par-
ticularly important. Due to this, a critical need arises
for a systematic understanding of membrane fouling
behavior and development of strategies for fouling
mitigation [6]. Backwash of membrane with DI (dis-
tilled) water at different cross-flow velocity is one of
the most popular and easy way to remove fouling in
FO. Some papers are available on backwash and tabu-
lated in Table 1. Different types of nanoparticle coat-
ing/incorporation on membrane were used by some
researchers to remove fouling. In a recent study, anti-
bacterial Ag nanoparticles are used in layer-by-layer
manner in FO membrane for fouling removal [7]. The
performance of fouled FO membranes can be partially
restored by selecting appropriate cleaning methods.
Cleaning methods generally require some cleaning
agents, for example, strong alkali, acids, and surfac-
tants. [8]. Table 2 gives clear-cut idea about the cur-
rently used common fouling control strategies. Control
strategies’ effectiveness appeared to be very site spe-
cific. Integrating approaches by coupling, adequate
pretreatment with selection of the proper membrane
module and operating conditions are essential to miti-
gate fouling problems efficiently and economically.
Some research works are carried out on special type
of membrane module process named as “vibratory
shear enhanced process” (VSEP). VSEP is an alterna-
tive approach to the aforementioned dynamic filtra-
tion. The membrane module moves in a vigorous
vibratory motion, tangent to the face of membranes,
creating shear waves of fluid that prevent membrane
fouling. VSEP filtration has been previously applied in
certain cases, such as for the purification of pulp and
mill paper re-circulation water [9], and treatment of
yeast dispersions and bovine albumin solutions [10],
treatment process of dairy waters [11]. Furthermore,
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as it was reported by Takata et al. (1998), the VSEP fil-
tration module was effective for the prevention of foul-
ing for treatment of river water. But due to high cost of
this equipment, it cannot be widely accepted [12].

All fouling reducing options are costly and inevita-
bly increase operation difficulty, decreasing mem-
brane’s life, which will be translated into higher costs.
From VSEP, it is confirmed that vibrating action is an
effective method for fouling removal. Therefore,
researchers are trying to find out other options, which
are highly effective and less costly.

Chitosan (CHS) which is the deacetylated form of
biopolymer chitin. It is the second most abundantly
available biopolymer in nature after cellulose. It is an
extremely hydrophilic material. Presence of reactive
amino and hydroxyl groups in the chitosan is
responsible for the hydrophilicity [13]. But its use
is restricted due to its unfavorable mechanical
properties.

There is a need to find an alternative for fabrica-
tion of FO substrate, which can fulfill the FO require-
ments. Polyvinyl alcohol (PVA) is a synthetic polymer,
which has high hydrophilicity and soluble in water
that allow for better dispersion of any organic/inor-
ganic filler. Furthermore, PVA films are flexible as
well as possessing good dimensional stability [14].
PVA is a very popular polymer to fabricate pervapora-
tion membrane for dehydration of organic solvents
e.g. methanol [15]. For the forward osmosis mem-
brane, supporting layer must be highly hydrophilic.
But due to the hydrophobicity of PS and PES is not
possible to use these polymers. Therefore, in our study
highly hydrophilic PVA and chitosan were used
[16,17].

Polymer composites, filled by graphitic nanostruc-
tures, due to their unique mechanical, electrical, and
optical properties have attracted increased attention
[18]. Nanosized conductive fillers, including graphene
nanoplatelets, create a percolative network within the
polymer matrix at a low weight fraction, graphene, a
two-dimensional sheet of covalently bonded carbon
atoms. It is one of the strongest materials (tensile
strength 1TPa). It has high surface and size selective
porosity. It has attracted interest as a material with
potential use in various applications such as touch
panels, p—n junction materials, flexible thin-film tran-
sistors, and solar cells. [19,20].

Graphene/PVA composite samples were prepared
in the literature. Researchers observed enhanced ther-
mal stability for their composites bearing graphene
loading above 1 wt%, comparing to the pristine matrix
(PVA) [21].

Graphene has zero band gap, which lead to its use
in place of Si in electronics but on making transistors
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Table 2
Common strategies for controlling membrane fouling

Method references

Direct methods

Periodic hydraulic or chemical cleaning [47]
Impulse feed [48]
Turbulence promotor [49]
Dean vortex (501
Rotating—vibrating membrane [51]
Outside aeration [52]
Inside gas sparging [53]
Indirect methods

Pretreatment by coagulation—filtration [54]
Pretreatment by air flotation PAC addition [55]
PAC addition [56]
Membrane surface modification [57]
Selecting optimum operating conditions [58]
Changing operating modes [59]

out of it, another of its unique properties was found
out; it vibrates on applying A.C. voltage across it, i.e.
reverse piezoelectric effect [22,23]. Its frequency is pro-
portional to frequency of A.C. source and amplitude
proportional to current. This also gave rise to nano-
electromechanical systems [24].

In this research work, we tried to use semiconductor
industry’s concept. When graphene is used to make
transistors, it vibrates when current passes through it.
This revolutionary property of graphene is used to
vibrate prepared forward osmosis membrane in the
presence of applied electric field to remove fouling.
Therefore, an attempt is made to remove fouling from
prepared CHS/PVA/Gr membrane by use of electric
field. Up to authors knowledge not a single study/
paper is available on this aspect.

2. Materials and methods
2.1. Materials

Chitosan was in the powder form (M/S. Marine
Chemicals, Cochin, Kerala, India) with mean molecu-
lar mass of 1.25x10° and degree of acetylation 85%.
Polyvinyl alcohol (PVA) (85-89% hydrolyzed and the
weight-average molecular weight: 2000-95,000) was
used as the polymer material for the fabrication of
membrane substrate purchased from Fisher Scientific
India. Distilled water of pH 5.9 +0.2, and conductivity
1.0 pS/cm (Millipore, Elix, Bangalore, India) is used
throughout. Glutaraldehyde (GA) solution 25%
(Merck, India) was used as a crosslinking agent. All
the other laboratory grade chemicals (sulfuric acid
and acetone) used were procured from Merck, India.

Z.M. Darbari and A.A. Mungray | Desalination and Water Treatment 57 (2016) 1634-1646

Graphene nanoplatelets (average thickness: 1-5nm,
surface area: 500 and 750 m”/g, average particle diam-
eters: >2 microns, appearance: black granules/powder,
oxygen content: <2 wt%, carbon content: >98.0 wt%).
Polyvinylpyrrolidone (PVP) (average molecular weight
= 40,000) from Heavy Chemicals Ltd is used in this
research work.

2.2. Membrane preparation
2.2.1. Chitosan membrane

Chitosan solution was prepared by dissolving 15 g
CHS in 85 g (2 wt%) acetic acid. The solution was stir-
red at 1,000 rpm (REMI model-R 24, India) for 12 h to
get the homogeneous polymer mixture. The resultant
homogeneous mixture was transferred to an airtight
conical flask and kept for 24 h in a refrigerator for the
removal of entrapped air bubbles. Cast the homoge-
neous solution using an automatic film applicator
(Sheen Instrument Ltd, Vacuum based, Model number:
1,133 N) at a speed of 50 mm s~ . The initial thickness
of the casted film was adjusted by a four-sided applica-
tor and air dried the prepared membrane.

2.2.2. Chitosan/PV A membrane

PVA aqueous solution was prepared by dissolving
10% by wt PVA into water at 100°C. Chitosan (pre-
pared solution) and PVA solutions were mixed in 2:1
proportions. The solution was stirred at 200 rpm
(REMI model-R 24, India) for 24 h to get the homoge-
neous polymer mixture. The resultant homogeneous
mixture is transferred to an airtight conical flask. It
was then refrigerated to remove entrapped air bubbles
overnight and then membrane was cast as per the pro-
cedure described in Section 2.2.1.

2.2.3. Chitosan/PV A/graphene membrane

Above prepared chitosan/PVA solution was added
in 32 mg graphene +1,600(32 *50) mg PVP in 160 mL
water (10 mg of PVP/ml of water) using bath sonica-
tion till 1 h [25]. For 24 h, 4 mg graphene stoke solu-
tion was stirred and cast using an automatic film
applicator (Sheen Instrument Ltd., Vacuum based,
Model number: 1133 N) at a speed of 50 mm s 'after
the removal of bubbles. To increase conductivity, 4 mg
graphene was also coated onto the prepared mem-
brane, followed by dried at room temperature and
then in vacuum oven at 50°C overnight to completely
remove solvent for 1 h. The cured membrane was cov-
ered by the aqueous GA solution (0.25 wt%) and the
excess solution is drained by holding the membrane



Z.M. Darbari and A.A. Mungray | Desalination and Water Treatment 57 (2016) 1634-1646

vertically, followed by crosslinking at 40°C for 1 h.
After crosslinking, the membrane was washed with
deionized water extensively and immersed in deion-
ized water for 5-6 h to remove the remaining unre-
acted glutaraldehyde. Before the FO experiment tests,
the coated membrane was kept in water for some time
to prevent crystal formation. Prepared three mem-
branes named as “CHS”, “CHS/PVA,” and “CHS/
PVA/Gr.”

2.3. Characterization of membranes
2.3.1. Conductivity measurement

Conductivity of all three membranes was mea-
sured by conductivity meter (Mettler Toledo Greifen-
see, Switzerland).

2.3.2. Degree of swelling

Prepared membranes were immersed into deion-
ized water at a desired temperature for 24 h to make
the membranes saturated. Then the membranes were
taken out, wiped with a tissue paper, and quickly
weighted on a microbalance. Swelling ratio (SR) was
calculated by the changes in weight between the dry
and the fully hydrated samples as below Eq. (1).

(WS - Wd) x 10

W, 0 (M

Swelling ratio (%) =

where W, is the weight of the dry membrane and Ws
is the weight of the membrane swollen in the solution.

2.3.3. Membrane porosity

To measure the porosity of CHS, CHS/PVA, and
CHS/PVA/Gr membrane, dry membranes were
weighted (mgr,) and same membranes were immersed
in water for 1h and blotted using tissue paper to
remove the excess water on the surface. The wet mem-
branes were then weighted (). Then, porosity &
(%) of the membranes was calculated using below Eq.
() [26].

(Myet — Mary)/ P

x 100 (2)
[mwet - mdry/pw} + mdry/pm

&=

where p,, and p,, are the density of the wetting solvent
(water in the current study) and membrane,
respectively.
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2.3.4. Macroscopic view of the membrane

Macroscopic view of the clean FO membrane and
foul FO membrane was carried out by typical optical
microscopic (Images ZMD, microscope p800).

2.4. FO performance evaluation of CHS/PV A/Gr membrane

The FO performance of the prepared membrane
was evaluated using two equal-size compartments FO
setup shown in Fig. 1. The total liquid volume of each
compartment was 1.5 liters. The effective surface area
of the membrane was 19 cm®. The temperature of the
feed and draw solution was maintained at room tem-
perature of about 28 +£2°C. During osmosis experi-
ments, the draw and feed solutions were stirred using
stirrer and the absence of feed spacer. CHS/PVA/Gr
membrane performance was evaluated under FO
(where the active-layer-facing feed solution (AL-FS))
mode. FO performance used an algae mixture (nearby
lake view garden’s lake water, Piplod, Surat) as the
feed and 4 M NaCl as a draw solution. Algae mixture
parameters are tabulated in Table 3. The prepared
membrane CHS/PVA/Gr was stabilized until achiev-
ing the stable water flux i.e. at least 30 min. Then, the
pure water flux was recorded as the average value of
10 min.

The water permeation flux from feed solution to
draw solution was calculated from the volume change
of the feed water by observing level change on feed
compartment. The water flux (J, Lm 2 h™!, abbrevi-
ated as LMH) is calculated from the volume change of
the feed the solution using below Eq. (3).

AV
Volume scale
Ry

FO membrane

=——— Draw solution

Feed - - !
i.e. NaCl

Fig. 1. Experimental setup for forward osmosis.

Notes: The following testing conditions were adopted for
FO evaluation. Draw Solution (DS): 4 M NaCl concentra-
tion. Feed Solution (FS): Nearby lake algae containing
water.
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Table 3
Algae-containing water parameters

Parameters Concentration (mg/L)
pH 8

TS 183.4

BODs 4.6

COD 8.7

DO 5.9

TDS 180.3

where AV is the volume change of feed solution, At is
the measuring time interval, and A,, is an effective
membrane area.

The salt concentration in the feed water solution
was determined from the conductivity measurement
based on the standard concentration-conductivity
curve for NaCl. The reverse salt diffusion s in
gm >h™' (abbreviated as gMH) from the draw solu-
tion to the feed side was determined from the increase
of the feed conductivity using below Eq. (4).

CACWY)
Is=—xta. @

where, C; and V, are the salt concentration and vol-
ume at the end of FO tests, respectively [27].

2.5. Organic fouling and cleaning experiments
2.5.1. Synthetic wastewater

The synthetic wastewater consists of (per L of DI
water): glucose, 1,000+10 mg; protein, 80+5 mg;
NaHCO;, 24 +5 mg; KH,PO,, 14 +5 mg; NH,Cl, 60 +
5mg; CaCl,, 18 +3 mg; and MgSO,7H,O, 24 +3 mg
[28]. The pH of synthetic wastewater was 7.32 in
anode, and the pH was adjusted by 0.1 M potassium
phosphate buffer solution. Parameters of synthetic
wastewater are shown in Table 4. Synthetic
wastewater was taken in a petri dish and prepared
CHS/PVA/Gr membrane was dipped in for 45 min,

Table 4

Parameters of synthetic wastewater

Parameters Concentration
Conductivity 5,841 pus/cm
pH 6.12

ORP 29 mV

DO 5.02mg/L
COD 1,086 mg/L
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and then dried. As the membrane was a bit degraded
as chitosan is biodegradable, as well as some of the
graphene fell off as it was physically plated and could
not be done chemically as it will change its resonating
properties. A. C. voltage was applied to membrane to
remove fouling but not as much as expected due to
loss of graphene.

2.5.2. Algae-containing water

For the baseline experiments, the feed solution was
prepared using NaCl in the absence of organics (i.e. no
stock solution was used in the feed). Constant molar
feed and draw solution concentrations were main-
tained throughout the duration of each experimental
run. The procedure was given as below, at every ten-
minute interval, the conductivity of the feed and draw
solutions was measured using conductivity meter and
the corresponding molarity of the solutions was
deduced from a calibration curve. Subsequently, requi-
site proportion of NaCl was added to make the concen-
tration of the draw solution constant at 4 M. Similarly,
appropriate volume of DI water was added to the feed
solution side to maintain a constant feed ionic strength.
Thus, the water flux was representative of the inherent
membrane fouling over the experimental duration. For
FO experiments, the CHS/PVA/Gr membrane was first
stabilized for at least 30 min, with deionized water as a
feed and 4 M NaCl as the draw solution, until achiev-
ing the stable water flux. Then, the pure water flux
was recorded as the average value of 10 min. The next
stage, in which an algae (lake view garden’s lake
water, Piplod, Surat) containing solution was used as
the feed solution instead of DI water and 4 M NaCl as
the draw solution. Water flux was again checked in FO
mode at equal time interval for eight hrs. After that,
two ways are used to remove fouling for comparison
purpose. First, in the DI water cleaning process, both
the feed and draw solutions were changed into deion-
ized water to rinse the membrane. After one hour rins-
ing, the pure water flux of the membrane was
measured according to Eq. (3) with deionised water as
the feed solution and 4 M NaCl as the draw solution.
The pure water flux was calculated again after cleaning
to examine the removal of the fouling from the FO
membrane. In second way, an electric field was
applied for the cleaning process (see Fig. 5). The foul
membrane was cleaned approximately 1h by giving
A.C. voltage without disturbing the process. When
electric field was applied, the voltage was supplied
from a steady DC power source.

Eq. (5) given below is used for the determination
of flux recovery by both the cleaning process [27].
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% Flux recovery :% x 100% (5)

where J; is the average flux recorded for the initial or
referential cycle and J; is the average flux recorded for
a cycle run after a certain cleaning technique was
used.

3. Results and discussion
3.1. Conductivity measurement

Measured conductivity values are tabulated in
Table 5. Table 5 clearly indicate that the addition/coat-
ing of graphene in membrane increase the conductivity
value. In the literature, one research study is based on
graphene/poly(vinyl chloride) composite thin films.
They have concluded that the conductivity increases
drastically up to 0.6 vol.% of graphene, above which
the rate of increase was minimum [28]. In the litera-
ture, many papers are concluded that graphene addi-
tion in polymer matrix increases conductivity i.e.
graphene and poly (34-ethyldioxythiophene) [29],
polyaniline/graphite [30]. The graphene CHS/PVA/
Gr modified membrane had better conductivity than
that of CHS and CHS/PVA membrane. Incorporation
and coating of Gr in membrane improved the conduc-
tivity of the membranes [31]. It is obvious that the
addition of graphene into the polymer matrix has a
significant influence on its mechanical behavior.
Almost all the polymer/graphene composites reported
in the literature described the electrical conductivity of
the composites, which varies widely and generally
increases with increasing graphene loading [32]. For
example, the introduction of graphene (1.4 wt%)
results in a maximum increases of 72.9% in the tensile
strength for the dry states [33].

3.2. Degree of swelling

In our study, swelling ratio of CHS and CHS/PVA
was 231 and 297, which is in line with the literature

Table 5
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[34]. Degree of swelling is increased by adding the
PVA. This is attributed to the increasing of hydro-
philic groups (-OH) in the membrane preparation
solution. Many research studies are confirmed that
any system based on chitosan, in which blending with
PVA increased the water uptake of the resulting
material [35,36]. With increasing graphene content in
the composite membranes, swelling degree increases.
Increase in swelling might seem absurd as increase in
PVA is due to hydrophilicity. Graphene is inherently
hydrophobic; however, graphene is transparent to
water to a certain degree. If a single sheet of graphene
is placed on a hydrophilic substance, it behaves as a
hydrophilic substance and increases the contact angle
by only 1° to 2°, but this is possible only if the sub-
stance on which graphene is impregnated is hydro-
philic due to long-range attraction force and not short
ranged as in glass. [37] In this case, as graphene is not
chemically bonded, it allows water to be contained
and acts as a retainer/reservoir/pore for holding
water and thus increasing membrane’s porosity or
hydrophilicity. The larger surface area of CHS/PVA/
Gr is responsible for the increase in swelling degree
compared to CHS/PVA and CHS [32].

3.3. Membrane porosity

In our study, CHS/PVA/Gr membrane is having a
highest porosity (83 +2%) compare to CHS/PVA (71 =
2%) and CHS (65+2%) membrane. Highest porosity
of membrane is because of the advance properties of
the graphene.

3.4. FO performance evaluation of CHS/PVA/Gr membrane

In our study, baseline water flux value was 31.2
LMH. By use of 10 ppm algae solution, it reduced to
28.1 LMH. In one recent study, baseline water flux 24
LMH was reduced to 22.8, 21.6, and 19.2 for organic
contains waste 10, 30, and 50 ppm, respectively [38].
Compare to baseline, the algae-containing water had a

Conductivity, Porosity (%), and FO water flux for different membranes

Sr. Name of Conductivity (x 107°)  Porosity FO water flux Degree of Tensile strength
No. membrane Sm (%) (LMH) swelling (MPa)

1 CHS 2.77 65+ 2 16.5 231 572 +1.6*

2 CHS/PVA 0.746 71+2 21.8 297 71.6 £ 1.5%

3 CHS/PVA/Gr 24.51 83 +2 31.2 337 136 + 17

*CHS CHS/PVA, Degree of swelling and tensile strength (MPa) [32].
9CHS CHS/PVA Tensile strength (MPa) [31].
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large drop in water flux. After eight hrs fouling exper-
iment, the water flux was almost constant. This may
be due to the switching of fouling mechanism from
pore blocking to cake layer formation. All filtration
experiments show that the permeate flux declined
gradually at the initial stage, and after that showed a
sudden drop midway through the fouling run. This
may be due to the abrupt drop in water flux takes
place when a cohesive cake is formed. Smaller parts of
algae sticking to membrane provide surface area and
act as a base for other algae to coagulate, thus increas-
ing the algae concentration on the surface of the mem-
brane rapidly and blocking effective membrane area
for filtration. Therefore, permeate flux declined gradu-
ally at the initial stage, and after that showed a sud-
den drop midway through the fouling run [39].
Complete FO water flux pattern is clearly seen from
Fig. 2. FO is known to have lower fouling propensity.
Therefore, flux decline is usually slow and mild in
many research studies. But, several recent studies on
FO fouling have shown that substantial flux decline
can occur due to inorganic scaling or synergistic
effects between organic and inorganic foulants.

3.5. Organic fouling and cleaning experiments
3.5.1. Synthetic wastewater

Fouling experiment was carried out in petri dish/
beaker with synthetic wastewater (Table 4). Before the
experiments, macroscopic view of the new membrane
was taken and represented in Fig. 3a CHS/PVA/Gr
membrane filled and coated with graphene seemed
much darker. From Fig. 3a, graphene can easily identi-
fied with black spots in the membrane. After fouling
experiments, again macroscopic views are taken for
fouled membranes (see Fig. 3b and 3c). After fouling,
the membrane color was changed from blue to green
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Fig. 2. Flux data with time for baseline and algae water.
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Fig. 3a. CHS/PVA/Gr membrane (before experiments and
without fouling).

Fig. 3b. Foul CHS/PVA/Gr membrane (with graphene
layer).

Fig. 3c. More foul CHS/PVA/Gr membrane (with graphene
layer).

because of organic matter deposition. From top view
of Fig. 3¢, it is clearly indentified the organic matters
on the membranes are deposited by either layer or
lump form. In cleaning process, electric field was
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Fig. 3d. Vibration marks after electric cleaning for CHS/
PVA/Gr membrane.

_ Expcctcd
| vibrations

Fig. 4. Expected CHA /PVA/Gr membrane vibration.

used. As mention earlier that electric field generates
vibration in graphene membrane based on graphene
quantity and quality. Confirmation of the vibration is
clearly seen on the membrane surface in the form of
stretch marks or lines (see Fig. 3d). The expected
graphene vibration is represented in Fig. 4.

3.5.2. Algae-containing water

In second set of experiments, as a draw solution
4 M NaCl solution was used. This higher concentra-
tion of draw solution will increase water flux in FO
mode. This may be due to the generation of higher
permeation drag force and pronounced concentration
polarization of organic foulants (algae) near the

Metallic contacts

Graphene
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membrane surface. In addition, the algae fouling layer
that formed on the membrane surface could have hin-
dered the back diffusive transport of salt, thereby
accelerating the precipitation of salt on other side of
membrane. Therefore, the reverse salt diffusion
observed in this study was 0.015 gMH, which is very
less compare to the literature values [5]. The large
NaCl gradient induces reverse diffusion of NaCl from
the draw solution side of the membrane to the feed
side of the membrane. The salt that passed from the
draw solution side of the membrane is trapped by the
organic fouling layer leading to significant
cake-enhanced osmotic pressure and resulted in low
leakage of NaCl [40]. The mechanisms described
above explain the dense fouling layer and the ensuing
substantial flux decline during the fouling experiment
when a higher initial water flux was employed [6].
After fouling, electric field was not applied, the water
flux of CHS/PVA/Gr membrane in FO mode was
very less. This is caused by the macroscopic lumpish
of algae layer on membrane, blocking the space in
pores, resulted in a much smaller pore size membrane.
Then, after applying electric field to the membrane as
seen in Fig. 5, the membrane washout may remove/
wipe off some algae, resulting the flux for the fouled
membrane increased and try to approach the level of
initial water flux of membrane (Fig. 6) [39].

In general, membrane flux was increases when the
electric field strength increases within certain range
beyond this points, it is no longer economic. After
reaching certain value (the critical potential), the flux
remained almost constant [41]. At or above the critical
potential can avoid the formation of filtration cake
layer, but the high voltage means high-energy con-
sumption/cost. To reduce energy consumption, an
intermittent electric field only applied when the per-
meate flux has drastically declined which can also
effectively suppress the membrane fouling [42]. In our
study, two types of cleaning method are carried out.

Conducting
Hydrophiic

support
(polymer)

Graphene < 6 lavers

A.C source

Fig. 5. Schematic of electric field applied to CHS/PVA/Gr membrane.
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Fig. 6. Flux recovery graph.

The initial FO water flux value was 28.1 LMH. There-
fore, intention of fouling method is to regain the initial
flux after giving cleaning treatment. After cleaning
experiments, the restore water flux values were 14.2
and 22.04 LMH for DI water and electric field cleaning
method (Fig. 6), respectively.

Compare to DI water cleaning method an electric
field method is more effective. DI water can remove
only the ECP (external concentration polarization). But
from the data, it can clear that electric field can
remove ICP (internal concentration polarization) as
well as ECP. Therefore, electric field can clean mem-
brane efficiently by opening most of the pores com-
pare to a widely used DI water method. Here, the %
recovery of flux was 78% with electric field cleaning
method. This may be due to nature of chitosan is bio-
degradable. Also, the sizes of single crystals of graph-
ene were small, resulting less amplitude. The single
crystal is costly so it was not used in this study. One
more things that in this research study, instead of high
conductive polymers (PANi, PPy, etc.), chitosan was
used, which gives less conductivity to the prepared
membrane. Therefore, in this study less vibration and
resulting in less fouling efficiency is investigated. In
further research, preparation of membrane becomes
more effective and economical, if cheap large size few
layered graphene will be used with highly conductive
polymers. A similar concept is applied in preparing
speakers out of graphene. Graphene’s properties are
not fully known and there is more to learn about it.

4. Conclusion

The CHS/PVA substrate membrane was modified
by graphene nanosheet coating/filler on the porous
side of the membrane. The modified membrane has
high tensile strength, swelling ratio, porosity as well
as high FO water flux. Fouling experiments
(algae-containing wastewater) with the CHS/PVA/Gr
membrane experienced less flux reduction. The CHS/
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PVA/Gr membrane achieved 78% recovery of flux by
applying “electric field” cleaning method. Hence,
graphene modified membrane showed effective
improvement in fouling resistance of FO membranes.
Since the direct coating of graphene as well as the
cleaning process by “electric field” is simple, low cost
and easy to operate without the requirement of high-
energy input, it can be a potential method of scaled
up for industrial in situ applications.
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