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AbstractMixed matrix polyether sulfone based-graphite nanoparticle nanofiltration membranes were prepared by
phase inversion technique. SEM, SOM, 3D surface analysis, water content, water contact angle, tensile strength, salt
rejection, water flux, porosity, antifouling measurements as well as antibacterial activity were used in membrane charac-
terization. SOM images showed graphite nanoparticle distribution in the structure of membranes relatively. The cross
section SEM showed that incorporation of graphite nanoparticles into the casting solution had significant effect on the
appearance structural properties of the membrane. The water flux of modified membranes was higher than the amount
for unmodified membrane obviously. Salt rejection also increased from 82% for unmodified membrane to 91.79% for
the membrane containing 0.5 wt% graphite nanoparticles. The water content and porosity increased at 0.05 wt% and
0.5 wt% concentration of graphite nanoparticle, and showed decreasing manner at 0.1 wt% and 1 wt% additives ratios.
Utilizing 0.05 wt% G-nanoparticles into the polymeric solution made a membrane with smoother and hydrophilic sur-
face that tended to improved anti-fouling properties. The 0.05 wt% G-nanoparticles/PES membrane showed more suit-
able behavior than other membranes. Moreover, blended membranes showed antibacterial activity against E-coli.
Keywords: Mixed Matrix Membrane, Nanofiltration, Graphite Nanoparticles, Separation Properties, Antifouling Ability,

Antibacterial Activity

INTRODUCTION

Water is a vital source for all living organisms, but unfortunately,
water pollution has increased dramatically in recent years due to
the development of industries and the increasing population of the
world and the misuse of water resources. So that water purifica-
tion and drinking water supply has become one of the most im-
portant problems of the human race. To solve this problem, research-
ers have studied various ways to reuse waste water. Today mem-
brane technology is widely used in the water treatment industry due
to its simplicity of operation, low environmental impact and low
maintenance and exploitation costs on a large scale. Among them
pressure driven processes, such as microfiltration, ultrafiltration,
nanofiltration and reverse osmosis, are widely used in various indus-
tries. For example, nanofiltration membranes are more common in
water treatment [1-3]. In the nanofiltration process, polymeric mem-
branes are mainly used. Polymeric membranes are highly regarded
because of their ease of manufacture, easy modifiability and versa-
tility in material selection. But the limitation of using polymeric
membranes is fouling. In fact, this phenomenon reduces the mem-
brane’s efficiency and life time. Thus, one of the challenges facing
polymeric membranes is the increased antifouling property of mem-
brane. The antifouling property is actually directly related to the
surface roughness and the hydrophilicity of the membrane. In the

higher hydrophilic properties of the membrane, more water mole-
cules are absorbed at the membrane surface and the undesirable
particles are washed from the membrane surface by water flows.
On the other hand, it has been observed in various studies that mem-
branes with less roughness and a smoother surface have more anti-
fouling properties. Because at rough surfaces, foulant particles are
trapped in the roughness of membrane surface and have a nega-
tive effect on membrane performance [4-6]. One of the polymers
used in water treatment processes is polyether sulfone (PES). This
polymer is known for its high mechanical, chemical, and thermal
resistance, but due to its hydrophobic nature, it is inevitably exposed
to fouling phenomenon [7-13]. To overcome this limitation, various
methods are used to modify the structure and improve membrane
performance. One of the methods is to add nanoparticles such as
metal nanoparticles (Ag, Pd, many more), metal oxide nanoparticles,
metal organic frameworks (ZIF, UIO-66, etc.) and carbon-based
nanoparticles (G, GO, MWCNT, etc.). Carbon based nanoparticles
due to their good mechanical properties, outstanding electron trans-
fer, high surface area and proper compatibility with polymer matrix
have received special attention and much research has been done
into the different applications of these materials [14-20].

A nanocarbon-based FO membrane with reduced graphene oxide
(RGO) on a carbon nanotube hollow fiber via chemical reduction
processes was fabricated by Fan and coworkers. High water per-
meability and ion selectivity were observed for the RGO active layer
and the CNT hollow fiber substrate could weaken the internal con-
centration polarization, with high porosity and good wettability.
The prepared RGO/CNT showed a high water flux, which is 3.3
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times more than the commercial membrane [21].
Also, Gholami et al. examined thin-film nanocomposite nano-

filtration membranes, which were fabricated by blending aromatic
amine-functionalized MWCNTs and aliphatic amine-functional-
ized MWCNTs. The performance of membranes on the rejection
of NH4

+HAsO4
2, and NO3

 from polluted groundwater was studied.
The aromatic amine-functionalized MWCNTs (AAF-MWCNT)
proved that increasing of water permeate flux and arsenic rejection
was 15% more than the commercial semi-aromatic polyamide nano-
filtration membranes [22].

Li and colleagues, prepared an anion exchange membrane by
electro-deposition of graphene oxide (GO) and polydopamine (PDA)
coating to improve antifouling performance. The desalination rate,
antifouling ability, stability and hydrophilicity of membranes were
increased after PDA coating. In addition, PDA coating helped to
reduce the roughness of membrane surface [23]. Yang et al. pro-
duced novel poly vinyl alcohol (PVA) based mixed matrix mem-
branes fabricated by multiwalled carbon nanotubes (MWCNTs)
or carboxylic multiwalled carbon nanotubes (C-MWCNTs) via inter-
facial adhesion, hydrogen bonding or covalent bonding. Also, when
the feed was NaCl solution (35,000 ppm) the overall best perfor-
mance of salt rejection (99.91%) and water flux (6.96 kg/m2h) was
obtained by the PVA/C-MWCNT/MA membrane [24]. The high
flux separation of a water-in-oil emulsion by carbon-silica com-
posite nanofiber membranes was investigated by Tai et al. The results
showed these membranes have proper flux in separating water from
oil under low pressure [25]. Liua et al. studied a UF membrane for
water purification. A different model of carbon nanofiber (CNF)
layer from bacterial cellulose was developed and a pre-deposited
coating was used on the UF membrane surface. The results revealed
that permeate flux and the natural organic matter (NOM) remov-
ing were improved [26]. Grafting the polyacrylic acid (PAA) on
MWCNTs surface by in situ polymerization was done by Daraei
et al. [27]. The results showed that water flux and antifouling proper-
ties, salt rejection and hydrophilicity of prepared membranes were
improved.

The carbon atom naturally has three allotropes: diamond, amor-
phous carbon and graphite. Of these, graphite is the most stable state
under standard conditions. Graphite is a crystalline structure of car-
bon that is very soft and has very low specific gravity and crushes
with the slightest pressure. But it is very resistant to heat and almost
neutral to any other materials. This property of graphite has led to
a wide range of metallurgical and fabrication applications. Numer-
ous studies have proven that graphite is a special mineral that pos-
sesses extraordinary properties such as high heat and electricity
conductivity, high natural hardness and high resistance to tempera-
tures [28-30].

Graphite is a three-dimensional carbon allotrope of a layered
structure in which the four-valent carbon atoms are bonded to
three other carbon atoms via three covalent bonds and form a hexag-
onal lattice structure. Each of these layers is called a graphene sheet
or layer. Each sheet is parallel to the other sheet and generates a
regular grid. Thus, the fourth electron capacity also binds the sheets
together by making a van der Waals link between the layers. Due
to the weak bonds between the graphene sheets (van der Waals
bond), the sheets above can easily slide over each other. In Fig. 1,

in the three-dimensional grid structure of graphite, the distance
between the carbon atoms is 14.2 Å (0.142 nm) and the distance
between the graphene sheets is about 3.354Å (0.335nm) [31]. Nano-
sized graphite has superior properties such as stronger adsorption,
easier dispersion and higher surface activity than graphite samples
with micron-sized or more. Nano-graphite has excellent properties
such as high surface area, good lubrication, special conductivity prop-
erties, good mechanical properties, proper corrosion resistance, high
thermal conductivity, low density, higher surface energy, good bio-
compatibility, and easier and cheaper production than other carbon
materials (such as carbon nanotubes, graphene oxide and graphene).
For this reason, it is used in many fields such as adsorption, bio-
sensor, and photo electrochemical degradation [32]. Besides, the anti-
bacterial activity of graphite makes it a good candidate in membrane
fabrication for water treatment.

In the present work, the effect of incorporating of graphite nano-
particles into PES-based nanofiltration membrane was studied.
Graphite nanoparticles are known to be hydrophobic, and their use
in nanofiltration membranes for water purification applications is
not common. But given the special properties already mentioned
for graphite, it is expected that this structural modification can
improve their separation, antifouling and antibacterial performance.
The graphite nanoparticles were added to the membrane structure
by the blending method.

MATERIALS AND METHODS

1. Materials
Polyethersulfone (PES Ultrason E6020P, MW=58,000 g/mol),

polyvinylpyrrolidone (PVP, Merck, MW: 25,000 g/mol), N, N, di-
methyl acetamide (DMAc, Merck, Mw: 87.12 g/mol), graphite
nanoparticles (G, US NANO Company, 400 nm average particle
size, 99.9% purity), Sodium Sulfate (Na2SO4, Merck, Mw: 142.04
g/mol) and deionized water.
2. Preparation of Membranes

All the membranes were prepared during the phase inversion
method. PES, PVP, DMAc and different concentration of graphite

Fig. 1. Three-dimensional grid structure of Graphite [34].
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nanoparticles was combinations of casting solutions. Table 1 rep-
resents the polymeric solution compositions. The polymeric solu-
tions were stirred by mechanical stirrer at 350 rpm (model: Velp
Scientifica Multi 6 stirrer). Afterward, for good dispersing and break-
ing up agglomeration of nanoparticles, samples were placed in an
ultrasonic bath for 1 hr (Parsonic11Smodel, S/N PN-88159, and
Iran). For removing the air bubbles completely, the prepared solu-
tions were kept at room temperature for one day. After that, the
homogeneous solutions were cast by a casting knife with 150m
thickness on clean glass plates. The precipitation process involved
immersing the prepared films in a non-solvent bath (deionized
water). To remove the extra solvent, the prepared membranes were
washed and kept in water for at least one day. Subsequently, the
membranes were kept between two sheets of paper for one day.
All procedures were performed at 25 oC.
3. Scanning Electron Microscopy (SEM)

To study the internal structure of fabricated membranes using
cross-sectional images, small samples of membranes were prepared,
and after being stored in liquid nitrogen for 15 min they were bro-
ken. After this step, samples were covered with gold-coated for
microscope imaging.
4. Scanning Optical Microscopy (SOM) and 3D Surface Image

The membrane surface changes in terms of the distribution of
nanoparticles were investigated using scanning optical microscopy.
Images were taken from specimens of membranes cut between two
glass plates. Also, the images obtained from SOM were evaluated
with FemtoScan software to produce 3D surface images for sur-
face roughness calculations and analysis.
5. Water Content and Contact Angle Studies

To calculate the water content, the same size samples were pre-
pared from membranes and stored in deionized water for 24 hours
under ambient conditions. The samples were then brought out from
the water and placed between two sheets of filter paper to remove
excess water from the membrane surface. The weight of the sam-
ples was measured immediately; the specimens were then placed
in an oven for four hours at 60 oC to calculate their weight after
measurement. These steps were performed three times for each
sample and their averages were reported to minimize measure-
ment error. Eq. (1) is used to calculate this parameter [14,35]:

(1)

where ww and wd are the weight of wet and dried membranes,
respectively. Since membrane hydrophilicity is very important in
water purification processes, the contact angle analysis of water at
the surface of the membrane was prepared. Three random points

from each sample of membranes were examined for contact angle
analysis and the mean of measurements was declared as the final
number. All samples were tested under ambient conditions with
deionized water as probe liquid.
6. Porosity and Mean Pore Radius

The membrane porosity is calculated by the following formula
[36]:

(2)

where  is the membrane porosity; ww and wd are the same as the
values mentioned earlier. A is the effective membrane surface area
(m), dw represents the water density (kg/m3) and l is the thickness
of the membranes sample. Porosity measurements have also been
reported on the average of three times measurements, to reduce
the error.

The Guerout-Elford-Ferry Eq. (3) is used to calculate the mean
radius of the pores assuming the pores are cylindrical. This equa-
tion is based on pure water flux [36].

(3)

Such that  is the membrane porosity,  is the water viscosity
(8.9×104 Pa·s), l is the membrane thickness (m), Q refers to the
pure water flux (m3/s), and P is the operating pressure (5 bar).
7. Mechanical Characterization

The mechanical tensile strength study was applied (ASTM-1922)
to evaluate the effect of graphite nanoparticles on the mechanical
behavior of prepared membranes [37]. For the aim, membranes
were cut into small sizes and the maximum tolerable load of mem-
branes was reported. Measurements were performed three times
for each sample and the mean average value reported.
8. Flux and Salt Rejection

In the evaluation of membrane separation performance, two
parameters of rejection and flux are particularly important. The
nanofiltration dead-end cell was used to obtain these two parame-
ters (Fig. 2); the cell has an agitator to delay the polarization pro-
cess. The driving force of the system is the pressure of 5bar, supplied
by the nitrogen gas capsule. The membrane crossing flux is calcu-
lated by the following equation [14].

(4)

where J is permeation flux (l/m2h), V is the content of permeated
water (l); A refers to membrane area (m2) and t shows sampling
time (h). All experiments were done at ambient temperature.

%Water content  
ww   wd

ww
------------------ 100

 %   
wwet  wdry

A l dw
------------------------ 
  100

rm  
2.9  1.75 8lQ

 A P
-----------------------------------------

J  
V

A t
--------------
 
 

Table 1. The composition of the polymer solution used to make the membranes

Sample Membranes PES
(wt%)

PVP
(wt%)

DMAc
(wt%)

Graphite nanoparticles
(wt%)

1
2
3
4
5

M0
M1
M2
M3
M4

18
18
18
18
18

1
1
1
1
1

81.00
80.95
80.90
80.50
80.00

0.00
0.05
0.10
0.50
1.00
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Membrane separation efficiency is calculated by Eq. (5). The
feed solution for test is sodium sulfate aqueous solution with a con-
centration of 0.01 M [35,38].

(5)Rejection % 1 
Cp

Cf
------
 
 

 * 100

Fig. 2. Schematic diagram of nanofiltration dead-end cell.

Fig. 3. SEM images of prepared membranes with different concentration of graphite nanoparticles.

where Cp is the concentration of permeate solution and Cf is the
concentration of feed solution and both of them were measured
by a conductivity meter.
9. Investigation the Antifouling Ability of Prepared Membranes

To evaluate the anti-fouling properties of the membranes, a pro-
tein solution is used. The protein solution is a solution of milk pow-
der with a concentration of 8,000 mg/L. The antifouling property
is also specified by the flux recovery ratio (FRR) parameter. For
this purpose, first, pure water flux, JW, 1, was measured for 1.5 hours
at the pressure of 5 bar. The membranes then were tested with a
protein solution at the same pressure and duration and term JP

was obtained. Due to the accumulation of protein particles, the
polarization phenomenon is unavoidable at this stage. The foulant
membranes were immersed in deionized water for one hour to
reduce the fouling. Finally, the pure water flux for the washed mem-
brane was re-measured under the same conditions (5bar and 1.5h)
to achieve JW, 2. Eventually, the value of the flux recovery ratio (FRR)
was calculated by the following equation [39]:

FRR=(Jw, 2/Jw, 1)*100 (6)

The fouling phenomenon in the membrane, which is defined by
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the Rt, is caused by the formation of a cake layer on the surface of
the membrane and the absorption of foulant on the surface or
inside the pores of membrane. This parameter itself contains two
types of fouling: reversible, which has poor bonding with the mem-
brane and is removable, and non-reversible, which stays in the
membrane and reduces the flow rate and weakens the membrane
function. The calculations of these three factors, reversible fouling
ratio (Rr), irreversible fouling ratio (Rir) and total fouling (Rt) are
given as following equations [39]:

(7)

(8)

(9)

10. Antimicrobial Activity of Mixed Matrix Membrane
The viability/growing of E. coli in presence of membranes were

considered during 4 h for the aim. All measurements were repeated
three times to minimize the experimental error.

RESULTS AND DISCUSSION

1. Membrane Morphology
The SEM images represent the cross-sectional structure of the

membranes (Fig. 3). In the picture below, all membrane samples
have an asymmetric, two-layer structure. The active layer is a thin
but dense layer that plays the major role in separation. The sub-
layer part is that thick but porous layer, with a supporting role; in
fact, this section has channels for passing the liquid. As shown in
the pictures, the inner structure of the membranes has become
cylindrical (finger-like) with the addition of nanoparticles. The num-
ber and size of pores also increased in membranes containing nano-
particles and bigger channels and macro-voids have been produced.
As is clear in Fig. 4, though graphite nanoparticles are hydropho-
bic, due to their lightness and low density, they move to the sur-
face of the membrane and interface area; this is quite clear from
the color difference between the surface and the back of the mem-
brane. Movement of nanoparticles to the surface of the membranes
creates a smooth surface that enhances the exchange rate between

solvent (DMAc) and non-solvent (water). This event accelerates
the mass transfer of non-solvent (water) through the membrane
and increases the deposition rate of PES during membrane forma-
tion, resulting in phase separation instantly; as the phase change
speed increases, more channels and cavities are formed [40,41]. In
fact, as shown in Fig. 4, the membrane structure resembles a dou-
ble-layer membrane: the top layer is rich in graphite nanoparticles
and the bottom layer is rich in polyether sulfone polymer.

However, with increasing nanoparticle percentage and increas-
ing polymer solution concentration, the nanoparticles become more
clogged and aggregated, which reduces the rate of phase change.
For this reason, at higher percentages of nanoparticles, the struc-
ture of membranes becomes denser and the porosity of the mem-
branes diminishes; also closed-end channels and fewer cavities are
formed in the membrane structure [39].

Fig. 5 presents the SOM images of the fabricated membranes.
These images are intended to show how nanoparticles are distrib-
uted in the membrane. It is clear that the nanoparticles are homo-
geneously and uniformly dispersed throughout the membrane
surface. Proper distribution of the nanoparticles reduces clumping
and aggregation, thus making them more efficient.

In the following, with the help of SOM images and using the
Fem to scan software, surface roughness analysis of the membranes
was also performed (Fig. 5). The roughness parameter is the bench-
mark for measuring the hydrophilicity of the membranes. In fact,
a membrane with the lower surface roughness is more hydrophilic
and a membrane with a rougher surface is less hydrophilic. Mem-
brane surface roughness images have concavity and convexity. The
dark points show the concavity and the light points show the con-
vexity. Adding nanoparticles to the polymer solution by changing
the membrane surface morphology causes some changes in sur-
face roughness. M1 shows rougher surface than the base mem-
brane. As mentioned earlier, the movement of nanoparticles to the
membrane surface due to the lower density and particle placement
in the concave regions reduces the surface roughness of the mem-
brane and the surface becomes smoother. But further, by adding
more nanoparticles, there is an upward trend. This is due to the
accumulation of nanoparticles on the membrane surface, which
intensifies the concavity and convexity of the membrane surface,
so that the roughness value for samples M2, M3 and M4 is greater
than the virgin sample [42].
2. Porosity and Water Content

It is quite obvious that the two parameters of porosity and the
water content are directly related to each other. Fig. 6 shows the
changes of these two agents due to the addition of graphite nano-
particles to the membrane structure. As shown in the following
diagram (Fig. 6), the porosity and water content of all the modi-
fied membranes is higher than that of the nanoparticle-free mem-
brane. The reason may be related to the specific properties of graphite
nanoparticles. In fact, when nanoparticles due to their low density
are transferred to the polymer solution and non-solvent (water)
interface, and also because of their high energy level, they interact
more rapidly with the solvent than the polyether sulfone polymer.
This creates cavities and pores at the membrane surface and chan-
nels in the inner structure of the membranes. Also, due to the
presence of nanoparticles in the polymer solution, the bonds between

Rt  1 
Jp

Jw, 1
--------

 
  100

Rr  
Jw, 2    Jp

Jw, 1
-----------------
 
  100

Rir  
Jw, 1  Jw, 2

Jw, 1
--------------------- 
  100

Fig. 4. A typical image of surface and back of prepared PES-graph-
ite membrane (M3).
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Fig. 5. SOM images, 3D images and surface roughness of membranes: M0, M1, M2, M3 and M4.
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the polymer chains are weakened and this creates more voids in
the membrane, which increases the porosity and therefore the
amount of water stored inside the channels, cavities and voids in
the membrane [39].

As the percentage of graphite in the membrane structure in-
creases, due to the accumulation of nanoparticles and their agglom-
eration, their active surface area decreases and so the exchanges
with water reduced and nanoparticles become trapped in cavities
and channels, closing the pores and eventually reducing the poros-
ity and water content. However, the porosity and water content of
the modified membrane with a high percentage of nanoparticles
are still higher than the base membrane. As can be seen from the
results, the changing trend of both parameters is quite consistent
[14].
3. Water Contact Angle

One of the important properties of the membrane against foul-
ing is the membrane hydrophilicity. The hydrophilic property actu-
ally shows how the water molecule interacts with the membrane
surface. The surface functionality and roughness are the main para-
meters that affect surface hydrophilicity. A membrane with the
rougher surface is more hydrophobic and, conversely, a membrane
with a smoother surface is more hydrophilic. As shown in Table 2,
the water contact angle was reduced initially by use of graphite
nanoparticles in membrane matrix. This may be assigned to smoother
surface for M1 that produce more hydrophilic surface for this
sample. The water contact angle was increased again by more in-
crease of graphite ratios in the membrane body for M2 to M4.
This may be due to increase of surface roughness and hydropho-

bic nature of graphite nanoparticles that provide more hydropho-
bic surface for them.
4. Mean Pore Radius Measurement

According to Fig. 7, all modified membranes have larger pores
than M0. This may be due to increase of membrane heterogene-
ity assigned to presence of graphite nanoparticles. Moreover, the
high surface energy and good dispersibility in the membrane struc-
ture could change the exchange rate of polymer solution with water
molecules during phase change that creates pores with greater diame-
ter [43].
5. Mechanical Characterization

According to Fig. 8, the mechanical strength of the modified
membranes decreased compared to the base membrane. This could
be due to the increase in the size of the cavities, the increase in the
number of channels and vacancy in the membrane structure. In
fact, the structure of the membrane is loosened and the polymer
chain bonds have been reduced due to the presence of graphite
nanoparticles and decreased membrane stiffness. On the other hand,
because graphite has a layered structure and is very soft, it breaks
down at the slightest pressure, so the higher the percentage of graph-
ite in the membrane, causing the lower mechanical strength. But in
the meantime, sample M1 had better resistance than other nanopar-
ticle-containing membranes.
6. Flux and Salt Rejection

Two noteworthy factors in discussing membrane performance

Fig. 6. The effect of graphite nanoparticle content on porosity and
water content.

Table 2. The Water contact angle for prepared membranes
Samples Water contact angle (o)

M0 79.46±1.2
M1 66.34±1.4
M2 74.05±2.1
M3 75.18±1.5
M4 81.44±1.8

Fig. 7. The effect of graphite ratios on membrane mean pore radius.

Fig. 8. The mechanical strength behavior of membranes.
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evaluation are separation efficiency and flux rate. Based on what is
shown in Fig. 9, the flux was significantly increased for all samples
containing nanoparticles. Factors that can justify this process include
increasing porosity, increasing the number and size of channels
and membrane pores, decreasing the contact angle and decreas-
ing the active layer thickness. However, graphite nanoparticles have
the ability to be channelized due to their layered structure (Fig. 1)
and can provide pathways for water. Of course, among the modi-
fied samples, M1 had the highest flux increase (more than 2.5 times
that of the base membrane) because, at low percentages of nanoparti-
cles, the probability of aggregation was lower, distribution was bet-
ter, active sites were free and the surface energy was more. Since the
surface of the M1 membrane is smoother, the water molecules are
easier to attach to the surface of the membrane and pass through
the pores and enter the inner structure of the membrane in the
form of finger-like channels and, due to the higher porosity of the
membrane, pass faster. At higher percentages due to the accumula-
tion of nanoparticles, the active sites are involved, the surface energy
of the nanoparticles is reduced and the performance of graphite
nanoparticles is impaired. Due to the accumulation of nanoparti-
cles, the membrane surface becomes rougher and acts as a barrier
for the penetration of water molecules into the pores. On the other
hand, because the porosity of the membrane is reduced due to the
blocking of the pores by the nanoparticles, the water passages are
limited and the flux rate is lower compared to sample M1. In M4
sample, due to the weak connections and the destruction of the
channel walls and their connection to each other, the flux has in-
creased again.

As mentioned, one of the important parameters in membrane
separation is rejection. Fig. 10 presents the data obtained for rejec-
tion. The membrane rejection was increased initially by incorpo-
rating filler nanoparticles in membrane matrix which can be assigned
to the unique structure and adsorption property of graphite nano-
particles. As shown Fig. 1, the graphite structure is in the form of
layers with a certain distance, each layer having its own network
structure. Therefore, the efficiency is expected to improve some-
what. Of course, the separation mechanism is influenced by the
presence of graphite nanoparticles in the form of molecular siev-
ing, which is mainly dominated by interlayer sieving [44]. As the
distance between the layers in the nano graphite is 0.335 nm and
the mean ion-water inter-nuclear distance of the sulfate ion is

0.381 nm, therefore, the size of the hydrated sulfate ions is greater
than the distance between the graphite layers and this increases
their rejection via interlayer sieving mechanism [45]. Although
hexagonal network connection of carbons in graphite can also act
as a trap for capturing salt ions. In addition, the high adsorption
behavior of graphite should not be forgotten, which can be a fac-
tor in increasing separation performance. Decrease of salt rejec-
tion for M2 may be also assigned to bigger mean pore size for this
sample that facilitates the salt ions percolation through the mem-
brane. Moreover, decline in salt rejection for M4 at 1%wt graphite
loading ratio may be due to nanoparticle agglomeration at high
additive concentration that is beneath their adsorption capacity as
well as crack propagation in membrane matrix. This would decline
the rejection accordingly.

Among the modified samples, M3, with 91.79% efficiency and
sample M1, with 86.36% efficiency, performed well in separation.
However, since efficiency and flux are considered as two separa-
tion parameters, both factors must have acceptable values. Since
sample M2 has less flux than sample M1, sample M1 with flux ~7.95
and rejection ~86.36% were considered as the optimal membrane.

Moreover, to study the flux stability of prepared membranes, their
permeability was considered during time. Decreasing flux ratio mea-
sured <20% for the mixed matrix membranes, whereas that was
>45% for the virgin membrane after one-and-a half hour filtration.
7. Antifouling Performance

To determine the antifouling property, the optimal membrane
(M1) and the nanoparticle-free membrane (M0) were investigated.
The protein solution was used for this experiment. First, the pure
water flux (jw, 1) was measured, then the protein solution flux (milk
powder solution, jp), and finally, the pure water flux (jw, 2) was eval-
uated again after washing the membranes. All three values and
their variations in both samples are clearly shown in Fig. 11. It is
obvious that the milk powder test has a large flux reduction com-
pared to the primary pure water, due to the presence of protein
particles at the membrane surface or inside the pores and chan-
nels, which caused clogging and blocking the passage of flow.
After that, the pure water re-test had a higher flux value but not as
much as the first step. The difference between the pure water flux
before and after the milk powder test shows the membrane’s ability

Fig. 9. The flux change trend with increasing graphite nanoparticles.

Fig. 10. The salt rejection of prepared membranes.
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to be fouled. The greater difference means the lower membrane’s
antifouling performance. Of course, this difference is calculated by
factor FRR that is provided in Fig. 12.

Indicator FRR had a significant value for the modified mem-
brane with 0.05 wt% graphite nanoparticles. This is related to lower
surface roughness and smaller water contact angle, which increases
the hydrophilicity of the membrane. By increasing the hydrophilicity
at the surface, the membrane surface interactions with the water
molecules increase and the water molecules form a layer on the
membrane surface that also acts as a barrier against the protein
particles and decreases the adsorption of these particles on the
surface. Also, more movement of water molecules on the surface
of the membrane causes the surface to be washed away by unde-
sirable particles, and the phenomenon of fouling occurs later [46].

As illustrated in Fig. 13, fouling has two reversible and irrevers-
ible parts. The reversible part (Rr) incorporates loose joints that are
remedied by simple hydraulic methods, but the irreversible part
(Rir) has made stronger connections to the membrane structure
and can be remedied by chemical methods that increase cost and
energy consumption; it also reduces the life of the membrane. The
total fouling (Rt), which is the sum of reversible and irreversible foul-
ing, is lower in the modified sample (M1) and most of it is revers-
ible fouling.

8. Antibacterial Ability Study
The viability of Escherichia-coli bacteria in the presence of pre-

pared membranes was studied. Three cells, including control, M0
plus E-coli, and graphite-PES blended membrane with E-coli were
prepared. Results exhibited >23% cell inactivation for the sample
containing blended membrane compared to control, whereas that
was inconsiderable for the sample with pristine membrane. This
may be ascribed to stress on bacterial cells as well as oxidative stress
mechanism toward neural cells [47].

CONCLUSION

Graphite nanoparticles were evaluated to improve the perfor-
mance of polyethersophone nanofiltration membranes. Due to the
hydrophobicity of these nanoparticles, the increased hydrophilic-
ity of the membranes was a little unexpected, but based on experi-
ments and observations, interesting results were obtained. The use
of graphite nanoparticles in small quantities reduced the surface
roughness of the membrane and increased the hydrophilicity of the
membrane by reducing the contact angle at the membrane surface.
So that the water flux increased by about 2.5 times compared to
the unmodified membrane. Separation efficiency also increased.
More important was the enhancement of the antifouling property,
which increased from 19.41 for the base membrane to 77.42 for
the modified membrane; it increased almost four times. Moreover,
blended membranes showed antibacterial activity against E-coli.
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