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ABSTRACT

The objective of this work is to develop a new class of nanocomposite ultrafiltration (UF) membranes
with excellent solute rejection rate and superior water flux using zeolitic imidazolate framework-8 (ZIF-
8) and multi-walled carbon nanotubes (MWCNTSs). The effect of ZIF-8 and MWCNTSs loadings on the
properties of polyvinyldifluoride (PVDF)-based membrane were investigated by introducing respective
nanomaterial into the polymer dope solution. Prior to filtration tests, all the membranes were
characterized using several important analytical instruments, i.e., SEM-EDX and contact angle analyzer.
The addition of the nanoparticles into the membrane matrix has found to increase the membrane pore
size and improve its hydrophilicity compared to the pristine membrane. The separation performance of
membranes was determined with respect to pure water flux and rejections against bovine serum albumin
(BSA) and humic acid (HA).The experimental findings indicated that the nanocomposite membranes in
general demonstrated higher permeation flux and solute rejection compared to the pristine membrane
and the use of ZIF-8 was reported to be better than that of MWCNTS in preparing nanocomposite UF

membranes owing to its better flux and high percentage of solute rejection.

doi: 10.5829/ije.2018.31.08b.37

1. INTRODUCTION

The preparation of nanocomposite membranes by
dispersing inorganic nanoparticles in polymer matrix has
attracted many interest in field of gas separation,
pervaporation and ultrafiltration (UF) for over the last
decades. The presence of finely dispersed nanoparticles
in the membrane matrix has succesfully improved the
performance of membrane for separation process,
especially in water and wastewater treatment field,
including oil-water and protein effluent separation [1].
The main concerns in membrane filtration are flux
decline and rejection reduction. It has been reported that
the factors affecting the membrane separation process
were solution chemistry (pH, ionic strength, andwater
hardness); the properties of membrane (pore size, water
permeability, charge, hydrophobicity/philicity); and
filtration process condition (concentration, charge and
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humic and non-humic fractions) and operational
conditions [2].

Polyvinylidene fluoride (PVDF) is a common
material for UF membrane preparation due to its
excellent chemical resistance, great mechanical
properties and thermal stability [3]. However, PVDF
membrane is prone to fouling due to its inherent
hydrophobicity. Many works have been reported to
increase the hydrophilicitiy of PVDF membrane by the
chemical modification methods but the main polymer
molecules would change and its advantages might as
well be reduced. Compared to chemical modification,
physical modification is more prefereable for PVDF
membranes modification, for enhancing the membrane
hydrophilicity, permeability, rejection and mechanical
strength [4]. Utilizing inorganic additive within
membrane is relatively simple approach since it only
focused on blending between with two phases during the
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preparation of membrane. Moreover, inorganic materials
such as zinc oxide (ZnO), titanium oxide (TiO2), alumina
(Al,03), and graphene-based particles are easy to mix
with polymer resulting in excellent properties and stable
performances [5].

The recent trend explored the viability and
applicability of using nanostructurals metal-organic
frameworks (MOFs) for new type of nanocomposite
membrane synthesis. Zeolites were succesfully utilized
in chemical industry for over 35 years and zeolitic
imidazolate frameworks 8 (ZIF-8) was found to have
superior adaptability in polymer matrix [6]. It Because of
the high regularity, well-defined pore structure and
excellent stability, zeolites have been introduced in
membrane separations. Besides, two immiscible high
performance polymer blends (PBI and 6FDA) were
compatibilised using ZIF-8 as its nano-sized particles
featuring a uniform domain pore size in the membrane
matrix [7]. Additionally, ZIF-8 also possesses the
excellent solvent resistance and thermal and chemical
stability [8]. Another special ability of ZIF-8 is the
controllability of its particle size. The size of particle of
produced ZIF-8 can be reach up to 1 nm by simply
control its synthesis parameters or additive
concentrations. It is very important to control its crystal
size factor during the fabrication of asymmetric MMM,
to ensure that the fillers are small enough to be able to
reside among the dense, thin selective layer [9].

Multi-walled carbon nanotubes (MWCNT) is also
one of the common materials used in UF membrane
fabrication. It has high specific surface area, easy
functionalization, good chemical stability and thermal
reductant which are very useful in separation process
[10]. Research also found that the viscosity and thermal
conductivity of CNT can be enhanced with temperature
rise and nanoparticle concentration [11]. It also has been
reported that the nano-sized CNTs could lead to the
increase of efficient filtration area and permeability of
the composite membranes [12] as well as improvede
hydrophilicity and rejection [13,14]. Besides, the
physical properties of the membranes such as surface
properties, pore structure and tensile strength, were
altered by the presence of CNTs even at very low
loadings, resulting in higher antifouling and organic
matter rejection. MWCNTS have promising properties
for water treatment, both in mitigating membrane fouling
through the inhibition of bacterial growth, and in
improving the separation selectivity due to their narrow
pore size distribution [15].

Furthermore, with the addition of hydrophilic
polymers such as polyethylene glycol (PEG) and
polyvinylpyrrolidone (PVP), the morphology and
performance of membrane have been reportedly
improved leading to increased high water flux [16]. It
was found that addition of PVP could increase the
membrane hydrophilicity due to the residue trapped in

the membrane matrix [17]. In this work, PVP was used
as pore former agent to enhance the membrane porosity.
Then, the properties of nanocomposite membranes will
be studied by varying the content of ZIF-8 and MWCNT
in the PVDF dope solution. The synthesized membranes
will be used in the separation of bovine serum albumin
(BSA) and humic acid (HA).

2. EXPERIMENTAL

2. 1. Materials The polymeric membrane material,
polyvinyldifluoride (PVDF), the solvent, N,N-
dimethylacetamide (DMACc) were supplied by Merck
Malaysia. The multi-walled carbon nanotubes
(MWCNTS) with >98% carbon; 10nm x 1 nm x 4.5nm
(O.D x I.D x L) and the polyvinylpyrrolidone (PVP K-
30) with average molecular weight of 30,000Da were
purchased from Sigma-Aldrich. The chemicals used for
synthetization of ZIF-8 were zinc nitrate hexahydrate
(Zn(NO3)2-6H.0), triethylamine (TEA) and 2-
Methylimidazole (2-MelM) were supplied by Sigma.
Bovine serum albumin (BSA) and humic acid (HA)
purchased from Thermo Fischer Scientific Inc. were used
as solution model for the solute rejection tests.

2.2.Synthesis of ZIF-8 The ZIF-8 was synthesized
by referring the procedure reported in literature [18] with
ratio of Zn(NO3),:2-MelM:H>0 1:6:500. Firstly, metal
salt solution was prepared by dissolving 4g zinc nitrate
hexahydrate into 24.22g of deionized water. Then, the
ligand solution was prepared by weighing 6.624g of 2-
MelM and dissolved in 96.90g of deionized water,
followed by adding 6.0ml of TEA into the mixture. After
that, the metal salt solution was added into the ligand
solution and stirred vigorously for 30 minutes. The
solution was then centrifuged for 15 minutes and
thoroughly washed using deionized water for several
times to completely remove the excess reactants. Then,
the product obtained was dried at 60°C for 12 h. Next, the
product was ground into fine particles before dried in
oven at 110°C for at least 12 h for further removal of
trapped water/residuals in the pores.

2. 3. Preparation of Membrane The flat sheet
nanocomposite membranes were prepared using phase
inversion method. The casting solution was prepared by
blending 15 wt.% PVDF, and 1 wt.% PVP with 84 wt.%
DMAc. Nanoparticles with specific loading was then
added into the dope solution as shown in Table 1. The
percentage of filler loading can be calculated as follows:
) _ Mt (9)
Filler loading (%) = x100% (1)
Mr (@) + Ms(9)

where Mg is mass of fillers and Ms is mass of solids.
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TABLE 1. Composition of nanoparticles in casting solution

Type of sample No. sample Nanoparticles, wt%o
PVDF PO 0.00
Z1 0.10
PVDF + ZIF-8 Z2 0.30
Z3 0.50
M1 0.10
PVDF + MWCNT M2 0.30
M3 0.50

Initially, the PVVDF pellet and nanoparticles (ZIF-8) were
weighed and dried in oven at 60°C for at least 12 h to
remove trapped water in the pores. Then, the additive
PVP was dissolved in DMACc solvent followed by the
addition of ZIF-8. The solution was then sonicated for 1
h to fully disperse the nanoparticles in the solvent. Next,
the polymer was added into the solution and stirred at
60°C for 20 h. The casting solution was then degassed for
30 minutes to remove the trapped bubbles.

For MWCNT/PVDF membrane, the composition and
procedure used was the same as ZIF-8/PVDF membrane
as stated in Table 1. The dope solution was manually
casted on the glass plate using glass rod, and immediately
immersed in the coagulation bath of water. The formed
membrane was peeled off from the plate and immersed
into distilled water for complete removal of solvent. The
membranes were stored in distilled water for further use.

2. 4. Characterizations The scanning electron
microscopy (SEM) (Hitachi TM3030Plus, Japan) was
used to examine the cross-sectional structures of the
membranes. All membranes were prepared by fractured
with liquid nitrogen and coated with a thin layer of gold.
The membranes morphology was observed using SEM
equipped with an energy dispersive X-ray spectrometer
(EDX) (Oxford Instruments SwifteD3000) for
compositional analysis. The contact angle (8) analysis
was used to determine the wettability of membrane by
measuring the angle between water and membrane
surface using goniometer (Kruss Gambult, Germany). A
3ul of distilled water was dropped on top surface of
membrane, and after 30s the contact angles were
measured to evaluate the hydrophilicity of the membrane.
The average value of three contact angle was calculated
for each sample at various position. Transmission
electron microscope (TEM) (TECNAI G2 20 Twin) was
employed to examine the macrostructures of synthesized
ZIF-8. Prior to imaging, the sample was prepared by
dispersing ZIF-8 powder into methanol with the aid of
ultrasound. Then, a drop of the sample was transferred to
400 mesh carbon-coated copper grid and dried, before
operated at 200 kV.

2. 5. Performance of Membrane The
performances of all membranes were evaluated by pure
water permeability flux and solute rejection test. Both
tests were measured by ultrafiltration (UF) experimental
equipment with the membrane surface area of 42 cm?,
The pure water permeability (PWP) test was carried out
using reverse osmosis water as the feed. The experiment
was conducted at room temperature, with pre-
compaction pressure was set at 1.5 bar for 30 min. Then,
the operating pressure was adjusted to 1.0 bar for 15 min
to reach steady state. The permeates were read
periodically every 10 min and the time taken for volume
permeate, Q=10ml was measured. The permeation flux
was calculated using Equation (2):

J1= A:At @)
where V is the total volume of permeated pure water
during the time interval (At) and A is the membrane area.

On the other hand, the solute rejection tests were
performed using BSA and HA solution as the feed. The
BSA and HA solution were prepared with initial
concentration of 500ppm. The procedures and condition
were same as pure water permeability test. The time
taken for the permeate flux Q=10ml was recorded for
every t=10min. The percentage of solute rejection, R(%)
for both solutions were determined using Equations (2)
and (3), respectively:

—1-%
R=(1-2) x100% ®3)

where Cs and Cp are the solution concentrations of feed
and permeate, respectively. The concentration of all BSA
and HA permeates and feed were measured using the
HACH DR5000UV-Vis Spectrophotometer at a
wavelength of 254 nm and 280 nm, respectively. The
calculated fluxes and rejection rate are tabulated in Table
2.

3. RESULTS AND DISCUSSION

3. 1. Characterization of ZIF-8 Figure 1 presents
the TEM images of the synthesized ZIF-8 at different
magnifications. It can be seen that the prepared ZIF-8
possessed hexagonal morphology with the range of
particle size of ZIF-8 estimated from TEM images was
80 to 130 nm. The variety in sizes of the produced ZIF-8
as mentioned before, can be reach up to 1 nm by simply
control its synthesis parameters or additive
concentrations. Moreover, this result is in agreement with
the previous findings in which the size of the synthesized
ZIF-8 was in the range of 40 to 80 nm [19], 50 nm [20]
and 147.26 + 7.05 nm [21].

3. 2. Characterizations of Membrane The SEM
analysis was performed to examine the membrane
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morphology between the pure PVDF membrane with the
nanocomposite membranes. Figure 2 shows the SEM
images of the surface and cross-section morphologies for
pristine, ZIF-8/PVVDF and MWCNT/PVDF membranes.
Obviously, a finely despersed nodular structure packed
by the spherical globules on the membrane layer can be
observed on top surface of Z3 in Figure 2(a). This
phenomenon may resulted from the integration of ZIF-8
and polymer structure. Meanwhile, M1 displayed a better
surface morphology than PO with higher number of pores
and large pore sizes. This is may due to the oxygen
content in MWCNT that facilitated the diffusion rate
during the preparation process.

From the observation, the morphologies of the
nanocomposite membranes have been improved upon
addition of nanoparticles, compared to pristine PVDF
membrane. It can be seen that the cross-section
morphology of the prepared membranes Z1, Z2, Z3, and
M1 exhibited narrow finger-like structures while, larger
macro-voids can be observed for M2 and M3 compared
to pristine membrane.

Furthermore, the membranes presented the
asymmetric structure with a selective thin microporous
upper layer on a large voids or finger-like cavities due to
the high mutual diffusivity of solvent and water [22]. The
blend membranes demonstrated a strong change in the
morphology.

TABLE 2. EDX quantitative analysis of all membranes

Sample C F Zn Pt
PO 37.97 56.84 - 5.19
Z1 39.89 55.03 0.11 4.97
z2 40.47 54.43 0.28 4.82
Z3 41.06 53.40 0.50 5.01
Sample C F (0] Al Pt
M1 40.54 52.25 3.21 0.001 4.00
M2 41.13 51.38 3.69 0.006 3.80
M3 41.96 50.40 4.18 0.011 3.45

Figure 1. TEM images for synthesized ZIF-8 at different
magnifications; (a) images taken at scale of 500 nm, (b)
image taken at 100 nm, and (c) image taken at 20 nm
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Figure 2. SEM images of '(é) surface of PO, Z3 and M1; (b)
cross section of all membranes with different compositions

The pore sizes for all blend membrane were completely
different from pristine membrane. After addition of
zeolite materials, the cross-section became a little denser.
When 0.1wt% ZIF-8 content was added, the typical
finger-like structures (Figure 2(b):Z1) can be observed.
The pristine membrane revealed larger finger-like
structures but it grew narrower and sponger as ZIF-8
content increased. Besides, the pore size tended to
decrease accordingly, making the structure denser. Z2
started to form smaller and narrower finger-like
structures compared to pristine membrane and Z3
showed more compact structure with lesser finger-like as
the ZIF-8 content increased. This might related to the
increased in viscosity of the casting solution which lead
to the slower phase separation process, resulted in
smaller pore size and denser structure.

The SEM images of MWCNT/PVDF membranes
revealed a more porous structure than the plain
membrane. It formed narrower finger-like structure for
M1, but the pore size kept increasing with increasing
MWCNT contents. The pore size of the macro-voids M2
and M3 were observed to increase and instability
structures was formed. During the phase inversion, the
diffusion rate between solvent and water was accelerated
by MWCNTs. Additionally, MWCNT possessed
oxygen-containing functional groups that made it typical
hydrophilic materials and accelerated the mass
transformation between the solvent and non-solvent [23].
Therefore, larger pore channels were formed due to the
rapid mass transformation. This may facilitates the
membrane permeability which reflects to the increase in
membrane pores size. Relatively, as contents of the
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nanoparticles increased, the membrane pore sizes will
start to increase as well, which may have a relation with
improved water permeability; M3>M2>M1. The M3
contained largest macro-voids and more porous, resulted
in highest water flux as the water molecule can pass
through the membrane pores easily.

3. 3. EDX analysis Table 2 shows the quantitative
analysis of elements present in the membrane. The
detection of Pt element was due to the coating material
used prior to SEM analysis. The EDX analysis of Z3 in
Figure 3(a) showed the presence of Zn element indicating
the existence of ZIF-8 particles in the membrane.
Furhermore, the Zn element were well-distributed
throughout the membrane matrix. This can be proven by
the value of Zn loading present in the membrane was
0.501 wt% which has good agreement with the calculated
filler loading 0.499 wt%. This indicated that the ZIF-8
nanoparticles were uniformly dispersed during the
fabrication process. The ZIF-8 loading for Z1 and Z2 in
Table 2 also in good term with the calculated filler
loading which was 0.0999 wt% and 0.2991 wit%,
respectively.

All the elements present in the membrane matrix are
tabulated in Table 2. Carbon and fluorine were originally
from the PVDF polymer. The new elemental zinc,
oxygen and aluminium found in the membrane matrix
were from ZIF-8 and MWCNT, respectively. In this
work, MWCNT is mainly consisted of element C, O, H
with >98% carbon basis. Another 2% element that may
be found in the CNT was aluminium (Al) from Al,Os;
electrode substrate.

Figure 3(b) shows the carbon loading increased with
addition of MWCNT indicated that it has fully dissolved
in the polymer matrix and the oxygen element confirmed
the presence of carbon nanotubes in the membrane.
Besides, the data on 2% Al loading (Table 2) found in the
membrane matrix also compatible with the calculated
loading which are 0.002% for M1, 0.006% for M2 and
0.01% for M3.

o Spectrum 3
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Element Weight%
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Fluorine  56.003
(+ Zinc 0.501
Platinum 4.625

Pt
ZnPt‘ Pt Zn Pt Pt

0 2 4
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(b) Spectrum 3

Element Weight %
c Carbon 44.160

F Oxygen 7476
o Fluorine  43.460
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Platinum 4.893
pt
Pt
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Figure 3. EDX analysis of cross sectional morphology of (a)
Z3 and (b) M3

This confirms the MWCNT has fully dispersed and well-
distributed throughout the membrane matrix.

Table 3 shows the average of contact angle values for
all the membranes. As expected, the addition of
nanoparticles has enhanced the pore size of the
membrane. Generally, the small value of contact angle
corresponds to more hydrophilic properties. Compared to
the pristine PVDF membrane, the nanocomposite
membranes tend to have larger pore size and more porous
upon the increased contents of nanoparticles as shown in
Figure 2. This showed that the hydrophilicity of the
membrane has been improved with addition of ZIF-8 and
MWCNT.

The overall contact angle values decreased as the
concentration of nanoparticles increased. Pristine PVDF
membrane has high contact angle of 77.81° while
membranes with larger pores tend to have lower contact
angle. ZIF-8/PVDF membrane showed increment in
hydrophilicity, started with contact angle of 66.51° for
Z1. The values decreased with Z2 (64.41°) followed by
Z3 (58.23°). For MWCNT/PVDF membrane, the
membrane hydrophilicity has been improved rapidly,
especially M3 with contact angle of 53.59° which suggest
the positive effect of MWOCNT on membrane
hydrophilicity. As a result, this may play a favourable
role in elevating the water flux of nanocomposite
membranes.

3. 4. Performances of Membrane The membrane
hydrophilicity plays a great influence on its antifouling
property and filtration performance. Figure 4 shows the
effect of nanoparticles on the permeability of membrane.
Compared to the pristine membrane, it was found that
when the content of ZIF-8 nanoparticles was increased
from 0.1 to 0.5 wt.%, the pure water flux of the
membrane increased correspondingly.

Since the pristine membrane revealed smaller pore
size and less macro-voids (Figure 2), the greater transport
resistance across the membranes has resulted in low
water permeate flux. However, a decline in water flux has
been observed upon addition of 0.3 wt.% and 0.5 wt.% of
ZIF-8 in the casting solution due to the decrease in pore
size and more compact structure.

TABLE 3. Contact angle value of all membranes
Type  Average values of contact angle  Standard Deviation

PO 77.81 +0.61
Z1 58.23 +0.90
Z2 64.35 +1.03
Z3 66.51 +1.04
M1 60.66 +1.39
M2 56.26 +0.68
M3 53.59 +0.71
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Figure 4. Water permeability flux of all membranes

The same trend can be found for MWCNT as well.
The pure water flux increased with addition of MWCNT
in the casting solution. Further increase in MWCNT
concentration resulted in higher permeability of the
membrane due to increased macro-void structures.
Considering the result, the improvement in permeability
of M2 and M3 might be caused by oxygen-functional
group in MWCNT which facilitated the membrane
hydrophilicity (Table 3). Moreover, less oxygen-content
may limited the improvement in membrane porosity,
mean pore size and membrane hydrophilicity.
Consequentially, MWCNT/PVDF membrane have
higher membrane permeability compared to ZIF-8/PVDF
and pristine PVDF membranes.

Two types of solute solutions (BSA and HA) were
applied to explore the UF performance under normal
operating pressure of 1 bar at room temperature. The
filtration performance are presented in Figures 5 and 6.
Based on Figure 5(a), it was found that the ZIF-8/PVDF
membrane showed an increase in permeate flux of BSA
solution compared to the pristine membrane. Obviously,
Z3 has higher flux with 28.76 L/m?2.h.bar compared to PO
which was 23.8 L/m2.h.bar but lower than M2 and M3
due to difference in porosity and less macro-voids
structures. The greater flux achieved by M2 and M3
probably due to relatively large pore sizes. However, the
permeate fluxes of all membranes started to decrease as
the filtration time increased. The permeate flux for Z2,
Z3 and M1 in BSA solution started to show a decrease
value at the filtration time, t=30 min, while M2 and M3
declined after t=10 min.

The same trend also applied for HA solution. The
permeate fluxes for Z1, Z2 and Z3 decreased at t=30 min
while PO declined after t=20min. The difference in
molecular weight of humic acid solute which varies from
20-500 KDa, might affects the flux and rejection
differently for each membrane [24]. Membrane with
larger pore size tend to have higher permeate flux as the
small solutes in HA solution can pass through the macro-
voids easily.
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Figure 5(a). Membrane permeate fluxes for BSA solution
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Figure 5(b). Membrane permeate fluxes for HA solution

M2 and M3 have higher flux compared to other
nanocomposite membrane and pristine membrane,
although the fluxes kept decreased as the time passed. M2
and M3 deteriorated after t=10 min, while other
membrane started to decrease at t= 30 min.

Figure 6 shows the percentage of rejection for BSA
and HA solute. As could be seen from Figure 6(a), Z3 has
highest rejection percentage of BSA solution compared
to other membranes. The nanocomposite membranes
demonstrated an increase in solute rejection as
nanoparticles contents increased with 92.31% of Z3,
90.75% for Z2, 89.89% for M1, 87.44% for Z1, 83.72%
for M2 and 78.29% for M3. As discussed earlier, the
denser structure and smaller pore size of Z1 and Z2 acted
favorably towards HA solute by preventing the solutes
from entering the pore on top surface and passing the
pore length to minimize the possibility of pore blockage
and/or pore narrowing, thus increase the rejection rate.

Commonly, CNTs exhibit the capability to remove
albumin as a type of adsorbent [25]. This can be seen in
Figure 6(a), M1 and M2 have higher percentage of BSA
solute rejection compared to pristine membrane
(82.52%).
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Figure 6(a). Percentage of rejection of BSA solute for all
samples
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Figure 6(b) Percentage of rejection of HA solute for all
samples

Compared to ZIF-8/PVDF membranes, MWCNT/PVDF
membrane showed a reduction in BSA solute rejection as
its concentration increased, due its macro-porous
structure that might help BSA solutes escaped the pores
easily. However, the rejection rate of all membranes has
deteriorated over filtration time. Z2, Z3 and M1 have
reduction in solute rejection at t=30 min, while M2 and
M3 decreased after t=10 min.

The high separation of HA solute can be explained by
the difference in pore size of membrane and size of HA.
From Figure 6(b), Z3 exhibited highest HA solute
rejection compared to other membranes with 94.77%,
followed by Z2 with 93.14% rejection, 92.57% for M1,
91.96% for Z1, 91.11% for M2 and lastly M3 with
87.53%. Overall, all the nanocomposite membrane
presented higher percentage of HA solute rejection than
the pristine membrane (89.70%). Unfortunately, the
solute rejection rate of all membranes started to decline
over the filtration time; rejection of M3 rapidly reduced
after t=10 min. This is probably due to large macro-voids
which trapped the solute and deteriorated the filtration
performance.

4. CONCLUSION

In this study, flat sheet PVDF membranes with different
properties have been prepared by incorporating ZIF-8
and MWCNT. The ZIF-8 was successfully synthesized
and confirmed by literature. The ZIF-8/PVDF membrane
with 0.5 wt.% concentration was found to has the highest
percentage of solute rejection for both BSA (>92%) and
HA (>94%) solution. The experimental results showed
that with addition of nanoparticles in membrane matrix,
an improvement in the hydrophilicity of membrane can
be achieved as well as membrane permeability and
rejection rate. As the concentration of nanoparticles
increased, the membrane structure also increased. For
ZIF-8/PVDF membrane, the increased in concentration
facilitated the water flux and rejection rate for both BSA
and HA solution. Meanwhile, water flux of
MWCNT/PVDF increased rapidly although the rejection
rate of the membranes started to reduce when the
concentration increased. In the nutshell, the addition of
nanoparticles has enhanced the membrane permeability
and filtration performance in the water separation
process.
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