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ABSTRACT

A new composite ultrafiltration membrane made of poly(p-phenylenediamine) and poly(vi-
nyl alcohol) as a selective layer on flat ceramic support fabricated from pozzolan and micron-
ized phosphate was developed and characterized. The p-phenylenediamine was polymerized
via a chemical route. The active layer was deposited on the flat support by dip-coating. The
poly(p-phenylenediamine) and 10 wt.% of polyvinyl alcohol solution were used as the initial
suspension. The composite membrane was kept for 24 h at 60°C. The developed membrane was
characterized by Fourier transform infrared spectroscopy, scanning electron microscopy, ener-
gy-dispersive X-ray analysis, as well as water contact angle, permeability and filtration perfor-
mance measurements. The obtained ultrafiltration membrane has a thickness of 4.1 um, a water
contact angle of 50°, a permeability of 12.20 L/h m? bar and pore size of 43 nm. In addition, the
composite membrane presents good adhesion on the flat support. Furthermore, it was evaluated
by tangential filtration of Congo red dye. The dye filtration was optimized by varying the oper-
ating conditions including the applied pressure (1-3 bar), the feed concentration (20-600 ppm) as
well as the feed pH (4-10). Under the optimal conditions of Congo red filtration, the developed

membrane achieved a rejection of 99.54% (at AP =3 bar, C = 600 ppm and pH = 4).
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1. Introduction

Through rapid developments in industrialization, cli-
mate change, population growth and over-consumption,
sources of drinking water have been contaminated by
human activities [1,2]. One of these major human activi-
ties is the textile industry. Indeed, this sector is one of the
prime consumers and polluters of water. It generates large
amounts of wastewater rich in dyes, salts, and reagents that
have important potential impacts on the degradation of the

* Corresponding author.

environment [3]. The presence of organic dyes in waste-
water is a significant contributor to water pollution [4].
Approximately 70% of dyes used in industry are azo dyes [5].

Congo red (CR) is one of the most hazardous organic
dyes, due to its structural stability, its complicated aro-
matic structure as well as resistance to biodegradation
[6]. CR properties combine to pose significant risks for
the environment and human health, its discoloration and
degradation is a major concern for the protection of the
environment [7].
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To address this problem, water treatment techniques are
required including coagulation, chlorination, ozonation,
flotation, chemical oxidation, adsorption, reverse osmo-
sis, ultrafiltration (UF) and nanofiltration [1,4]. Membrane
filtration, particularly low-pressure UF is one of the most
attractive and powerful treatment processes because it
is a cost-effective and sustainable wastewater technol-
ogy [8,9]. It offers great stability, easy operation, and high
efficiency [10,11].

Although several studies explored the elaboration of
ceramic membranes from industrial oxides such as silica,
alumina, zirconia and titania, the approach is costly. As an
alternative, there has been interested in using low-cost nat-
ural materials for membrane preparation [12-18]. Recently,
many low-cost UF membranes were developed based on
these materials [19-21]. Besides, plenty of research was
oriented toward the development of UF composite mem-
branes (CMs). The composite polymer-ceramic membranes
are characterized by structural integrity, fouling resistance,
and both high flux and selectivity [22]. Moreover, CMs pre-
pared from polymers on low-cost ceramic supports attracted
much interest. For instance, pozzolan was used as a support
for both, the development of polypyrrole UF membrane
for CR removal [23] and the preparation of polysulfone/
polyetherimide UF layer for removal of methyl orange and
acid orange 74 [24].

This paper presents the development of a new CM
prepared by depositing an organic layer of poly(p-phenyl-
enediamine) (PpPD) and poly(vinyl alcohol) (PVA) on a
flat pozzolan ceramic support incorporated with micron-
ized phosphate (Pz/MP). This support was selected for
the preparation of the UF membrane because of its inter-
esting attributes such as porosity (32.07%), permeability
(1,732.50 L/h m? bar) and mechanical strength (15.69 MPa) as
mentioned in our previous work [25].

The PpPD is brown-to-black and insoluble in water
[26]. It was selected as an organic layer for its wide appli-
cations, particularly in water treatment [27,28]. PVA was
selected for inclusion since it is an excellent biodegradable
biopolymer. Because of its environmentally friendly prop-
erties, PVA has been widely used to fabricate PVA-based
ceramic and polymeric membranes for various industrial
applications [29,30].

The characteristics of these polymers (PpPD and PVA),
as well as the Pz/MP support, will combine to enhance
the performance of the developed PpPD/PVA membrane
with respect to permeability and rejection. To evaluate the
efficiency of the CM and to investigate the morphology
as well as the hydrophobicity of the membrane surface,

Table 1
Characteristics of CR dye
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a series of characterization techniques have been used:
Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), energy-dispersive X-ray anal-
ysis (EDX) and water contact angle measurements (WCA).
The evaluation of the membrane performance in terms of
dye removal from aqueous solution was studied via tan-
gential filtration using CR dye. Filtration performance is
influenced basically by three parameters including the
operating pressure, the feed concentration and the feed pH.
This work also addressed the antifouling characteristics of
the developed PpPD/PVA UF membrane.

2. Experimental
2.1. Materials

In order to elaborate the CM, the selective PpPD/PVA
layer was deposited on a flat Pz/MP ceramic support that
was prepared as previously described [25]. This support
is characterized by a diameter of 37 mm, a thickness of
2.90 mm, a porosity of about 32.07%, a permeability of about
1,732.50 L/h m? bar and mechanical strength of 15.69 MPa.

The p-phenylenediamine (pPD) monomer and CR dye
(35%) were purchased from Sigma-Aldrich. The proper-
ties of CR dye are summarized in Table 1. PVA (Rhodoviol
25/140) and ammonium persulfate (APS, 98%) were obtained
from Prolabo and Loba Chemie, respectively. Hydrochloric
acid (HCl, 37%) was obtained from VWR Chemicals.

2.2. Chemical polymerization of the pPD

To the pPD monomer (1 M), the oxidant APS was dis-
solved in HCI (0.5 M) and added dropwise under continu-
ous stirring, then the solution was stirred for an additional
6 h in order to complete the polymerization. The obtained
PpPD was recuperated, washed with distilled water and
dried at 60°C.

2.3. Preparation of the PpPD/PVA membrane

Prior to any modification, the flat Pz/MP ceramic sup-
port was sonicated in water for 20 min to remove residual
particles before drying overnight at 100°C. Next, the PpPD
powder was added to a solution of PVA (10 wt.%) under
constant magnetic stirring resulting in a mass ratio of PpPD/
PVA of 0.47 [30].

Under atmospheric conditions, the support surface
was coated by the PpPD/PVA suspension via dip-coating
and left for 1 h. Then, it was dried for 24 h at 60°C [30]. The
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resulting membrane was characterized and evaluated with-
out any additional treatment or modification.

2.4. UF experiments

The effectiveness of the fabricated CM was measured by
tangential filtration using a laboratory UF pilot described
in Fig. 1. Briefly, it mainly contains a storage tank of 5 L, a
membrane holder with an effective filtration area of 4.52 cm?,
manometers, circulation pump, air compressor and cool-
ing system to maintain the feed solution at a constant tem-
perature. The membrane permeability was measured by
filtration of water at different operating pressures rang-
ing from 1 to 3 bar at room temperature. Permeate flux |
(L/h m?) and the permeability L, (L/h m?* bar) crossing the
membrane are given by Egs. (1) and (2) respectively:

Vv
Jo= o M)

J,=L,-AP @)

where V (L) is the volume of permeate that crosses the
specific surface A (m?) during interval time ¢ (h) and AP is
the operating pressure (bar).

To evaluate the performance of the PpPD/PVA mem-
brane, a series of experiments on CR were carried out.
The effect of different experimental parameters on filtra-
tion performance was studied. Parameters investigated

included the operating pressure which varied from 1 to
3 bar, the feed concentration ranging from 20 to 600 ppm
and the feed pH which was adjusted between 4 and 10
by adding HCl (2 M) and NaOH (2 M) solutions. All the
effects were studied over 2 h of filtration.

The rejection factor R (%) was calculated by Eq. (3):

C ermeate
R=|1——Fmete | 100 3)
feed

where C . and C, (ppm) are respectively the concentra-

tion of the permeate and the feed.

2.5. Antifouling study

The antifouling attributes of the membrane were inves-
tigated after 2 h of water filtration, and flux was measured
(J, L/m? h) at the operating pressure of 3 bar. The antifoul-
mg capability of the membrane was characterized by cal-
culating flux recovery ratio (FRR), total flux decline ratio
(TFR), reversible flux decline ratio (RFR) and irreversible
flux decline ratio (IFR) using the following equations [20].
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Fig. 1. Scheme of UF filtration pilot.
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where |  is the water permeate flux, ] is the permeate flux
of the PpPD/PVA membrane using CR dye at a concentra-
tion of 600 ppm. After cleaning and rinsing the membrane
surface underwater, it was rinsed a second time for 1 h with
water using the UF pilot under 3 bar. Then the permeate
flux was measured a second time (J ;) for 2 h.

2.6. Characterization

FTIR of the PpPD, PVA and the PpPD/PVA membrane
layer (peeled off the flat ceramic support) was investi-
gated using a Bruker Spectrometer (VERTEX 70). The
top-view of the flat Pz/MP support and the PpPD/PVA
membrane as well as the cross-section of the CM was char-
acterized by SEM operating at 10 kV (FEI Company, Quanta
200). The elemental composition of the developed mem-
brane was identified using the EDX detector on the SEM.

The average pore size was calculated using the extended
Hagen-Poiseuille equation [31]:

T AX
d:2 SIwSEE (8)

where d (m) is the pore diameter, | (m/s) is the water flux,
0 (Pas) is the water viscosity, T is the tortuosity factor (2.5
for sphere particle packing), ¢ (%) is the porosity of the
membrane, AP (Pa) is the applied pressure, and AX (m)
is the membrane thickness.

The WCA for the Pz/MP support and the PpPD/PVA
membrane was measured using a Digidrop goniometer
(GBX Instruments), then the solution pH was measured
using a pH meter (METTLER TOLEDO SevenCompact
pH/Ion). UV-Vis spectrophotometry (JASCO V-730
Spectrophotometer) was employed to measure the CR
concentration before and after filtration at a maximum
absorbance wavelength of 499 nm using quartz cells.
The determination of the point of zero charge (PZC) of
PpPD/PVA membrane was ensured by the solid addition
method as described elsewhere [32].

3. Results and discussion
3.1. Characterization of the PpPD/PVA membrane
3.1.1. FTIR analysis

The FTIR spectra of the PVA, PpPD, and PpPD/PVA lay-
ers are shown in Fig. 2. For PVA, the highest band intensity
in the region of 3,280 cm™ is attributed to the O-H stretch-
ing vibration of the hydroxyl group [33,34]. The peaks at
2,917 and 1,718 cm™ are due to CH, asymmetric stretch-
ing vibration [34] and the C=O vibration [35], respectively.
The peak at 1,425 cm™ is linked to C-H bending vibration
of CH, [30,34] while the peak at 1,324 cm™ is attributed to

C-H deformation vibration [33]. The peak at 1,081 cm™, cor-
responds to C-O stretching of acetyl groups [34] whereas
the peak at 916 cm™ is due to CH, rocking [34], and the last
peak at 839 em™ is assigned to C—C stretching [30,33].

For the PpPD, the band at 3,240 is due to the stretching
vibrations of the N-H group [36]. The peak at 1,576 and
1,504 cm™ can be attributed to stretching deformations of
quinone and phenazine rings, respectively [37,38]. For the
peak located at 1,407 cm™, it corresponds to the C-N-C
stretching vibration of benzenoid units [38]. The peaks at
1,346 and 1,286 cm™ can be due to the C-N stretching vibra-
tion in quinoid imine (-C=N-) and benzenoid units C-N,
respectively [39]. The peak at 819 cm™ can be ascribed to
the C-H out-of-plane bending vibration of the 1,2,4,5-tetra-
substituted benzene ring [39].

In the spectrum of the PpPD/PVA membrane layer,
peaks correspond for both PVA and PpPD and some of
these peaks slightly shifted towards shorter wavenumber.

3.1.2. WCA measurement

The surface wettability measurements of both Pz/MP
support and the PpPD/PVA membrane surface were exam-
ined via the WCA technique and results are depicted in
Fig. 3. For the Pz/MP ceramic support, the drop of water
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Fig. 2. FTIR spectra of PVA, PpPD and PpPD/PVA membrane
layer.
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Fig. 3. WCA of Pz/MP support and PpPD/PVA membrane.
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permeates almost immediately on the support surface.
The rather hydrophilic character of this surface was con-
firmed by the obtained value of WCA which is equal to 21°.
This deduction is coherent with the porous morphology
of the flat ceramic support. For the PpPD/PVA membrane,
the WCA is about 50° which means that the membrane
surface becomes less hydrophilic compared to the bare
Pz/MP support.

3.1.3. Permeability

Results of permeate flux (of water) for the Pz/MP sup-
port and the PpPD/PVA membrane vs. operating pres-
sure ranging from 1 to 3 bar are displayed in Fig. 4. The

169

relationships between flux and pressure in an operating
pressure range from 1 to 3 are both clearly linear. The slopes
give permeability values equal to 1,732.50 L/h m? bar for the
Pz/MP support (Fig. 4a) and 12.20 L/h m? bar for the PpPD/
PVA membrane (Fig. 4b). Not surprisingly, the permeabil-
ity was reduced by a factor of 142 after deposition of the
PpPD/PVA layer on the Pz/MP support.

3.1.4. SEM observation

Fig. 5 illustrates the SEM images of the top-views for
both the flat Pz/MP support and the PpPD/PVA membrane,
as well as the cross-section of the developed membrane.
The morphology of the flat support is microporous with
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Fig. 4. Permeate flux as a function of operating pressure of (a) Pz/MP support and (b) PpPD/PVA membrane.
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an irregular and heterogeneous distribution of particles. 3.1.5. EDX analysis
The developed membrane, in contrast, has a homogenous
surface with a granular morphology due to the PpPD par- The EDX spectrum of the PpPD/PVA membrane is

ticles [37]. The cross-section of the PpPD/PVA membrane shown in Fig. 6. Intense peaks of carbon (C), oxygen (O)
is revealing a rather uniform layer deposition of 4.1 um in  and nitrogen (N) are observed with a weight percentages
thickness (determined from an average of four measured of 40.41, 41.60 and 13.31 wt.%, respectively. Recall that the
values) on the Pz/MP support. PpPD is a compound composed of C and N, and the PVA

Fig. 5. SEM micrographs of top-view of the Pz/MP support (a), the PpPD/PVA membrane (b), and cross-section (c) of the CM.
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Fig. 6. EDX spectrum of PpPD/PVA membrane.
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contains C and O. Additional O might be detected from the
underlying Pz/MP support. Moreover, the presence of chlo-
rine (Cl) and the trace amounts of calcium (Ca), sulfur (S)
and magnesium (Mg) are attributed to the chemical compo-
sition of the flat ceramic support.

These findings indicate that PpPD and PVA contain the
intended elemental compositions and are deposited as a
layer on the Pz/MP support.

3.1.6. Pore size

The pore size of the PpPD/PVA membrane was calcu-
lated and found to be 43 nm. This means that the developed
membrane could be used for UF applications such as the
removal of organic soluble dyes.

3.2. UF experiments

In this section, the efficiency of the PpPD/PVA mem-
brane was performed by evaluating the removal of CR dye.
The effect of operating pressure, feed concentration and
pH were studied and optimized.

3.2.1. Effect of operating pressure

The effect of operating pressure (from 1 to 3 bar) on
the permeate flux and the removal of CR dye for the UF
membrane was studied as shown in Fig. 7. This effect was
evaluated during 2 h of dye filtration at a constant feed
concentration of 20 ppm and a solution pH around 6.45
which is approximately the pH,,. determined experimen-
tally of the membrane (pH,,. = 6.45).
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Fig. 7. CR permeate flux (a) and rejection (b) as a function of operating pressure at C =20 ppm and pH = 6 for 2 h of filtration.
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Increasing the operating pressure from 1 to 3 bar gives
a corresponding increase in the permeate flux from 5.75 to
10.29 L/h m? after 2 h of dye filtration as depicted in Fig.
7a. This is due to the increase in driving force across the
membrane. It is remarkable that the permeate flux is less
important than the permeate flux of water (Fig. 4b). The
difference in fluxes can be explained by a multitude of
phenomena such as the adsorption of dyes particles on the
effective filtration area and in pores [40].

By increasing the operating pressure from 1 to 3 bar
(Fig. 7b), the CR rejection increases from 94.45 to 95.98%
after 2 h of filtration. It is clear that a higher operating pres-
sure gives a higher rejection, consistent with other studies
[30]. This result agrees with the classical (Spiegler-Kedem)
convection/diffusion model for solute transport [23,30].

3.2.2. Effect of feed concentration

The variation of the flux and the rejection of CR dye as
a function of feed concentration through the PpPD/PVA
membrane is illustrated in Fig. 8. To investigate the effect
of the feed concentration, this last was varied from 20 to

D. Beqqour et al. / Desalination and Water Treatment 240 (2021) 165-176

600 ppm while the pressure and the pH remain constant at
values of 3 and 6.45 (pH,,,. = 6.45), respectively. Generally,
higher feed concentration results in lower permeate flux [41].
As anticipated, the permeate flux decreases from 10.29 to
6.64 L/h m? when the feed concentration increases from 20
to 600 ppm as shown in Fig. 8a. This might be due to mem-
brane surface settlement by the CR particles, or insertion
into the pores, therefore increasing membrane fouling that
leads to a reduction in permeate flux [40]. This result can be
linked to the increase in concentration polarization.

According to the rejection results displayed in Fig. 8b,
increasing the concentration causes a slight increase in
the rejection after 2 h of filtration: at 20 ppm the rejection
was 95.98% and increases to 97.22% when the feed con-
centration is 600 ppm. This variation could be explained
by the formation of a polarization layer following an
accumulation of anionic CR dye molecules on the surface
area of the PpPD/PVA membrane. This second layer acts
as a second membrane [42]. Note that the only possible
mode of transport through this polarization layer is likely
to be diffusion [43]. The same deductions were found
in other studies [19,44,45].
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3.2.3. Effect of feed pH

The performance of the PpPD/PVA membrane not only
depends on operating pressure and the feed concentration
but also depends on feed pH. Since the pH determines the
charge of CR dye molecules and influences the membrane,
its effect is an important factor in CR removal [46]. The
feed pH effect range of 4-10 on the permeate flux and the
removal of CR dye was assessed as depicted in Fig. 9. This
effect was evaluated by filtration of aqueous dye solutions
under a constant feed concentration of 600 ppm and an
operating pressure of 3 bar over 2 h of filtration.

Fig. 9a shows the permeate flux of the membrane with
different pH. It remains nearly constant across the range,
increasing from 6.63 to only 6.68 L/h m? bar, whereas
Fig. 9b shows that the rejection of the CR decreases from
99.54% to 93.2% with an increase in pH. The minimum per-
meate flux and the maximum CR rejection were reached
in an acidic medium (pH = 4). Under this condition, the
color of CR is dark blue and dye sediments occur [47].

Furthermore, the protonation of the CR sulfonated acid
groups reduces both the polarity and solubility of CR, caus-
ing dye aggregation and precipitation [48]. As a result, the
permeate flux slightly decreases due to dye aggregation
and precipitation on the effective surface of the UF mem-
brane leading to membrane fouling. For the rejection, the
phenomenon of polarization may be responsible for its
increase in the acidic medium. The point of zero charge
(pH,,.) of the PpPD/PVA membrane is about 6.45, mean-
ing that the membrane surface has a positive charge at pH
below 6.45 and it is negative above this pH value.

At low pH values, the positive electrostatic charges on
the surface of the membrane attract the negatively charged
ions of CR dye, forming a polarization layer [23,30]. The
resulting negatively charged layer of CR particles on the
surface results in additional repulsion of negative CR mol-
ecules in solution. However, in the basic medium, the
permeate flux is greater, but the rejection declines with
increasing solution pH. The electrostatic attractions became
weaker between dye particles and the PpPD/PVA membrane
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Fig. 9. CR permeate flux (a) and rejection (b) as a function of feed pH at AP =3 bar and C = 600 ppm for 2 h of filtration.
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surface which leads to a reduction in CR rejection rate.
Apparently, the surface layer of CR molecules on the mem-
brane at low pH is more negative (greater rejection) than the

negative surface of the membrane at high pH (above pH,, ).

3.3. Antifouling study

The fouling of the membrane is the most significant
problem encountered in filtration and likely occurs by the
accumulation of molecules on the surface and in the pores.
Fouling negatively affects UF membrane performance, short-
ens the lifetime of membranes, increases the cost of mainte-
nance and reduces the water penetration flux [5]. Although
membrane fouling can be reduced, it is inevitable [49]. The
antifouling properties of the PpPD/PVA membrane used
for CR removal were studied by determining four fouling
parameters (FRR, TFR, RFR and IFR). Note that all per-
meate fluxes were normalized to the initial water flux ] .

Fig. 10 shows the water permeate and CR solution
flux as well as the antifouling properties of the PpPD/PVA
membrane. By comparing the permeate flux (Fig. 10a)
of water (time = 0-120 min), of CR solution (pH = 10 and

C = 600 ppm, time = 120-240 min) and then of water again
(time = 240-360 min) the decrease and partial recovery of the
flux are obvious. The proposed polarization layer is likely
responsible for the drop; good restoration was obtained
after physical cleaning and rinsing of the surface. As shown
in Fig. 10b, the permeate flux of the membrane recovers to
(FRR = 56.36%) with a TFR value of 81.70%. The increase
in this rate is related to the formation of a concentrated
polarization layer on the membrane. These measurements
are consistent with the results reported in the previous
Section 3.2.2. The fouling caused by the polarization layer
is expressed by the RFR (38.06%), indicating the amount of
fouling that might be removed by membrane rinsing. In con-
trast, the pore blockage is calculated by the IFR (43.63%)
and is irreversible without chemical cleaning [50].

4. Conclusion

In this work, PpPD and PVA were effectively used
for the development of a new UF membrane prepared via
dip-coating on flat ceramic support made from pozzolan
and micronized phosphate. The polymerization of pPD
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and the co-deposited membrane selective layer (PpPD/
PVA) was confirmed by FTIR analysis. According to SEM
images, the morphology of the developed membrane is
uniform and does not exhibit any defects and shows good
adherence to the support. The fabricated membrane has a
WCA of 50°, a permeability of 12.20 L/h m? bar, a pore size
of 43 nm and an average thickness of 4.1 um. The PpPD/PVA
membrane removed CR dye from aqueous solutions under
various operating pressures (1-3 bar), feed concentrations
(20— 00 ppm) and feed pH values (4-10). Under the opti-
mal conditions, the rejection of the UF membrane reached
99.54% in an acidic medium (pH = 4), at 600 ppm of CR and
operating pressure of 3 bar. Furthermore, the developed UF
membrane presents attractive antifouling properties.

According to these promising results, the developed UF
membrane in this paper could be used as an alternative for
dye removal as well as employed for wastewater treatment
particularly generated from textile industries.
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