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Development of composite ultrafiltration membrane made of PmPD/PVA
layer deposited on ceramic pozzolan/micronized phosphate support and its

application for Congo red dye removal
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ABSTRACT

This work aims to develop a new composite ultrafiltration membrane (CM) by deposition of
poly(m-phenylenediamine) and poly(vinyl alcohol) on flat porous support made from pozzolan and
micronized phosphate. The poly(m-phenylenediamine) was synthesized by chemical polymeriza-
tion of m-phenylenediamine and added to poly(vinyl alcohol) in order to prepare the suspension.
The selective layer was deposed on the flat support via dip-coating with different polyvinyl alcohol
content, ranging from 8 to 12 wt.%, and kept for 24 h under 60°C. The obtained CM was char-
acterized by Fourier transform infrared spectroscopy, water contact angle, permeability, scanning
electron microscopy, energy dispersive X-ray analysis, and filtration performances. The optimized
membrane containing 10 wt.% of poly(vinyl alcohol) is homogenous and exhibits a good adhesion
on the pozzolan/micronized phosphate support. Furthermore, the CM has a water contact angle of
about 80°, a permeability of 203.66 L/h m? bar a thickness of 19.67 um, and a pore size of 71 nm. In
addition, the filtration performance of the membrane was evaluated by filtration of congo red dye.
The effect of operating pressure (1-3 bar), feed concentration (20-600 ppm), and feed pH (4-10)
were investigated. The CM was able to remove up to 98.63% of congo red under optimal conditions

(AP =3 bar, C =600, and pH = 4).

Keywords: Composite membrane; Poly(m-phenylenediamine); Poly(vinyl alcohol); Pozzolan/
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1. Introduction

Water is the most precious, essential resource on the
planet for any living organism [1]. In recent decades, the
excessive consumption of water resources due to the indus-
trial revolution, agricultural development, and population
growth affect its worldwide availability [2]. Therefore, a
significant amount of wastewater is discharged [3] par-
ticularly from pharmaceutical [4], cosmetic [5], and paper
industries [6] as well as textile effluents [7].

* Corresponding author.

Production processes in different industrial fields
depend on chemical products, heavy metals, and organic
materials including synthetic dyes that end up in waste-wa-
ter streams and must be treated before release. In particu-
lar, aqueous solutions of synthetic dyes that are chemi-
cally/thermally stable and non-biodegradable can directly
damage both the environment and human health [8].

In this regard, the treatment and the reuse of wastewa-
ter have become an obligation to alleviate water scarcity [9].
Several physico-chemical and biological techniques have
been used for the removal of dyes including: adsorption
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by conventional (activated carbon) [10] or unconventional
adsorbents (pozzolan) [11], electrochemical methods [12],
ion exchange [13], coagulation—floculation [14], and encap-
sulation processes [15]. Among wastewater treatment tech-
niques, membrane filtration, particularly low-pressure
ultrafiltration (UF) may remain the best choice for dye
removal owing to its selectivity, efficiency, and economic
reliability [16,17].

UF membranes can be fabricated with different mate-
rials. Depending on the nature of the material used, three
types of membranes are possible: polymeric (organic mate-
rial), ceramic (mineral material), and composite mem-
brane (CM) where more than one material is required [18].
Generally, the organic membranes are made from cellu-
losic, polysulfone, and polyamide [19-21]. This type of
membrane is frequently used due to its low cost but it has
drawbacks such as low mechanical, chemical, and thermal
resistance as well as a short lifetime. In contrast, ceramic
membranes are usually more costly than polymeric ones.
This can be related to the use of expensive raw materials
such as alumina, zirconia, and titania as well as manufac-
turing complexity. However, they present a high resistance
(mechanically, chemically, and thermally) and have long-
term durability [18].

In recent years, the development of thin-film CMs
has attracted much attention through several studies that
combine the qualities of polymeric and ceramic mem-
branes, leading to a strong, and selective CM. For instance,
Derouich et al. [22] have developed a new CM using flat
ceramic support based on pozzolan and a thin film of
polypyrrole for the removal of the anionic congo red dye
(CR). Similarly, Benkhaya et al. [23] used flat pozzolan
support with a polysulfone layer for CMs capable of filter-
ing dyes including acid orange 74 and methyl orange [23].
Another study used tubular ceramic support to prepare a
CM with PVA for the production of bio-ethanol [24].

The present work aims to develop a new CM using
poly(m-phenylenediamine) (PmPD) and poly(vinyl alcohol)
(PVA) as a thin film deposed on flat microfiltration (MF)
pozzolan membrane incorporated with micronized phos-
phate (Pz/MP) that was developed in our previous study
[25]. This MF membrane that will be used as support was
selected owing to its appropriate characteristics: good poros-
ity (32.07%), permeability (1,732.50 L/h m? bar), and high
mechanical resistance. Additionally, it was prepared from
environmentally friendly and abundant geomaterials.

PmPD and PVA polymers were selected as the active
layer because PmPD is insoluble in any organic sol-
vent under neutral conditions and it easily aggregates in
water, thus promoting layer formation [26]. In addition,
the m-phenylenediamine (mPD) exhibits a high oxidative
polymerization yield. For this purpose, the fine, nontoxic,
and odor-free microparticles were prepared by a simple
oxidative precipitation polymerization from mPD [27].

PVA is an environmentally friendly polymer, with
low-cost, and wide use in the manufacture of UF mem-
branes due to its excellent mechanical properties, chemical
and thermal resistance, hydrophilicity, and water perme-
ability [28,29], anti-fouling, and film-forming propensity
[30,31]. Consequently, all these specific properties of PVA
will allow the preparation of a chemically, thermally, and

mechanically resistant membrane with a thin homoge-
neous layer that is also resistant to fouling. Furthermore,
the dense network structure of the PVA will embed and
constrain PmPD into the network [26].

In order to ensure the formation of PmPD and to
examine the surface characteristics of the developed PmPD/
PVA membrane, samples were characterized by Fourier
transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDX),
pore size, and water contact angle (WCA) measurements.
The optimized PmPD/PVA membrane was selected based
on the performance metrics obtained by varying the PVA
content in the deposit solution.

This membrane was evaluated by studying the param-
eters influencing CR dye rejection namely operating pres-
sure, feed concentration, and feed pH using cross-flow
filtration.

2. Experimental
2.1. Materials

The flat Pz/MP ceramic support was used for the prepa-
ration of the CM as described elsewhere [25]. The main
characteristics of the support are reported in Table 1. PVA
(Rhodoviol 25/140) and ferric chloride hexahydrate LR
(FeCl,, 98%) were purchased from Prolabo and SDFCL,
respectively. Both mPD monomer and CR dye (35%) were
obtained from Sigma Aldrich.

CR is a sodium salt of benzidine diazo-bis-1-naphthyl-
amino-4-sulfonic acid. Additional characteristics of this
dye are shown in Table 2. All water used in this work was
distilled prior to use.

2.2. Chemical polymerization of the mPD

To the mPD monomer (1 M), the oxidant FeCl, (4 M)
was added dropwise with constant stirring and it was left
stirring for 6 h to complete the polymerization. The formed
polymer was collected by filtration and washed several
times with distilled water then was dried.

2.3. Preparation of the PmPD/PVA membrane

In the first step, the Pz/MP support was cleaned with
water via ultrasound irradiation in order to eliminate any
residual particles, then dried overnight at 100°C. In the
second step, the same amount of PmPD was added to the
PVA solution (8, 10, and 12 wt.% of PVA) with constant

Table 1
Characteristics of the flat Pz/MP support

Diameter (mm) 37
Thickness (mm) 2.90
Shrinkage (%) 1.80
Porosity (%) 32.07
Pore size (um) 1.33
Water permeability (L/h m? bar) 1,732.50
Mechanical strength (MPa) 15.69
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magnetic stirring. The mass ratio of PmPD/PVA is equal to
0.57, 0.45, and 0.36 for membrane with 8, 10, and 12 wt.%
of PVA, respectively.

The Pz/MP support was coated using the PmPD/PVA
suspension by dip-coating in atmospheric conditions.
Thereafter, the membrane was kept in air for 1 h, then dried
for 24 h at 60°C before evaluation, and characterization.

2.4. UF experiments

The cross-flow filtration experiment was carried out
using a stainless steel UF pilot described in Fig. 1. It is com-
posed of a feed tank of 5 L, circulation pump, membrane
housing with 4.52 cm? of filtering surface area, manome-
ters, and an air compressor. The cooling system was used
to maintain a constant temperature during the experi-
ments. Water permeability for all the studied membranes
was determined from filtration of water under different
pressures ranging from 1 to 3 bar at room temperature.

Table 2
Characteristics of CR dye
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The permeate flux ], (L/h m? and the permeability L,
(L/hm?bar) were calculated using Eqs. (1) and (2), respectively:

\4
Jo=7 )

_w
L, = AP )

where V (L) is the volume of permeate collected during the
time interval ¢ (h), A is the effective membrane area (m?),
and AP is the operating pressure (bar).

The experimental parameters influencing filtration
performance were studied using the optimized membrane.
First, the effect of operating pressure was studied by vary-
ing the pressure from 1 to 3 bar. Second, the effect of feed
concentration on membrane performance was investigated
from 20 to 600 ppm. Finally, the feed pH was varied from 4
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to 10 by adding drops of HCI (2 M) and NaOH (2 M) solu-
tions. All the effects were studied over 2 h of filtration.

The rejection factor R (%) was calculated according to
the following equation (Eq. (3)):

C ermeate
R=|1——Emete 1,100 ®3)
feed

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

tion of the permeate and the feed.

2.5. Antifouling study

The antifouling characteristics of the optimized mem-
brane were evaluated under a pressure of 3 bar for 2 h.
Several antifouling parameters namely flux recovery
ratio (FRR), total flux decline ratio (TFR), reversible flux
decline ratio (RFR), and irreversible flux decline ratio (IFR)
could be calculated according to the following equations

(Egs. (4)=(7)) [32]:

FRR = J21 4100 4)
w0

J,

TFR =| 1——~ [x100 (5)
w0

RFR =22 1o 100 (6)

w0
IFR = Jeo = o1 100 7)

w0

where ]  is the water permeate flux of the membrane, | is
the permeate flux of the membrane using CR dye at a con-
centration of 600 ppm. ]  is the water permeate flux of the
membrane measured for 2 h at 3 bar after physical clean-
ing and rising the membrane for 1 h using the UF pilot
(pressure of 3 bar).

2.6. Characterization

FTIR analysis of the synthesized polymer, PVA, and the
membrane layer (PmPD/PVA, peeled off of the ceramic sup-
port) was carried out using a Bruker spectrometer (Vertex
70). The morphology of the elaborated membranes was
observed using an SEM operating at 10 kV (FEI Company,
Quanta 200). An EDX detector on the SEM was used
to identify the elemental composition of the optimized
membrane.

The average pore size was calculated using the extended
Hagen-Poisseuille equation (Eq. (8)) [33]:

AX
d=2 ISJW-SE.E ®)

where d (m) is the pore diameter, | (m/s) is the water flux,
O (Pa.s) 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.

In order to measure the hydrophilicity of the Pz/MP
support and the elaborated CMs, the WCA was measured
using a Digidrop goniometer (GBX Instruments).

The concentration of CR dye before and after filtration
was measured by UV-vis spectrophotometry (JASCO V-730
spectrophotometer) using quartz cells at a wavelength of
maximum absorbance of 499 nm. The pH was measured
by a pH meter (METTLER TOLEDO SevenCompact pH/Ion).

The point of zero charge (PZC) of CM was determined
by solid addition as described in other work [34].

3. Results and discussion
3.1. Membrane of PmPD/PVA characterization
3.1.1. FTIR analysis

The FTIR spectra of the PmPD, PVA, and PmPD/PVA
layers are illustrated in Fig. 2. For the PmPD, the two peaks
located at 3,320 and 3,200 cm™ are attributed to the N-H
stretching mode [26,35-37]. The peak at 1,620 cm™ corre-
sponds to the stretching mode of quinoid imine [38-40]
and the peak at 1,508 cm™ is ascribed to the stretching
vibrations of benzenoid amine [41]. The peaks at 1,403 and
1,250 cm™ are associated with the C-N stretching vibra-
tions in benzenoid units [35,42,43]. The characteristic peaks
at 1,105; 830; and 619 cm™ together represent in-of-plane
and out-of-plane bending vibrations of the C-H bonds of
1,2,4-trisubstituted benzene rings. This is consistent with
a phenazine-like ladder structure involving both amino
groups for PmPD [27,40,42,44]. All the above observations
indicate the successful formation of PmPD.

The main peaks of PVA were observed at 3,280; 2,917;
1,718; 1,425; 1,324; 1,081; 916; and 839 cm™. The high-
est band intensity in the region of 3,280 cm™ is associ-
ated with the O-H stretching vibration of the hydroxy
group [4546]. The peak located at 2,917 cm™ is assigned
to CH, asymmetric stretching vibration [46]. For the
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Fig. 2. FTIR spectra of PVA, PmPD, and PmPD/PVA membrane
layer.
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peak at 1,718 cm™, it corresponds to the C=O vibra-
tion [26]. The peak at 1,425 cm™ is due to C-H bending
vibration of CH, [46] whereas the peak at 1,324 cm™ is
attributed to C-H deformation vibration [45]. The peak
at 1,081 cm™ is related to C-O stretching of acetyl groups
[46]. The peak at 916 cm™ is linked to CH, rocking [46], and
the last peak at 839 cm™ is due to C—C stretching [45].

From the spectrum corresponding to the PmPD/PVA
membrane layer, there are some peaks that correspond to
the PVA (peaks at 2,917; 1,425; and 1,081 cm™) and others
that correspond to the PmPD (peaks at 3,320; 3,200; 1,620;
1,403; and 1,250 cm™). In addition, the peaks at 839 cm™
from the PVA and 830 cm™ from the PmPD overlap to
form a new broad peak.

3.1.2. WCA measurement

The surface wettability technique was performed via
WCA measurements of Pz/MP support and UF CMs in
order to evaluate the influence of PVA content on mem-
brane hydrophilicity. Fig. 3 shows results of WCA mea-
surement of the support and CMs as a function of PVA
content. The Pz/MP support has 21° of WCA which means
that the support surface has a higher hydrophilic charac-
ter. WCA value is about 77°, 80°, and 82° for membranes
with 8, 10, and 12 wt.% of PVA, respectively. Increasing the
PVA content slightly increases the WCA.

3.1.3. Permeability

The permeate flux of the membranes (8, 10, and 12 wt.%)
as a function of operating pressure, which was varied from
1 to 3 bar, is depicted in Fig. 4. It is clear from Fig. 4 that
the relationship is linear and therefore the permeability
of the membranes could be calculated by determining the
slope of these lines. The permeability of the membranes
are 265 L/h m? bar for the membrane with 8 wt.% of PVA,
203.66 L/h m? bar for the membrane that contains 10 wt.% of
PVA, and 170.35 L/h m2 bar for the membrane with 12 wt.%
of PVA. The permeability remarkably decreases when the
amount of PVA increases. This drop-in permeability value
could be explained by the fact that the membrane layer
became thicker with the addition of PVA. This is consistent
with SEM characterization (section SEM observation).

90

60

ct angle (°)

Support

8 wt.% (PVA) 10 wt.% (PVA) 12 wt.% (PVA)

Fig. 3. WCA of Pz/MP support and PmPD/PVA membranes with
different PVA content.
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3.1.4. Pore size

Fig. 5 shows the pore size of prepared membranes.
It can be clearly observed that the pore size of the mem-
branes is 92, 71, and 62 nm when the PVA content is 8, 10,
and 12 wt.%, respectively. This could be explained by the
fact that the membrane layer becomes thicker with the addi-
tion of PVA content which leads to a reduction in the pore
size in the membrane.

3.1.5. Membrane performance

Fig. 6 shows the permeate flux and the rejection of CR
as a function of PVA content. Membrane performance in
CR removal was evaluated by cross-flow filtration during
2 h with two concentrations: 20 and 100 ppm. The operat-
ing pressure was 3 bar. The permeate flux decreases when
the amount of PVA increases from 8 to 12 wt.% as shown
in Fig. 6a which is in agreement with the obtained values
of the water permeability.

Rejection results of CR solution with concentrations
of 20 and 100 ppm for the three membranes vs. wt.% PVA
are presented in Fig. 6b. These results show that the rejec-
tion after 2 h of filtration is 88.22% (8 wt.% of PVA), 93.83%
(10 wt.% of PVA), and 91.82% (12 wt.% of PVA) when the
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Fig. 4. Water permeate flux as a function of the operating pres-
sure of CMs.
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Fig. 5. Pore size of CMs with different PVA content.
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feed concentration is 20 ppm. Increasing the feed concen-
tration to 100 ppm, the rejection is about 49.54%, 94.01%,
and 88.98% for membranes with 8, 10, and 12 wt.% of PVA
content, respectively. These results are in accordance with
the SEM observations below. As a final result, the CM with
10 wt.% of PVA is the membrane that reaches the high-
est rejection at 20 ppm (93.83%) and 100 ppm (94.01%) of
feed concentration.

3.1.6. SEM observation

The morphological structure of fabricated membranes
was observed using SEM. Fig. 7 shows the SEM images
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of the Pz/MP support as well as the PmPD/PVA mem-
branes with different percentages of PVA ranging from
8 to 12 wt.%. As shown in Fig. 7a, the MF support has a
microporous structure with a heterogeneous and irregu-
lar distribution of particles. This is due to the difference
in particle size of materials used in the support prepara-
tion (Pozzolan <50 um and phosphate <1 um) [25]. Fig. 7b
reveals that the deposited PmPD particles have a spheri-
cal shape with a diameter ranging from 300 to 500 nm,
which is approximately the same as reported elsewhere
[42]. The addition of 8 wt.% PVA does not homogenize the
PmPD distribution on the support surface as cracks are still
visible. These cracks in the membrane can allow CR dye
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Fig. 6. CR Permeate flux (a) and rejection (b) of CMs with different PVA content at AP =3 bar, C =20, and 100 ppm for 2 h of filtration.
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Fig. 7. Top-view SEM micrographs of the Pz/MP support (a), the PmPD/PVA membranes with different PVA content:

(b) 8 wt.%, (c) 10 wt.%, and (d) 12 wt.%.
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to pass through the CM as described in the previous sec-
tion. As displayed in Fig. 7c, the membrane with 10 wt.%
PVA presents a good deposition of PmPD. The surface of
this membrane has a homogeneous morphology and good
adhesion. Fig. 7d illustrates that the PmPD membrane
with 12 wt.% PVA has a smoother surface [24], with the
presence of large, non-uniform pores that will affect the
membrane filtration performance.

Fig. 8 shows the cross-section of the three prepared
membranes with 8, 10, and 12 wt.% of PVA. It can be
seen from these images that increasing the PVA con-
tent increases the thickness of the prepared membranes.
The thickness of the membrane layer (the average of three
measured values for each) is about 14.70 um for the mem-
brane with 8 wt.% of PVA (Fig. 8a), 19.66 um for the mem-
brane that contains 10 wt.% of PVA (Fig. 8b) and 22.48 um
for the membrane with 12 wt.% of PVA (Fig. 8c).

From the results of previous sections, as well as SEM
images from this section, the highest-performing membrane
is the CM with 10 wt.% of PVA and this will be considered
as the optimized membrane.

3.1.7. EDX analysis

The chemical composition of the optimized PmPD/PVA
membrane was determined by EDX analysis. As shown
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in Fig. 9, the intense peaks of carbon (C), oxygen (O), and
nitrogen (N) are clearly observed with weight percent of
52.88 wt.%, 31.92 wt.%, and 11.40 wt.%, respectively. It
should be noted that the PmPD is a compound of C and
N, while the PVA is a compound of C and O. The presence
of chlorine (Cl) is attributed to the mPD polymerization
by FeCl,. The presence of trace amounts of other elements
including sulfur (S), sodium (Na), silicon (Si), potassium (K),
calcium (Ca), iron (Fe), aluminum (Al) is due to sampling
of the chemical composition of the underlying Pz/MP support.
These results indicate that PmPD and PVA contain the
expected elemental compositions, consistent with an organic
polymer layer deposited on an inorganic, Pz/MP support.

3.2. UF experiments

The PmPD/PVA membrane performance was assessed
by the removal efficiency of CR dye. In this part the effect
of operating pressure, feed concentration, and pH were
investigated for the optimized UF membrane.

3.2.1. Effect of operating pressure

The UF experiments were carried out at operating
pressure varying from 1 to 3 bar, a feed concentration of
20 ppm, and a feed pH of 6 which is around the value

wD curr I
11.6 mm 0.13nA

-

1.00 mbar UATRS-CNRST

Fig. 8. Cross-section of the membranes with different PVA content: (a) 8 wt.%, (b) 10 wt.%, and (c) 12 wt.%.
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of pH,,. calculated of the membrane (pH,,. = 6.10).
The variation of permeate flux and CR rejection vs. oper-
ating pressure are respectively plotted in Fig. 10a and b.
When the operating pressure increases (from 1 to 3 bar)
the permeate flux after 2 h of filtration also increases
from 94.02 to 144.91 L/h m? (Fig. 10a), resulting from
the increase of driving force across the membrane [22].
The permeate flux increases with pressure until 2.5 bar
where it tends to stabilize. This behavior is due to con-
centration polarization at the membrane surface. Note
that the permeate flux remains lower than the water flux.
This may be due to various aspects such as adsorption
of CR particles on the surface of the CM and in pores [47].

While increasing the operating pressure (Fig. 10b), the
CR rejection after 2 h of filtration increases from 79.20% to
93.83%. This higher rejection qualitatively agrees with the
classical (Spiegler-Kedem) convection/diffusion model for
solute transport, which predicts that solute rejection by a
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partially retentive membrane should increase with operat-
ing solvent flux [48].

3.2.2. Effect of feed concentration

The effect of CR feed concentration (20-600 ppm) on the
permeate flux and rejection was investigated at a constant
pressure of 3 bar and a pH of 6 (pH = pH,, ) (Fig. 11).

In general, a high feed concentration yields a very low
permeate flux [48]. As expected, the permeate flux decreases
from 14491 to 17.92 L/h m? when the feed concentration
increases from 20 to 600 ppm (Fig. 11a). This trend might
be related to the anionic CR particles that have settled
either on the membrane surface or into the pores thus rais-
ing membrane fouling and resulting in a reduction in per-
meate flux. Also, an increase in concentration polarization
might be responsible for this observation [47] as well as the
adsorption of the dye on the membrane surface [49].
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Fig. 9. EDX spectrum of PmPD/PVA membrane.
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Fig. 11. CR permeate flux (a) and rejection (b) as a function of feed concentration at AP = 3 bar and pH = 6 for 2 h of filtration.

In contrast, the rejection of dye after 2 h of filtration
slightly increases with the increase of the feed concentration
(Fig. 11b). At 20 ppm the rejection was 93.83% and reached
95.06% when the dye concentration is 600 ppm. The rejection
remained relatively constant even as the dye concentration
was varied from 20 to 600 ppm which indicates that what-
ever the concentration is, the rejection of the dye is always
important. The same observation was reported in other
work [22,47].

These rejection values could be mainly due to the for-
mation of a polarization layer on the membrane surface that
acts like a second separating layer during filtration [49].
This means that the only transport mode within this layer
is diffusion [50], consistent with conclusions made in other
studies [51,52]. In addition, the two negatively-charged
sulfonate groups of the CR dye lead to the formation of
aggregates or clusters with multiple charges and conse-
quently causes an increase in the effective size of the dye.
This, subsequently, creates an electrostatic repulsion effect
and can be partially responsible for the enhancement of dye
rejection [53-56].

3.2.3. Effect of feed pH

The effect of pH plays an important role during CR
removal by UF since it influences both the charge of the
dye molecules and the characteristics of the CM [57]. The
efficiency of the PmPD/PVA membrane for CR removal in
terms of flux and rejection was studied in a pH range of 4-10
under a fixed concentration (600 ppm) and operating pres-
sure (3 bar). Fig. 12 shows that the permeate flux increases
(from 14.60 to 23.01 L/h m?) whereas the rejection decreases
(from 98.63% to 89.33%) when the pH is varied from 4 to 10.
The lowest permeate flux and the highest CR rejection were
achieved at the lowest pH value where sediments of dye
occur and its color in solution becomes dark blue [58]. Under
these acidic conditions, the sulfonated acid groups of CR are
protonated, resulting in dye aggregation and precipitation
[59]. Thus, the permeate flux decreases because of mem-
brane fouling. This may be due to the aggregation and
adsorption of CR within the membrane, blocking the mem-
brane pores [57]. In addition, the weak hydrophilic charac-
ter of the membrane contributes to fouling as an increase in
membrane hydrophilicity reduces fouling phenomena [23].
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Fig. 12. CR permeate flux and rejection as a function of feed pH
at AP =3 bar and C =600 ppm for 2 h of filtration.

The high CR rejection in this acidic medium (98.63%)
can also be attributed to the polarization of the surface.
The point of zero charges of PmPD/PVA is 6.10 which means
that the membrane surface is positively charged under a
pH,,. of 6.10 and negatively charged above this pH,, . value.
The negatively charged ions of CR would be drawn to the
membrane surface by electrostatic attraction, thus creating
the polarization layer [22]. This provides repulsion between
the surface layer of CR particles and those still in solution
as they are both negatively charged. Under basic conditions,
at high pH, the permeate flux increases slightly but the
rejection decreases. Apparently, the electrostatic attractions
became weaker between CR molecules and the membrane
surface thus reducing the CR rejection rate [22].

3.3. Antifouling study

During filtration, all membranes gradually become less
effective at separating components from the feed solutions.
This fouling is coupled with an observable deterioration
of the membrane surface. Hence, the CM filtration perfor-
mance and long-term stability depend greatly on membrane
antifouling properties [17,58].

The antifouling study for the PmPD/PVA membrane
used for CR removal was evaluated by determining four
fouling parameters: FRR, TFR, RFR, and IFR. In order to
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facilitate the comparison, all permeate fluxes are normalized
to the initial water flux J .

Fig. 13a illustrates the water permeate flux before and
after filtration, and the permeate flux of CR whereas Fig.
13b shows the antifouling indexes FRR, TFR, RFR, and
IFR. The permeate flux of the CM before cleaning (pH = 10
and C = 600 ppm) is less than the permeate flux of water
due to the combination of pore-blocking and the forma-
tion of a polarization layer on the membrane surface as
well as the adsorption of CR dye on the membrane surface.
Despite that, a significant restoration in the rate of water
permeates flux was observed after physical cleaning with
water. From Fig. 13b, it is remarkable that the permeate
flux recovers to 34.16% (FRR). Regarding the TFR, it has
a value of 96.16% which could be explained by the block-
age of pores, surface adsorption as well as a formation of
a concentrated polarization layer on the membrane surface.
The fouling resulting from the polarization layer surface
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can be measured by calculating the RFR (30.33%) and can
be removed easily by simple washing. However, the pore
blockage is irreversible and can be quantified by measure-
ment of IFR (65.83%) and cannot be removed even by strong
force but only by chemical cleaning [60].

3.4. Comparison of composite PmPD/PVA performance
with the literature

To compare the efficiency of the current compos-
ite PmPD/PVA membrane in water permeability and dye
rejection, results of other CMs developed from different
organic/inorganic materials reported in the literature for dye
rejection are given in Table 3.

According to the presented data, the PmPD/PVA
membrane has the highest water permeability compared
to all other composite membranes except that of Ppy-
PAN-H [61] that has the same value. Whereas the PmPD/
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Fig. 13. Permeate flux during filtration experiments (a) and antifouling indexes of PmPD/PVA membrane (b).

Table 3

Comparative study of CM membrane performances with other membranes from literature

‘Composite membrane

Pressure Permeate flux

Permeability "Dye Concentration dye Rejection Ref.
(layer — support) (bar) (L/hm?) (L/h m? bar) (ppm) (%)
Ppy — pozzolan 3 30.90 10.30 CR 600 98.00 [22]
PSF/PEI - pozzolan 3 72.60 24.20 MO 50 75.80 [23]
PVA/ZnO - PSF 1 - - CR 100 53.50 [31]
PI-Polyester 1 345.10 345.10 CR 100 95.00 [59]
Caramel — PSF 1 355.00 355.00 CR 50 99.94 [60]
Ppy - PAN-H 4 872.00 218.00 RB 68 87.00 [61]
SMWCNT/PES 6 79.40 13.23 CR 1,000 99.80 [62]
2D MXene - PES 1 115.00 115.00 CR 100 92.30 [63]
PVA-Zeolite 5 3.54 0.70 MB 1,000 93.50 [64]
GA/PVA/PAA-ALQ, 6 25.24 4.20 CR 100 96.00 [65]
PmPD/PVA - pozzolan/ 3 610.98 203.66 CR 600 98.63 This
micronized phosphate work

“Ppy: Polypyrrole; PSF: Polysulfone; PEI: Polyetherimide; PVA: Poly(vinyl alcohol); PI: Polyimide; PAN-H: Hydrolyzed poly (acrylonitrile);
SMWCNT: Sulfonated multiwall carbon nanotubes; 2D MXene: new 2D transition metal carbide-based material; PES: Polyethersulfone;
GA: glutaraldehyde; PAA: Poly(acrylic acid); PmPD: poly(m-phenylenediamine).

'CR: Congo red; MO: Methyl orange; RB: Rose bengal; MB: Methylene blue.
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PVA membrane shows higher efficiency of dye rejection
compared to the PSF/PEI - pozzolan [23] and PSF/PVA/
ZnO [31] membranes, and similar dye rejection for Ppy
- pozzolan [22], SMWCNT/PES [62], and PSF — caramel
[60] membranes. Considering these performance metrics
(water permeability and rejection) and the simplicity of
preparation, the PmPD/PVA membrane is very compet-
itive for anionic dye rejection from water and could be
used for dye wastewater treatment.

4. Conclusion

A composite PmPD/PVA membrane was successfully
prepared on a Pz/MP support by dip-coating. Evaluation
of the effect of PVA content on UF membrane performance
led to an optimized membrane containing 10 wt.% of PVA
with the combined highest CR rejection and permeability.
FTIR confirmed the formation of PmPD and the co-depos-
ited membrane layer (PmPD/PVA). SEM images showed
that the PmPD/PVA layer had a homogeneous surface, uni-
form thickness (19.67 pum), a pore size of 71 nm, and good
adherence to the Pz/MP support. The water permeability
of the CM is about 203.66 L/h m? bar and the WCA had a
value of 80°.

The optimized conditions for CR removal in terms of
operating pressure, feed concentration, and feed pH were
determined. The rejection reached 98.63% at 600 ppm of CR
in an acidic medium (pH = 4) under an operating pressure
of 3 bar. In addition, the membrane exhibits attractive anti-
fouling characteristics. Based on these promising results,
the elaborated CM presented in this paper could be effec-
tive for removing soluble dyes from industrial wastewater
typically generated by textile industries.
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