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KEYWORDS Abstract Al,O3/chitosan-multiwall carbon nanotubes (MWCNTs) were created to increase the
Nanocomposite; exchange capacity of polyvinylidene fluoride (PVDF) ion-exchange membranes. The composite
Ion-exchange membranes; membranes were made by mixing Al,O; nanoparticles into the PVDF cast solution, then applying
Adsorption; a thin coating of chitosan functionalized carbon nano tubes (Cs-MWCNTs) to the PVDF mem-
Polluted groundwater brane surface. The structure and characteristics of the hybrid membranes were described using

XRD, SEM, IR, and TG-DTA. The Al,O;-PVDF/Cs-MWCNTs membrane beat the other
Al,O5-PVDF/Cs, Al,O3-PVDF, and PVDF membranes in terms of molybdate, phosphate, and
nitrate adsorption. The removal efficiency, pH solution, adsorption capacity, and desorption pro-
cess of molybdate, phosphate, and nitrate anions by Al,O;-PVDF and PVDF membranes were
investigated. The removal effectiveness of molybdate, phosphate, and nitrate, according to the test-
ing findings, was 94.3, 65.6, and 85.78 %, respectively. The adsorption of MoO3~, PO;~, and NO3
increased as the pH increased initially until the best adsorption was achieved, and then decreased
significantly as the pH increased further. The total adsorption capabilities of MoO3~, PO3~, and
NO5for the ALO3;-PVDF/Cs-MWCNTs membrane were 65.50, 61.22, and 59.77 mg/g, respectively.
Using regeneration and reuse experiments for the simultaneous adsorption of molybdate, phos-
phate, and nitrate during three consecutive cycles, the adsorption/desorption of Al,O3-PVDF/Cs-
MWCNTs was assessed. Al;O3-PVDF/Cs-MWCNTs offer a lot of promise when it comes to elim-

inating MoO3~, PO;~, and NO5from actual wastewater samples.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Over the last decade, the ion-exchange (IE) process has been used for
the adsorption of heavy metal ions from polluted water (Pismenskaya
and Mareev 2021). Membrane-based water and wastewater treatment
technologies are one of the most successful techniques for addressing
water quality and scarcity issues (Khodabakhshi et al., 2012, Saidulu
et al., 2021). Heavy metal removal by membrane adsorption is a rela-
tively new method that has attracted a lot of interest recently (Chong
et al., 2019). A number of studies have looked at the production of
adsorptive membranes and their use in the adsorption of specific heavy
metals because they have a high removal rate and efficiency, regenera-
tion, appropriate reusability, a compact footprint, and need less space
(Qalyoubi et al., 2021). The majority of polymeric materials utilised in
IE membrane manufacturing are semi-crystalline polymers with excel-
lent physical and chemical properties (Xin et al., 2016, Siekierka and
Bryjak 2022). Among these polymers, polyvinylidene fluoride (PVDF)
is a good polymer for use in harsh environments and in the fabrication
of microporous hydrophobic membranes for wastewater treatment
(Ibrahim et al., 2020). As a result, considerable effort has been devoted
to increasing IE capacity through a variety of methods, including phys-
ical adsorption or chemical coating of hydrophilic polymer layers,
chemical or plasma treatment, graft polymerization of hydrophilic seg-
ments onto membrane matrix, and doping of inorganic materials
(White et al., 2016, Rijnaarts et al., 2019). The use of low-cost fillers
that reinforce polymeric membranes (inorganic or mixed organic and
inorganic materials) as a surface modification of IE membranes has
all contributed to advances in the adsorption capacity (Falina et al.,
2021, Khan et al., 2021, McHugh et al., 2021).

Along with the rapid development of nanotechnology, membrane
modification with nanomaterials has gotten a lot of attention because
of its benefits, which include strong hydrophilicity, chemical stability,
antibacterial properties, a large specific surface area, and high activity
in the resulting membranes (Ariono and Wenten 2017, Alabi et al.,
2018). Because of their small sizes, huge surface areas, and powerful
activities, nanoparticles can boost the mechanical and thermal proper-
ties of macromolecule materials (Dzyazko et al., 2017). Different nano-
materials such as SiO, (Sgreccia et al., 2021), AlLO3 (Zhang et al.,
2018), Fe304 (Jafari et al., 2017), ZnO(Heidary et al., 2017), TiO,
(Xuan et al., 2019), graphene (Ali 2019), and MWCNTs (Wasim
et al., 2017, Talavari et al., 2020) were incorporated into polymeric
membranes to enhance their performance. (Hosseini et al., 2014)
described how Al,O; is among the most chemically stable inorganic
materials, it is inexpensive, non-toxic, highly abrasive, and resistant
to the oxidation/reduction reactions triggered by the chemical cleaning
process. The addition of aluminium oxides with varying degrees of
hydrophilicity is predicted to aid in the optimization of membrane sur-
face properties and even the embedding process (Zhang et al., 2018,
Razmgar et al., 2019).

Conducting polymers (CPs) have recently received a lot of interest
from both theoretical and practical perspectives. CPs containing active
functional groups can be attached to the polymer chain or physically
deposited onto the surfaces of PVDF polymeric membranes in order
to boost the ion exchange capacity of the membranes (Ali et al.,
2016, Ali et al., 2021). Many hydrophilic polymers, such as chitosan/
poly (acrylonitrile), carboxymethyl chitosan/poly (ether sulfone), chi-
tosan/polystyrene, and polyvinyl alcohol/polypropylene, have been
coated on various base membranes(Zhang et al., 2008, Ali 2018, Ali
et al., 2018).

Chitosan is the hydrophilic polymer of interest in this work for
altering the membrane (Ali et al., 2018). Chitosan is hydrophilic,
non-toxic, biodegradable, antimicrobial, and biocompatible. It has
been commonly used to improve the hydrophilicity of hydrophobic
membranes(Alsuhybani et al., 2020). Only a few investigations of
hydrophilic polymer coating on PVDF membranes have been pub-
lished. It could be because PVDF membranes are highly hydrophobic,
making coating with hydrophilic polymers challenging.

Carbon nanotubes have become a popular issue due to their excep-
tional performance (Qiu et al., 2010). MWCNTs cannot be distributed
properly in the casting membrane solution system due to their extraor-
dinarily high length-to-diameter ratio and very large specific surface
area (Xie et al., 2005). As a result, proper surface modification is
required to improve the dispersion of carbon nanotubes in the system.
A thermally induced phase separation approach to create dense
PVDF/MWCNT membranes with improved surface hydrophilicity
and antifouling properties was studied by (Xu et al., 2014). Wang
et al. also constructed an in situ mixed dual-layer CNT/PVDF mem-
brane and discovered that the CNT/PVDF membrane had stronger
electrical conductivity, higher permeability, and a fundamentally dif-
ferent surface chemical composition (Wang et al., 2015a, 2015b).

The purpose of this research is to combine PVDF with a cationic
polymer in order to build a new form of homogeneous ion exchange
membrane. This study used a straightforward phase-inversion tech-
nique to develop a novel hydrophilic PVDF composite membrane
functionalized by A1,0; nanoparticles. The addition of A1,0;
nanoparticles to the PVDF composite membrane was predicted to
change the surface structure and improve its performance. This work
also used a post-treatment to facilitate the growth of chitosan/
MWCNTs nanocomposite, revealing the ability of this unique produc-
tion process to modify PVDF membrane surfaces. In order to avoid
MWCNT clumping and construct a network architecture within the
PVDF matrix, MWCNT nanoparticles were first loaded onto the sur-
face of chitosan using a simple phase-inversion method. PVDF and
modified Chitosan-PVDF membranes were analysed using XRD,
SEM, IR, and TGA. In batch investigations, the membrane’s potential
for phosphate, nitrate, and molybdate sorption was also assessed.

2. Experimental

2.1. Materials

Commercial aluminium oxide NPs (M.wt = 101.96 with a par-
ticle size of 6-21 nm) were obtained from Sigma-Aldrich, and
Polyvinylidene fluoride, PVDF, (M.Wt = 44080) produced by
Alfa Aesar with a melting point of 155-160 °C was employed
as a substrate in this work. Fisher Chemical provided chitosan,
multiwall carbon nanotubes (MWCNs) were supplied from
Merck Chemicals Co., Darmstadt, Germany, and N, N-
Dimethylacetamide (DMAC) at a 99.99 % as a solvent was
prushed from Aldrich. Sodium nitrate (MW = 84.99), dis-
odium hydrogenphosphate heptahydrate (MW = 268.07),
ammonium molybdate (MW = 196.011), and glutaraldehyde
(MW = 100.11) were supplied by Sigma-Aldrich. All of the
materials and chemicals used in this study were of critical
grade clarity.

2.2. Fabrication of nanocomposite Al,O3-PVDF|Cs-CNTs
membranes

PVDF casting solution was made by dissolving 18 wt% PVDF
polymer in DMAC solvent at 50 °C while stirring constantly
until a homogeneous solution was formed. Following that,
the stirring was paused to allow the gas bubbles in the dope
to escape. At room temperature, the degassed dope solution
was cast on a flat, and horizontal glass plate with a knife
gap of 100 pm. At 25 °C, the cast film was placed immediately
in a coagulation bath of distilled water containing 10% propa-
nol for 30 min. To remove the leftover solvent, the precipitated
membrane was taken from the coagulation bath and washed
with running water. Finally, the wet membrane was dried in
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room temperature air for 24 h to yield a dry flat-sheet porous
membrane. The AlLO3;-PVDF membrane was made in the
same manner as before, but with the addition of 0.4 g of
Al,O3; NPs in 100 mL of 18% PVDF solution.

To make the AlL,O3-PVDF/Cs composite membrane, 1 g of
Cs was dissolved in a 2% acetic acid solution, and 50 mL of
this solution (1% wt. Cs solution) was applied to the previ-
ously constructed Al,O3;-PVDF membrane, which prepared
previously for 30 min before being crosslinked with glutaralde-
hyde solution (5 %). The Al,O3-PVDF/Cs-MWCNTs mem-
brane was created by dissolving 0.1 g of MWCNTs in the as-
prepared Cs solution and depositing it onto the PVDF surface
(by making a thin film of Cs-MWCNTs solution using a cast-
ing machine). All membranes were rinsed several times with
diluted acid and distilled water before drying for 24 h at room
temperature in an open atmosphere.

2.3. Membranes characterization

The crystal structure and phase information of the nanocom-
posites were investigated using an X-ray diffraction pattern
(XRD; Bruker-AXS D8 Discover diffractometer, Co-Ka
source). The functional groups were determined using a Four-
ier transform infrared spectrophotometer (FT-IR spectropho-
tometer, Bruker Vector 22). The surface morphology and
interlayer spacing of manufactured samples were examined
using a field emission scanning electron microscope (SEM,
EO FESEM 1530). Thermal analysis (Thermogravimitric
TGA and Differential Thermal Analysis DTA), was con-
ceded using (a DT-60H thermal analyzer, Shimadzu, Japan).

2.4. Batch adsorption studies

The effective adsorption of molybdate (MoO3™), phosphate
(PO37), and nitrate (NO3) on PVDF, AlL,O;-PVDF, ALOs-
PVDF/Cs, and Al,O3-PVDF/Cs-MWCNTs membranes equili-
brated with a salt solution was investigated in batch testing.
Around 0.1 g of each membrane was placed in 5 mL of MoO3 ",
PO;~, or NOj3 solution (100 mg/L) in glass bottles. The glass
bottles were shaken at room temperature for 24 h with a ther-
mostatic shaker at a speed of 200 rpm to acheive equilibrium in
ion transport between the bulk solution and the membrane.
The solution was then filtered, and the concentration of PO3~
and NO3 was measured with a UV-visible spectrophotometer
at 400 nm (phosphate) and 202 nm (nitrate), respectively. The
concentration of MoO3~ was evaluated using inductively cou-
pled plasma (ICP) atomic emission spectroscopy. Parameters
such as solution pH, adsorption capacity, and regeneration
are examined using Al,O3;-PVDF/Cs- MWCNTs as the most
efficient adsorption system. The pH of MoO3~, PO3~, or
NO3 containing solutions was adjusted with 0.01 M HCl/
NaOH. The following equations were used to calculate the
adsorption capacity and removal efficiency:

(CO - Ce)

0,= V (mg/g) (1)

(Co—C.)
C

0

Removal Efficiency (%) = 100 (2)
where C, and C, are the initial and final concentrations (mg/L)
of anions at equilibrium time, respectively, m is the adsorbent
amount (g) and V is the adsorbate volume (L).

2.5. Regeneration study

Batch adsorption/desorption investigations were utilised to
study the regeneration of MoO3~, PO;~ or NOj-loaded
AlL,O3-PVDF/Cs-MWCNTs. For 270 min, 0.1 g of the mem-
brane was treated with 100 mL of 100 mg/L MoO3~, PO3~
or NOj3- solution at pH 5.0 using a thermostatic shaker at
200 rpm and room temperature. The MoO32~, PO3~ or NO;3-
loaded Al,O;-PVDF/Cs-MWCNTs membrane was washed
and dried before being desorbed in a 0.1 mol/L NaOH solution
for 270 min. After that, the regenerated Al,O3;-PVDF/Cs-
MWCNTs membrane was rinsed until the solution’s pH
reached 5.0. In three sequential adsorption/desorption cycles,
the regenerated particles were applied using the same proce-
dure. Eq. (3) was used to calculate the elution efficiency (E
%) of MoO3~, PO;™ or NO3 in each regeneration cycle as
follows:
G

E (%) ==, 100 3)

where C1 (mg/L) is the eluent concentration, V1 (L) is the elu-
ent volume, and m1 (mg) is the adsorbed solute mass on the
membrane.

3. Results and discussions

3.1. Nanocomposite membranes characterization

As shown in Fig. 1, AT-FTIR analysis was performed to anal-
yse structural changes in PVDF as Alumina was added, as well
as Cs and MWCNTs placed on its surface. Typical peaks of
PVDF crystals nearly occurred in the PVDF spectra at 476,
612, 762.3, and 1070 cm™', and bands at 510 and 838 cm ™'
corresponded to -phase PVDF crystals. New peaks were found
in the Al,O3-PVDF spectra at 613, 795, and 975 cm ™!, which
might be attributable to the interaction of PVDF and Al,Os.
The AT-FTIR spectrum of pure Cs placed onto PVDF reveals
all of the characteristic peaks of Cs at 3306, 2934, 2363, 1716,
1653, 1558, 1373, 1153, 1031, and 934 cm ™', suggesting that

AlLO,-PVDF/Cs-MWCNTs

P

ALO,-PVDF/Cs

Y

AlO,-PVDF

a.u
-

PVDF
v U M L M U v I v L v I M ]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (Cm'1)
Fig. 1 AT-FTIR spectra of the prepared composite membranes.
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the deposition process was effective. The large peak at
3306 cm l'represents the stretching vibration of amino and
hydroxyl groups. The C-H vibration causes the absorption
peak at 2934 cm™', whereas the carbonyl and amine stretching
groups cause the absorption peaks at 1653 and 1558 cm™',
respectively. Peaks at 1373, 1031, 1153, and 934 cm ™ lare
caused by C-H vibration, carbonyl group, and Cs saccharide
structure, respectively(Cao et al., 2009). The absorption peak
of pure Cs film, which showed at 3306 and 3934 cm™' in the
spectrum of Cs-MWCNTs composite, is broadened and dis-
placed to 3275 and 2,918 cm ™! in the presence of MWCNTs.
This suggests that MWCNTSs carboxylic groups interacted
with Cs polymer chains, and that hydrogen bonding between
Cs chains was partially destructed(Mallakpour and Madani
2016). When compared to the IR spectra of the Cs film, the
decrease in the intensity of amine stretching at 1558 cm-1 sug-
gests that amino groups are protonated and interact with the
carboxylic group of MWCNTs.

Fig. 2 shows the XRD patterns of PVDF, Al,O5-PVDF,
Al,O3-PVDF/Cs, and Al,O3-PVDF/Cs-MWCNTs composite
membranes. The emergence of a functional peak at 2 of
20.48° in the PVDF XRD pattern relates to one standard
diffraction peak of PVDF (JCPDS No. 38-1638) and indicates
the semi-crystalline thermoplastic polymer. The XRD pattern
of ALO;-PVDF exhibits some tiny diffraction peaks of
AlL,O; at 25°, 35°, and 37°, indicating the crystallinity of
Al,O5 nanoparticles. The XRD pattern of the Cs film revealed
two distinct broad diffraction peaks at 13.7 and 16.5, which are
typical fingerprints of semi-crystalline chitosan and are

Al,0;-PVDF/Cs-MWCNTs

Al,0;-PVDFICs

Intensity

bl
I Al,0,-PVDF
Rt N TR
S PVDF

1 PR 1 2 1 2 1 . 1 . 1 PR

0 10 20 30 40 50 60 70 80
2 Theta

Fig. 2 XRD patterns of the different composite membranes.

connected to a hydrated crystalline structure. The removal of
these two peaks in the Al,O3-PVDF/Cs- MWCNTSs spectrum
shows that CNTs caused chitosan film crystallisation.

As shown in Fig. 3, surface morphology and cross-sectional
structures of unmodified and modified composite membranes
were investigated using SEM. Because of the Al,O5 addition,
the surface characteristics, inner porous-surface structures,
and intrinsic structure of the Al,O;—PVDF composite mem-
brane differ greatly from pure PVDF (Fig. 3a, ), as illustrated
in Fig. 3b.f. Both membranes showed typical asymmetric mor-
phology with sponge structure; the latter contained large num-
bers of micropores. Furthermore, the Al,O;-PVDF composite
membrane had well-distributed micropores on the membrane
surfaces, and there were significant changes in porosity
between the changed and unmodified membranes while keep-
ing the same typical asymmetric shape. Cross-section images
of PVDF and Al,O;-PVDF membranes revealed a diversity
of interior morphologies. These results indicate that the addi-
tion of Al,O; particles changes the surface, cross-section, and
interior pore architectures. As a result, the inclusion of Al,O3
affected the mechanism of PVDF membrane-structure cre-
ation, which directly influences the membranes’ adsorption
capabilities. SEM images show that Al,03-PVDF/Cs
(Fig. 3c,g) and AlLO;-PVDF/Cs-MWCNs (Fig. 3d,h) mem-
branes had radically distinct morphologies. When reinforced
with MWCNs, SEM images of Al,O;—PVDEF/Cs revealed a
nonporous and smooth surface that progressed to a semi-
porous and chain-like form. These photos reveal that the addi-
tion of MWCNTs to Cg film led the wrinkle surface to be sig-
nificantly greater than the Cs surface.

To explore the interactions between membrane compo-
nents, thermal analysis (TGA-DTA) was performed. The
PVDF composite membranes were subjected to thermal anal-
ysis (TGA-DTA) to study the interaction between the polymer
and the inorganic particles. TGA-DTA is used to investigate
the thermal stability of PVDF membranes. To compare ther-
mal stability, the TG curves of pure PVDF, Al,O;-PVDF,
Al,Os-PVDF/Cs, and Al,O;-PVDF/Cs- MWCNTs mem-
branes are shown in Fig. 4. For pure PVDF, a two-stage
weight loss is documented; the first weight loss (60.06 %) at
441.3 °C should be attributed to the loss of constitutional
water in parallel with the transformation to crystalline nature;
thus, the released energy is attributable to this transmutation
(Hernandez et al., 2000). The oxidative breakdown of the resi-
dues is responsible for the second loss stage (441.3-900 °C),
which results in a total weight loss of 68.69 %. The differential
thermal analysis (DTA) curve has two endothermic peaks that
correspond to the weight-loss stages in the TGA curve. The
Al,O3-PVDF membrane’s TG curve is roughly the same as
that of pure PVDF, and there are two deterioration steps at
200-371.97 °C and 371.97-900 °C. Due to dehydration, the
DTA curve of Al,O3-PVDF (Fig. 4) exhibits a prominent
and broad endothermic peak at temperatures ranging from
180 °C to 371.9 °C. The exothermic peak in the 180 °C temper-
ature range could be generated by the compound changing
from amorphous to crystalline and the formation of the
matching metal oxides. At around 900 °C, however, there is
a difference in weight loss between the PVDF beads
(68.69%) and the Al,O5-PVDF (72.62%). The lower thermal
stability could be attributed to flaws on the Al,O3-PVDF sur-
face as well as contaminants such as residual metallic catalysts
(Ma et al., 2012). This showed that the inclusion of Al,O3
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Fig. 3 SEM images of A) PVDF, B) AL,O;-PVDF, C) Al,O3-PVDF/Cs, and D) ALO5-PVDF/Cs- MWCNTs and their cross-sections

(E-H), respectively.

nanoparticles had no effect on crystal formation while having
a modest effect on crystal perfection during the creation of
PVDF membranes (Lin et al., 2003). However, by incorporat-
ing chitosan into the surface of the Al,O3;-PVDF membrane
(Al,O3-PVDEF/Cs), the thermal stability was improved, and a
four-stage weight loss was recorded at 50-137 °C, 137-
223.5 °C, 223.5-420.78 °C, and finally 420.78-900 °C, with a

total weight loss of 67.53 %, which indicates that the existence
of MWCNTs could enhance the thermal stability of at high
temperatures. This may result from the formation of the elec-
trostatic interaction between MWCNTs and Cg lattices, which
restricts Cg motivation (Li et al., 2012). The combustion of Cs
is attributed to a minor exothermic peak in the DTA curve
with a maximum weight loss velocity of roughly 420.7 °C
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Fig.4 TGA and DTA curves of a) PVDF, b) Al,O3-PVDF, ¢) Al,05-PVDF/Cs, and d) Al,O3-PVDF/Cs-MWCNTs with heating rate of

20 °C/min.

due to water (Shao et al., 2011). Furthermore, the thermal sta-
bility of AlLO;-PVDF/Cs-MWCNTs membranes was
improved by including MWCNT into chitosan solution,
because the TGA curve of Al,O3-PVDF/Cs- MWCNTSs con-
tains four stages of weight loss: 50-122.99 °C, 122.99-282.99
°C, 282.99-390.47 °C, and 390.47-900 °C, for a total weight
loss of TGA study revealed that adding a modest number of
MWCNTs to the Cs matrix improved the thermal stability
of Cs. The combustion of MWCNTs and Cs is attributed to
a minor endothermic peak in the DTA curve with a maximum
weight loss velocity of roughly 390.4 °C.

3.2. Adsorption of MoO3~, PO}~ and NO3

The removal values of different anions (MoO3~, PO3~ or NO3
ions) on PVDF, Al,03;-PVDF, Al,05-PVDF/Cs, and Al,Os-
PVDF/Cs-MWCNTSs membranes are disclosed in Fig. 5. From
the results shown in Fig. 5, the order of the adsorption effi-
ciency of the ions on the different membranes was as follows:
AlLO53-PVDF/Cs-MWCNTs > AlL,O;-PVDF/Cs > AlLOs;-
PVDF > PVDF. The order of adsorption of ions on the
PVDF was as follows: NO3 > MoOj~ > PO;~, and on
ALOs-PVDF is: NO; > POj~ > MoOj3 ", on ALO;-PVDF/
Cs is NO; > MoO; > PO; . The AlLOs;-PVDF/
Cs-MWCNTs membrane was the most efficient of these
membranes for adsorption, and the order of the ions on it
was: MoO3~ > PO}~ > NO;. The membrane AlLOs;-
PVDF/Cs-MWCNTs was more efficient in adsorbing different
ions due to the presence of active groups such as hydroxy and
amino groups on the surface of chitosan, and the high surface
area and porosity of carbon nanotubes. The NO3 was more

100.

80.

60.

40.

Removal (%)

20.

PVDF PVDF/AL203

PVDF/AL203/Cs PVDF/AL203/Cs-CNTs

Membrane type

Fig. 5 The removal efficiency of MoOj~, PO;™ or NO3 on
different membranes.

adsorbed than MoO3~ and PO;, perhaps because the mono-
valent NO3 was easy to absorb on the three membranes, or the
size of the NO3 particles was appropriate for the surface of the
three membranes, so the adsorption of nitrate was greater than
that of MoOj3~ and PO; . But with the addition of MWCNTs,
the surface area and porosity were increased, and it was easier
to bond with MoO3;~ and PO;~ than with NO3. While on
ALO5-PVDF/Cs-MWCNTs membrane, MoO3  was found
more adsorbed than POz~ and NOjz. The more adsorbed
MoO3 " is due to the n-n and electrostatic interactions between
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the surface of MWCNTs and the molybdate ions. So, the
Al,O3-PVDF/Cs-MWCNTs membrane was used for further
studies.

The acidity and alkalinity of the solution played a vital role
not only in the dissociation of molybdate, phosphate, and
nitrate but also in the physicochemical interactions between
the solid-liquid interfaces throughout the adsorption experi-
ments. Fig. 6 depicts the effect of different solution pH ranging
from 1.7-9.7, 4-10, and 6.7-10.7 on the removal of molybdate,
phosphate, and nitrate ions on the Al203-PVDF/Cs-
MWCNTs membrane. The surface chemistry of the Al,Os-
PVDF/Cs-MWCNTs is related to the presence of functional
groups such as hydroxyl group and nitrogen-containing func-
tional groups, or 7 electrons on the chitosan layer and high
porosity and surface area of MWCNTs (Ali et al., 2020).
Depending on the conditions, such as the pH and solvent char-
acteristics, these functional groups can be dissociated or proto-
nated, thereby inducing attractive or repulsive interactions
with the ions in the solution (Sun et al., 2017). As the strength
of the interactions between ions and functional groups is not
the same for all ions, we observe an effect on the preferential
adsorption of ions (Ota et al., 2013). For a solution with a
lower pH, the negatively charged toxic anions were networked
with the positive charge of the Al,O3-PVDF/Cs- MWCNTs,
causing an increase in the electrostatic interactions. The hin-
dered adverse molybdate, phosphate, and nitrate removal in
basic solutions may be ascribed to the electrostatic repulsion
of Al,0;-PVDF/Cs- MWCNTs and energetic competition by
OH™ ions. These results suggest that electrostatic attraction
is predominantly responsible for adsorption systems (Long
et al., 2011).

In Mo(VI), as the pH was increased, the percent adsorption
increased to a maximum at pH 4.6 and, then decreased with
the increasing pH. A similar trend for Mo(VI) adsorption
was also observed in other different adsorbents
(Namasivayam and Sangeetha 2006). The effect of pH might
be related to the molybdenum morphology and the surface

100 ™
—u—MoO,
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. -u— Pof' /._-— —u
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Fig. 6  Effect of solution pH for PVDF/AI,0;3/Cs- MWCNTSs on
the removal percentage of molybdate, phosphate and nitrate ions.
(Conditions: Initial concentration: 100 mg/L; Contact time:
240 min; Dose: 100 mg and Volume: 5 mL).

charge of the ALO3;-PVDF/Cs- MWCNTs. The principal
molybdate species altered with the change of pH and molyb-
date concentration, according to the molybdate speciation
curves derived from the MEDUSA software calculation,
Fig. 7. In particular, in the pH range of 2.0-10 at 100 mg/L,
MoO3~ may be converted to other species, such as MoO;(H»-
0);, HMoOy (Fig. 6), which are more suitable for adsorption
by electrostatic contact. The aluminium surface’s hydroxyl
groups can be protonated, resulting in a positively charged sur-
face that can attract and bind negatively charged molybdate
ions from the solution (Al-Dalama et al., 2005). Increased
pH values resulted in an increase in electrostatic repulsion
between negative charge anions and Al,O3-PVDF/Cs-
MWCNTs, resulting in a negative charge potential. The pre-
dominant mechanism for Mo(VI) adsorption in acid solution
was electrostatic interaction (Zhang et al., 2014).

As seen in Fig. 7, the influence of solution pH on the disso-
ciation of phosphate ions from their various forms follows the
sequence of monovalent (H,POy, pK, > 2.16), divalent
(HPO3~, 720 < pK, < 1235), and trivalent (PO3,
pK, > 12.35)(Wang et al., 2015a, 2015b). In acidic conditions
(pH 2-3), it was discovered that the Al,O;-PVDF/Cs-
MWCNTs had a screening effect on the solution and con-
sumed few adsorbate ions. As shown in Fig. 6, the removal
ratio of toxic ions increased as the pH increased from 4 to 7,
and the best solution pH range for anion adsorption by
AlL,O;-PVDF/Cs- MWCNTs was 7.5-8.5. Phosphates are gen-
erally found as a monovalent anion in this pH range. When the
pH of the solution rises above 7, the phosphate reverts to a
divalent state, increasing the electrostatic force of contact with
AlLO3-PVDF/Cs- MWCNTSs (Rodrigues and da Silva 2010).
The phosphate adsorption was expected to decrease gradually
as the pH was raised above 8.5. It was also found that as the
solution pH rises, the surface of the membrane becomes nega-
tively charged, and the negatively charged phosphate and OH-
ions compete for active adsorption sites on the surface of the
AlL,O3-PVDF/Cs- MWCNTs, resulting in electrostatic repul-
sion and, as a result, decreased adsorption. Furthermore, as
the Al,O5-PVDF/Cs- MWCNTs surface acquires a greater
negative charge, electrostatic repulsion between the anions’
adsorbent surfaces occurs (Nehra et al., 2019). Also, the nitrate
adsorption increased drastically as the initial pH increased, till
reached the best adsorption at pH 9.7, and then drastically
decreased with further increases in pH as shown in Fig. 6. This
behaviour can be explained by the fact that in a highly acidic
solution, the surface of Al,O3-PVDF/Cs- MWCNTs would
be highly protonated, and the active sites on the surface would
be surrounded by H™ ions (Kilpimaa et al., 2015). An increase
in electrostatic interactions was observed for a solution with a
lower pH, due to positive charges of the adsorbent connecting
with negatively charged nitrate anions. Under alkali condi-
tions, the competition between nitrate and OH™ becomes
stronger at high pH, resulting in decreased adsorption
(Mubita et al., 2019).

The repeating adsorption capacity of MoO3~, PO3~ and
NO3 was measured for conducted 200 mg of Al,O3;-PVDF/
Cs-MWCNTs with10 mL of 500 mg/L of molybdate, phos-
phate, and nitrate solutions for 24 h for three times. The total
capacities of MoOff, NO3 and POz~ were 65.50, 61.22, and
59.77 mg/g, respectively. The Al,O3;-PVDF/Cs-MWCNTs
have a much higher molybdate adsorption capacity than phos-
phate and nitrate. Molybdate adsorption capacity on
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Fig. 7 The speciation curves of (a) molybdate, (b) phosphate and (c) nitrate at different pH values.
Table 1 Comparison of molybdate, phosphate, and nitrate adsorption capacity of the synthesized adsorbents with other reported
adsorbents.
Adsorbent Adsorption capacity (mg g~ ) Reference
Molybdate Phosphate Nitrate
ALO3;-PVDF/Cs- MWCNTs 65.50 59.77 61.22 Present study
Goethite 25.9 — — (Xu et al., 2006)
Industrial Solid Waste Fe(III)/Cr(I1I) Hydroxide 6.70 - - (Namasivayam and Prathap 2006)
ZnCl, activated carbon 16.54 - - (Namasivayam and Sangeetha 2006)
Mg-Al- MAA LDH - - 8.89 (Kotp et al., 2019)
Ammonium functionalized MCM-48 — 39.70 34.80 (Hamoudi et al., 2007)
PVDF membrane - 15.58 9.66 (Gao et al., 2019)
Amine functionalized beads - 42.95 38.40 (Aswin Kumar and Viswanathan 2018)
MCM-48 silica gel - 39.70 34.80 (Saad et al., 2007)
Biomass - 30.20 11.20 (Kilpimaa et al., 2015)
Fe0-activated carbon - 1.75 4.60 (Khalil et al., 2017)

AL O3;-PVDF/Cs-MWCNTs is also higher than ZnCl, acti-
vated carbon (18.9 mg/g).

Table 1 shows a comparison of various adsorbent materials
for the adsorption of molybdate, phosphate, and nitrate ions
from aqueous solutions. The Al,O;-PVDF/Cs-MWCNTs
membrane excelled over other adsorbents in terms of

molybdate, phosphate, and nitrate adsorption. Furthermore,
after three consecutive cycles, the Al,O3-PVDF/Cs- MWCNTs
membrane effectively and selectively adsorbs molybdate, phos-
phate, and nitrate, highlighting its wide range of applications.
For molybdate, phosphate, and nitrate removal, the Al,Os-
PVDF/Cs- MWCNTs membrane was shown to have a high
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removal efficiency, low cost, and great re-generation. Further-
more, the AlL,O3-PVDF/Cs- MWCNTSs strong surface reactiv-
ity can improve the absorption efficiency of hazardous anions
from a variety of water sources.

3.3. Regeneration and reuse

It is important to regenerate the spent Al,O;-PVDF/Cs-
MWCNTs to make the adsorption process more cost-
effective. Over three successive cycles, regeneration and reuse
investigations were carried out for the simultaneous adsorp-
tion of molybdate, phosphate, and nitrate, Fig. 8. In the des-
orption procedure, a 0.1 M sodium hydroxide solution was
chosen as the eluent, and its optimum concentration was deter-
mined to be 100 mg/L. As shown in Fig. 8, after the first regen-
eration of the Al,O;-PVDF/Cs-MWCNTs, the adsorption
capacities of molybdate, phosphate, and nitrate decreased to
85.2%, 56.8%, and 7.5%, respectively. Although the adsorbed
molybdate, phosphate, and nitrate anions were not completely
eluted by the NaOH solution, the removal efficiency of Al,Os-
PVDF/Cs-MWCNTs for molybdate, phosphate, and nitrate
for the three uses was 2.8%, 24.58%, and 72%, respectively.
The molybdate anions had more regeneration using NaOH
than phosphate and nitrate. Therefore, Al,O3-PVDF/Cs-
MWCNTs are a promising adsorbent for the treatment of
actual contaminated water. The regeneration efficiency of the
membrane is low due to the adsorbed nitrate or phosphate

anions were not completely eluted by the NaOH solution.
Also, the original material was covered and filled with
adsorbed anions, micropore blockage, and reduced surface
area (Wu et al., 2019). To get the best reuse, a number of elu-
tions can be used, and the best one can be chosen. Secondary
washing of the adsorbent with an acid such as hydrochloric to
reactivate the functional groups of the absorbent and make it
more efficient.

3.4. Adsorption mechanism

The molybdate, phosphate, and nitrate removal mechanisms
are governed by the response of respective metal ions, the por-
ous surface, and surface functional groups of Al,03-PVDF/Cs-
MWCNTs. Negatively chartered molybdate, phosphate, and
nitrate ions were absorbed by Al,O3;, MWCNTSs, and amino
groups included in the produced membrane via electrostatic
force of attraction(Banu et al., 2020). Electrostatic attraction,
ion exchange, and surface complexations were used to control
the adsorption of molybdate, phosphate, and nitrate ions using
AL O3-PVDF/Cs-MWCNTs, Fig. 9(a,b). The ion exchange and
electrostatic attraction mechanisms replace the harmful ions in
the water with the amine (NH,) and hydroxyl (OH™) ions pre-
sent in AlLO3-PVDF/Cs-MWCNTs during adsorption (repre-
sented as Eqs. (1)—(4)) (Karthikeyan et al., 2021).

The presence of positively charged AI*" ions in the pre-
pared Al,O3-PVDF/Cs-MWCNTs has a strong tendency to
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Fig. 8 Regeneration and reuse studies of (a) molybdate, (b) phosphate and (c) nitrate on PVDF/A1,O3/Cs-MWCNTs membrane.
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Fig. 9 (a, b) Schemastic representation mechanism of molybdate, phosphate and nitrate adsorption onto PVDF/AI,03/Cs-MWCNTs.

electrostatically attract negatively charged species such as
molybdate, phosphate, and nitrate ions. Furthermore, due to
their Lewis acid and basic behaviour, AI** has a strong attrac-
tion for anions and generates surface complexation. As a
result, molybdate, phosphate, and nitrate can form surface
complexes with AP" of ALO;-PVDF /Cs-MWCNTs, resulting
in enhanced elimination of Al,O;-PVDF/Cs-MWCNTs (Eqgs.
(1)~(7)) (Khan and Singh 1987, Karthikeyan and Meenakshi
2021).

PVDF/A1203/CS— CNTs — 0H+H2P0;
— PVDF/Al,0,/Cs — CNTs — HyPO, + OH™ (1)

2PVDF/ALO;/Cs — CNTs — OH + MoO}~
— PVDF/A1203/Cs — CNTs — M004
— CNTs/Cs/AL O3/ PVDF + OH™

PVDF/ALO;/Cs — CNTs — OH + NO;
— PVDF/AL,05/Cs — CNTs — NO; + OH"

PVDF/ALOs/CNTs — Cs — NH, + NO
— PVDF/AL,0;/CNTs — Cs — NH,...NO;
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PVDF/Cs — CNTs/AI'" + PO~
— PVDF/Cs — CNTs/ A" LPO; (5)

PVDEF/CS-CNTs-Al?

PVDEF/CS-CNTs-AP* + NO;-

3.5. Polluted groundwater treatment

El-Saff area is located on the eastern side of the Nile River in
Egypt. It is bounded by a lot of sources of contamination, such
as the Helwan area, which includes many factories for iron,
steel, and cement production; the El-Saff wastewater canal,
and polluted agricultural drainage water. The majority of
water resources in El Saff area are contaminated by different
types of pollutants, which are very serious for people’s health,
animals, soil, and plants (Gedamy et al., 2012). The high con-
centrations of AI** and Pb*>" ions in the majority of ground-
water confirm that there is seepage from surface water systems
that contain relatively high soluble metals as well as excess
amounts of irrigation water infiltration rich in fertilisers and
pesticides to the groundwater system. The relatively high con-
centrations of boron in El-Saff wastewater canal are due to the
discharge of sewage water and industrial waste rich in sodium
tetraborate (borax). The primary sources of nitrates in ground-
water are the leaching of nitrate salts into the groundwater
aquifer from agricultural fertilisation and the seepage of sew-
age water. The high concentration of ammonia in groundwater
is due to the seepage from El Saff wastewater canal at these
localities and irrigation return flow rich in ammonium fertilis-
ers such as ammonium phosphate (NHy4);POy,.

The analytical results confirm that Al,O;-PVDF/Cs-
MWCNTSs can be used to remove the excess of AT, B3*,
Mo**, Pb**, Sr?", PO3~ and NOj from polluted water
resources in the area under investigation. The removal effi-
ciency reached 100% in respect to AT, Pb?* and POI-,
and 50%, 62%, 52.5% and 49% in respect to B>", Mo>*,
Sr?" and NOj3, respectively, Table 2.

4. Conclusions

The AlLO3;-PVDF/Cs- MWCNTs adsorbent was successfully con-
structed in this study to effectively remove molybdate, phosphate,
and nitrate from ground polluted water. Adsorption tests show that
the adsorption efficiency of molybdate, phosphate, and nitrate is
94.3, 65.6, and 85.78 percent, respectively. The pH of the solution
was critical not only in the dissociation of molybdate, phosphate,
and nitrate but also in the physicochemical interactions between the
solid-liquid interfaces throughout the adsorption investigations. Fur-
thermore, the adsorption experiment findings show that the optimal
adsorption conditions for MoO3~, PO3~, and NO3 are about 4.6,
7.4, and 7.7, respectively. Molybdate adsorption capability of Al,Os-
PVDF/Cs- MWCNTs is greater than that of phosphate and nitrate.

"M0042' .
2PVDEF/CS-CNTs-Al* +3MoO,*— PVDF/CS-CNTs-AB* 7

The adsorption methods for molybdate, phosphate, and nitrate were
comparable and included not only physical electrostatic interactions
and complexation adsorption, but also ion exchange between the
molybdate/phosphate/nitrate and hydroxyls coated on the adsorbent.

y NO;‘

_.INO; (6)
“-NO;-

MoOg%. -3*Al-CNTs-CS/PVDF @)

The adsorption—desorption cycle experiment supports the Al,Os-
PVDF/Cs-MWCNTs adsorbent’s good regeneration performance.
The strong surface reactivity of Al,O3-PVDF/Cs- MWCNTs is easy
to make, has a good application, and is convenient to use in the sepa-
ration and removal of MoO3~, PO3~, and NO3 from wastewater
solutions.
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Table 2 Physic-chemical analysis of the polluted groundwater
sample before and after treatment using Al,O3;-PVDF/Cs-
MWCNTs adsorbent.

Analytical parameter (mg/l) Before Treatment After Treatment

EC 1224 786.8
PH 6.6 7.65
Na™ 128 104
K" 8 8
Mg?* 38.8 19.6
Ca?™" 41.60 16.64
CO3~ 0.00 0.00
HCO3 146.4 97.6
SO~ 148 116
Ccl- 228 152
AR 0.04 0.00
B> 0.8 0.4
Mo3™* 2.39 0.9
Pb> " 0.24 0
St 1.6 0.76
PO;~ 1.92 0
NOj3 16.28 8.32
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