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Abstract: Cellulose acetate (CA) was chemically modified with p–hydrazinobenzoic acid
(HBA) for the fabrication of a CA–HBA polymeric membrane. The CA–HBA was character-
ized using NMR, UV-Vis, and EDX/SEM techniques. CA–HBA exhibited high hydrophilic-
ity, as it included carboxylic groups as well as the hydroxyl group of the CA glycosidic
ring. The HBA moieties increased the hydrophilicity and the number of active sites inside
the CA polymeric matrix, but they did not improve the thermal stability of the polymer, as
shown by the thermogravimetry (TGA). Polysulfone (PSF) was blended with CA-HBA in
various compositions to produce highly thermal and effective membranes for water treat-
ment applications. The fabricated membranes (CA–HBA/PSF) (5:95) (10:90) (15:85) were
found to exhibit high thermal stabilities. The CA–HBA/PSF 15:85 membrane exhibited the
highest efficiency towards the removal of Cu (II) ions, while the 5:95 membrane exhibited
the highest salt rejection (89%).

Keywords: polysulfone; cellulose acetate; salt rejection; polymer blend; membranes

1. Introduction
The rapid development of different industrial processes, such as those used in the oil,

petrochemical, textile, food, and metal industries, has led to the release of pollutants that
deteriorate water quality and pose threats to health and ecological systems [1]. Sustainable
industrial wastewater management has attracted more attention to the third global risk,
which is water scarcity [2].

Heavy-metal-contaminated water has emerged as one of the most urgent global
environmental problems due to the non-biodegradability, toxicity, carcinogenicity, and
biological accumulation properties of heavy metals [3]. Residential or occupational expo-
sure to an excess amount of heavy metals may result in DNA damage, hypertension, renal
dysfunction, hallucinations, vertigo, or gastrointestinal distress [4,5]. Different strategies
have been applied to remove metals from water sources, including adsorption, chemi-
cal precipitation, ion exchange, electrochemical deposition, and membrane filtration [6].
Among these strategies, membrane filtration has been proven as a prominent strategy for
heavy metal removal due to its simplicity and low operational cost [7]. The technique
for membrane fabrication is chosen according to the crystallinity of the polymeric matrix.
For highly crystalline polymers, the electrospinning and centrifugal spinning strategies
have gained considerable attention among all of the techniques used to produce mem-
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branes. Polysulfone is an amorphous polymer that exhibits high plasticity. To fabricate PSF
membranes, phase inversion is the most suitable technique [8].

Polysulfone (PSF) is ranked as the most important polymer for membrane manufac-
turing because of its thermal stability, chemical resistance, mechanical strength, and optical
transparency [9].

Despite the suitability of PSF for membrane fabrication, its high hydrophobicity,
low salt-rejection capability, and high fouling tendency limit its application in various
industrial fields for treating industrial wastewater [10]. Different methods have been in-
tegrated to improve the hydrophilicity of PSF and overcome the fouling problem, such
as blending, coating, and grafting [11]. Other studies have been conducted to produce
fouling-controlling membranes via blending PSF with inorganic nanoparticles. Recently, a
PSF matrix was incorporated with Co2+ ion-doped ZnO nanoparticles, which resulted in a
drop in the water contact angle from 82.7º (PSF) to 62º and an increase in the water flux
to 48 L m−2 h−1, compared to 17.5 for neat PSF [12]. In a similar study, the hydrophilic-
ity and salt rejection performance of PSF were improved by the addition of graphene
oxide–zinc oxide (GO–ZnO) nanoparticles [13]. The utilization of TiO2 nanoparticles also
improved the hydrophilicity, porosity, water permeability, and mechanical strength of
PSF membranes [14]. Another common method used to impart a high fouling resistance
into PSF membranes is polymer blending [15]. Several studies have reported the use of
chitosan to enhance the hydrophilicity and anti-fouling properties of PSF due to chitosan’s
hydrophilic characteristics [16–18]. Another polymeric material of particular interest to
researchers for membrane fabrication is cellulose acetate (CA), which is one of the most
essential cellulose derivatives. CA membranes offer several distinct benefits, including their
construction from renewable resources, ease of manufacturing, affordability, and suitability
for all pressure-driven membrane processes, such as microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO) [19,20]. Additionally, they are relatively
hydrophilic, have a low tendency to foul, and are nontoxic. Pure CA membranes are known
to exhibit a relatively low flux [19,21,22]. To address this limitation, researchers have pro-
posed the incorporation of hydrophilic modifiers such as inorganic nanoparticles (NPs),
including TiO2, Ag, Al2O3, ZnO, bentonite, zeolites, Fe3O4, and ZrO2. These modifications
have been shown to improve the membrane flux and separation performance [23]. For
example, CA/zeolite electrospun membranes have been studied for their effectiveness in
oily wastewater separation [24,25].

CA has demonstrated several features, including high hydrophilicity and biodegrad-
ability and an ability to be functionalized to meet specific needs [20,26]. For example,
nano-zerovalent iron (nZVI) and Al2O3 nanoparticles have been mixed with CA–PSF for
the removal of methylene blue dye and Cu (II) metal ions. The generated CA–PSF/Al2O3

and CA–PSF/nZVI membranes exhibited a low water contact angle of 43º and 39º, respec-
tively, and a high permeation flux of up to 85% and 88%, respectively [27]. Another study
reported the suitability of CA blended with PSF in the presence of SiO2 for the removal
of Cu (II), Fe (II), and Zn (II), with more than 90% efficiency [28]. 4–Hydrazinobenzoic
acid (HBA) is the building block in the synthesis of many heterocyclic compounds and has
distinct biological activities [29]. Considering the presence of electron donor groups such
as amino (–NH2) and carboxylic (–COOH) groups in the structure of HBA, it was selected
to facilitate the removal of heavy metals. Herein, CA was modified with HBA, followed by
blending with PSF to afford a novel hybrid membrane for Cu (II) ion removal and water
desalination applications.
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2. Materials and Methods
2.1. Instruments

The characterization of compounds via nuclear magnetic resonance spectroscopy
utilized a 400 MHz NMR device (Bruker Corporation, Bremen, Germany), employing
DMSO-d6 as a solvent for sample dissolution. Scanning electron microscopy images were
captured with a TESCAN (Brno, Czech Republic) VEGA3 scanning electron microscope,
with a secondary electron (SE) detector, an energy-dispersive spectrometer detector, and
electron backscatter diffraction (EBSD). The thermal decomposition of the samples was
studied using a simultaneous thermogravimetric and differential thermal analyzer (DTG–
60H, SHIMADZU corporation, Kyoto, Japan) under a N2 atmosphere at a rate of 5 ◦C/min,
between 25 and 500 ◦C. To obtain elemental information, energy-dispersive X-ray fluo-
rescence spectrometry (EDX8000, SHIMADZU corporation, Kyoto, Japan) was used. All
the chemicals and reagents employed in these experiments were used as received without
further purification.

2.2. Chemicals

Cellulose acetate (Mw = 10,000), poly sulfone (Mw = 10,000), hydrazinobenzoic acid
(HBA), tetrahydrofuran (THF), dimethyl formamide (DMF), CuSO4, and NaCl were pur-
chased from Sigma Aldrich (St. Louis, MO, USA).

2.3. Synthesis of the CA–HBA Modified Polymer

In a three-necked flask, 7 mmol. of an HBA solution in THF was added to 4 g of a CA
solution. The reaction was allowed to react at 60 ◦C for 10 h under a nitrogen atmosphere.
The product was precipitated in cold methanol (300 mL). The synthesized modified polymer
was washed with hot methanol to dissolve the unreacted monomer and was then left to
dry at room temperature.

2.4. General Preparation of Stock Solution of Metal Ions

A Cu (II) stock solution (200 ppm) was diluted with deionized water to achieve the
desired concentration. The commonly used concentration for a stock copper solution is
10 ppm [30].

2.5. Procedures
2.5.1. Fabrication of Membrane

The membrane was fabricated using a phase inversion technique. The polymeric
solution (13 wt. % in DMF) was prepared and cast using an automatic film applicator, using
a casting knife with a 250 µm thickness, a speed of 4 rpm, and a temperature of 25 ◦C. The
phase inversion occurred in a coagulation bath of distilled water by immersing the steel
sheet until the membrane was separated. Finally, the membrane was allowed to dry in air.

2.5.2. Surface Hydrophilicity and Contact Angle Measurement

The hydrophilicity of the prepared membrane surfaces was measured as a function
of the contact angle measurements using a Ramé-Hart goniometer, Succasunna, NJ, USA.
A drop of distilled water (2 µL) was added to the surface of the membrane (3 cm × 2 cm)
using a micro syringe. The contact angle was measured by adding a drop of water at five
different positions within 20 s on the membrane’s surface.

2.5.3. Method of Metal Ion Removal

A total of 300 mg of the membrane was immersed in 50 mL of a buffer solution with a
definite pH of 5.5–9 for an aqueous solution of Cu (II) ions (6, 8, or 10 ppm). The mixture
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was shaken using a shaker at a speed of 200 rpm, at room temperature, for various intervals
(30 min, 60 min, or 120 min). The mixture was separated by filtration. The adsorption
uptake was determined by calculating the difference in concentration (before and after the
adsorption process) using ICP for a quantitative determination, as shown in Equation (1):

qe(mg/g) =
(Ci − Ce)V

W
(1)

where Ci is the initial concentration (ppm), Ce is the concentration at equilibrium (ppm), W
is the mass of the adsorbent (g), and V is the volume of the solution (L).

The adsorbed metal content inside the polymeric matrix was determined through a
qualitative investigation using EDX and SEM/EDS.

2.5.4. Water Flux

The water flux was calculated using the following formula (Equation (2)):

J =
∆V
A∆t

(2)

where ∆V (L), A (m2), and t (h) are the permeate volume, membrane area, and filtration
time interval, respectively [31,32].

2.5.5. Membrane Porosity and Pore Size

The membrane porosity (ε) was determined using the following formula (Equation (3)):

(ε) =
(mw − md)

A × L × ρ
(3)

where A, L, and ρ are the membrane area, membrane thickness, and pure water density,
respectively; (mw − md) represents the mass loss of the wet membrane after drying.

The pore radius (rm) was calculated according to the Guerout–Elford–Ferry equation
(Equation (4)):

rm =

√
(2.9 − 1.75ε)× 8ηLQ

ε× A × ∆P
(4)

where ε is the overall porosity, η is the water viscosity at 25 ◦C, L is the membrane thickness
(m), Q is the volume of the permeate water per unit time (m3/s), A is the effective area of
the membrane (m2), and ∆P is the operational pressure (Pascal) [33,34].

2.5.6. Regeneration of Metal Ions

The reusable potential of the membrane was examined by treating the membranes
with an HNO3 solution. For inorganic fouling, the Cu (II) loaded onto the PSF membrane
was gently washed with the distilled water, immersed in a definite amount of a 0.1 M HNO3

aqueous solution, and stirred at 500 rpm for 2 h with a slight increase in temperature [35].
Nitric acid was used as the eluent for the regeneration. The copper cations were transformed
into copper nitrate, which is soluble in water. After washing with distilled water and drying,
the regenerated membrane was reused. The EDX of the membrane, after leaching out the
cations, did not show a Cu cation peak.

2.5.7. Preparation of the NaCl Solution

A 10,000 ppm stock solution of NaCl salt was prepared in deionized water for the
investigation of the desalination process.
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2.5.8. Desalination Process

The desalination experiment was conducted by immersing 0.3 g of the membrane in
100 mL of the stock solution under shaking conditions for a particular time (1 h, 2 h, or
3 h) at 200 revs. min–1. After filtration, the membrane was analyzed using SEM/EDS to
confirm the extraction of salt into the polymeric matrix. The removal percentage of NaCl
was determined using the conductivity of both the feed and the permeate salt solution [36]
according to the following equation (Equation (5)).

Removal% =

(
Cond.f − Condp

)
V

Cond.f
× 100 (5)

3. Results
3.1. Spectroscopic Analysis

The modification of cellulose acetate (CA) with hydrazinobenzoic acid (HBA) was
performed with the aim of creating active sites in the polymeric matrix, such as carboxylic
groups and basic nitrogen atoms. The modification process occurred in THF at 60 ◦C. The
product was characterized using UV-Vis spectroscopy, as shown in Figure 1.
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Figure 1. UV-Vis spectrum of CA-HBA (a) compared to CA (b).

The modified polymer, CA-HBA, was characterized using a spectroscopic analysis.
The UV-Vis spectrum of CA-HBA in Figure 1a shows an extra broad peak above λ = 300 nm
compared to the CA spectrum in Figure 1b. This extra peak was derived from the HBA
moieties inside the CA polymeric matrix [37]. To determine the modification of active
reaction centers, the 1H NMR and 13C NMR spectra of the modified CA-HBA polymer
were investigated.

Figure 2 shows the 1H NMR spectrum of CA-HBA (a) compared to those of CA (b) and
HBA (c). The CA-HBA spectrum showed aromatic proton signals at 7.9 and 7.4 ppm. The
presence of the carboxylic proton at 10.35 ppm confirmed that the carboxylic group was not
consumed during the modification reaction. The -NH2 proton could not be identified, as it
emerged with the signals related to CA between 4 and 5 ppm. The –NH proton (directly
attached to the benzene ring) at 7.6 in the HBA spectrum disappeared in the spectrum of
CA-HBA, indicating that the CA moiety reacted with HBA through the -NH group. The
details of the 1H NMR spectral data are tabulated in Table 1. The reaction between CA and
HBA is presented in Scheme 1.
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Table 1. 1H NMR spectral data of CA-HBA.

Structure H Atom δ (ppm)
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For additional confirmation of the active reaction sites for the chemical modification of
CA and HBA, 13C NMR was used (Figure 3). The 13C NMR spectrum of CA-HBA showed
additional peaks compared to that for CA, according to the following carbon atoms: peaks
at 168 ppm, corresponding to the carboxylic carbon C1; peaks at the region of 129–135 ppm,
indicating the aromatic carbons (C2, C3, C4, and C5); and a distinguished peak at 67 ppm,
indicating the methylene carbon where the modification took place at C6. Additionally, the
peak corresponding to C7 of the glycosidic ring, where the modification with HBA also
occurred, appeared at 67.5 ppm.

Thus, 13C NMR spectroscopy confirmed the active reaction sites of the modification
process, and they coincided with the data from the literature [38,39]. The 13C NMR spectral
data details are presented in Table 2.
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3.2. Thermal Stability

Prior to suggesting that the CA-HBA polymeric material can be used in any water
treatment applications, its thermal properties should be investigated. This was carried out
using a TGA, as shown in Figure 4. The results revealed that the thermal stability of the
modified polymer was comparable to that of CA. This was shown by the weight loss of
CA-HBA, which was 86% at 500 ◦C, compared to CA, which is known to lose almost all
its weight at 500 ◦C [90%]. The T◦ of CA-HBA showed a slightly lower value than that of
CA due to the reduction in the crystallinity of the CA-HBA polymeric matrix compared to
CA [38].
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3.3. Crystallinity

The XRD pattern of CA showed sharp peaks at 2θ < 15, indicating the crystalline
regions of the polymeric matrix, while the broad peak at 2θ > 17 corresponded to the
amorphous region. The modified cellulose acetate showed only broad peaks, indicating
a reduction in the crystallinity of the polymeric matrix (Figure 5). As a result of the
substitution of the acetate groups by the large HBA moieties, the gaps between the main
chains inside the polymeric matrix were increased, and this disrupted the formation of
H-bonding through it.
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3.4. Morphological Characterization

The SEM/EDX technique was used to confirm the modified polymeric matrix. SEM
showed a different morphology for the CA-HBA (Figure 6b) compared to that of CA
(Figure 6a).
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Figure 6. SEM images of CA (a) and CA-HBA (b).

CA, as a polysaccharide, contains C, O, and H atoms only. The EDX of CA-HBA
showed an extra peak corresponding to nitrogen atoms, which is a direct indication of the
presence of HBA moieties inside the modified polymer (Figure 7).
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Figure 7. EDX of CA-HBA.

Moreover, an examination of a cross-section of the CA-HBA morphology showed a
high porosity with finger-shaped pores, which would enhance the water flux and improve
the membrane performance [35] (Figure 8).
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Thus, the modification of CA with HBA afforded the polymer with hydrophilic
groups, which enhanced the water flux by creating finger-like pores through the polymeric
membrane. However, it did not improve the membrane’s thermal stability. The polymer
blend technique was chosen to enhance the thermal properties of the CA-HBA. Polysulfone
(PSF) is known to exhibit a high thermal stability, as shown from its TGA data. It shows
T◦ = 510 ◦C (Figure 9). Despite this advantage, PSF suffers from hydrophobicity due
to its organic, nonpolar structure, which reduces the water flux and increases the water
contact angle.
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Although cellulose acetate and polysulfone are commonly used in the fabrication
of membranes, both polymers should be modified prior to such fabrication using phase
inversion techniques. Cellulose acetate exhibits the hydrophilicity needed for the water flux
performance, while it suffers from poor heat stability at high temperatures. Polysulfone
exhibits high thermal stability at high temperatures, but it is considered a hydrophobic
polymer, which limits its adjustment to water treatment applications. In the present work,
the polymer blend technique is suggested to integrate the benefits of both polymers for
membrane manufacture.
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3.5. Contact Angle and Surface Hydrophilicity

The CA membrane demonstrated moderate surface wettability (contact angle: 81◦)
due to the presence of hydroxyl groups. However, PSF exhibited a very low hydrophilic
surface (contact angle: 94◦). Blending PSF with CA-HBA led to an increase in the surface
hydrophilicity of the resulting membrane. The hydrophilicity increased with an increase
in the CA-HBA composition (Table 3). The membrane prepared from 15:85 CA-HBA:PSF
exhibited the best surface hydrophilicity (contact angle: 69◦) compared to the other mem-
branes prepared from other blends and the parent PSF. This was attributed to the highest
percentage of polar groups present in the HBA moieties [30].

Table 3. Contact angle values of various membranes.
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3.6. Membrane Performance

To investigate the membrane’s efficiency for water treatment, some specific parameters
should be examined, which include the water flux, porosity, pore size, and salt rejection.

3.6.1. Water Flux

An area of the membrane (0.0051 m2) was kept in contact with water for a contact
time of 1.5 h. Thus, the water flux would be affected by the quantity of water passing
through the membrane over the given time (1.5 h). As hydrophilicity affects the water flux,
increasing the percentage of CA-HBA in the polymer composition will enhance the water
flux. The water flux increased from 9.8 (CA-HBA, 5%) to 30.2 (CA-HBA, 15%) (Table 4).

Table 4. Water flux of various CA-HBA/PSF membranes.

Membrane Composition Water Flux (L/m2.h)

85% CA-HBA 30.2
90% CA-HBA 19.6
95% CA-HBA 9.8

100% PSF 0.1
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The surface of PSF showed a compact matrix and a sponge-like cross-section, which
accounted for the low water flux of the pure PSF membrane. However, increasing the
proportion of CA-HBA in the blend gave rise to a membrane with a cross-section showing
finger-like channels, thus enhancing the water flux (Figure 9).

To determine the most suitable polymer blends for membrane manufacture, the
thermal properties were examined using a TGA. The TGA data showed excellent thermal
stability at high temperatures (up to 500 ◦C) for the polymer blend compositions with
≥85% PSF. The weight loss % was negligible (≤4%), as shown in Figure 10 and Table 5.
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Figure 10. TGA curves of various CA-HBA/PSF membranes compared to PSF.

Table 5. Thermogravimetric data for various membranes.

Membrane Composition T◦ (◦C) Weight Loss% at 500 ◦C

100% CA-HBA 330 87%
15% CA-HBA 500 4%
10% CA-HBA 509 0%
5% CA-HBA 510 0%

100% PSF 510 0%

From the above-mentioned data for water flux and the TGA, three polymer blend com-
positions (PSF:CA-HBA, 95:5, 90:10, and 85:15) were chosen for the membrane fabrication.

3.6.2. Membrane Porosity and Pore Size

The structure of a polymer affects the porosity percentage as well as the size of the
pores. Table 6 shows the porosity percentage and pore size of various membranes fabricated
from various blend compositions. The results revealed that both the porosity percentage
and the pore size increased with an increase in the percentage of CA-HBA in the polymer
membrane composition. This was attributed to the size and polarity of the carboxylic and
amine groups, as polar groups increase the water content of the membrane [40].

Table 6. Porosity percentage and pores size of various membrane.

Membrane
Composition Porosity % Pore Size (µm) Water Content

CA-HBA 72 0.192 86.8
PSF 85% 58 0.139 70.8
PSF 90% 53 0.137 66.7
PSF 95% 50 0.071 50

PSF 32 0.047 54
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3.6.3. Removal of Cu (II) Ions

The fabricated membranes (CA-HBA/PSF) exhibited high thermal stability, finger-like
pores, and active adsorption sites (NH, COOH) for cations and salts. Thus, the membranes
were expected to exhibit a good performance. The removal efficiency of the 15:85 CA-
HBA/PSF membrane towards Cu (II) ions (10 ppm) at pH = 7 was investigated at room
temperature for one hour. The EDX of the CA-HBA/PSF membranes showed two peaks
corresponding to Cu cations, as shown in Figure 11.
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3.7. Parameters Affecting Membrane Performance
3.7.1. Contact Time

The results shown in Figure 12 reveal a gradual increase in the removal uptake with
time for one hour; after this, no additional increase in the removal efficiency was observed
with an increase in time. This may be attributed to the saturation of the active sites by Cu
(II) ions [30].
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3.7.2. Effect of Adsorbate Concentration

Figure 13 shows the effect of the initial CuSO4 solution concentration on the removal
process. The results revealed an increase in the removal efficiency up to an adsorbate
concentration of 6 ppm; afterward, a slight increase was observed.
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3.7.3. Effect of pH

The most important factor affecting the cation removal process from aqueous solution
is the pH of the solution. Figure 14 shows the removal efficiency of the membranes towards
Cu (II) ions at various pH values, with all other factors being kept constant. The results
reveal that the adsorption capacity reached its maximum value at pH = 7. Acidic pH values
afforded the aqueous copper solution with extra protons, which competed with Cu (II)
cations on the adsorption active sites, thus reducing the removal efficiency for the Cu (II)
cations. However, basic pH values enhanced the precipitation of Cu(OH)2, thus decreasing
the adsorption of the copper cations on the adsorption active sites [35,40].
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Figure 14. Effect of pH on the adsorption of Cu (II) by CA-HBA/PSF (15:85).

From the above-mentioned data, it was determined that the optimal conditions for
the removal of copper ions from aqueous solution by CA-HBA-PSF membranes are an
absorbate concentration of 6 ppm, a contact time of one hour, and a pH = 7. Moreover, the
15:85 CA-HBA:PSF membrane exhibited the best copper cation uptake compared to the
other blended membranes; this was attributed to the increase in the carboxylic groups of
the HBA moieties in the polymeric matrix of this membrane. The carboxylic groups might
have formed coordination or covalent bonds with the copper ions [40].
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3.8. Desorption of Metal Ions and Reusability of the CA-HBA/PSF Membranes

The desorption process occurred using a 0.1 M HNO3 solution. The volume of nitric
acid affected the recovery %. The results revealed that a quantitative recovery was obtained
for 10 mL of HNO3 (99%). All the membranes showed reusability up to 10 times without
losing efficiency (Figure 15).

Membranes 2024, 14, x FOR PEER REVIEW 16 of 21 
 

 

 
Figure 14. Effect of pH on the adsorption of Cu (II) by CA-HBA/PSF (15:85). 

From the above-mentioned data, it was determined that the optimal conditions for 
the removal of copper ions from aqueous solution by CA-HBA-PSF membranes are an 
absorbate concentration of 6 ppm, a contact time of one hour, and a pH = 7. Moreover, the 
15:85 CA-HBA:PSF membrane exhibited the best copper cation uptake compared to the 
other blended membranes; this was attributed to the increase in the carboxylic groups of 
the HBA moieties in the polymeric matrix of this membrane. The carboxylic groups might 
have formed coordination or covalent bonds with the copper ions [40]. 

3.8. Desorption of Metal Ions and Reusability of the CA-HBA/PSF Membranes 
The desorption process occurred using a 0.1 M HNO3 solution. The volume of nitric 

acid affected the recovery %. The results revealed that a quantitative recovery was ob-
tained for 10 mL of HNO3 (99%). All the membranes showed reusability up to 10 times 
without losing efficiency (Figure 15). 

 
Figure 15. Removal percentages of various reused membranes without losing their efficiencies. 

3.9. Desalination 
The salt removal percentage was calculated from Equation (5). The results revealed 

that all the membranes exhibited excellent salt removal efficiencies compared to the low 
efficiency of PSF (Table 7). 

0.0

20.0

40.0

60.0

80.0

100.0

0 2 4 6 8 10

qe
(m

g/
g)

pH

Figure 15. Removal percentages of various reused membranes without losing their efficiencies.

3.9. Desalination

The salt removal percentage was calculated from Equation (5). The results revealed
that all the membranes exhibited excellent salt removal efficiencies compared to the low
efficiency of PSF (Table 7).

Table 7. Desalination efficiencies of CA-HBA/PSF membranes compared to that of PSF.

Membrane Removal %

PSF 8.2
CA-HBA/PSF 95% 52.5
CA-HBA/PSF 90% 66.6
CA-HBA/PSF 85% 89.8

The increase in HBA moieties corresponds to an increase in the number of carboxylic
groups, which might have been transformed into sodium carboxylate [40].

Figure 16 confirms the extraction of NaCl from water by various CA-HBA/PSF mem-
branes using EDX. EDX showed the peak related to the sodium and chlorine atoms. Thus,
the carboxylic groups acted as active removal sites for the extraction of Na+ cations.

Moreover, the extraction of NaCl by the 5:95 CA-HBA/PSF membrane was confirmed
using 1H NMR spectroscopy after the desalination process (Figure 17). The peak related to
the carboxylic proton at δ = 10.4 ppm disappeared as it was substituted with the sodium
ions. Thus, the extraction of NaCl by the CA-HBA membranes occurred mainly through
the trapping of salt inside the polymeric matrix, forming chemical bonds (–COONa), and
not only through the influence of pressure and pore size (Scheme 2).
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4. Conclusions
The modification of CA with HBA was characterized using SEM, 1H NMR, 13C NMR,

and UV-Vis spectroscopy. Although the HBA moieties improved the hydrophilicity and
increased the number of active sites for metal cation adsorption and salt extraction, they
did not enhance the thermal stability at high temperatures. To address this, blending the
modified polymer with PSF in different ratios was performed to improve the membrane’s
thermal stability, as confirmed by the TGA data. Membranes with CA-HBA/PSF com-
positions of 15:85, 10:90, and 5:95 were selected for their superior thermal performance.
Among these, the 15:85 CA-HBA/PSF membrane exhibited the highest removal efficiency
for Cu (II) cations due to its higher content of carboxylic groups serving as active sites.
Moreover, the 15:85 CA-HBA/PSF blend demonstrated the best desalination performance,
achieving 89.8% salt rejection, which was attributed to the transformation of carboxylic
groups present in the HBA moieties to the corresponding sodium carboxylates, as observed
from the 1H NMR and EDX analyses. All the membranes showed reusability up to 10 times
without losing efficiency.



Membranes 2025, 15, 38 19 of 20

Author Contributions: Conceptualization, A.S.A.-N. and Y.A.; Data curation, L.A. and A.S.A.-N.;
Formal analysis, L.A. and B.A.; Investigation, A.S.A.-N.; Methodology, L.A., A.S.A.-N. and B.A.;
Resources, S.A., B.A., A.A.-D. and W.A.-M.; Software, L.A., A.A.-D. and W.A.-M.; Validation,
A.S.A.-N., S.A., A.A.-D. and W.A.-M.; Writing—original draft, L.A., A.S.A.-N., S.A. and Y.A.; Writing—
review & editing, A.S.A.-N. and Y.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Ministry of Learning and Education, KSA project (IF 22-45).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Zhang, T.; Xiao, C.; Zhao, J.; Liu, X.; Ji, D.; Zhang, H. One-step facile fabrication of PVDF/graphene composite nanofibrous

membrane with enhanced oil affinity for highly efficient gravity-driven emulsified oil/water separation and selective oil
absorption. Sep. Purif. Technol. 2021, 254, 117576. [CrossRef]

2. Ingrao, C.; Strippoli, R.; Lagioia, G.; Huisingh, D. Water scarcity in agriculture: An overview of causes, impacts and approaches
for reducing the risks. Heliyon 2023, 9, e18507. [CrossRef] [PubMed]

3. Aziz, K.H.H.; Mustafa, F.S.; Omer, K.M.; Hama, S.; Hamarawf, R.F.; Rahman, K.O. Heavy metal pollution in the aquatic
environment: Efficient and low-cost removal approaches to eliminate their toxicity: A review. RSC Adv. 2023, 13, 17595–17610.
[CrossRef] [PubMed]

4. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some heavy
metals. Interdiscip. Toxicol. 2014, 7, 60. [CrossRef]

5. Hussain, S.; Khan, M.; Sheikh, T.M.M.; Mumtaz, M.Z.; Chohan, T.A.; Shamim, S.; Liu, Y. Zinc essentiality; toxicity, and its bacterial
bioremediation: A comprehensive insight. Front. Microbiol. 2022, 13, 900740. [CrossRef]

6. Qasem, N.A.A.; Mohammed, R.H.; Lawal, D.U. Removal of heavy metal ions from wastewater: A comprehensive and critical
review. NPJ Clean. Water 2021, 4, 36. [CrossRef]

7. Serbanescu, O.S.; Voicu, S.I.; Thakur, V.K. Polysulfone functionalized membranes: Properties; challenges. Mater. Today Chem. 2020,
17, 100302. [CrossRef]

8. Mamidi, N.; García, R.G.; Martínez, J.D.H.; Briones, C.M.; Ramos, A.M.M.; Tamez, M.F.L.; Del Valle, B.G.; Segura, F.J.M. Recent
advances in designing fibrous biomaterials for the domain of biomedical, clinical, and environmental applications. ACS Biomater.
Sci. Eng. 2022, 8, 3690–3716. [CrossRef]

9. Li, Z.; Jia, Y.; Bai, S. Polysulfone foam with high expansion ratio prepared by supercritical carbon dioxide assisted molding
foaming method. RSC Adv. 2018, 8, 2880–2886. [CrossRef] [PubMed]

10. Lee, X.J.; Show, P.L.; Katsuda, T.; Chen, W.-H.; Chang, J.-S. Surface grafting techniques on the improvement of membrane
bioreactor: State-of-the-art advances. Bioresour. Technol. 2018, 269, 489–502. [CrossRef] [PubMed]

11. Shih, L.; Shen, M.-H.; Van, Y.-T. Microbial synthesis of poly (ε-lysine) and its various applications. Bioresour. Technol. 2006, 97,
1148–1159. [CrossRef] [PubMed]

12. Ba-Abbad, M.M.; Mahmud, N.; Benamor, A.; Mahmoudi, E.; Takriff, M.S.; Mohammad, A.W. Improved properties and salt
rejection of polysulfone membrane by incorporation of hydrophilic cobalt-doped ZnO nanoparticles. Emergent Mater. 2024, 7,
509–519. [CrossRef]

13. Mahlangu, O.T.; Mamba, G.; Mamba, B.B. A facile synthesis approach for GO-ZnO/PES ultrafiltration mixed matrix photocatalytic
membranes for dye removal in water: Leveraging the synergy between photocatalysis and membrane filtration. J. Environ. Chem.
Eng. 2023, 11, 110065. [CrossRef]

14. Salim, S.H.; Al-Anbari, R.H.; Haider, A. Polysulfone/TiO2 thin film nanocomposite for commercial ultrafiltration membranes. J.
Appl. Sci. Nanotechnol. 2022, 2, 80–89. [CrossRef]

15. Hebbar, R.S.; Isloor, A.M.; Ismail, A.F. Preparation of antifouling polyetherimide/hydrolysed PIAM blend nanofiltration
membranes for salt rejection applications. RSC Adv. 2014, 4, 55773–55780. [CrossRef]

16. Zailani, M.Z.; Ismail, A.F.; Goh, P.S.; Kadir, S.H.S.A.; Othman, M.H.D.; Hasbullah, H.; Abdullah, M.S.; Ng, B.C.; Kamal, F.;
Mustafar, R. Immobilizing chitosan nanoparticles in polysulfone ultrafiltration hollow fibre membranes for improving uremic
toxins removal. J. Environ. Chem. Eng. 2021, 9, 106878. [CrossRef]

17. Yasir, A.T.; Benamor, A.; Hawari, A.H.; Mahmoudi, E. Graphene oxide/chitosan doped polysulfone membrane for the treatment
of industrial wastewater. Emergent Mater. 2023, 6, 899–910. [CrossRef]

https://doi.org/10.1016/j.seppur.2020.117576
https://doi.org/10.1016/j.heliyon.2023.e18507
https://www.ncbi.nlm.nih.gov/pubmed/37534016
https://doi.org/10.1039/D3RA00723E
https://www.ncbi.nlm.nih.gov/pubmed/37312989
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.3389/fmicb.2022.900740
https://doi.org/10.1038/s41545-021-00127-0
https://doi.org/10.1016/j.mtchem.2020.100302
https://doi.org/10.1021/acsbiomaterials.2c00786
https://doi.org/10.1039/C7RA11760D
https://www.ncbi.nlm.nih.gov/pubmed/35541205
https://doi.org/10.1016/j.biortech.2018.08.090
https://www.ncbi.nlm.nih.gov/pubmed/30172460
https://doi.org/10.1016/j.biortech.2004.08.012
https://www.ncbi.nlm.nih.gov/pubmed/16551535
https://doi.org/10.1007/s42247-023-00613-w
https://doi.org/10.1016/j.jece.2023.110065
https://doi.org/10.53293/jasn.2022.4528.1121
https://doi.org/10.1039/C4RA05791K
https://doi.org/10.1016/j.jece.2021.106878
https://doi.org/10.1007/s42247-023-00504-0


Membranes 2025, 15, 38 20 of 20

18. Nasibiselahchin, A.; Soltanolkottabi, F. Surface modification of polysulfone reverse osmosis membrane with chitosan-modified
zinc oxide for water desalination. Environ. Technol. 2023, 45, 3912–3923. [CrossRef]

19. Abu-Zurayk, R.; Alnairat, N.; Khalaf, A.; Ibrahim, A.A.; Halaweh, G. Cellulose Acetate Membranes: Fouling Types and
Antifouling Strategies—A Brief Review. Processes 2023, 11, 489. [CrossRef]

20. Vatanpour, V.; Pasaoglu, M.E.; Barzegar, H.; Teber, O.O.; Kaya, R.; Bastug, M.; Khataee, A.; Koyuncu, I. Cellulose acetate in
fabrication of polymeric membranes: A review. Chemosphere 2022, 295, 133914. [CrossRef]

21. Qin, X.; Feng, X.; Hu, D. From asymmetry to symmetry: Biomimetic multi-channel structures for enhanced desalination using
co-dissolving porogens. J. Memb. Sci. 2023, 685, 121914. [CrossRef]

22. Al Ansari, Z.; Vega, L.F.; Zou, L. Emulsified oil fouling resistant cellulose acetate-MoS2-nanocomposite membrane for oily
wastewater remediation. Desalination 2024, 575, 117335. [CrossRef]

23. Mansor, E.S.; Abdallah, H.; Shaban, A.M. Development of TiO2/polyvinyl alcohol-cellulose acetate nanocomposite reverse
osmosis membrane for groundwater-surface water interfaces purification. Mater. Sci. Eng. B 2023, 289, 116222. [CrossRef]

24. Sultana, N.; Rahman, R. Electrospun nanofiber composite membranes based on cellulose acetate/nano-zeolite for the removal of
oil from oily wastewater. Emergent Mater. 2022, 5, 145–153. [CrossRef]

25. Fatiatun; Bakar, S.A.; Mohamed, A.; Kusuma, H.H.; Muqoyyanah; Mohamat, R.; Kumar, V.V.; Ali, K.; Nuryadi, R.; Azis, M.N.A.
High Methylene Blue Adsorption Efficiency of Cellulose Acetate-Based Electrospun Nanofiber Membranes Modified with
Graphene Oxide and Zeolite. Int. J. Environ. Res. 2025, 19, 18. [CrossRef]

26. Oprea, M.; Voicu, S.I. Cellulose acetate-based membranes for the removal of heavy metals from water in the context of circular
economy. Ind. Crops Prod. 2023, 206, 117716. [CrossRef]

27. Rajeswari, A.; Christy, E.J.S.; Mary, G.I.C.; Jayaraj, K.; Pius, A. Cellulose acetate based biopolymeric mixed matrix membranes
with various nanoparticles for environmental remediation-A comparative study. J. Environ. Chem. Eng. 2019, 7, 103278. [CrossRef]

28. Diainabo, K.J.; Mthombeni, N.H.; Motsa, M. Preparation and characterization of hybrids of cellulose acetate membranes blended
with polysulfone and embedded with silica for Copper(II), Iron(II) and Zinc(II) removal from contaminated solutions. J. Polym.
Environ. 2021, 29, 3587–3604. [CrossRef]

29. Abuelizz, H.A.; Taie, H.A.A.; Bakheit, A.H.; Mostafa, G.A.E.; Marzouk, M.; Rashid, H.; Al-Salahi, R. Investigation of 4-
hydrazinobenzoic acid derivatives for their antioxidant activity: In vitro screening and DFT study. ACS Omega 2021, 6, 31993–
32004. [CrossRef]

30. Saleh, M.; Abdel-Naby, A.; Al-Ghamdi, A.; Al-Shahrani, N. Graft copolymerization of Diallylamine onto starch for water treatment
use characterization, removal of Cu (II) cations and antibacterial activity. J. Polym. Res. 2021, 28, 202. [CrossRef]

31. Wang, W.; Bai, Q.; Liang, T.; Bai, H.; Liu, X. Two-sided surface oxidized cellulose membranes modified with PEI: Preparation,
characterization and application for dyes removal. Polymers 2017, 9, 455. [CrossRef] [PubMed]

32. Vetrivel, S.; Saraswathi, M.S.A.; Rana, D.; Nagendran, A. Fabrication of cellulose acetate nanocomposite membranes using 2D
layered nanomaterials for macromolecular separation. Int. J. Biol. Macromol. 2018, 107, 1607–1612. [CrossRef]

33. Mulyati, S.; Aprilia, S.; Muchtar, S.; Syamsuddin, Y.; Rosnelly, C.M.; Bilad, M.R.; Samsuri, S.; Ismail, N.M. Fabrication of
Polyvinylidene Difluoride Membrane with Enhanced Pore and Filtration Properties by Using Tannic Acid as an Additive.
Polymers 2022, 14, 186. [CrossRef] [PubMed]

34. Ndlwana, L.; Sikhwivhilu, K.; Moutloali, R.M.; Ngila, J.C. Heterogeneous functionalization of polyethersulfone: A new approach
for pH-responsive microfiltration membranes with enhanced antifouling properties. J. Membr. Sci. Res. 2020, 6, 178–187.

35. Abdel-Naby, A.; Alabdullatif, B.A.; Aldulaijan, S.; Alqarni, Y. Synthesis and characterization of p-carboxy phenyl amino
maleimide-g-cellulose acetate/ZrO2 nanocomposite membrane for water desalination. Water Reuse 2023, 13, 345–368. [CrossRef]

36. Li, L.; Hou, J.; Ye, Y.; Mansouri, J.; Chen, V. Composite PVA/PVDF pervaporation membrane for concentrated brine desalination:
Salt rejection, membrane fouling and defect control. Desalination 2017, 422, 49–58. [CrossRef]

37. Meier, H.; Stalmach, U.; Kolshorn, H. Effective conjugation length and UV/vis spectra of oligomers. Acta Polym. 1997, 48, 379–384.
[CrossRef]

38. Abdel-Naby, A.S.; Al-Ghamdi, A.A. Effect of crystallinity on the thermal and photo-stabilization of PVC/poly (AN-DAA) blend.
Int. J. Polym. Anal. Charact. 2020, 25, 8–17. [CrossRef]

39. Abdel-Naby, A.S.; Al-Ghamdi, A.A. Chemical modification of cellulose acetate by diallylamine. Int. J. Curr. Microbiol. Appl. Sci.
2014, 3, 10–24.

40. Abdel-naby, A.S.I. Method for Removing Metal Ions from Water with a Nanocomposite Film. U.S. Patent 2023312379-A1, 23
August 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/09593330.2023.2237657
https://doi.org/10.3390/pr11020489
https://doi.org/10.1016/j.chemosphere.2022.133914
https://doi.org/10.1016/j.memsci.2023.121914
https://doi.org/10.1016/j.desal.2024.117335
https://doi.org/10.1016/j.mseb.2022.116222
https://doi.org/10.1007/s42247-021-00326-y
https://doi.org/10.1007/s41742-024-00683-6
https://doi.org/10.1016/j.indcrop.2023.117716
https://doi.org/10.1016/j.jece.2019.103278
https://doi.org/10.1007/s10924-021-02094-6
https://doi.org/10.1021/acsomega.1c04772
https://doi.org/10.1007/s10965-021-02558-2
https://doi.org/10.3390/polym9090455
https://www.ncbi.nlm.nih.gov/pubmed/30965756
https://doi.org/10.1016/j.ijbiomac.2017.10.027
https://doi.org/10.3390/polym14010186
https://www.ncbi.nlm.nih.gov/pubmed/35012208
https://doi.org/10.2166/wrd.2023.036
https://doi.org/10.1016/j.desal.2017.08.011
https://doi.org/10.1002/actp.1997.010480905
https://doi.org/10.1080/1023666X.2020.1737466

	Introduction 
	Materials and Methods 
	Instruments 
	Chemicals 
	Synthesis of the CA–HBA Modified Polymer 
	General Preparation of Stock Solution of Metal Ions 
	Procedures 
	Fabrication of Membrane 
	Surface Hydrophilicity and Contact Angle Measurement 
	Method of Metal Ion Removal 
	Water Flux 
	Membrane Porosity and Pore Size 
	Regeneration of Metal Ions 
	Preparation of the NaCl Solution 
	Desalination Process 


	Results 
	Spectroscopic Analysis 
	Thermal Stability 
	Crystallinity 
	Morphological Characterization 
	Contact Angle and Surface Hydrophilicity 
	Membrane Performance 
	Water Flux 
	Membrane Porosity and Pore Size 
	Removal of Cu (II) Ions 

	Parameters Affecting Membrane Performance 
	Contact Time 
	Effect of Adsorbate Concentration 
	Effect of pH 

	Desorption of Metal Ions and Reusability of the CA-HBA/PSF Membranes 
	Desalination 

	Conclusions 
	References

