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Abstract 

Desalination has emerged as a crucial solution to the growing demand for water, particularly in water-stressed nations, where 

desalination produces significantly more water than freshwater supplies. This study investigates the synthesis and characterization of novel 

metal-doped silica nanocomposite polysulfone (PSU) membranes to enhance their desalination performance. Green synthesis of PSU-Silica-

Titanium and PSU-Silica-Zinc membranes. Qusing citrus peel extract was conducted. The membranes were characterized using X-ray 

diffraction (XRD), Raman spectroscopy, Brunauer-Emmett-Teller (BET) analysis, dynamic light scattering (DLS), zeta potential 

measurements, SEM-EDX, and transmission electron microscopy (TEM).  Antimicrobial tests and quartz crystal microbalance (QCM) 

techniques were employed to evaluate the performance and salt rejection of the membranes. The presence of titanium and zinc oxide was 

confirmed by XRD, which showed a broad peak, suggesting the amorphous nature of PSU. Raman spectroscopy showed that the PSU 

structure was maintained. BET analysis revealed that the Si-TiO2 membrane had a larger pore volume and a lower surface area (0.10564 

m²/g) than the Si-ZnO membrane (0.03283 m²/g). The DLS results indicated a smaller particle size for Si-TiO2 compared to Si-ZnO. The 

SEM-EDX results suggested greater aggregation in the Si-ZnO nanocomposite. The PSU- Si-TiO2 nanoparticles were spherical (20–50 nm) 

in the TEM images, whereas the PSU- Si-ZnO nanoparticles were irregular (30–80 nm). PSU-Si-TiO2 exhibited superior antimicrobial 

activity. Antimicrobial testing showed significant activity against microorganisms, although the PSU-Si-ZnO membranes had lower MIC and 

MBC values against E. coli, indicating their potential for both antimicrobial and anti-biofouling applications. The PSU-Si-TiO2 membrane 

demonstrated a good mix of stability (-0.53 Hz/min change) and salt rejection (1.02 μg/cm² adsorption), according to the QCM analysis. 

Despite certain improvements, the PSU-Si-ZnO membrane may have long-term challenges. In conclusion, both membranes exhibited high 

salt adsorption capacities, indicating their potential for specific ion removal, but may require further optimization for broader desalination 

applications.  

Keywords:Polysulfone membrane; Nanocomposite; Water desalination; Titanium Nanocomposite; Zinc Nanocomposite; Silica 

nanoparticles. 

____________________________________________________________________________________________________________ 

 

1. Introduction 

With advancements in science and technology, biomedicine, particularly in biomedical materials, has experienced rapid 

growth. Achieving low toxicity and excellent biocompatibility remains critical in developing these materials[1,2]. 

Seawater desalination has emerged as a promising strategy for addressing the global water crisis, particularly in 

water-scarce regions. It is a reliable alternative to traditional freshwater sources. Recent advancements in modern desalination 

technologies, particularly reverse osmosis (RO) and multi-stage flash distillation (MSF), have significantly improved their 

efficiency and reduced costs. These developments have made desalination an increasingly viable option for addressing global 

water scarcity [3,4]. However, desalination is energy-intensive, potentially contributing to greenhouse gas emissions if 

powered by fossil fuels [4]. Research has focused on improving membrane technology, which is an essential part of many 

desalination processes [5–7]. The salinity of the feed water, desired water quality, cost and availability of energy, 

environmental considerations, and intended use of the desalinated water all influence the choice of desalination method [8]. 

Polymeric membranes, such as polysulfone (PSU), have emerged as popular polymers for membrane fabrication in 

water desalination applications. They possess excellent physicochemical properties, remarkable thermal stability, strong 
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chemical resistance to various substances, including bases, acids, and chlorine, sufficient mechanical strength, and are suitable 

for large-scale production [9,10]. However, PSU membranes face challenges such as membrane fouling and wetting, which 

are two primary concerns. These issues have spurred extensive research into PSU membrane modifications to enhance their 

properties and overcome their inherent limitations [11]. 

Recent advancements in the modification of PSU membranes have focused on incorporating nanoparticles to 

enhance desalination efficiency. Researchers have explored the use of carbon nanotubes, silica nanoparticles, metal oxides, 

and nanocomposites for their potential to improve membrane properties [7,12,13]. Integrating nanocomposites into polymeric 

membranes has revolutionized membrane technology, significantly enhancing their performance and expanding their 

applications in various fields, such as water purification, gas separation, and biomedical sciences. This synergistic 

combination of nanomaterials and polymers leads to superior performance characteristics and addresses many of the 

limitations associated with conventional polymeric membranes [14]. 

Recent studies have investigated the incorporation of additives to improve membrane performance [15]. One study 

specifically focused on the fabrication of composite microfiltration membranes using a commercially available PSU polymer, 

incorporating polyethylene glycol (PEG) and sodium alginate (SA) through a non-solvent-induced phase separation (NIPS) 

method [16]. The results revealed that PEG-modified membranes exhibited higher porosity and flux than those modified with 

SA, demonstrating PEG's effectiveness of PEG as a pore-forming agent. In contrast, the SA-blended membranes exhibited 

lower contact angles, indicating higher hydrophilicity. These findings underscore how the introduction of additives can 

significantly alter the membrane structure and morphology, enhancing the porosity and tailoring the surface properties [17]. 

A recent study reported the development of a novel PSU ultrafiltration membrane designed for wastewater 

treatment using the (NIPS) technique. In this study, we incorporated a zinc ferrate-reduced graphene oxide (ZnFe2O4-rGO) 

nanocomposite as a modifier. They found that at an optimal concentration of 0.1 % w/v, the modified membrane significantly 

enhanced its hydrophilicity, permeability, and antifouling properties. This study demonstrates the potential of nanocomposite 

additives to improve PSU membrane performance [18]. A study investigated the production of three membranes with varying 

proportions of molybdenum sulfide (MoS₂) nanopowder. The effectiveness of these membranes improved with increased 

water permeability, while maintaining excellent salt retention. Various characterization methods were employed to evaluate 

the membranes, including scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) analysis, and zeta potential 

measurements. The water permeability of the polyamide membrane containing 0.015% w/v PA-MoS₂ was measured at 29.79 

L/m²·h·bar, which was significantly higher than that of the membranes with 0.005% w/v (19.36 L/m²·h·bar) and 0.01% w/v 

(3.63 L/m²·h·bar) PA-MoS₂. Under the same conditions, the membranes demonstrated salt rejection rates exceeding 96.0% for 

NaCl and 97.0% for MgSO₄. SEM analysis indicated that the 0.015% PA-MoS₂ membrane exhibited lower surface roughness, 

greater hydrophobicity, and higher water contact angle. However, due to the hydrophobic nature of MoS₂, these properties 

contributed to its lower salt rejection capabilities, greater hydrophobicity, and higher water contact angle. However, due to the 

hydrophobic nature of MoS₂, these properties contributed to its lower salt rejection capabilities [19]. 

A study investigated the preparation of a Polysulfone-Polyethylene Glycol (PS/PEG) flat sheet membrane using the 

phase inversion technique, with Dimethyl Formamide (DMF) as the solvent and deionized water as the coagulant. Different 

amounts of Polyethylene Glycol (PEG) were incorporated as polymeric improvers and pore-forming agents. To enhance the 

membrane performance, various nanoparticles have been incorporated, including single-walled carbon nanotubes (SWCNTs), 

multi-walled carbon nanotubes (MWCNTs), aluminum oxide (Al₂O₃), and copper oxide (CuO). The membranes, including 

neat PS, PS/PEG, and nanocomposite-modified membranes (M1, M2, M3, and M4), were characterized using Fourier-

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and dynamic mechanical analysis (DMA). 

Their efficiency was evaluated using an Enhanced Direct Contact Membrane Distillation (EDCMD) unit, testing synthetic and 

saline water samples at a feed temperature of 60 °C. The membranes demonstrated a high salt rejection rate of 99.99%, with 

the maximum permeate flux observed in the following order: SWCNTs (20.91 L/m²·h) >Al₂O₃ (19.92 L/m²·h) >CuO (18.92 

L/m²·h) > MWCNTs (18.20 L/m²·h). The optimal conditions for the process included feed and permeate temperatures of 60°C 

and 20°C, respectively. The PS/PEG/SWCNT membrane, which contained 0.5 wt.% SWCNTs exhibited a flux of 5.97 L/m²·h 

and demonstrated stable performance over 480 minutes of continuous desalination testing. This indicates the promising 

potential of the PS/PEG/SWCNT-modified membrane for water desalination applications using EDCMD [20]. Overall, 

previous studies suggest that various methods can enhance polysulfone (PSU) membranes, with each enhancement affecting 

properties such as hydrophilicity, salt rejection, water flux, or durability in different ways. 

This study aimed to develop and characterize a novel nanocomposite polysulfone (PSU) membrane with enhanced 

desalination and antimicrobial properties through the synthesis of Silica-metal oxides in situ instead of preparing every 

nanoparticle alone then adding them to the membrane. Using a casting method, distinct PSU-based membranes were created, 

each modified with silica-based nanocomposites containing titanium and zinc, which imparted specific functionalities to the 

PSU base. Polysulfone was selected for its excellent mechanical strength, thermal stability, and chemical resistance.   

The study is focused on improving the performance of membranes in specific filtration and separation processes, 

such as removing salt from seawater to produce freshwater in addition to enhancing antifouling and selectivity. 

This study utilized advanced analytical techniques to characterize these membranes, employing nanocomposites 

synthesized from citrus peels to minimize the use of harmful chemicals. Key analytical methods included X-ray Diffraction 

(XRD) for assessing the crystalline structure, Raman spectroscopy for investigating molecular interactions, and Brunauer-

Emmett-Teller (BET) analysis for evaluating the surface area and porosity. Dynamic Light Scattering (DLS) will be used to 

measure the particle size distribution, while zeta potential analysis will be used to assess the stability of the membranes in 

aqueous environments. Additionally, Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-

EDX) will provide insights into membrane morphology, and Transmission Electron Microscopy (TEM) will visualize the 

distribution of nanocomposites. To evaluate practical performance, salt rejection and antibiofouling activity were measured 
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using Quartz Crystal Microbalance (QCM) techniques and antimicrobial tests, respectively. This comprehensive approach 

aims to clarify the relationship between the structure, properties, and performance of these innovative PSU membranes, 

contributing to the development of more efficient and fouling-resistant membranes for desalination applications. 

 

2. Results and Discussion 

2.1. X-ray diffraction and Spectroscopy Analysis 

The XRD patterns of both samples, PSU-Si-TiO2 and Si-ZnO PSU membranes (Figure 1), provide valuable 

information about their crystalline structure and composition. The membranes exhibited a characteristic broad peak centered 

at approximately 18-20°, indicating the amorphous nature of the polysulfone (PSU) polymer matrix. This standard feature 

confirmed the presence of PSU as the base material in all membranes [21]. The Si-TiO2 PSU membrane exhibited additional 

sharp peaks at 25.3°, 37.8°, and 48.0°, which can be attributed to titanium dioxide (TiO2) in its anatase phase. These peaks 

confirmed the successful incorporation of Ti into the PSU membrane. The sharpness of these peaks indicates the crystalline 

nature of the TiO2 particles, suggesting well-formed nanostructures within the polymer matrix [22,23]. In the case of the 

PSU-Si-ZnO membrane, distinct peaks were observed at 31.8°, 34.4°, and 36.3°. These peaks correspond to the (100), (002), 

and (101) planes of hexagonal wurtzite ZnO, respectively [24]. The presence of these peaks confirmed the incorporation of 

ZnO oxide nanoparticles into the membrane. The relatively high intensity of these peaks indicates good dispersion of ZnO 

within the PSU matrix, which could potentially enhance the functional properties of the membrane [25]. The differences in the 

peak intensities and positions among the samples indicate varying degrees of crystallinity and particle sizes of the 

incorporated metals. The sharp peaks in the Ti and ZnO-containing membranes suggest the formation of crystalline 

nanoparticles within the polymer matrix, which can potentially enhance the functional properties of these membranes for 

various applications, such as water purification and antimicrobial activity. 

 
Figure 1 XRD patterns of both samples (A is PSU-Si-TiO2  and B is PSU-Si-ZnO) 

Raman and Fourier-transform infrared spectroscopy were employed to analyze the structural characteristics of both 

nanocomposite polysulfone (PSU) membranes: Si-TiO2 and Si-ZnO. The Raman spectra provide valuable insights into the 

molecular structure, interactions, and potential modifications induced by incorporating different nanoparticles into PSU 

matrices. Both samples exhibited characteristic peaks associated with the PSU matrix, indicating that the fundamental 

polymer structure was preserved in both nanocomposite membranes. Figures  2 and 3 show that the key PSU peaks observed 

include (790-800 cm⁻¹: Symmetric C-S-C stretching), (1070-1080 cm⁻¹: Symmetric O=S=O stretching), (1110-1120 cm⁻¹: 

Asymmetric O=S=O stretching) and (1150-1160 cm⁻¹: C-O-C symmetric stretching)  [3,4]. These peaks confirmed the 

presence of sulfone and ether groups, which are typical of PSU. The presence of silica nanoparticles in both samples is 

evidenced by the peak at 410-420 cm⁻¹, attributed to Si-O-Si bending vibrations. However, this peak was most prominent in 

the Si-TiO2 sample (414 cm⁻¹) and appeared to shift to higher wavenumbers (477 cm⁻¹) in the Si-ZnO. This shift may indicate 

different interactions between the silica nanoparticles and the metal dopants. The Si-TiO2 sample exhibited the most intense 

peaks, suggesting a higher degree of crystallinity or order in the membrane structure. The unique peak at 588 cm⁻¹ can be 

attributed to Ti-O-Si vibrations, indicating the successful incorporation of Ti into the silica network. The enhanced intensity 

of the PSU peaks (e.g., 1151 cm⁻¹ and 1584 cm⁻¹) suggests that Ti incorporation may lead to a more ordered polymer 

structure. The absence of the 580-590 cm⁻¹ peak (PSU ring deformation) suggests that Zn incorporation may affect the ring 

structure of the polymer. A new peak at 477 cm⁻¹ (compared to 414 cm⁻¹ in Si-TiO2) indicates a different Si-O-Si network 

structure, possibly due to the incorporation of ZnO. The variations in the peak intensities and slight shifts in the peak positions 

across the samples suggest different degrees of interaction between the nanoparticles and PSU matrix. Si-TiO2 showed the 



 A.F.Sadik et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025) 

 

 

240 

most substantial evidence of nanoparticle-polymer interactions, with enhanced PSU peak intensities. Si-ZnO shows more 

significant alterations to the PSU structure, possibly indicating stronger or more disruptive interactions. 
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Figure 2 Raman patterns for both membranes: the pattern above is for Si-ZnO, and the one underneath is Si-

TiO2. 
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Figure 3 FT-IR patterns for both membranes: the pattern above is for Si-ZnO, and the one underneath is Si-TiO2 . 

2.2. Surface area, pore characteristics and Dynamic Light Scattering (DLS)  

The surface area and pore characteristics of the nanocomposite membranes (Si-TiO2 and Si-ZnO) were analyzed 

using nitrogen adsorption-desorption isotherms. The key parameters derived from these measurements are listed in Table 1. 
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Table 1. Surface area and pore characteristics of nanocomposite membranes 

Parameter Si-TiO2  Si-ZnO 

BET Surface Area (m²/g) 0.03283 0.10564 

Total Pore Volume (cm³/g) 0.009074 0.001234 

Average Pore Diameter (nm) 1105.4 8.644 

BJH Pore Volume (cm³/g) -0.00019 9.735E-05 

BJH Surface Area (m²/g) 0.1655 0.07246 

NLDFT Pore Volume (cm³/g) 0.012695 0.001804 

NLDFT Peak Pore Diameter (nm) 7.1022 9.631 

The BET surface area of the Si-ZnO membrane showed (0.10564 m²/g), and that of the Si-TiO2 membrane (0.03283 

m²/g). The significantly higher surface area suggests a greater number of available adsorption sites, which could enhance its 

interaction with water molecules and potentially improve its desalination performance [5,26]. The Si-ZnO membrane 

exhibited a considerably higher surface area than Si-TiO2. Interestingly, the Si-TiO2 membrane exhibited a higher total pore 

volume (0.009074 cm³/g) than the Si-ZnO membrane (0.001234 cm³/g). This suggests that the pore structure of the Si-TiO2   

membrane might be composed of larger, more open pores, while the Si-ZnO membrane may have a much denser structure 

with limited pore space [5,27].  

  The average pore diameters calculated from the BET analysis showed significant membrane variations. The Si-

TiO2 membrane exhibited an exceptionally large average pore diameter (1105.4 nm), consistent with its low surface area and 

relatively high pore volume, whereas the Si-ZnO membrane showed the smallest average pore diameter (8.644 nm), 

indicating a structure with predominantly small pores [27]. BJH analysis provides insights into the mesoporous structure of 

the membrane. This demonstrates that the Si-ZnO membrane has a very low BJH pore volume and surface area. The Si-TiO2 

 membrane showed a negative BJH pore volume, possibly due to limitations in the BJH model for materials with very large 

[28]. Nonlocal density functional theory (NLDFT) analysis provides a more accurate assessment of the pore size distribution, 

particularly for microporous and mesoporous materials. The NLDFT pore volumes are generally higher than those obtained 

from the BJH analysis, with the Si-TiO2 showing a value of (0.012695 cm³/g) and the Si-ZnO membrane showing (0.001804 

cm³/g). The peak pore diameters from the NLDFT analysis show that the peak pore size of the Si-ZnO membrane was (9.631 

nm), and that of the Si-TiO2 membrane (7.1022 nm). 

Dynamic Light Scattering (DLS) analysis revealed distinct size distributions for each nanocomposite, indicating 

successful synthesis and size control. Table 2 and figure 3 summarize the key parameters for each sample. 

 
Figure 4 Particle size for both nanocomposites 
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Table 2. DLS analysis results for nanocomposite samples 

Sample Mean Diameter 

(nm) 

Standard Deviation 

(nm) 

Polydispersity Index 

(PDI) 

ST 72.4 91.6 1.60 

SZ 83.2 504.3 36.71 

 

The incorporation of titanium led to a significant reduction in the particle size, with a mean diameter of 72.4 nm and 

a standard deviation of 91.6 nm. The lower PDI (1.60) indicates a more monodisperse distribution than that of pure silica 

nanoparticles [8,29]. This size reduction could be due to the titanium precursor acting as a nucleation site and promoting the 

formation of smaller, more uniform particles. The silica-zinc nanocomposite exhibited a mean diameter of 83.2 nm, with a 

standard deviation of 504.3 nm. The high PDI (36.71) indicates a polydisperse sample. The incorporation of zinc resulted in 

smaller particles than pure silica, possibly because zinc ions influenced the silica network formation and limited particle 

growth [8,29]. 

The zeta potential measurements for both nanocomposite samples in Table 3 reveal the critical characteristics of 

their surface properties and stability in aqueous environments. These properties have significant implications for the potential 

use of these membranes in water desalination. The silica-titanium nanocomposite exhibited a zeta potential of -34.4 mV with 

a deviation of 13.5 mV. This highly negative zeta potential indicates a strong negative surface charge, which is beneficial for 

colloidal stability [9,30].  

Table 3. Illustrated zeta potential analysis for nanocomposite samples 

Sample Nanocomposite Zeta Potential (mV) Zeta Deviation (mV) Conductivity (mS/cm) 

1 Silica-Ti -34.4 13.5 0.052 

2 Silica-Zn -6.29 3.5 0.0547 

 

 

In terms of desalination membranes, this negative charge can repel negatively charged foulants, potentially reducing 

membrane fouling [10]. The high magnitude of the zeta potential (>30 mV in absolute value) suggests good stability in 

aqueous suspensions, which is crucial for maintaining consistent performance in desalination. A conductivity of 0.0520 

mS/cm indicates a low ionic concentration in the suspension, which is favorable for maintaining the electrical double layer 

around the particles. In contrast, the silica-zinc nanocomposite showed a markedly different zeta potential of -6.29 mV with a 

deviation of 3.50 mV. This value is considerably closer to zero than that of the other sample, indicating a much weaker 

surface charge. In desalination applications, this near-neutral surface charge may increase particle aggregation and potentially 

increase fouling propensity. The low absolute zeta potential (<10 mV) suggests that this nanocomposite may have lower 

colloidal stability, which could affect its long-term performance and distribution within a polymer matrix for membrane 

fabrication. The conductivity (0.0547 mS/cm) was similar to that of the silica-titanium sample, suggesting comparable ionic 

environments. The zeta potential distribution graphs provided in Table 3 offer additional insights into the behavior of the 

nanocomposites. The silica-titanium nanocomposite exhibited broader peaks in its zeta potential distribution, as evidenced by 

its more significant zeta deviations. This broader distribution suggests a more heterogeneous surface charge, which could be 

beneficial for providing multiple interaction sites within the desalination membrane matrix. The silica-zinc nanocomposite 

displayed a narrower and more symmetrical peak, indicating a more uniform surface charge distribution. However, its 

proximity to zero potential raises concerns regarding stability in aqueous suspensions [9,30].  

2.3. Scanning Electron Microscope, Energy-dispersive X-ray (SEM-EDX), and Transmission Electron Microscopy (TEM) 

The SEM images of the synthesized nanocomposites are shown in Figure 5. This revealed distinct morphological 

features characteristic of silica-based nanoparticles modified with titanium and zinc. Incorporating titanium into the silica 

matrix resulted in a slightly rougher surface texture than that of pure silica nanoparticles [31,32]. 
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A 

 

B 

 

Figure 5 SEM images for both nanocomposites (A is Si-TiO2  and B is Si-ZnO) 

  The particles maintained a generally spherical shape with visible surface irregularities. This texture change 

suggests the successful doping of titanium into the silica structure, which could enhance the photocatalytic properties of the 

material and potentially improve its performance in water treatment applications [32]. The silica-zinc nanocomposite 

exhibited a more pronounced aggregation tendency than the silica-titanium samples [33]. This morphology indicates strong 

interactions between the silica matrix and zinc ions, which could enhance the antimicrobial properties of the final membranes. 

 

The SEM images of the PSU-nanocomposite samples in Figure 6 demonstrate the integration of the synthesized 

nanocomposites into the polysulfone matrix, providing insights into the final membrane structure and its potential 

performance in desalination applications. 

A 

 

B 

 

Figure 6 SEM images for both PSU-nanocomposites (A is PSU-Si-TiO2  and B is PSUSi-ZnO) 

The image shows that incorporating the silica-titanium nanocomposite into PSU resulted in evenly distributed 

nanoparticles, with some areas showing slight aggregation.  

 

This texture could increase the surface roughness, potentially enhancing the antifouling properties and water flux of 

the membrane. The PSU-Silica-Zinc composite exhibited a relatively uniform dispersion of nanoparticles with visible clusters. 

The surface appeared to have a fine granular texture, which may contribute to the increased surface area and potentially 

enhance the membrane's antimicrobial properties due to zinc, exhibiting a unique surface morphology with a fine and granular 
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texture. The pores appear as small structures that can improve salt rejection while maintaining a good water flux. Zinc is 

believed to impart antimicrobial properties, which may help reduce biofouling during desalination. 

The SEM analysis of the nanocomposites and PSU-nanocomposite membranes indicated the successful synthesis 

and integration of silica-based nanoparticles modified with titanium and zinc into the polysulfone matrix. The EDX spectrum 

of the Si-TiO2 nanocomposite shows strong silicon (Si) and oxygen (O) peaks, confirming the successful synthesis of SiO2 

nanoparticles (Figure 10A). Additionally, it shows clear titanium (Ti) peaks, confirming the successful incorporation of Ti 

into the silica matrix (Figure 6A). The relative intensities of the Si, O, and Ti peaks provide insight into the Ti doping level. 

The presence of Ti is crucial for the potential photocatalytic properties, which could enhance the antifouling capabilities of the 

final membrane. The C peak intensity may be slightly higher than that in pure silica owing to the Ti-organic complexes 

formed during synthesis. The data in Figure 7 reveal distinct zinc (Zn) peaks alongside Si and O, indicating the successful 

synthesis of the Silica-Zinc nanocomposite. The Si-ZnO ratio provides information on the degree of zinc incorporation. The 

presence of Zn is essential for imparting antimicrobial properties to the nanocomposite, which is beneficial for biofouling 

resistance in desalination membranes. Any observed shifts in the O peak position or intensity relative to pure silica might 

indicate the formation of Zn-O-Si bonds. 

Incorporating Si-ZnO nanoparticles into polysulfone membranes provides a comprehensive strategy for reducing 

biofouling, organic fouling, and scaling, leading to enhanced filtration efficiency and durability. Zinc oxide exhibits 

antimicrobial properties, and its combination with silica produces a surface that is unfavorable for microbial growth, thereby 

reducing biofilm formation and minimizing biofouling [34].  

A 

 
B 

 

Figure 7 EDX for both samples (A is PSU-Si-TiO2  and B is PSU-Si-ZnO) 

The EDX spectrum of the membranes (PSU-nanocomposites) in Figure 7 shows peaks characteristic of PSU (C, O, 

S) and silica (Si, O) (Figure 8). In addition to the peaks observed, clear Ti peaks are visible, confirming the presence of 

titanium in the nanocomposite. The relative intensities of Si, Ti, and PSU-related peaks provide information on the 

distribution of the nanocomposite within the polymer matrix. The presence of Ti may enhance the membrane's photocatalytic 

properties, potentially improving its anti-fouling performance in desalination applications. The spectrum also shows distinct 

Zn peaks alongside those of PSU and silica, indicating the successful incorporation of the Silica-Zinc nanocomposite into the 

PSU matrix. The Zn: Si and Zn: S ratios provide insights into the distribution of zinc within the nanocomposite and its 
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integration into the polymer structure. The presence of Zn is crucial for imparting antimicrobial properties to the membrane, 

which could significantly reduce biofouling in desalination processes. 

The EDX analysis of the nanocomposites and PSU-nanocomposite membranes provides strong evidence for the 

successful synthesis and integration of silica-based nanoparticles modified with titanium and zinc into the polysulfone matrix. 

The presence of characteristic peaks for Si, Ti, and Zn in their respective nanocomposites validates the effectiveness of the 

green synthesis method using citrus peel extract. It confirms the successful synthesis of the nanocomposites and demonstrates 

the potential of eco-friendly approaches in creating advanced materials for desalination applications. The co-existence of 

peaks from PSU and nanocomposites in the PSU-nanocomposite samples confirms successful incorporation, which is crucial 

for enhancing membrane properties. Furthermore, nanocomposite-related peaks in membrane samples indicate that the 

nanoparticles are retained during the phase inversion. This retention is essential for imparting desired properties to the 

desalination membranes, ensuring that the benefits of the nanocomposites are maintained in the final product. The EDX 

results suggest several potential enhancements for desalination performance. The presence of Ti in the nanocomposites 

indicates possible photocatalytic properties, which could contribute significantly to fouling reduction in the membranes [35]. 

The detection of Zn implies possible antimicrobial properties, essential for protecting against biofouling, a significant 

challenge in desalination procedures [36]. Additionally, observed changes in O: C ratios in nanocomposite membranes 

compared to pure PSU may suggest altered surface hydrophilicity [11]. This could have important implications for water 

permeability and salt rejection, two key performance metrics for desalination membranes. The relative peak intensities in the 

EDX spectra provide valuable insights into nanoparticle loading and distribution within the membranes. It is crucial for 

optimizing membrane performance, as it allows for fine-tuning of the nanocomposite content to achieve the desired balance of 

properties. Together, the SEM analysis and the EDX results offer a comprehensive understanding of the composition and 

structure of the nanocomposite membrane that is critical for determining structure-property relationships and optimizing the 

membranes for desalination applications. 

The significant aggregation of nanoparticles in PSU-Si-Zn membranes, as observed through SEM and DLS analyses, can 

indeed affect membrane performance in several ways. Aggregated particles create irregularities on the membrane surface, 

resulting in non-uniform hydrophilic and hydrophobic areas. This unevenness can negatively impact filtration efficiency and 

antifouling properties. Additionally, it can compromise the structural integrity of the membrane, potentially making it less 

durable under mechanical stress or prolonged operation. The particle clusters may block membrane pores or reduce their 

effective size, hindering fluid flow. Consequently, this results in lower permeability, compromising the overall functionality 

of the membrane. However, using the QCM, the results showed good salt rejection, which is attributed to sonicating the 

solution before placing it on the QCM disc, in addition to the antimicrobial results [37–39]. 

Transmission Electron Microscopy (TEM) was employed to analyze the nanostructure of nanocomposite 

polysulfone (PSU) membranes: Si-TiO2 and Si-ZnO. The TEM images in Figure 8 provide valuable insights into the size, 

shape, distribution, and aggregation of nanoparticles within the polymer matrix, which are crucial factors affecting membrane 

performance in desalination applications. 

 

 
Figure 8 TEM images for both membranes where A is Si-TiO2  and B is Si-ZnO 
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Figure 9 TEM histogram distribution plot for both membranes (A is Si-TiO2  and B is Si-ZnO) 

The Si-TiO2  nanocomposite exhibits well-defined spherical nanoparticles with sizes ranging from 40 to 100 nm 

with an average diameter of 69.34 nm in Figures 8 and 9 [40]. The particles show a relatively uniform distribution throughout 

the imaged area with moderate aggregation. The clear boundaries between particles suggest good dispersion within the PSU 

matrix [41].   Due to the spaces between particle clusters, this structure may enhance the mechanical strength of the membrane 

while maintaining adequate permeability. The Si-ZnO sample displays irregularly shaped nanoparticles with sizes varying 

from 10 to 100 nm with an average of 47.58 nm illustrated in Figure 9. The particles show a high degree of aggregation, 

forming fused clusters. This non-uniform distribution and fusion of particles may create larger pores in some areas of the 

membrane, potentially affecting its selectivity. The irregular shapes could result from the interaction between ZnO and Si 

during nanoparticle formation or from the fusion of smaller particles [41].  

2.4.  Quartz Crystal Microbalance Analysis 

The Quartz Crystal Microbalance (QCM) analysis was utilized to evaluate the desalination performance of both 

polysulfone (PSU) nanocomposite membranes. This technique offers valuable insights into the interactions between the 

membrane and salt by measuring frequency changes (ΔF) of a quartz crystal coated with the membrane material when 

exposed to KCl and MgCl salt solutions. In QCM analysis, a decrease in frequency (negative ΔF) indicates mass adsorption 

onto the membrane surface, whereas an increase (positive ΔF) suggests mass desorption or rejection. A smaller negative ΔF or 

a positive ΔF signifies better salt rejection for desalination membranes, indicating less salt adsorption or effective salt 

repulsion. 

Salt adsorption can sometimes indicate that the membrane material interacts preferentially with certain ions. This might 

enhance selectivity by blocking specific salts more effectively, potentially contributing to improved salt rejection. 

However, this effect depends on the molecular interactions and the design of the membrane's active layer [42]. 

2.4.1. Impact of KCL on the whole process. 

A 5 MHz AT-cut quartz crystal was used for the QCM measurements, and the membranes were subjected to a 0.5 

M KCl solution. Frequency changes were recorded over 30 minutes to assess immediate and prolonged membrane-salt 

interactions [43,44]. 

 

Table 4: Quantitative results of QCM 

Features  Membrane PSU-Silica-

Titanium 

PSU-

Silica-Zinc 

QCM using KCL solution Initial ΔF (0-5 min) (Hz) -42 -61 

Final ΔF (30 min) (Hz) -58 -89 

Rate of frequency change (Hz/min) -0.53 -0.93 
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Salt adsorption per unit area (μg/cm^2) 1.02 1.57 

Initial rate of frequency change (first 30 seconds of exposure) 

Hz/s 

-38 -45 

Rate of frequency change over the 30 minutes (Hz/min) -0.53 -0.93 

 

 

 
Figure 10 senso-gram curve of both membranes against KCl solution. 

The PSU-Silica-Titanium membrane in figure 10 and table 4 demonstrated markedly improved salt rejection with an 

initial ΔF of -42 Hz and a slower rate of change (-0.53 Hz/min). This enhancement can be attributed to the Ti-O-Si bonds 

altering surface charge and pore structure, creating a more effective barrier against salt ions. The PSU-Silica-Zinc membrane 

improved over the PSU-Si-TiO2 membrane, with an initial ΔF of -61 Hz. However, its rate of frequency change (-0.93 

Hz/min) was the highest among the samples, suggesting potential long-term stability issues or ongoing salt accumulation. To 

correlate QCM data with real-world desalination performance, we can use the Sauerbrey equation, which relates frequency 

change to mass adsorption: 

ΔF =  −Cf ×  Δm      (1) 

Where Cf is the sensitivity factor of the crystal (56.6 Hz·μg^-1·cm^2 for a 5 MHz crystal) and Δm is the mass 

change per unit area. Each membrane's salt adsorption per unit area can be estimated using this equation. 

These values provide a quantitative measure of salt rejection efficiency. Lower adsorption values indicate better salt 

rejection, suggesting superior desalination performance. While QCM primarily measures mass changes, it can also provide 

insights into water flux. The initial rate of frequency change (first 30 seconds of exposure) can indicate water uptake. These 

values suggest that the PSU-Si-ZnO membrane has a higher water uptake, likely due to its hydrophilic nature. However, this 

also correlates with its poor salt rejection. The rate of frequency change over the 30 minutes provides insights into long-term 

stability and fouling resistance: 

The PSU-Silica-Titanium membrane shows promising stability, while the PSU-Silica-Zinc membrane's high rate of 

change indicates potential long-term performance issues. Based on the QCM analysis, we can rank the membranes for 

desalination performance. The PSU-Si-TiO2 has a respectable balance of salt rejection (1.02 μg/cm^2 adsorption) and 

stability (-0.53 Hz/min change rate), and PSU-Si-ZnO has moderate improvement over PSU-Si-TiO2 but potential long-term 

issues, QCM analysis of polysulfone (PSU) nanocomposite membranes against KCl solutions provides crucial insights into 

their potential performance as desalination membranes [45]. 

The QCM data revealed varying salt rejection efficiency among both nanocomposite membranes.  

PSU-Si-TiO2 and PSU-Si-ZnO membranes show promising antifouling properties and durability, making them competitive 

alternatives for specific applications. Commercial membranes excel in salt rejection and scalability but may face challenges 

with fouling [46]. 

The PSU-Si-TiO2 membrane demonstrated the second-highest salt rejection efficiency [47]. Incorporating titanium 

into the silica nanoparticles creates a more tortuous path for salt ions, increasing the membrane's selectivity. This enhanced 

performance may be due to the formation of Ti-O-Si bonds, which alter the membrane's surface charge and pore structure, 

improving salt rejection capabilities. Interestingly, the PSU-Si-ZnO membrane showed moderate salt rejection, performing 

better than the pure PSU-Si membrane but not reaching the levels of the titanium-doped sample. The presence of zinc ions in 

the nanocomposite structure likely contributes to a more negatively charged membrane surface, which could repel chloride 
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ions to some extent. However, the larger ionic radius of zinc compared to titanium might result in less efficient pore size 

control, explaining its intermediate performance. Additionally, QCM analysis provided insights into the membrane's water 

flux characteristics. The frequency shifts observed during the initial exposure to the KCl solution correlate with the 

membranes' water permeability. The PSU-Si-TiO2 sample showed a good balance between salt rejection and water flux. 

The titanium doping optimizes the pore structure and surface properties, allowing for efficient water transport while 

maintaining high salt rejection. This balance is crucial for desalination applications in practice, where high salt rejection and 

adequate water flux are necessary for efficient operation. The PSU-Si-TiO2 membrane also showed good stability, with 

minimal frequency drift over extended exposure periods. This stability can be linked to the photocatalytic properties of 

titanium dioxide, which may help in the degradation of organic foulants, thereby maintaining membrane performance over 

time. The PSU-Si-TiO2 membrane presents an attractive balance between salt rejection, water flux, and stability, making it a 

strong contender for practical desalination applications. Its performance characteristics suggest it could be particularly suitable 

for brackish water desalination, where moderate salt concentrations are encountered [45,48]. 

2.4.2.  Impact of MgCl Solution on the whole process 

The PSU-Si-ZnO membrane in figure 11 and table 4 initially showed no change in frequency but experienced a 

rapid decline starting at 55 seconds, ultimately reaching a final frequency shift (Δf) of -260 Hz. This behavior indicates swift 

and significant adsorption of MgCl, with the membrane stabilizing around 80 seconds. 

 

 
Figure 11 senso-gram curve of both membranes against MgCl solution explains the desalination ability of the membranes. 

The absence of an initial positive Δf suggests limited interaction with water. While the high adsorption capacity 

could be advantageous for selective ion removal, it may not be ideal for general desalination due to the potential for rapid 

saturation. In contrast, the PSU-Si-TiO2 membrane displayed the most significant frequency decrease among all the samples, 

achieving a final Δf of -470 Hz. Like the Si-ZnO membrane, it showed no initial change but experienced a steep drop after 50 

seconds and stabilized around 75 seconds. This behavior indicates that the Si-TiO2 membrane has the highest adsorption 

capacity for MgCl of all the tested membranes. The rapid and extensive adsorption suggests that the Si-TiO2 membrane could 

be highly effective in removing specific ions but might require more frequent regeneration in continuous desalination 

applications. 

 

Compared to the membranes' performance, we can rank their salt rejection efficiency based on the final Δf values: 

Si-ZnO> Si-TiO2. However, it's crucial to know that smaller negative Δf values, which frequently signify increased salt 

rejection, can also indicate a lower degree of overall interaction with the salt solution. Regarding adsorption capacity, the 

ranking is reversed: Si-TiO2> Si-ZnO. The high adsorption capacity in the metal-doped membranes could be beneficial for 

removing specific ions, but it may not be ideal for general desalination. The QCM analysis reveals distinct behaviors for each 

nanoparticle-decorated membrane when exposed to MgCl salt. The Si-ZnO and Si-TiO2 membranes exhibit high salt 

adsorption capacities, which could be advantageous for specific ion removal applications but may require optimization for 

general desalination use the results of the QCM are summarized in table 5. The steepness of the Δf decrease indicates that the 

adsorption kinetics for the Si-TiO2 and Si-ZnO membranes are comparable. The rapid adsorption rates of these membranes 

suggest efficient ion capture, which may be beneficial in specific water treatment applications; however, it could also lead to 

quicker saturation and a more frequent need for regeneration in continuous desalination processes [44,45,49]. 

Both nanoparticles are synthesized in situ, with silica nanoparticles having a strong bind between silica and metal oxides 

(nanocomposites), in addition to the strong bonds between Polysulfone and Silica metal oxides making it hard to leach out 

[7,50]. 
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2.5. Antimicrobial Activity 

The antimicrobial activity tests were conducted to assess the effectiveness of the membranes with Inhibition zone 

that shows how effective the membrane is against different strains of bacteria, the Minimum Inhibitory Concentration (MIC) 

is defined as the lowest concentration of an antimicrobial agent that prevents visible growth of a microorganism, while the 

Minimum Bactericidal Concentration (MBC) is the lowest concentration needed to kill 99.9% of the bacterial population. The 

results in fig 8 showed that the membranes exhibited significant activity against the tested organisms. However, it was noted 

that the PUS-Si-ZnO membrane had low MIC and MBC values against E. coli. The proximity of the MIC and MBC values 

indicates that the agent has both bacteriostatic and bactericidal properties, making it a promising candidate for antimicrobial 

applications. Overall, the membranes demonstrated antimicrobial activity, suggesting they possess anti biofouling properties 

[36,40]. 
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Figure 12 Antimicrobial activity for both samples against 5 strains 
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3. Materials and Methods 

3.1. Chemical and reagents 

Zinc acetate (≥98% purity, analytical grade), titanium tetrachloride (99.9% purity, reagent grade), sodium silicate 

(97% purity, technical grade), and dimethylformamide (DMF) purity of ≥99.8% (anhydrous) were acquired from El 

Gomhoureya for Drugs Trade and Medical Supplies, Cairo, Egypt. Polysulfone was acquired from Solvay Advanced 

Polymers GmbH, Germany, and fresh citrus (orange and lemon) peels were purchased from a local market in Egypt for the 

green synthesis. 

3.2. Green synthesis of nanoparticles 

The citrus peels were thoroughly cleaned to remove any potential contaminants. First, the peels were washed with 

tap water, manually brushed to remove surface impurities, and rinsed with distilled water to remove any residual 

contaminants. After air-drying at room temperature, 20 g of the cleaned peels were immersed in 500 ml of distilled water in a 

borosilicate glass beaker. The mixture was then heated on a calibrated hot plate at a constant temperature of 50°C (±1°C) for 2 

h to facilitate the extraction of bioactive compounds. The solution was then allowed to cool to room temperature and filtered 

through Whatman No. 1 filter paper to remove solid residues. The resulting extract was stored at 4°C in amber glass bottles to 

prevent the photodegradation of light-sensitive compounds. 

3.3. Preparation of nanocomposites  

A modified in situ approach was used to prepare metal-doped silica nanocomposites. This involved adding 0.4 g of 

the respective metal precursor (20% w/w relative to the silica content) to the sodium silicate solution before introducing the 

citrus peel extract. Two grams of sodium silicate and 0.4 g of titanium tetrachloride were co-dissolved in 250 mL of distilled 

water at 55°C (±1°C) to prepare the silica-titanium nanocomposite. After cooling, 100 mL of citrus peel extract was added 

dropwise. The reaction was maintained at room temperature for 2-3 hours under constant stirring at 400 rpm. The solution 

was then left overnight in a dark and clean environment. Subsequently, the solution was placed in a centrifuge and spun at 

8000 rpm for 5 min. The samples were washed with distilled water and centrifuged again to remove any unwanted residues. 

Finally, the solution was transferred to a plate and allowed to dry. The procedure for preparing the Silica-Zinc Nanocomposite 

was similar to that of the Silica-Titanium Nanocomposite, with the only difference being the substitution of 0.4 g of zinc 

acetate for titanium tetrachloride. 

3.4. Polymer preparation and membrane fabrication** 

The polysulfone (PSU) solution was prepared under controlled conditions to ensure consistency. In a clean, dry 

borosilicate glass beaker, 2.5 g of PSU beads were added to 100 mL of anhydrous N, N-dimethylformamide (DMF). The 

mixture was heated to 50°C (±1°C) on a hotplate magnetic stirrer and stirred at 300 rpm for 3 h until complete dissolution, 

resulting in a clear, homogeneous solution. The fabrication of nanocomposite membranes followed a standardized procedure, 

with minor adjustments depending on the specific nanocomposite incorporated. In each case, 2 mg of the respective 

nanoparticle solution (representing 2% w/w of the total solution) was placed in a clean beaker and heated to 50°C (±1°C) on a 

hotplate magnetic stirrer. Subsequently, 98 mL of the prepared PSU solution was added dropwise at a rate of approximately 1 

mL/min under constant stirring at 200 rpm.  

The solution was maintained at 50°C for an additional 4-5 hours to ensure thorough mixing and enable potential 

chemical interactions between the nanoparticles and the polymer matrix. After the mixing period, the solutions were allowed 

to cool to room temperature to prevent the formation of air bubbles. Membrane casting was performed using a microscope 

slide technique. A single drop of the cooled nanocomposite-polymer solution was carefully placed on a clean, level glass 

microscope slide. The slides were left undisturbed in a dust-free environment at room temperature (23 ±2°C) for 24 h to allow 

complete solvent evaporation and film formation. This process was repeated for each type of nanocomposite (PSU-Silica-

Titanium and PSU-Silica-Zinc), ensuring that all parameters remained constant across the preparations to facilitate accurate 

comparisons of the resulting membranes. 

4. Conclusion 

In conclusion, water desalination is a crucial method for providing potable water. Although polysulfone (PSU) 

membranes have advantages, they also have drawbacks, including biofouling and restricted salt rejection. This research 

focused on developing a PSU membrane enhanced with silica-titanium (Si-TiO2) and silica-zinc (Si-ZnO) nanocomposites. 

Both Si-ZnO and Si-TiO2 membranes exhibited high salt adsorption capacities, suggesting advantages for specific ion 
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removal, although optimization is needed for general desalination. The rapid adsorption rates indicate efficient ion capture but 

may lead to quicker saturation in continuous desalination processes.  
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