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associated with the traditional methods. Recent advancements have
focused on modifying polymeric membranes, particularly polysulfone

Keywords (PSf), by incorporating inorganic additives such as zinc oxide (Zn0) and
Zinc oxide, silver oxide, mixed silver oxide (AgO) nanoparticles. Thus, in this study, polymer MMMs
matrix membrane, antibacterial were fabricated by incorporating biosynthesized Zn0/AgO0 synthesized

from tea leaf extract as a reducing agent with the aim of enhancing
membrane characteristics and antibacterial properties. The results
showed that the antibacterial properties were enhanced by the
addition of additives, particularly at higher concentrations of ZnO along
with the presence of AgO. Other characteristics such as morphology,
surface roughness, porosity, and hydrophilicity also produced the same
increasing trend. These results proved that the addition of additives
was able to enhance MMMs capabilities especially in terms of
antibacterial properties.

1. Introduction

For centuries, diverse techniques have been employed to clean contaminated water, including filtration,
distillation, and reverse osmosis [1]. Among these, membrane technology is one of the most effective approaches
for water purification. This method utilizes pore separation without complex systems, high energy consumption,
or increased expenses. Currently, researchers and technologists are intensively investigating, exploring, and
advancing this technology. One area of focus is the modification of membranes using additives such as zinc oxide
(ZnO) and silver oxide (AgO) nanoparticles to enhance the performance of polymeric membranes, particularly
polysulfone (PSf) membranes. These inorganic additives are incorporated to boost various membrane properties,
including the flow rate, solute rejection, and resistance to fouling [2].

Zn0O nanoparticles are renowned for their antibacterial qualities and capacity to boost membrane
hydrophilicity. When integrated into PSf membranes, they can enhance water flow and diminish fouling by
increasing the effective surface area and introducing additional functional groups. Similarly, AgO nanoparticles
exhibit antibacterial properties and have been demonstrated to improve the mechanical durability and
hydrophilicity of PSf membranes [3]. The inclusion of AgO can substantially reduce membrane fouling, making it
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suitable for water purification applications. The incorporation of these additives into the PSf matrix can be
achieved by introducing them during the preparation of the polymer solution or in the coagulation bath. This
adaptability enables the customization of the membrane characteristics to suit specific application requirements.

As for synthesizing of ZnO and AgO, tea, a globally popular beverage, contains phytochemicals, such as
flavonoids, polyphenols, terpenoids, and amino acids that can efficiently reduce metal ions to nanoparticles.
Studies show that Green and oolong tea extracts are effective in synthesizing AgO and possibly ZnO. This green
synthesis method using tea extracts avoids toxic chemicals, reduces the environmental impact, and enhances
safety. The reduction mechanism involves electron donation from the phytochemicals in the tea to the metal ions
in solution. For example, mixing silver nitrate (AgNO3) with tea extract results in a color change, indicating the
formation of AgO. This method is efficient and produces nanoparticles with unique properties such as
antimicrobial activity.

In the present work, polymer mixed matrix membranes (MMMs) incorporated with biosynthesized additives
of AgO/Zn0 were investigated to evaluate the characteristics of MMMs along with their antibacterial properties.
The antibacterial properties of MMMs are crucial for enhancing their performance in various applications,
particularly water treatment and filtration. The use of nanoparticles such as ZnO and AgO in MMMs has been
shown to significantly improve antibacterial activity. These nanoparticles release ions that can disrupt bacterial
cell membranes or inhibit their metabolic functions, leading to effective bacterial reduction. In addition, the
addition of antibacterial agents not only enhanced the antibacterial properties butalso improved other membrane
characteristics, such as morphology, porosity, and permeability. This dual enhancement makes MMMs more
suitable for demanding applications where both filtration efficiency and microbial control are required.

2. Materials and Methods

2.1 Biosynthesis of Zn0-Ag0 Additives

The synthesis process was performed according to Yusoff et al. with some modifications [4]. Dried tea leaves were
purchased from a nearby market at Parit Raja, Batu Pahat, Johor. Dried tea leaves (50 g) were blended with 250
ml of deionized water for 6 h before being filtered and stored in a refrigerator. Then, powders of zinc nitrate
hexahydrate (Zn(NOs)2, Sigma Aldrich, 99%) and silver nitrate (Ag(NO)s, EMPARTA®) were utilized in the
aqueous solution by using 5.94 g of Zn(NOs): and 3.49 g of Ag(NO)s, respectively. Both beakers were mixed with
200 ml of deionized water and stirred for 30 min. Each solution was then mixed with the tea extract as reduction
agent according to the design parameters shown in Table 1. The mixed solutions were stirred for 6 h at a hot-plate
temperature of 60°C. The samples were then dried at 80°C for 24 h to discharge the Zn0O-Ag0 nanoparticles. The
samples were ground with mortar to get a fine dark brown powder.

Table 1 Parameter ratio for biosynthesized Zn0-AgO0 additives

Samples Tea (ml) Zn(NOs3)z (ml) AgNOs (ml)
20-Zn0/Ag0 20 20 10
40-Zn0O/Ag0 20 40 10
60-Zn0/Ag0 20 60 10

2.2 MMM Fabrications

Referring to previous studies, the process of MMM fabrication was performed by drying 15 g of PSf pellets (Udel
P-1700) at 60°C overnight before being dissolved in 85 g of N-methyl-2-pyrrolidone (NMP, EMPLURA®) as a
solvent containing 1 g of designated ((20)Zn0-AgO0, (40)Zn0-Ag0), and (60)Zn0-Ag0) additives for 4 hat 500 rpm
and 60°C with stirring [5]. Polyethylene glycol 400 MW (PEG-400, R&M Chemical®) as a pore-forming agent was
added to the polymer dope solutions. After an hour, the doped polymer was placed in an electrostatic machine for
0.5 h and left for 15 min to release the bubbles. A flat-sheet MMM was prepared by casting the polymer dope onto
a glass plate with a thickness of 100-120 um. The phase inversion process was performed by separately immersing
each MMM into a coagulation bath containing distilled water. After the membranes were detached, the membranes
were dried for 24 h.

2.3 Characterization and Performance Test of Additives and MMMs

X-ray diffraction (XRD) was employed to analyze the structural characteristics of Zn0-AgO additives. The analysis
was conducted using a Bruker® D8 Advanced instrument with the following parameters: 45 kV operating voltage,
40 mA current, Cu Ka monochromatic radiation (A = 1.5406 A), 26 range of 10-90° and a step increment rate of
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0.05°/min. The resulting XRD data was subsequently evaluated using EVA software and cross-referenced with the
Joint Committee on Powder Diffraction Standards (JCPDS) database for comparison.

The cross-sectional morphology of the MMMs was examined using a Hitachi U1510 scanning electron
microscope (SEM) at 15 kV. To preserve the structural integrity of the membranes, all samples were prepared by
breaking the membrane film in liquid nitrogen. Subsequently, the membranes were coated with gold before being
mounted on the SEM platform for analysis. Attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIT, PerkinElmer®) was utilized to analyze the chemical interactions of each MMM. The examination was
conducted within the range of 4000 cm-! to 600 cm-! wavenumbers. The topography and surface roughness of
each MMM were evaluated using atomic force microscopy (AFM, XE-Series Park Systems®). Measurements were
taken on specific 1 um?2 areas of the MMMs. To obtain average values of mean roughness (Ra), each membrane
underwent three separate scans. For porosity, the MMMs were set up by cutting them into 2 cm2 pieces. The
MMMs were then immersed in distilled water for 24 h and scaled in the wet state (Ww). Subsequently, the MMMs
were dried in an oven at 60°C for 24 h before being scaled again for the dry state, Wa. The test was performed
thrice, and the average was used to obtain an accurate porosity value. The value was calculated using the following
Equation (1), where pw (g/cm3) denotes the density of pure water at room temperature and V (cm3) represents
the volume of membrane in wet state:

Porosity,e = (W,, —Wa)/(pw = V) (1)

Escherichia coli (E. coli) was chosen for antibacterial testing, as this microorganism is typically found in the
natural organic matter (NOM) of authentic wastewater. A circular section, measuring 50.0 mm in diameter, was
punched from each MMM and introduced into a culture medium. The samples were then incubated at 37°C, and
the bacterial reaction was examined after a 24 h period. Meanwhile, the pure water flux (PWF) test was utilized
to assess the performance of MMMs. Each MMM was carefully cut into a circular shape with a surface area of 2.8
cm? and affixed to a membrane cell. The PWF test proceeded at a specific pressure of 5 bar until the distilled water
flow reached a steady state. Subsequently, PWF values were determined at 2 bar pressure, recorded at 10 min
intervals, and calculated using Equation (2), where, Q represents the volume of permeate water, A (m?) denotes
the effective membrane surface area and At (h) indicates the permeation time:

Pure water flux,] = (Q)/(A4 X At) (2)
3. Result and Discussion

3.1 Structural and Morphology Properties of Synthesized Zn0O-Ag0

As shown in Fig. 1 (a), 60-Zn0/AgO showed a higher intensity in the XRD spectrum than the 40-Zn0O/Ag0 and 20-
Zn0/AgO samples, indicating a more crystalline structure or a greater amount of crystalline material present in
the 60-Zn0/AgO formulation. Three significant peaks are observed at 38.6°, 32.3° and 44.3°, corresponding to Ag
and Zn. Smaller peaks are observed at 18.9 °and 46.5°, corresponding to ZnO and AgO, respectively. These patterns
are similar to those reported by Arora et al. and Jeung et al. [6,7]. However, synthesis using tea extract as a
reducing agent for silver nitrate and zinc nitrate faced challenges, as indicated by the XRD results. Although the
expected products were AgO and ZnO, these oxides were only present at smaller peaks, suggesting minimal
formation. In contrast, higher-intensity peaks for metallic Ag and Zn were observed, indicating that the reduction
process favored the formation of metals over oxides. This suggests that the synthesis conditions and effectiveness
of the tea extract as a reducing agent were suboptimal. Plant extracts may not fully convert metal ions into oxides;
instead, they often reduce metal salts to their elemental forms, resulting in metallic nanoparticles (NPs) rather
than oxides [8]. Parameters such as the temperature, pH, and reactant concentration significantly influence the
synthesis process; if not optimized, they can favor metal formation. For instance, higher temperatures might
accelerate reduction, leading to more metallic NPs formation [9].

Although the synthesized powder exhibits lower intensity peaks for AgO and ZnO, it may still demonstrate
enhanced antibacterial capabilities due to the combined effects of Ag and ZnO and their individual antimicrobial
mechanisms. The synergy between Ag NPs, known for their potent antibacterial properties, and ZnO, which
generates reactive oxygen species (ROS), can boost the overall antimicrobial effectiveness of the nanocomposite,
even when the oxide forms are present in smaller quantities [10]. Furthermore, ZnO nanoparticles show
considerable antibacterial activity because of their diminutive size and large surface-to-volume ratio, enabling
efficient interaction with bacterial cells. The inclusion of AgO can amplify this effect by compromising bacterial
membranes and causing oxidative stress, ultimately resulting in cell death. Consequently, despite the lower oxide
peaks, their presence can still contribute significantly to the overall antibacterial action of the material especially
as additive for MMMs. [11].
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As shown in the SEM images in Fig. 1(b), (c), and (d), all samples were distributed closely without any
particular shape, leading to agglomeration. Agglomeration can obscure individual particle boundaries, making it
challenging to determine the true size of particles. When the particles cluster, the measured dimensions may
represent agglomerates rather than individual NPs.
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Fig. 1 (a)XRD of biosynthesis Zn0/AgO0 additives; SEM image of (b) 20-Zn0/Ag; (c) 40-Zn0/Ag0; and (d) 60-
Zn0/Ag0

3.2 Morphology and Surface Roughness Analysis of MMMs

Fig. 2 (a), (b), and (c) show the cross-sectional images of the 20-Zn0/Ag0 MMM, 40-Zn0/Ag0 MMM, and 60-
Zn0/Ag0 MMM, respectively. As the concentration of ZnO in the MMMs increased from 20 to 60 ml], a notable
increase in the number of finger-like pores was observed in the top layer of the membranes. This trend suggests
that a higher ZnO content enhances the formation of these specific pore structures during the phase-inversion
process. An increase in the number of finger-like pores can improve the permeability of the membrane, allowing
enhanced transport properties. This is particularly beneficial for applications that require efficient filtration or
separation [12]. A similar phenomenon was observed in the bottom layer of the MMM, where the bottom layer
exhibited greater porosity, which was attributed to the hydrophilic properties of the Zn0/AgO additive. The ability
of these materials to attract water during the phase-inversion process facilitates the formation of more porous
structures. During phase inversion, the interaction between the hydrophilic additive and water leads to solvent-
induced phase separation, creating a more porous morphology. This increased porosity can enhance water
permeability and improve the overall performance of the membrane in aqueous environments [13].

Fig. 2 (d), (e), and (f) represent the surface roughness obtained using AFM analysis. The analysis revealed that
the average surface roughness of the MMMs increased with the ZnO concentration. This trend is corroborated by
the topological images obtained from AFM, which visually demonstrate the changes in surface texture with
increasing ZnO content. Higher surface roughness can enhance the effective surface area available for permeation,
which is beneficial for filtration applications. This increased active area can improve the membrane's ability to
facilitate mass transport and enhance overall permeability [14]. Although increased surface roughness can
improve the permeation efficiency, it also raises concerns regarding fouling. Textured surfaces may trap foulants
(such as organic matter, microorganisms, and particulate matter) more easily, potentially leading to reduced
membrane performance over time. This fouling can result in increased resistance to flow and necessitate more
frequent cleaning or replacement.
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Ra=1272.52nm Ra=1717.59 nm Ra = 1823.82nm

Fig. 2 Cross-sectional images of (a) 20-Zn0/Ag0 MMM; (b) 40-Zn0O/Ag0 MMM; and (c) 60-Zn0O/AgO MMM; and
surface roughness of (d) 20-Zn0O/Ag0 MMM; (e) 40-Zn0O/Ag0 MMM; and (f) 60-ZnO/AgO MMM

3.3 Chemical Bonding and Porosity Analysis of Zn0-Ag0 MMMs

From the FTIR analysis shown in Fig. 3(a), the OH peak, which indicates the hydrophilicity of the membrane,
produced a higher-intensity peak for 60-Zn0/AgO as an additive. Since the concentration of ZnO was only variable
during powder synthetization, the impact of this properties might come from the increase of ZnO concentation,
thus help boosting the mixed matrix membrane hydrophilicity propertites. The presence of ZnO/Ag0, especially
at higher concentrations, helps in the formation of hydroxyl groups on the surface, which contribute to the
hydrophilic properties. It also might enhance water attraction due to the hydrophilic nature of ZnO nanoparticles,
and thus might be able to improve water permeability, with some studies showing up to 300% improvement when
optimized and more porous membrane structures that facilitate water transport align with the SEM analysis
results [15].

As shown in Fig. 3 (b), when the concentration of zinc nitrate increased during synthesis, there was a
corresponding increase in the membrane porosity, indicating that the zinc nitrate concentration strongly
influences the formation of porous structures. This effect can be attributed to the oxidation process where zinc
nitrate converts to zinc oxide, which serves as the primary factor in determining the membrane's porosity
characteristics [16].

3.4 Permeation Performance of Zn0-Ag0 MMMs

Fig. 3(c) shows the PWF results for all the MMMs. The data showed a consistent trend, where permeation
increased proportionally with higher ZnO concentrations in the membrane matrix. The membrane achieved its
highest water flux of 206.65 L/m?h, which can be attributed to the incorporation of hydrophilic Zn0/Ag0O
additives. This enhanced performance perfectly aligns with the other analytical results, particularly the intense
OH peaks observed in the FTIR analysis and the increased membrane porosity measurements. The improvement
in water flux can be attributed to several synergistic effects: the hydrophilic nature of the ZnO/AgO particles
creates additional pathways for water transport, whereas surface hydroxyl groups enhance membrane wettability
[17,18]. Furthermore, the combination of increased porosity and hydrophilicity creates optimal conditions for
water permeation.

3.5 Antibacterial Properties of Zn0-AgO MMMs

The antibacterial performance of the MMMs was evaluated through inhibition tests against E. coli with samples
incubated at 37 °C for 24 h. The results shown in Fig. 4 reveal significant antibacterial activity, particularly for the
membrane containing 60-Zn0/Ag0, which demonstrated the largest inhibition zone with a radius difference of
9.302 mm. This superior performance can be attributed to the even distribution of nanoparticles throughout the
membrane matrix and the effective antibacterial properties of AgO synthesized using the tea leaf extract [19]. The
enhanced antibacterial effectiveness appears to correlate directly with the increased concentration of ZnO in
Zn0/AgO additives. This relationship is significant because ZnO possesses inherent antibacterial properties that
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complement the antimicrobial action of AgO [20]. The combination of these two metal oxides creates a synergistic
effect, resulting in more effective bacterial growth inhibition. Furthermore, although the XRD data indicate that
metallic Ag may coexist with oxides, the primary antibacterial mechanism remains rooted in the designed
Zn0/AgO additive. The low-intensity oxide peaks do not diminish the role of the oxide phases but highlight the
complexity of the composite, where even trace oxides contribute significantly alongside metallic Ag. This aligns
with studies showing that mixed oxide-metal systems (ZnO-Ag) outperform single-component systems [21,22].
Thus, the membrane’s antibacterial performance likely stems from the interplay of both phases, with the additive’s
design driving the dominant mechanisms.
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Fig. 3 (a) FTIR analysis; (b) Porosity analysis; and (c) Permeation performance of each MMMs
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Fig. 4 Antibacterial properties of (a) 20-Zn0/Ag0 MMM; (b) 40-Zn0/Ag0 MMM; and (c) 60-ZnO/Ag0 MMM
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4. Conclusion

To summarize, the incorporation of ZnO/Ag0O as an additive improved the characteristics and antibacterial
properties of MMMs. Despite the synthesis process revealing stronger peaks for metallic Ag and Zn, suggesting a
preference for metal formation over oxides, the material may still exhibit enhanced antimicrobial efficacy due to
the synergistic effects of Ag and Zn and their respective antibacterial mechanisms. Nevertheless, the presence of
smaller peaks indicating AgO and ZnO formation, albeit minimal, could contribute to the improved
characterization and antibacterial qualities of both the powder and MMMs.
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