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Abstract
Contamination with pathogens degrades water quality and is a major cause of many waterborne diseases. The aim of this 
research is to reduce the global disease burden by presenting an efficient, durable, and low-cost ceramic filter impregnated 
with actinomycetes-mediated silver nanoparticles (AgNPs) for water disinfection in rural areas. This marks the first report 
on the simultaneous biosynthesis of AgNPs utilizing cell-free supernatants obtained from terrestrial actinomycetes. An easy 
and efficient method was used to impregnate AgNPs onto a ceramic filter using 3-aminopropyltriethoxysilane (APTES). The 
APTES linker is anchored to the ceramic surface through Si–O–Si bridges, while the terminal amino groups coordinate with 
AgNPs. Notably, the observed inhibition zone around the filter with AgNPs was ~ 18 mm, suggesting that the silver ions 
were responsible for the antibacterial activity. After 30 min of sonication, only insignificant traces of AgNPs were released 
from the filter, making it stable for long-term antibacterial activity when treating water. According to the laboratory simula-
tion experiments, the untreated filter can reject about 99% of spiked bacteria, while the antibacterial efficiency of the filter 
coated with AgNPs was 100% due to the synergistic effect between filtration and disinfection with AgNPs. In addition, the 
average concentration of dissolved silver in the outlet water of the ultrafiltration system during three months was 33.7 μg/L, 
far below the permissible limit (100 μg/L) for drinking water. Overall, this work offers a suitable and affordable water treat-
ment strategy for low-income, isolated, and rural societies in developing countries.
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Introduction

Water is a crucial commodity for human civilization and 
an invaluable resource for a wide range of activities, from 
industry to agriculture to the medical sector. Nevertheless, 
the lack of safe drinking water remains a global concern, 
particularly in developing countries (He et al. 2019; Abdel-
fattah et al. 2022; Nassar et al. 2023). Southeast Asia, the 

Middle East, and North Africa are dealing with significant 
problems in meeting the growing demand for clean and safe 
water due to the global industrialization, urbanization, rapid 
population growth, climate change, and high water quality 
demands (El-Aswar et al. 2022; Abdelfattah et al. 2023; 
Sanad et al. 2023). According to the World Health Organ-
ization (WHO), over 2 billion people lack access to safe 
drinking water, and by 2025, half of the world's population 
will live in regions with severe water scarcity (Mekonnen 
and Hoekstra 2016). A statistical analysis of WHO indicated 
that roughly 80% of diseases are caused by polluted drinking 
water (Liu et al. 2017; Verdin 2019). Waterborne diseases 
including diarrhea, cholera, and gastrointestinal diseases are 
caused by the contamination of water bodies by numerous 
bacteria, viruses, and protozoa, and this is a major problem 
on a global scale. Safe drinking water should be free of fecal 
and total coliforms (Pérez-Vidal et al. 2019; El-Aswar et al. 
2020).
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There are various disinfection methods used to eliminate 
microbial diseases, such as chlorine, chlorine derivatives, 
ozone, and ultraviolet disinfection, but each method has its 
limitations (Yang et al. 2019). When chlorine is used for 
disinfection purposes, it produces carcinogenic disinfection 
byproducts (DBPs) such as trihalomethanes. The DBPs are 
formed when chlorine reacts with natural organic matter in 
water (NOM) (Mazhar et al. 2020). The main drawbacks of 
UV-based water disinfection systems are their relatively high 
cost and the required energy source. Additionally, harmful 
DBPs are formed during UV treatment if NOM is present 
(Rauch et al. 2022). Ozonation is a more complex technol-
ogy than other disinfection strategies and is not cost-effec-
tive for poor quality water due to the required corrosion-
resistant material (Morrison et al. 2022). Membranes have 
also been used for disinfection purposes, but biofouling and 
the high cost of membrane modules restrict their application. 
Therefore, it is crucial to reevaluate traditional disinfection 
methods and develop more innovative and economical meth-
ods for obtaining clean drinking water (Goswami and Pug-
azhenthi 2020). Recently, ceramic membranes have gained 
widespread attention due to their technical advantages such 
as longer lifetime, higher mechanical, thermal, and chemi-
cal stability, high flow rates at low pressure, well-defined 
pore size distribution, and good hydrophilicity (Samaei et al. 
2018; He et al. 2019). However, there are still challenges 
in using ceramic filters since they can only block bacteria 
without killing them. Hence, bacteria strongly adhere to the 
surface and form biofilms, which makes the ceramic mem-
brane a potential source of contamination. Additionally, this 
biofilm is resistant to antimicrobial agents; thus, it cannot be 
removed by conventional methods (Fu et al. 2016; Li et al. 
2017). To address this issue, the ceramic membrane should 
have antibacterial properties to prevent biofilm formation. 
This could be achieved by coating the surface with antimi-
crobial agents.

Recent developments in nanomaterials hold promise for 
the production of next-generation water disinfection systems 
(Santhosh et al. 2016; Gur et al. 2022). However, physically 
and chemically synthesizing nanostructures can be costly 
and time-consuming, making it unsuitable for mass produc-
tion (Kolahalam et al. 2019; Mahmoud 2020). Moreover, 
chemical processes rely on noxious chemicals and solvents 
that are not environmentally friendly and can produce toxic 
byproducts and intermediates (Tulinski and Jurczyk 2017; 
Pottathara et al. 2019). Using biological processes is a cost-
effective, sustainable, and eco-friendly alternative since the 
production of nanomaterials can significantly reduce the 
utilization of harmful compounds (El-Aswar et al. 2019; 
Liang et al. 2022). In biosynthesis, nanomaterials are pro-
duced from various natural sources such as plant extracts, 
fungi, bacteria, algae, and biomolecules under physico-
chemical conditions (El-Kemary 2016; Karimi et al. 2023). 

Actinomycetes, a distinct group of filamentous gram-posi-
tive bacteria with a cosmopolitan distribution, thrive even in 
extreme conditions such as high temperatures, extreme pH, 
or water stress (Aparicio et al. 2018; Gohain et al. 2020). 
Actinomycetes are a treasure trove of various secondary 
metabolites that can promote the biosynthesis of various 
nanomaterials and act as bioreducing and stabilizing agents 
(Salwan and Sharma 2020; Jose et al. 2021).

Silver has long been recognized as an effective antibacte-
rial agent due to its ability to inhibit and kill bacteria with-
out producing harmful chemical products. Nevertheless, the 
cost and low ion release rate of silver limit its use in bulk 
applications for household or industrial purposes (Ngoc 
Dung et al. 2019; Peng et al. 2020). However, silver nano-
particles (AgNPs) have an impressively strong antibacte-
rial effect compared to bulk silver due to their large surface 
area, even at low doses. Nevertheless, due to the possibility 
of toxic bioaccumulation and difficulties in their recovery 
from the environment or their possible aggregation during 
storage, the use of AgNPs is limited (He et al. 2019; Göl 
et al. 2020). To overcome these control, health, and envi-
ronmental issues in the application of nanomaterials, scien-
tists have proposed attaching, incorporating, or impregnat-
ing nanostructures onto more durable and stable substrates. 
The simplest impregnation technique involves immersing 
the substrate (ceramic filter) in the solution of an antimi-
crobial agent (AgNPs). However, despite its simplicity, this 
approach has significant drawbacks, as the coated AgNPs 
are rapidly leached during the filtration process due to weak 
van der Waals interactions. This leaching significantly com-
promises the antibacterial effectiveness of the ceramic filter 
(Ewis et al. 2021; Mehta et al. 2021). As a result, a new prac-
tical and efficient procedure has been proposed to prevent 
leaching of AgNPs by anchoring the nanoparticles on the 
activated and functionalized surface of the ceramic filter. By 
depositing 3-aminopropyltriethoxysilane (APTES), an ami-
nosilane, on the surface of the ceramic membrane and bind-
ing it by siloxane (Si–O–Si) condensation, the nanoparticles 
are coordinated with the anchored amino groups via N–Ag 
bonding, which ensures high stability and nanoparticle fixa-
tion and prevents their detachment (Lv et al. 2009; Ehdaie 
et al. 2014; Ngoc Dung et al. 2019).

The aim of this study was to develop a commercial 
ceramic filter with high antibiofouling properties by cou-
pling biogenic AgNPs to its surface using aminosilane. We 
compared the efficacy of this modified ceramic filter to that 
of unmodified filters in the biological pretreatment stage 
during water disinfection. The production of AgNPs was 
achieved using cell-free supernatants derived from terres-
trial actinomycetes cultures, which is a green, facile, and 
sustainable approach. To our knowledge, this is the first 
report on this method of AgNPs production. The durabil-
ity and reusability of the developed composite were tested 
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by examining the strength of the interconnecting bridges 
formed between AgNPs and the surface of the ceramic fil-
ter. This biogenic AgNPs-decorated ceramic filter presents a 
promising and affordable water treatment strategy, especially 
in rural societies.

Materials and methods

Collection and isolation of actinomycetes

At a depth of 15–20 cm, soil samples were collected in ster-
ile plastic bags and transferred to the laboratory. Actinomy-
cetes were isolated from the soil using physical treatment. 
Following drying at 105 °C for 45 min, nearly 1 g of each 
sample was serially diluted 5–10 times, and 100 µL of each 
dilution was spread on starch agar media plates (3 g/L beef 
extract, 10 g/L starch, 15 g/L agar, pH 7.2 ± 0.1). The plates 
were incubated at 27 °C for 7–14 days, subcultured, and pure 
colonies were preserved in the refrigerator for further use.

Biosynthesis of AgNPs using cell‑free supernatant

Actinomycetes species were cultured using starch broth 
media in an orbital shaker incubator at 30 °C with agitation 
at 120 rpm. After incubating for 4 days, the culture was 
centrifuged at 4500 rpm for 30 min to remove the biomass. 
A mixture of 10 mL of cell-free filtrate and 250 mL of 5 mM 
silver nitrate aqueous solution (CARLO ERBA Reagents) 
was agitated in the dark at 150 rpm and 28 °C on a shaker 
to obtain a dark brown colloidal suspension of AgNPs. The 
suspension was then transferred to 25-mL sealed vials to be 
embedded onto the ceramic filter surface.

Identification of the best isolates by 16S rRNA 
sequencing

The actinomycetes isolate with the highest yield of silver nano-
particles was selected for 16S rRNA sequencing. It was inocu-
lated into starch casein broth and incubated at 28 °C for 7 days. 
Genomic DNA was extracted using the Quick-DNA Miniprep 
Plus Kit (Zymo Research Corp., USA). The 16S rRNA univer-
sal primers gene fragment was amplified by polymerase chain 
reaction (PCR) using purified genomic DNA as the template, 
a forward primer (5′-GTT​GGT​GAG​GTA​ACG​GCT​CA-3′), 
and a reverse primer (5′-CCA​CCT​TCC​TCC​GAG​TTG​AC-3′). 
The PCR reaction was performed under the following condi-
tions: initial denaturation at 94 °C for 6 min, 35 amplifica-
tion cycles of 94 °C for 45 s, 56 °C for 45 s, and 72 °C for 
1 min, and a final extension at 72 °C for 5 min. PCR products 
were detected and visualized using agarose gel electrophore-
sis and UV fluorescence. Sequencing was performed using 
the primers mentioned above on an automated sequencer. The 

16S rRNA sequence was compared for similarity with refer-
ence species sequences using the BLAST function available 
at https://​www.​ncbi.​nlm.​nih.​gov/​nucco​re/​OK446​664.1, and 
phylogenetic analysis of these sequences was performed using 
the neighbor-joining method in MEGA version 11.

Modification of ceramic filter with AgNPs

The ceramic filters used (British Berkefeld Co., England) 
were primarily manufactured from diatomite and clay, with 
dimensions of 2.25 × 4.5 × 11.75 inches. Prior to impreg-
nating AgNPs, the ceramic filters were activated by being 
dipped in a boiling piranha solution (1:3 v/v, 30% H2O2/98% 
H2SO4) for 15 min, washed with deionized water, and then 
soaked in a 2% ethanol solution of APTES (Sigma-Aldrich) 
(pH = 3.5–5.5) at room temperature for 45 min to introduce 
amino groups onto the activated filter surface. To ensure 
full condensation of the APTES molecules, the resulting 
filter was treated in a vacuum oven for 3 h at 100 °C. Sub-
sequently, the APTES filter was immersed in a solution 
of AgNPs overnight, washed with ethanol to eliminate all 
unbound AgNPs, and finally air-dried. Figure 1 illustrates 
the steps involved in AgNPs biosynthesis and their fixa-
tion on the ceramic filter. To inspect coating integrity of the 
AgNPs, three samples of the modified filters were subjected 
to ultrasonic irradiation for 30 min while being dipped in 
water, and the water was quantified using ICP-MS (Induc-
tively Coupled Plasma Mass Spectrometer, ELAN DRCe, 
PerkinElmer).

Characterization of the prepared material

The biosynthesis of AgNPs was examined by recording the 
UV–visible spectrum of the reaction at different timepoints 
using a UV–Vis spectrophotometer (Hach DR 3900 Spec-
trophotometer). The size of the biosynthesized AgNPs was 
determined using TEM (JEM-2100 electronic microscope, 
JEOL, Japan), and their crystal structure was identified using 
X-ray diffractometer (XRD, D8, Bruker, Germany). Fourier 
transform infrared (FTIR) spectra of both the APTES solu-
tion and APTES-cross-linked AgNPs were detected using 
a Thermo Fisher Nicolet iS50 FTIR Spectrometer. SEM 
(Quanta FEG 250, USA) equipped with energy-dispersive 
X-ray (EDX) spectroscopy was used to examine the mor-
phological features of both the pristine ceramic filter and 
the AgNPs-decorated ceramic filter.

Microbiological experiments

Zone of inhibition test

The antibacterial activity of AgNPs was evaluated using 
the agar well diffusion method for modified Kirby-Bauer 

https://www.ncbi.nlm.nih.gov/nuccore/OK446664.1
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technique. Nutrient agar plates were swabbed with differ-
ent reference bacterial strains, including E. coli MTCC 739, 
Pseudomonas aeruginosa MTCC 2453, Staphylococcus 
aureus MTCC 96, and Bacillus subtilis MTCC 736. AgNPs 
with varying concentrations (10, 25, and 50 µg/mL) were 
loaded into the wells in the plates, and the plates were subse-
quently incubated at 37 °C for 24 h. Any inhibition zone was 
indicative of antibacterial activity, and the diameter of the 
zone was measured to the millimeter. Sterile distilled water 
was used as the negative control, while ceftriaxone served 
as the positive control.

Flow test

Comparatively, the antibacterial properties of the ceramic 
filter sans AgNPs were assessed against AgNPs-coated 
ceramic filters. Laboratory simulations using a mimetic 
water filter were employed. The filters were subjected to 6 
L of pure water containing 4 strains of bacteria commonly 
used as a reference. The water was flowed at a rate of 0.1 L/
min and then collected in sterilized conical flasks. To quan-
tify the bacterial count, 100 μL of the filtered sample was 
collected and incubated for 24 h at 37 °C via the pour plate 
method. The percentage of bacteria that got filtered out from 
the overall count was taken as a reference to determine the 
antibacterial efficiency of the filters.

Dissolution of AgNPs

To assess the stability of AgNPs on the membrane surface 
and to determine their release into the solution, an ultrafil-
tration system was used to conduct a three-month test on 
the modified filter as a pretreatment unit. Subsequently, the 
permeate was sampled daily and analyzed using ICP-MS to 
quantify the AgNPs release.

Results and discussion

Actinomycetes characterization

In this study, 60 soil isolates of actinomycetes species were 
employed for AgNP biosynthesis. Streptomycetes parvu-
lus strain K2 was determined to be the best isolate with a 
high AgNP yield. The partial 16S rRNA sequences of the 
K2 strain were compared to the published representative 
sequences of actinomycetes from the NCBI GenBank data-
base and were subsequently deposited in GenBank under the 
accession number OK446664.1 (Fig. S1).

Characterization of biosynthesized AgNPs

The synthesis of AgNPs was tracked primarily by the change 
in color of the culture filtrate from light yellow to dark 

Fig. 1   Schematic diagram illustrates the steps of the biosynthesis of AgNPs and their fixation on the ceramic filter
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brown after 48 h of incubation, which was induced by a 
shift in surface plasmon resonance caused by metal particle 
absorption. The UV–visible spectra of the AgNPs showed 
maximum absorption at 420 nm (Fig. S2), falling within the 
typical absorption band of 410–440 nm reported for AgNPs 
(El-Aswar et al. 2020). Secondary metabolites in the cell-
free supernatant played an influential role in the bioreduction 
and stabilization of AgNPs. This situation suggests that sil-
ver cations in the solution were bioreduced to metallic silver 
by extracted secondary metabolites (Korkmaz et al. 2020).

The mono-dispersed AgNPs were nearly spherical with 
a diameter of 5–45 nm (Fig. 2a and b). The biosynthesis of 
AgNPs was confirmed by an obvious peak around 3.0 keV 
in the EDX analysis (Fig. 2c). The lack of nitrogen indicated 
the reduction of AgNO3 to AgNPs (Vijayabharathi et al. 
2018). In the XRD analysis, four intense peaks appeared in 
the whole spectrum at 2θ values of 38.25°, 46.37°, 64.60°, 
and 77.62°, corresponding to (111), (200), (220), and (311) 
planes of silver, respectively (Fig. 2d). The obtained AgNPs 
were pure without any additional peaks for impurities. 
Indexing of the XRD peaks detected to a face-centered cubic 
structure of Ag from the available literature (JCPDS, File 
No. 4-0783 and 84-0713) further confirmed the synthesis 
of AgNPs.

Deposition of AgNPs onto a ceramic filter

The outer surface of the ceramic filter turned from white to 
dusky white after impregnation with AgNPs, as shown in 
Fig. S3. Additionally, the integrity of the AgNP coating was 
high, as ICP-MS only detected negligible traces of AgNPs 
in ultrasonically irradiated water. In contrast, samples of 
ceramic filters containing AgNPs but without the coupling 
agent APTES lost their AgNPs after ultrasonic irradiation, 
indicating the important role of APTES in achieving high 
durability with the modified ceramic filter. Scanning elec-
tron micrographs revealed successful deposition of AgNPs 
on the ceramic filter surface (Fig. 3a and b). Furthermore, 
EDX analysis verified the presence of AgNPs on the fil-
ter surface. Notably, the blank ceramic filter's EDX spec-
trum showed no signal for AgNPs (Fig. 3c), while that of 
the AgNP-decorated ceramic filter showed high peaks of 
elemental silver (Fig. 3d). The FTIR studies confirmed the 
connection between AgNPs and APTES molecules. The 
FTIR spectra of both the APTES solution and APTES-cross-
linked AgNPs are displayed in Fig. 4. The APTES solu-
tion showed two weak bands at 3360 cm−1 and 3441 cm−1 
(Fig. 4a), corresponding to the N–H stretches of primary 
amines. After development of N–Ag coordinated bonds in 
APTES-cross-linked AgNPs, these broad bands slightly 
shifted and their intensity improved (Fig. 4b). This suggests 
an interaction between AgNPs and the amine nitrogen of 
APTES molecules (Lin et al. 2013; Zhi et al. 2015). The 

broad characteristic bands observed at 2967–2882 cm−1 cor-
respond to –CH2 group stretching vibrations. Deformation 
of the –CH group caused by the interaction between AgNPs 
and the amine groups at the carbon chain's top results in 
a red shift and an increase in peak intensity (Freire et al. 
2019). These observations confirmed the linkage between 
the biosynthesized AgNPs and the amine nitrogen atoms of 
APTES. Nonetheless, obtaining a favorable FTIR spectrum 
of the modified porous ceramic powder to prove the link 
between APTES and the ceramic surface was difficult.

Based on our observations, we proposed a mechanism for 
fixing AgNPs onto the ceramic filter surface (Fig. 5). First, 
APTES molecules' ethoxy groups are hydrolyzed in water, 
forming hydroxyl silane. Next, a condensation reaction 
occurs between hydrolyzed APTES molecules and ceramic 
filter surface hydroxyl groups (Si–OH), producing Si–O-Si 
bridges that fix the APTES molecules to the filter's surface. 
Since the silver atom has an empty orbital and nitrogen has 
a lone pair of electrons, the terminal –NH2 group of APTES 
can then coordinate with silver atoms (Lv et al. 2009; Trang 
et al. 2018), creating an AgNP-decorated ceramic filter 
composite.

Microbiological results

We evaluated the antibacterial effectiveness of AgNPs 
against pathogenic bacteria (Fig. 6). Table 1 depicts the 
zones of inhibition produced by various concentrations (10, 
25, 50 µg/mL) of the biosynthesized AgNPs. The negative 
control did not exhibit any inhibition zones, confirming that 
the distilled water (DW) and actinomycetes culture superna-
tant offered no activity against the bacteria. The biosynthe-
sized AgNPs demonstrated maximum antibacterial efficacy 
against E. coli, P. aeruginosa, S. aureus, and B. subtilis. 
Across concentrations, the antibacterial efficacy was directly 
proportional to the AgNPs' concentration due to an increase 
in silver ion concentrations (Tiri et al. 2022). Results show 
better gram-positive bacterial inhibition compared to gram-
negative bacteria. The antibacterial impact of 50 µg/mL 
AgNPs was comparable to the positive control's 10 µg/
mL ceftriaxone. An array of studies on AgNPs corroborate 
our findings (Huq et al. 2022; Karimi et al. 2023). Previ-
ous research found that biogenic AgNPs produced using 
Mimusops elengi had bactericidal effects on tested bacteria, 
including Listeria innocua, Enterococcus durans, Kleb-
siella pneumoniae, Salmonella enteritidis, S. epidermidis, 
B. subtilis, and E. coli, at a concentration of 625 μg/mL 
(Korkmaz et al. 2020). Additionally, there was no evident 
bacterial growth on the AgNP-modified ceramic filter, but 
the untreated ceramic filter allowed bacterial growth (Fig. 7). 
The inhibited zone's presence suggests that the antibacte-
rial action resulted from the released silver ions and not the 
AgNPs themselves.
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Fig. 2   TEM images (a and b), 
EDX spectrum and the table 
inset the percentage of elements 
(c), and XRD (d) of biosynthe-
sized AgNPs
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As per Table S1 flow test results, the pristine ceramic 
filter's bacteria elimination capacity was lower than the 
AgNPs-modified filter. Although the untreated filter boasts 
the ability to remove nearly 99% of spiked bacteria, biogenic 
AgNP modification of the filter increased removal efficacy 

to 100%, implying that there were no bacteria detected 
following filtration via the ceramic filter enhanced with 
AgNPs. The porous architecture for the original and modi-
fied ceramic filters showed no significant difference. The 
augmented bacteria-killing effect of the AgNPs-decorated 

Fig. 3   a SEM images of pristine 
ceramic filter, b AgNPs-deco-
rated filter, c EDX of blank and 
(d) modified ceramic filter
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filter may be due to the AgNPs (Ngoc Dung et al. 2019). 
Bacteria removal occurs mainly due to pore size, eliminating 
the majority of bacteria (99%) using non-AgNPs filter; the 

minority passes through the outlet. Besides, bacteria may 
deposit a biofilm on the surface of the ceramic filter, emanat-
ing as a secondary source of contamination over time (Truu 
et al. 2022; Yu et al. 2022). Conversely, the silver released 
from the AgNPs-coated ceramic filter's surface may come 
into contact with the strain of bacteria captured via narrow 
pores. Due to the Ag ions interfering with cells' ability to 
proliferate, bacteria fail to form colonies within the filter's 
surface, resulting in the bactericidal effect of the filter coated 
in AgNPs that reaches 100%. (Ngoc Dung et al. 2019; Peng 
et al. 2020). Hence, all bacteria that come into contact with 
silver are killed, demonstrating that the filtered ceramic 
mechanism involves disinfection with AgNPs, possessing a 
synergistic effect with filtration.

Numerous theories explain AgNPs’ antibacterial activ-
ity, including their potential to penetrate bacterial cell mem-
branes and alter structure to kill the bacteria (Nouri et al. 
2020; Padmavathi et al. 2022). Another hypothesis sug-
gests that cell death may occur due to free radicals formed 
when Ag+ ions are released from the nanoparticles, causing 
changes in DNA replication mechanisms and inducing aber-
rations in size, cytoplasmic contents, and cell membranes 

Fig. 4   FTIR spectra of pure APTES (a) and Ag nanoparticle-con-
nected APTES (b)

Fig. 5   Schematic diagram representing the hypothetical mechanism
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(Tamilarasi and Meena 2020; Mani et al. 2021). In addition, 
the high surface area of AgNPs offers improved interaction 
with the bacterial membrane, which efficiently inhibits bac-
terial growth (Yan et al. 2018). In the present study, AgNPs 
were detected near the bacterial membrane (Fig. 8). Due 
to the electrostatic interactions between Ag+ ions released 
from the nanoparticles and the negatively charged bacterial 
surface, transport mechanisms and cell wall permeability 
become disrupted. Protein denaturation follows and the cell 
membrane is finally ruptured leading to cell death (El-Aswar 
et al. 2020; Huq et al. 2022).

In practical applications, surface water such as rivers, 
streams, and lakes, as well as groundwater, would experience 

considerably lower bacterial density, typically less than 
103 CFU/mL. Furthermore, water undergoes sand filtration 
or treatment with a coagulant to remove suspended particles 
before disinfection and filtration. Hence, primary treatment 
procedures may significantly decrease bacteria counts prior 
to filtering with a ceramic filter (Sha’arani et al. 2019). As 
the experiments involved highly contaminated bacteria, the 
significant bactericidal effect proves that the filtered water 
complies with microbiological drinking water criteria.

Fig. 6   Antibacterial activity 
of biosynthesized AgNPs (A: 
10 µg/mL, B: 25 µg/mL, C: 
50 µg/mL, D: ceftriaxone 10 µg/
mL, E: distilled water and F: 
supernatant)

Table 1   The diameter of 
the inhibition zone shown 
by AgNPs against different 
microorganisms

Microorganism Supernatant DW Zone of inhibition, mm

Ceftriaxone 
(10 µg/mL)

AgNPs

10 (µg/mL) 25 (µg/mL) 50 (µg/mL)

E. coli – – 22.6 ± 1.61 15.6 ± 1.57 18.6 ± 1.08 20.3 ± 1.43
P. aeruginosa – – 21 ± 1.38 15.3 ± 1.19 16 ± 1.59 19.3 ± 1.25
S. aureus – – 20.3 ± 1.01 12 ± 1.49 14.3 ± 1.33 17.6 ± 1.98
B. subtilis – – 25.3 ± 1.29 17.3 ± 1.19 20.6 ± 1.61 22 ± 1.05
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Determination of the dissolution rates of AgNPs

The stability of AgNPs on ceramic filters is a vital to ensure 
their long-term antibacterial activity during water treatment. 
To examine this stability, the modified filters underwent a 
water bath soak under ultrasonic irradiation for 30 min. ICP-
MS spectra indicated that a negligible amount of AgNPs was 
found in the water after ultrasonic treatment, demonstrating 
their high stability and efficiency coating. According to the 
microbial test, antibacterial activity was due to the release of 
Ag+ from the modified filters. Still, excessive release of Ag+ 
could lead to a loss of antibacterial activity and water pollu-
tion. Dissolution behavior was assessed using an ultrafiltra-
tion system as a pretreatment unit for 3 months. The outlet's 
daily dissolved Ag concentration is provided in Table S2. 
Over this time, the mean concentration of lost silver from the 
modified filter was 33.7 μg/L, with a standard deviation of 
3.8 μg/L. The concentration is much less than the acceptable 
limit (100 μg/L) (Biswas and Bandyopadhyaya 2016; WHO 
2021). The developed AgNPs-decorated ceramic filter meets 
microbiological drinking water criteria and can be commer-
cially available for widespread use in water treatment appli-
cations, with no concerns about secondary pollution.

Conclusion

Annual health care costs related to some waterborne 
infections are estimated to be in the billions of dollars. 
To develop a new, efficient, cost-effective, and durable 

ceramic filter with antibiofouling properties for water 
treatment applications, this study aimed to overcome 
the limitations of most current technologies. Using an 
environmentally friendly and affordable method that 
eliminates harmful chemicals or solvents, AgNPs were 
biosynthesized using cell-free supernatants from cultures 
of actinomycetes isolated from soil. Physical characteri-
zation indicated that of the AgNPs are nearly spherical 
with a diameter of 5–45 nm showed a maximum UV–Vis 
absorption peak at 420 nm. By impregnating the biogenic 
AgNPs onto the ceramic filter's surface using APTES as 
a coupling agent, a ceramic filter crosslinked with AgNPs 
was developed. The coating method was efficient, and the 

Fig. 7   Zone of inhibition of AgNPs-modified ceramic filter

Fig. 8   TEM images of E. coli in the (a) absence and (b) presence of 
AgNPs
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developed composite exhibited only slight loss of AgNPs 
under ultrasonic irradiation. The developed composite had 
strong antibacterial activity against various pathogenic 
bacteria. The binding between the deposited AgNPs and 
the amine nitrogen atoms of APTES was confirmed with 
FTIR studies, and EDX analysis confirmed the existence 
of AgNPs on the ceramic filter surface. The modified filter 
underwent ultrafiltration pretreatment for three months, 
and the amount of dissolved silver was only 33.7 μg/L. 
However, the efficacy of the developed composite has 
been studied against only four bacterial strains and may 
not be effective in highly contaminated water matrices. 
The composite's fabrication is inexpensive and simple and 
combined with the strong antibacterial activity, making 
it potentially useful for drinking water treatment in poor 
societies.
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