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GREEN SYNTHESIS AND PHYSICOCHEMICAL CHARACTERIZATION OF BIOGENIC SILVER NANOPARTICLES
FOR COMPARATIVE SUNLIGHT AND UV PHOTOCATALYTIC DEGRADATION OF CONGO RED

ABSTRACT

Silver nanoparticles (Ag NPs) were biosynthesized using Bacillus subtilis AVK-21 isolated from water samples,
wherein microbial metabolites served as natural reducing and stabilizing agents for the reduction of Ag* to Ag’
nanoparticles. The formation of Ag NPs was confirmed by a distinct SPR peak observed in UV-Vis spectroscopy at
430 nm, while FTIR analysis revealed functional biomolecules responsible for nanoparticle capping. SAED pattern
depicts the crystalline face-centered cubic structure of the particles, and energy-dispersive X-ray spectroscopy (EDS)
verified elemental silver with energy peak near 3keV. Transmission electron microscopy (TEM) demonstrated
predominantly spherical nanoparticles with an average primary size of 62.4 nm, whereas dynamic light scattering
(DLS) indicated a hydrodynamic diameter of 271.3 nm, reflecting the aggregation behavior of the biogenic Ag NPs.
The zeta potential value was found to be 0.0 mV which further supported their limited colloidal stability and
corresponded with the clustered morphology seen in TEM micrographs. The photocatalytic efficiency of the
biosynthesized Ag NPs was evaluated using Congo Red dye under two conditions i.e., sunlight and UV light in which
sunlight exposure resulted in significantly greater degradation (67.01%) compared to UV irradiation (37.80%) within
120 min. The enhanced effectiveness under sunlight is attributed to stronger plasmonic excitation and improved ROS
generation, which facilitated electron transfer and the subsequent breakdown of the dye’s structure. Overall, this study
demonstrates that microbially synthesized Ag NPs possess good photocatalytic potential and can efficiently degrade
Congo Red under natural sunlight, highlighting their applicability as sustainable, low-energy catalysts for dye-polluted

wastewater treatment.

Keywords: Bacillus subtilis AVK-21, Congo Red degradation, Green synthesis, Photocatalytic dye degradation, Silver
nanoparticles

Article Highlights

o  Water-derived Bacillus subtilis produces stable silver nanoparticles sustainably.
o Ag NP nanoparticles efficiently break down Congo Red dye under sunlight.
e  Study provides insights for sustainable wastewater treatment applications.
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1. INTRODUCTION

Water pollution from dyes is a major environmental concern, especially in industrial areas where untreated waste is
often discharged into water bodies. The textile industry alone accounts for 20% of global wastewater pollution,
releasing large quantities of toxic, non-biodegradable dyes into the environment. Azo dyes, in particular, are widely
used for their vibrant colors and stability, but they pose serious ecological and health risks. Some common examples
include Tartrazine (E102), a yellow dye used in beverages and confectionery, and Sunset Yellow (E110), an orange
dye used in snacks and baked goods [1]. Congo red, a commonly used azo dye in textile and paper industries, is highly
persistent in the environment due to its complex aromatic structure, which makes it resistant to biodegradation and
conventional wastewater treatment [2]. Its accumulation in water bodies reduces light penetration, impairs
photosynthesis, and disrupts aquatic ecosystems. Under anaerobic conditions, Congo red can degrade into aromatic
amines, many of which are mutagenic and carcinogenic, posing significant risks to human health [3]. Long-term
exposure can lead to skin irritation, respiratory issues, liver toxicity, and potential carcinogenic effects, while its
bioaccumulation in aquatic organisms can magnify toxicity along the food chain [4-6]. These properties make Congo
red a major concern for environmental safety and public health, highlighting the urgent need for efficient and eco-
friendly removal strategies. It is estimated that 2,00,000 tons of Congo Red is discharged into the environment
annually, with concentrations in textile effluent reaching up to 500 parts per million (ppm) [7]. Conventional methods
for dye removal, such as adsorption and photocatalysis, can be expensive and energy-intensive [8]. Consequently,
researchers are exploring alternative solutions, and Ag NPs have emerged as a promising candidate for dye degradation

due to their unique properties.

Ag NPs possess unique physicochemical properties that enable their application across diverse fields [9]. They have
been extensively utilized in environmental remediation, where their high surface area and reactivity facilitate the
degradation of pollutants and microbial contaminants in water systems. They are also employed in catalysis,
supporting reduction and oxidation reactions, and in electronics, due to their excellent conductivity for use in
conductive inks and printed electronic devices. Their optical properties, particularly surface plasmon resonance, make
them valuable for biosensing and diagnostic applications, allowing sensitive detection of biomolecules. Furthermore,
the antimicrobial activity of Ag NPs is harnessed in medical applications, including coatings for medical devices,
disinfectants, and drug delivery systems, highlighting their versatile role in both therapeutic and preventive

applications [10].

Conventional chemical and physical methods for synthesizing silver nanoparticles, such as chemical reduction,
photochemical synthesis, and solvothermal processes, can be effective in producing nanoparticles for various
applications. However, they often require toxic reducing agents (e.g., sodium borohydride, hydrazine), generate
hazardous by-products, and demand high energy input, which raises environmental and safety concerns [11]. In

contrast, microbial synthesis offers a green, sustainable alternative. Microorganisms, including bacteria, fungi, and



algae, use naturally occurring biomolecules as reducing and stabilizing agents, enabling nanoparticle formation under
mild conditions without harmful chemicals. This approach is eco-friendly, cost-effective, and biocompatible, and it
allows some control over nanoparticle size and shape, making microbial synthesis a safer and more sustainable method
for producing Ag NPs compared to conventional chemical approaches [12-17]. Microorganisms, such as bacteria,
fungi, and algae, have the ability to reduce silver ions (Ag") to metallic silver, leading to the formation of Ag NPs

with diverse morphologies [18-25].

Research has indicated that green synthesized Ag NPs can efficiently degrade a variety of dyes. Previous studies have
reported that the catalytic activity of Ag NPs for dye degradation can depend on factors such as nanoparticle size, type
of dye, and synthesis method [26]. Ag NPs synthesized using plant extracts, such as Citrus reticulata peel and
Amaranthus gangeticus Linn (Chinese spinach) leaf extract, have been reported to degrade malachite green and Congo
Red, respectively, under sunlight irradiation [27,28]. Green synthesized Ag NPs have also been reported to degrade a
variety of other dyes, including 4-nitrophenol [29], as well as mixtures of dyes found in industrial wastewater [30]. In
addition, bacterial species such as Micrococcus luteus, Klebsiella pneumoniae, and Enterobacter aerogenes have been
employed to synthesize Ag NPs capable of degrading methyl orange [30]. Certain Bacillus species are particularly
effective in Ag NP biosynthesis due to their metabolic versatility and secretion of reducing and stabilizing
biomolecules. For instance, Bacillus subtilis has been reported to produce spherical Ag NPs via extracellular
metabolites [31], while Bacillus licheniformis and Bacillus cereus have also been utilized to generate Ag NPs capable
of catalytically degrading methylene blue [32]. Microalgae and fungi, notably Fusarium oxysporum, have been
employed to biosynthesize Ag NPs capable of degrading dyes such as Methyl Red and Crystal Violet [33]. Although
previous studies have demonstrated the potential of microbe-mediated Ag NP synthesis, systematic investigations
addressing the degradation of persistent dyes, such as Congo red, are still limited. While plant-based (particularly leaf-
extract) methods dominate green synthesis, microbial approaches offer distinct advantages, including eco-friendliness,
biocompatibility, and the ability to control nanoparticle size and morphology. To address this gap, the present study
investigates microbial synthesis of Ag NPs and evaluates their efficacy for sustainable and eco-friendly dye

remediation.



2. MATERIALS AND METHODOLOGY

2.1 MATERIALS

Silver nitrate (AgNOs) was purchased from Merck Millipore, India. Sodium hydroxide (NaOH, analytical grade), and
hydrochloric acid (HCI, analytical grade), nutrient agar and nutrient broth were procured from SRL Chemicals, India.
Distilled water was used for all solution preparations. Nutrient agar and nutrient broth were used for microbial
cultivation. Laboratory equipment included a cooling centrifuge (Microfuge 20R, Beckman Coulter, USA), magnetic
stirrer (IKA C-MAG HS 7 magnetic stirrer ,Germany), Laminar hood, and sterilized glassware (flasks, beakers,
micropipettes). All reagents and glassware were sterilized before use following Standard Methods (APHA, 2017) [34].

2.2 WATER SAMPLE COLLECTION

Water samples were collected following ISO 19458:2006 guidelines for microbiological water sampling and APHA
Standard Methods (2017) for preservation and transport. Samples were aseptically obtained from four low-human-
activity sites in Madurai—Mudalaikulam 1 (9.988904° N, 77.937628" E), Mudalaikulam 2 (9.988845° N, 77.937685°
E), Sholavandhan (10.007563° N, 77.971474°E), and the Vaigai River (9.349986° N, 79.0700° E)—using pre-sterilized
200 mL plastic containers. Water was collected from a depth of 20—30 cm to avoid surface contamination. Containers
were labelled, placed in ice-cooled insulated carriers, transported to the laboratory, and stored at 4°C, with processing

completed within 24 hours to maintain microbial viability.

2.3 ISOLATION OF MICROBES USING SPREAD PLATE METHOD

The water sample bottle was vigorously shaken to homogenize the microbial population. Serial dilutions were

performed by transferring 1 mL of the sample into 9 mL of sterile distilled water. Successive dilutions (10—1 to 10—4)
were prepared to achieve a suitable concentration for plating. Using a sterile micropipette, 0.1 mL of the desired
dilution was transferred onto the surface of the solidified agar in a petri dish. The sample was spread evenly over the
agar surface using a sterile glass spreader or L-shaped rod [35]. After the incubation period of 24-48 h at 37°C,
microbial growth was observed on the nutrient agar plates inoculated with water samples. Distinct microbial colonies
were observed on the four sample plates, exhibiting variations in size, shape, color, and texture as shown in figure S1

(Online Resource).

2.4 STREAKING FOR PURE CULTURES



After incubation, spread plates were examined for isolated colonies based on distinct characteristics such as size, color,
shape, texture, and edge definition, and six colonies were selected from four sample plates. The inoculating loop was
sterilized by flame, allowed to cool, and then used to gently pick a colony, which was streaked onto a fresh nutrient
agar plate in a zigzag pattern across four quadrants to reduce the microbial load and isolate individual colonies,
ensuring minimal overlap [36]. The streaked plates were inverted and incubated at 37°C for 24-48 h, resulting in well-

separated colonies with no contamination as shown in Fig 1.



G oo rspcamers

Chennai, Tamil Nadu, India
VBFC+ Kamaraj Nagar, Semmancheri, Chennai, Sem eri, Tamil

07/10/24 AM GMT +06:30

[ orsrsp comers [ orsresp camers

nai, Tamil Nadu, India

Semmancher, Chennai, Semmanjer, Tamil » MPH, hennal, Semmanjeri, Tamil

Ki s amars amer:
[ 0psMapc: & orsrsmcamens

Chennai, Tamil Nadu, India 3 Chennai, Tamil Nad
VBFC+MPH, Kamaraj Nagar, Semma , Chennai, Semmanjeri, Tamil ’ | VBFC+MPH, Kamaraj Nag

), Semmanjeri, Tamil

Fig.1 Streak plates of six microbial isolates used for Ag NP biosynthesis. Panels (a—f) correspond to isolates 1

through 6, respectively. Each plate shows the characteristic colony morphology of the respective isolate

2.5 PREPARATION OF BROTH CULTURE



Sterile nutrient broth was prepared by dissolving the required amount of powdered medium in distilled water (e.g., 13
g/L), and autoclaved at 121°C for 15 min to ensure sterility. A single isolated colony from the streak plate was selected
using a sterile loop and inoculated into a sterile 100 mL conical flask containing 100 mL of nutrient broth under aseptic
conditions for each of the six samples. The inoculated flasks were incubated at 37°C in a shaker incubator at 120-150
rpm for 18-24 h to promote uniform growth. After incubation, visible turbidity was observed in all six flasks,

indicating microbial growth as shown in figure S2 (Online Resource). No contamination was detected.

2.6 STAINING

Two types of staining were performed: Simple Staining and Gram Staining. Simple staining, using Methylene Blue
that identifies bacterial cells by enhancing contrast, making cell features like shape, size, and arrangement easier to
observe under a microscope. Gram Staining categorizes bacteria into Gram-positive (purple) and Gram-negative

(pink/red) based on their cell wall structure.

For simple staining, a smear was prepared on a clean slide with a drop of sterile water and a loopful of broth culture,
which was air-dried and heat-fixed. Methylene blue was applied for 1-2 min, excess stain was washed off, and the
slide was air-dried [37]. Under a microscope at 100x magnification, all six samples were examined and found to be
bacteria. Streaks 1, 2, and 5 exhibited cocci-shaped cells; Streaks 3 and 4 showed rod-shaped bacteria; and Streak 6

displayed round cells resembling cocci as shown in figure S3 (Online Resource).

For Gram staining, a smear was prepared in the same manner, followed by crystal violet for 1 min, Gram's iodine for
1 min, ethanol for 15-30 s, and Safranin for 1 minute [37]. The slide was examined under a microscope at 100x
magnification with immersion oil, and the results were recorded: Gram-positive bacteria appeared purple, and Gram-
negative bacteria appeared pink. All six samples were examined, and among the six isolates, three were observed to
be Gram-positive (appearing purple) i.e., Streak 3, Streak 5 and Streak 6, while three were Gram-negative (appearing

pink) i.e., Streak 1, Streak 2 and Streak 4.

2.7 MICROBIAL IDENTIFICATION BY SEQUENCING

Microbial sequencing is a precise method used to identify and characterize microorganisms by analyzing their genetic
material. It helps distinguish species by targeting specific genes, such as the 16S rRNA gene for bacteria and archaea

[38]. The sequencing method used for the identification was Sanger sequencing.

Out of 6 isolates, a single isolate was considered for the sequencing and further synthesis of Ag NPs. Streak 4 was
selected for sequencing as it was having morphologically distinctive characteristics with mucoidal appearance. 16S
rRNA was used for the identification of the bacteria. For this purpose, the pure culture of the isolate was submitted to

a commercial sequencing service provider, NGS Hub, National Facility for Coastal and Marine Research, Sathyabama



Institute of Science and Technology, Chennai, India. The entire sequencing workflow, including genomic DNA

extraction, PCR amplification, and sequencing, was carried out by the consultancy.

Genomic DNA was extracted from the bacterial sample using a standard phenol-chloroform method or a commercially
available DNA extraction kit, as per the consultancy’s protocol. The 16S rRNA gene was then amplified using
universal bacterial primers (such as 27F and 1492R), targeting conserved regions of the gene. The amplified products
were purified and subjected to Sanger sequencing using cycle sequencing chemistry with fluorescently labeled

dideoxynucleotides.

The resulting chromatogram files were analyzed for base calling and sequence quality. The final consensus sequence
was compared against the NCBI GenBank database using the BLAST algorithm to identify the isolate based on
sequence homology with known bacterial strains. The bacterial species showing the highest similarity percentage and
alignment score was considered as the identified strain. The identified strain was subsequently used for the

biosynthesis of silver nanoparticles.
2.8 BIOSYNTHESIS OF AG NPS

Ag NPs were synthesized microbially, where biologically active molecules reduced Ag” to Ag’. Enzymes such as
nitrate reductase, along with proteins and polysaccharides, served as both reducing and stabilizing agents, while their
functional groups provided surface capping to prevent aggregation and ensure colloidal stability. [39]. For the
synthesis, a selected bacterial species was cultured in nutrient broth at 37°C and the optical density of the bacterial
culture was measured to be 0.57 which indicates the log phase of the bacteria, after which the culture was centrifuged
at 12000 rpm for 10 min to separate the biomass from the supernatant. The obtained supernatant was then added to 1
mM silver nitrate solution in 1:1 volume ratio and incubated at room temperature to facilitate nanoparticle formation
as shown in figure S5 (Online Resource) [40]. The synthesized nanoparticles were purified by centrifugation at
15000xg for 15 min multiple times and washed with deionized water to eliminate unreacted ions and biomolecular
residues [41]. Finally, the purified Ag NPs were resuspended in distilled water as shown in figure S6 (Online
Resource) and stored at 4°C in dark containers to preserve their stability and prevent light-induced degradation. The

workflow is shown in figure 2.
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Fig.2 Workflow depicting biosynthesis of nanoparticles

2.9 CHARACTERIZATION OF AG NPS

The synthesized Ag NPs were characterized using various analytical techniques to confirm their formation, stability,
and physicochemical properties. SPR peak detection was performed using a Shimadzu UV-1800 UV-visible
spectrophotometer (Japan) equipped with a deuterium and tungsten lamp (4000 K) at manufacturer-specified intensity.
Absorbance was measured over 200-800 nm, serving as a key indicator of nanoparticle synthesis. [41]. Dynamic light
scattering (DLS) was used to determine the average hydrodynamic diameter, polydispersity index (PDI), and colloidal
stability of the nanoparticles, while zeta potential analysis was performed to evaluate surface charge and dispersion
stability, all carried out on a Horiba nanopartica SZ100V2 (Japan) at the Centre for Ocean Research, Sathyabama
Institute of Science and Technology, Chennai, India. FTIR was used to identify functional groups responsible for the
reduction and capping of nanoparticles, indicating the involvement of microbial biomolecules using Nicolet Summit-
X FTIR spectrometer (Thermo Fisher Scientific, USA) at IIT-M, Chennai [42]. Finally, TEM-EDS was done using
Talos F200S G2 TEM (Thermo Fisher Scientific, USA) at Advanced Characterization Facility, Sathyabama Institute
of Science and Technology, Chennai which provided high-resolution images to assess the shape, size, and dispersion

of the nanoparticles [39], confirming their nanoscale morphology along with the analysis of elemental composition.

2.10PHOTOCATALYTIC REMEDIATION OF DYE (CONGO RED) USING SILVER NANOPARTICLES

The photocatalytic potential of biosynthesized Ag NPs was assessed through the degradation of Congo Red dye, a
commonly used azo dye in our laboratory. To begin, a stock dye solution was prepared by dissolving 100 mg of Congo

Red in 1 liter of deionized water, yielding a concentration of 100 mg/L. From this stock, a working solution of 25



mg/L was obtained by diluting 25 mL of the stock with 75 mL of deionized water. For the degradation experiment, 1
mg of Ag NPs was added to 100 mL of the working dye solution in a clean beaker [43]. The mixture was stirred at
200-300 rpm using a magnetic stirrer to ensure homogeneous dispersion of the nanoparticles. The solution's pH was
brought within the range of 3 and 7, depending on the requirement, as pH significantly influences photocatalytic

efficiency.

The dye-nanoparticle mixture was then exposed to two different light conditions to assess photocatalytic activity:
natural sunlight during peak daylight hours and ultraviolet (UV) light at wavelengths such as 254 nm or 365 nm,
provided by a UV chamber. In addition to the test samples, control experiments were performed. These conditions
allowed for the evaluation of both sunlight- and UV-induced degradation pathways. At specific time intervals- 0, 10,
20, 30, 60, and 120 min, 2 mL aliquots of the reaction mixture were withdrawn to monitor the progress of dye
degradation. Each sample was centrifuged at 10,000 rpm for 5 min to remove residual nanoparticles, and the

supernatant was analyzed.

The degradation of Congo Red was tracked using UV-Visible spectrophotometry by measuring absorbance at 497 nm,
which corresponds to the dye’s maximum absorbance wavelength (Amax) [44]. The initial absorbance (Ao) and
absorbance at each time interval (A) were recorded and compared to determine the percentage of dye degraded over

time. The following formula was used to determine the degradation efficiency [45]:

Degradation Efficiency (%) =
(A0 — At)
—x

1
A0 00

These values were computed for both sunlight and UV exposure conditions, and the results were plotted to provide a
comparative understanding of photocatalytic efficiency under different lighting scenarios. This approach highlights

the effectiveness of Ag NPs in environmental remediation through dye degradation.

2.11STATISTICAL ANALYSIS

Nanoparticle characterization techniques, including TEM, DLS, zeta potential, and FTIR, were descriptive, as these
analyses provide direct instrument-based outputs rather than measurements from independent experimental groups.
Photocatalytic dye degradation experiments were monitored over time by measuring absorbance at 497 nm. Each
measurement was performed in triplicate, and the mean values were calculated and reported, ensuring accurate and
reliable representation of the degradation kinetics. As no comparisons between independent experimental groups were

made, inferential statistical tests such as t-tests or ANOVA were not applied.



3. RESULTS AND DISCUSSION

3.1 16S rRNA sequencing confirms the isolate as Bacillus sp.

Microbial identification was performed using 16S rRNA gene sequencing. The amplified 16S rRNA sequence as
shown in figure 3 was compared against the NCBI GenBank database using BLASTn. The isolate exhibited 96.09%
identity with Bacillus subtilis strain CICC10076 with Accession number AY917141.1, confirming its taxonomic

assignment as shown in figure 4.

SIST3105_CO1 CONTIG:

>8IST3105

TATCTGCAAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGLGGACGEGTGAGTAACACGTGGGTA
ACCTGCCTGTAAGACTGGGATARCTCCGGGARACCGGGGCTAATACCGGATGGTTGTTTGAACCGCATGGTTCAA
ACATAARAGGTGGCTTCGGCTACCACTTACAGATGGACCCGUGGLGCATTAGCTAGTTGETGAGETAACGGCTCA
CCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGEGGACTGAGACACGGCCCAGACTCCTAC
GGGAGGCAGCAGTAGGGAATCTTCCGCARTGGACGARAGTCTGACGGAGCARCGCCGCGTGAGTGATGAAGGTTT
TCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACARAGTACCGTTCGAATAGGGCGETACCTTGACGGTACCTARCC
AGAARGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCARGCGTTGTCCGGAATTATTGGGT

Species Identification Report

GTARAGGGCTCGCAGGCGETTTCTTAAGTCTGATGTGARAGCCCCCGGLTCARCCGEGEGAGGGTCATTGGARACT
GGGGRAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTARAGATGTGGAGGAACAC
CAGTGGCGARAGGCGACTCTCTGGTCTGTAACTGACGC TAAGGAGCGAARGCGTGGGAAGCGAACAGGATTAGATA
CCCTGETAGTCCACGCCGTARACGATGAGTGCTAAGTGTTAGGGGETTTCCGCCCCTTAGTGATGCAGCTAACGT
ATTAAGCAGTCCGCCTGGGGAGTACGGTGCTAAGACTGAAAATTAAAGCAATTCGATGGGGGCGCGCACRAGAGGT
GGAGCATGETGETTTAATTCGAAGCAACGCGAAGRACCTTACCAGGTGTTGACGTCATCTGATAATACTAGAGATA
GEAGGETEECETTCGEEGECAGAGTGACAGETGGTGTATGGTTGTCGTCAGCTCGTGTCGTGACGATGTTGGGTTAA
GTATCGCAACGAGTGGAACCCTTGATGTTAGTTGCTAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTGACA
AACCGGAGGAAGGTGGGGATGAGGTCARATCATCATGCTCCTTATGACGTGGGGTACACACGTGTTACAATGGAG
AGAAGAAAGGGGAGCCGAARCAGCGAGGTTARGCCAATCCTACARATATGTTTTCAGTTCGGATCGCAGTATGCAA
CTAGACTGCGTGAAGATGGAATAGCTAGTAATAGTGGATGAGCATGCCECEGTGAATACGTTGCCGGGEGETETA
GACACCGCCGGTCACACCACGAGAGTTTGTARGACCCGARAGTCGGTGAGGTAGCCTTTTAGGAGCCAGCCGCCGA
AGGTGGG

Fig. 3 16S rRNA contig sequence of the bacterial isolate used for Ag NP biosynthesis



Identified organism based on BLAST top hit: Bacillus subtilis

The BLAST Results shows 100% Query Coverage and 96.09% Identity with Bacillus subtilis
strain CICC10076 16S ribosomal RNA gene, partial sequence.
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Fig.4 Summary of NCBI BLAST results for the 16S rRNA gene sequence of the bacterial isolate. The analysis
identifies the organism as Bacillus subtilis, showing 100% query coverage and 96.09% sequence identity with strain

CICC10076.

3.2 Characterization results of Ag NPs

Change in the color of the reaction mixture from colorless solution to brown solution indicates the synthesis of silver
nanoparticles [46]. The UV-Vis absorption spectra of the synthesized nanoparticles showed a characteristic Surface
Plasmon Resonance (SPR) peak at 430 nm, confirming the successful formation of Ag NPs as shown in figure 5(a).
The observed peak position is consistent with previously reported values for silver nanoparticles, further validating
their synthesis. DLS analysis revealed that the biosynthesized Ag NPs displayed a hydrodynamic diameter of 271.3 +
19.7 nm with a low PDI (0.0053), indicating a relatively uniform size distribution in suspension as shown in figure
5(b). The zeta potential was approximately 0 mV as shown in figure 5(c), reflecting an absence of measurable surface
charge. The Ag NPs remained dispersed in the aqueous medium, highlighting that stability is rather provided by steric
effects resulting from microbial capping biomolecules, even though such low values usually indicate minimal
electrostatic stabilization. Microbial biosynthesis often results in nanoparticles coated with extracellular biomolecules
such as proteins, enzymes, amino acids, and polysaccharides, which adsorb onto the nanoparticle surface and form a
protective organic shell. This capping layer provides steric hindrance, preventing close approach and aggregation of
particles by creating a physical barrier [47]. The combined DLS and zeta potential results therefore indicate that the
colloidal stability of the synthesized Ag NPs is predominantly governed by biomolecule-mediated steric stabilization
rather than electrostatic repulsion. Meanwhile, TEM images of the biosynthesized Ag NPs as shown in figure 5(d)
and 5(e) revealed predominantly spherical nanoparticles forming densely aggregated clusters. This aggregation is
likely due to drying effects during sample preparation, where particles lose their stabilizing solvent layer, combined
with the near-zero zeta potential, which provides minimal electrostatic repulsion, reflecting the inherent tendency of

the nanoparticles to agglomerate in the absence of charge-based stabilization [48]. Despite clustering, individual



primary nanoparticles could be resolved within the aggregates, and measurements of 100 discrete particles were found

using ImagelJ software and was used to generate a size distribution histogram using Origin software as shown in figure

5(f).

The average particle size was 62.5 £ 9.46 nm, indicating a relatively narrow distribution, consistent with DLS
measurements in solution. Similar trend was observed in the previous study conducted by Ballotin et al., 2016 [48].
The zero-zeta potential suggests nearly zero electrostatic repulsion, so the clustering reflects the inherent tendency of
the nanoparticles to agglomerate in the absence of charge-based stabilization. The corresponding SAED patterns
displayed distinct concentric diffraction rings, corresponding to the (111), (200), (220), and (311) planes of face-
centered cubic silver, confirming the crystalline nature of the nanoparticles as shown in figure 5(g) [49]. Together,
these results indicate that the Ag NPs are stabilized in solution primarily through steric effects mediated by microbial
biomolecules, which maintain colloidal dispersion despite the aggregation observed under TEM conditions. EDS
analysis confirmed the elemental composition of the biosynthesized Ag NPs, with a strong and characteristic silver
signal at ~3 keV, verifying the successful formation of silver nanoparticles [49]. Additional minor peaks corresponding
to C, O, Fe, and CI were also detected as shown in figure 5(h). The presence of carbon and oxygen is commonly
associated with biomolecular capping agents originating from microbial metabolites, which enhance nanoparticle
stability. Trace amounts of Fe and Cl may be derived from components of the culture medium or residual salts involved
in the synthesis process. FTIR spectra revealed the functional groups involved in the reduction and stabilization of
biosynthesized Ag NPs and displayed 5 distinct characteristic peaks as shown in figure 5(i). A broad absorption band
at 3367 cm™' corresponds to O—H and N-H stretching vibrations, indicative of hydroxyl and amine groups. The peak
at 2087 cm™! is attributed to N=C=S stretching, suggesting the presence of isothiocyanate groups. The peak at 1605
cm! corresponds to C=O stretching (amide 1), while the band at 1063 cm™ is associated with C=O stretching
vibrations, typically from polysaccharides or alcohols. The signal at 836 cm™ represents C—H bending, indicating

aromatic compounds.
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Fig.5 Characterization profile of biogenic Ag NP synthesized using Bacillus subtilis AVK-21

(a) UV-Vis spectrum with SPR peak at 430 nm confirming Ag NP formation; (b) DLS hydrodynamic diameter
distribution showing a mean diameter of 271.3 £ 19.7 nm and a low PDI =0.0053, indicating uniform particle size in
suspension; (¢) Zeta potential curve showing a peak at 0 mV, indicating minimal surface charge and a tendency toward
particle agglomeration ; (d) and (¢) TEM image showing predominantly spherical nanoparticles; (f) SAED
crystallographic ring pattern confirming the crystalline nature of the Ag NPs; (g) Particle size distribution histogram
(n = 100) with mean particle diameter is 62.4 nm and standard deviation of 14.51 nm; (h) EDS spectrum with the
strong signal at ~3keV confirming the elemental composition of silver; (i) FTIR spectrum showing characteristic

absorption bands corresponding to functional groups

3.3 Congo red degradation results

The photocatalytic performance of the biosynthesized Ag NPs was assessed under UV and sunlight irradiation, and

the degradation efficiency was quantified based on changes in absorbance at 497 nm over a period of 2 h.

Under UV light, the control showed negligible degradation of 3.22%, whereas the Ag NP-treated system achieved
37.8% degradation (Table 1). Visual observations confirmed progressive color fading in the Ag NP-treated sample as
shown in figure 6. Compared to an rGO-Ag nanocomposite study that required hybrid materials to achieve comparable
UV degradation [50], our pure Ag NPs exhibited efficient photodegradation, emphasizing the simplicity and green

nature of the microbial synthesis route.

Under sunlight, the control exhibited minimal photolysis of 6.97%, while the Ag NPs achieved 67.02% degradation
over 2 h (Table 2), nearly doubling the efficiency observed under UV and this can be seen in figure 7. This superior
sunlight performance is attributed to the broader spectral range and higher photon flux, which enhances SPR excitation
and ROS generation. In comparison, green-synthesized ZnO nanoparticles using gum arabic achieved 99.5% CR
degradation in 30 min at pH 8 [51], magnetic Mgo. sCoo. sFe20a spinel nanoparticles achieved 93% degradation under
visible light [52] and myco-architectured CuO/Ag.0O-grafted graphene oxide nanoconjugate [53] achieved significant
Congo Red degradation. While these systems demonstrate higher absolute efficiencies, they involve more complex
synthesis and composition, our Ag NPs offer a simpler, microbially mediated approach that still achieves substantial

degradation in 2 h.

Ag NPs synthesized from Ocimum sanctum reported high removal of Congo Red dye nearly 93% primarily through
adsorption rather than photocatalysis [54]. In contrast, our study confirms that microbially synthesized Ag NPs not
only remove Congo Red efficiently but also actively degrade it under light exposure, highlighting the dual role of
biogenic capping biomolecules in stability and photocatalytic activity. While previous studies produced nanoparticles
effective against Congo Red mainly through plant-mediated synthesis such as CuO-ZnO nanocomposite [55], Ag NP
[56] [57], Ag-MgO nanoparticles [58], our study demonstrates that microbe-mediated synthesis of Ag NPs offers a

greener, simpler, and single-component approach while achieving good photocatalytic degradation of Congo Red,



highlighting both efficiency and sustainability. Overall, these results demonstrate that sunlight drives significantly
higher photocatalytic degradation than UV irradiation for microbially synthesized Ag NPs, and the simplicity, eco-
friendliness, and single-component nature of this system offer a practical and sustainable alternative to more complex

or chemically engineered nanomaterials reported in the literature.

Initial Absorbance = 0.373

Time Absorbance at 497 nm‘ Degradation % | Absorbance at 497 nm Degradation %
(min) (Sample) (Control)

15 0.344 7.77 0.371 0.54

30 0.32 14.21 0.37 0.80

45 0.315 15.55 0.369 1.07

60 0.281 24.66 0.368 1.34

90 0.255 31.64 0.365 2.14

120 0.232 37.8 0.361 3.22

Table.1 Time-dependent photodegradation of Congo Red under UV light in the presence of biosynthesized Ag NPs.
Absorbance at 497 nm was measured at different time intervals, and the corresponding degradation percentages were

calculated relative to the initial absorbance (0.373)

Initial Absorbance = 0.373

Time Absorbance at 497 nm Absorbance at 497 nm
(min) (Sample) Degradation % (Control) Degradation %
15 0.307 17.69 0.372 0.27
30 0.262 29.76 0.37 0.80
45 0.198 46.92 0.368 1.34
60 0.194 47.99 0.361 3.21
90 0.149 51.47 0.354 5.06
120 0.123 67.02 0.347 6.97

Table.2 Time-dependent photodegradation of Congo Red under sunlight in the presence of biosynthesized Ag NPs.
Absorbance at 497 nm was recorded at different time intervals, and the corresponding degradation percentages were

calculated relative to the initial absorbance (0.373)
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Fig.6 Photocatalytic degradation of Congo Red by biosynthesized Ag NPs under UV light. (a) Control and test flasks
after 2 h of UV exposure. (b) Eppendorf tubes showing samples collected at different time intervals (0—120 min) from
left to right, illustrating progressive dye degradation
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Fig.7 Photocatalytic degradation of dye by Ag NPs under sunlight a) Control and Test flask after 2 h under sunlight
b) Eppendorf tubes containing test samples collected at various time intervals (from left to right) starting with the

control sample and ending with the 120 min sample

A time-dependent comparison of dye degradation under UV and sunlight (Figure 8) further reveals that sunlight
consistently produced higher efficiencies at all time points. At 15 min, degradation was approximately 10% under UV
and 20% under sunlight, increasing progressively to nearly 30% and 70%, respectively, at 120 min. The superior
sunlight-driven performance is attributed to enhanced SPR activation and more efficient charge separation under solar
radiation. Overall, these findings confirm that microbially synthesized Ag NPs exhibit markedly enhanced

photocatalytic activity under sunlight compared to UV irradiation. Their eco-friendly synthesis, single-component



nature, and effective photocatalytic action position them as a practical and sustainable material for dye degradation

applications.
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Fig.8 Comparison of degradation efficiency (%) of the synthesized Ag NPs under sunlight and UV light exposure

over 120 minutes which shows sunlight exposure consistently yields a higher degradation efficiency than UV light

4. Conclusion

This study reports eco-friendly extracellular biosynthesis of silver nanoparticles (Ag NPs) using an isolated Bacillus
subtilis 4VK-21 and a systematic evaluation of their physicochemical properties by various characterization
techniques and photocatalytic performance. TEM analysis revealed that the biosynthesized Ag NPs were
predominantly spherical with a primary particle diameter of 62.4 nm and a larger hydrodynamic diameter by DLS
indicating agglomeration. EDS analysis confirmed the elemental composition of the nanoparticles showing the
presence of silver. FTIR spectra showed functional groups present on Ag NPs which is contributed by microbial
biomolecules that acted as reducing and capping agents, and SAED verified the face-centered cubic structure and
crystallinity of the nanoparticle. The zeta potential result which was found to be 0.00 mV is consistent with the
clustered morphology seen in TEM micrographs and explains the reduced electrostatic stabilization of the suspension.
Functionally, the biosynthesized Ag NPs demonstrated significant photocatalytic activity against Congo Red. Under
experimental condition, sunlight exposure achieved higher degradation than UV irradiation (67.0% under sunlight vs
37.8% under UV after 120 min), indicating that the broader solar spectrum and greater photon flux enhance SPR-

mediated reactive species generation and catalytic efficiency for these biogenic Ag NPs. These results show that



microbially synthesized Ag NPs are promising, simple, and sustainable photocatalysts for dye remediation under
natural sunlight. While previous studies conducted by Pathan et al., reported B. subtilis-mediated Ag NP synthesis,
their characterization was limited to UV-Vis and SEM and they only tested dye degradation under unspecified
illumination[40], whereas the present study provides a more comprehensive physicochemical evaluation (TEM, DLS,
zeta potential, SAED, FTIR) and functional photocatalytic assessment under sunlight and UV, highlighting the novelty

and practical relevance of the locally isolated water-derived strain AVK-21.

Although these results establish microbial Ag NPs as simple, sustainable, and effective photocatalysts for dye
remediation under natural sunlight, several areas remain underexplored and present opportunities for future research.
Detailed mechanistic and kinetic studies, including identification of reactive oxygen species, reaction pathways, and
rate-law analysis under different illumination spectra, are necessary to fully understand the photocatalytic process.
The performance of biosynthesized Ag NPs in real industrial effluents with complex matrices and competing ions
remains largely untested, and systematic surface modification strategies to improve dispersion, stability, and catalytic
surface area are rarely reported. Comprehensive environmental safety assessments, including ecotoxicity studies and
life-cycle evaluations, are also limited, as are scale-up studies and pilot-scale deployment for practical wastewater
treatment applications. Addressing these gaps will be critical to enhancing the stability, efficiency, and environmental
compatibility of biogenic Ag NPs, ultimately facilitating their translation from laboratory-scale demonstrations to

robust, field-ready solutions for sustainable wastewater remediation.
Data Availability:

The 16S rRNA sequence of Bacillus subtilis AVK-21 has been deposited in NCBI under the accession number
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