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Abstract

Green silver nanoparticles (AgNPs) have been increasingly recognized for their antimi-
crobial properties and environmental compatibility. In this study, AgNPs were synthe-
sized using an aqueous extract of Manaca-da-Serra (Pleroma sellowianum) flowers as a
natural reducing and stabilizing agent and subsequently incorporated into a chitosan
matrix to produce functionalized composites for industrial wastewater disinfection. Op-
timal synthesis conditions were achieved at pH 12.0, 25 °C, and 0.01 mol/L AgNO;,
yielding uniformly dispersed spherical NPs (20-30 nm) with moderate colloidal stability
(zeta potential ~# —14 mV) and a minimum inhibitory concentration of 5 uL/mL against
Escherichia coli and Staphylococcus aureus. The effective integration of AgNPs into the
biopolymer was verified by Fourier-transform infrared spectroscopy (FTIR), thermogravi-
metric analysis (TGA), transmission electron microscopy (TEM), and energy dispersive
spectroscopy (EDS). The interaction between AgNPs and chitosan was confirmed by the
data, while successful NP incorporation was further supported by homogeneous Ag dis-
tribution and improved thermal stability. Inhibition zones of 11 4= 1 mm (S. aureus) and
9 £ 1 mm (E. coli) were revealed by antimicrobial assays. For industrial wastewater disin-
fection, a total coliform reduction of >99.9% was achieved within 180 min, with Ag release
remaining at 0.01 mg/L, below the regulatory threshold. The synergistic effect between
chitosan and green-synthesized AgNPs was highlighted by these findings, demonstrating
the potential of this environmentally friendly material for efficient, safe, and sustainable
wastewater disinfection and reuse.

Keywords: Manaca-da-Serra; green synthesis; silver nanoparticles; chitosan; functionalized
composites; antimicrobial effect; wastewater; disinfection

1. Introduction

Over the past half-century, profound climate and biological crises have been expe-
rienced by our planet, making environmental preservation a critical global priority. In
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response to these challenges, and in efforts to achieve the ambitious goals outlined in na-
tional and international climate agreements, increasing attention has been directed toward
the development of greener, more innovative, and sustainable processes and products.
Through these initiatives, the volume of waste generated by human activities and the
associated negative environmental impacts are expected to be drastically reduced. In this
context, wastewater treatment and subsequent reuse have been recognized as essential
strategies for environmental conservation [1,2]. Immediate and sustained attention has also
been required by the immense scale of the global water crisis. In 2022, it was estimated
that 2.2 billion people lacked access to safely managed drinking water, 3.5 billion were
without safe sanitation, and 2 billion had no access to adequate hygiene facilities. Without
substantial progress, it has been projected that by 2030, basic access to drinking water will
still be lacking for approximately 785 million people [3].

In light of these challenges, tertiary treatment has been regarded as a crucial stage
in wastewater management, as it enables water reuse through the removal of residual
pollutants and pathogenic microorganisms, primarily by disinfection methods such as
chlorination, ozonation, and ultraviolet (UV) radiation. Distinct advantages and limita-
tions have been identified for each of these conventional techniques. Chlorination has
been recognized as one of the most widely applied and cost-effective methods for large-
scale disinfection; however, the formation of harmful chlorinated by-products, such as
trihalomethanes and haloacetic acids has been reported, and these compounds are known
to pose risks to both human health and aquatic ecosystems. Ozonation, in turn, has been
demonstrated to be highly effective in the inactivation of microorganisms and oxidation
of organic compounds, although significant energy input and strict operational control
are required due to ozone’s instability and potential toxicity. A clean and chemical-free
disinfection pathway is provided by UV radiation, which leaves no residual disinfectants,
yet its efficiency is diminished in turbid waters, and regular maintenance as well as contin-
uous energy supply are necessary to sustain operation [4]. Because industrial wastewater
is typically composed of complex mixtures of organic and inorganic contaminants, its
treatment is often conducted through multi-step processes [5,6], which are associated with
several drawbacks, including high operational costs, substantial energy consumption, and
the generation of toxic secondary products [7,8]. These constraints have underscored the
pressing need for the development of more efficient, cost-effective, and environmentally
sustainable disinfection technologies. Within this context, nanomaterial-based systems have
emerged as promising alternatives, particularly polymeric composites functionalized with
green-synthesized metallic nanoparticles (NPs), in which antimicrobial activity, adsorption
capacity, and chemical stability are integrated within a single, low-energy process.

Among recent advancements, considerable interest has been directed toward metallic
NPs, particularly those composed of copper, zinc, and silver, owing to their effective antimi-
crobial properties [9]. However, despite extensive investigation, the precise mechanisms
by which these NPs, particularly AgNPs, exert their antimicrobial effects have not yet
fully elucidated and remain the subject of ongoing debate [10]. Several hypotheses have
been proposed to explain the interaction or penetration of bacterial membranes by AgNPs,
including disruption of membrane integrity [11], intracellular penetration followed by
reactive oxygen species (ROS) generation and enzyme inhibition [12], and interference with
cellular metabolism and DNA replication caused by released Ag* ions [13,14]. Because
these mechanisms remain uncertain, additional research is still required to clarify them in
detail and to optimize the practical applications of these nanomaterials.

AgNPs have been synthesized through various physicochemical methods, including
top-down and bottom-up approaches [11]. Although large quantities of highly pure NPs
have been obtained by these techniques, they are typically energy-intensive, and the use



Processes 2025, 13, 3622

30f29

of hazardous chemicals is generally required, raising concerns regarding environmental
sustainability and human health risks [15]. To address these issues, green synthesis methods
using plant-derived materials such as leaves [16], flowers [17-19], and fruits [20] have
been developed by several researchers. Various advantages have been offered by these
environmentally friendly approaches, including low cost, use of renewable resources, and
environmental compatibility [11,12,21,22].

Although environmentally friendly, significant challenges have still been encountered
in the green synthesis methods. Agglomeration of AgNPs has frequently been observed
due to their high surface energy, and control over their size and morphology has remained
difficult to achieve. Moreover, the potential toxicity of AgNPs, particularly those chemically
synthesized, has continued to be regarded as a matter of concern, as accumulation in bio-
logical systems or environmental compartments may occur in the event of leaching [10,22].
An additional challenge has been posed by the use of freshly prepared plant extracts, whose
bioactivity is rapidly lost over time, thereby limiting their effectiveness as reducing and
stabilizing agents.

To overcome these issues, various polymeric matrices such as polyvinylpyrrolidone
(PVP), polyvinyl alcohol (PVA), and polylactic acid (PLA) have been investigated as sup-
ports for AgNPs [10,23]. Among natural alternatives, cellulose [24], alginate [25], and
particularly chitosan, have been demonstrated to possess significant potential [10]. Chi-
tosan, a biopolymer obtained from the exoskeletons of crustaceans and insects or fungal
cell walls, has increasingly been considered due to its ability to form a variety of struc-
tures, including films, hydrogels, membranes, and pellets, demonstrating biodegradability,
biocompatibility, and strong antimicrobial activity [26—-28]. Consequently, chitosan-based
composites functionalized with metallic NPs have been widely studied for antimicrobial
applications in wastewater treatment. Excellent antimicrobial activity has been demon-
strated against both Gram-positive and Gram-negative strains, with microbial removal
rates above 80% [29-31]. Furthermore, crosslinking agents such as glutaraldehyde, glyoxal,
and benzoquinone have commonly been employed to enhance the chemical stability of
chitosan-based materials and improve their performance.

The potential of chitosan-metal nanocomposites for antimicrobial and wastewater
treatment applications has been emphasized in recent studies. Chitosan beads coated with
Zn0O-Ag NPs were synthesized by Chatterjee et al. [32] and were successfully applied to the
disinfection of secondary-treated sewage, resulting in effective microbial inactivation and
demonstrating the feasibility of chitosan/silver systems in real wastewater environments.
Similarly, a green-synthesized chitosan-iron@silver nanocomposite was developed by
Olajire and Bamigbade [33], and significant improvements in biochemical oxygen demand
(BOD), chemical oxygen demand (COD), and total dissolved solids (TDS) removal from
industrial wastewater were achieved compared with neat chitosan. More recently, chitosan-
AgNPs pellets were prepared by Sartori et al. [34], resulting in complete E. coli inactivation
in real industrial wastewater. Collectively, the synergy between chitosan and metallic NPs
has been reinforced by these studies, emphasizing the enhancement of antimicrobial and
physicochemical properties, while highlighting the importance of green synthesis routes
and real-wastewater validation.

Based on these findings, a composite consisting of a chitosan-based matrix and green-
synthesized AgNPs obtained from the floral extract of Manaca-da-Serra (Pleroma sell-
owianum) was developed and characterized for industrial wastewater disinfection. Accord-
ingly, key NP synthesis parameters (pH, temperature, and silver salt concentration) were
optimized, followed by an extensive physicochemical and morphological characterization
of the composite, which was performed using multiple techniques, including UV-Visible
(UV-Vis) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, transmission elec-
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tron microscopy (TEM), field emission gun scanning electron microscopy (FEG-SEM),
energy dispersive spectroscopy (EDS), and thermogravimetric analysis (TGA). Further-
more, the amount of Ag released into treated industrial wastewater was quantified by
inductively coupled plasma optical emission spectroscopy (ICP-OES). The antimicrobial
performance of the composite was also evaluated through agar diffusion assays against
E. coli and S. aureus. Finally, the disinfection efficacy of the composite was validated us-
ing real industrial wastewater, demonstrating its safe reuse in compliance with current
environmental regulations.

2. Materials and Methods
2.1. Materials

For the characterization of the floral extract of Manaca-da-Serra, the following ma-
terials were used: Folin—-Ciocalteu reagent 2N (Dindmica Quimica Contemporanea Ltd.,
Indaiatuba, Brazil), calcium carbonate P.A. (Dindmica Quimica Contemporanea Ltd., Inda-
iatuba, Brazil), tris-hydrochloride (>99.0%, Sigma-Aldrich, Sao Paulo, Brazil), 1,1-diphenyl-
2-picrylhydrazyl (DPPH, Sigma-Aldrich, Sao Paulo, Brazil), and 99% ethanol (Dindmica
Quimica Contemporanea Ltd., Indaiatuba, Brazil). Silver nitrate (AgNO3) (Sigma-Aldrich,
Sao Paulo, Brazil) and deionized water, obtained using a Millipore Direct-Q 3 UV system
(Darmstadt, Germany), were used in the green synthesis of AgNPs. E. coli (Gram-negative,
ATCC 25922) and S. aureus (Gram-positive, ATCC 25923) strains were employed to as-
sess the antimicrobial activity of the AgNPs. Mueller-Hinton agar (K25-1058, Kasvi,
Madrid, Spain) and Mueller-Hinton broth (K25-1214, Kasvi, Madrid, Spain) were used for
bacterial cultivation.

2.2. Collection and Preparation of Manacd-da-Serra Flowers

The Manaca-da-Serra, an endemic plant of the Brazilian Atlantic Forest biome, was
selected mainly because, to the best of our knowledge, no reports have been identified in
the literature regarding its use for the green synthesis of AgNPs. In this sense, flowers
were collected on the campus of the University of Caxias do Sul (Rio Grande do Sul, Brazil,
geographical coordinates 29.16264° S, 51.15098° O) (Figure 1) in quantities sufficient to fill
two 5 L polyethylene collection bags, thereby ensuring sample homogeneity. Botanical
identification was performed after collection and confirmed as Pleroma sellowianum (Cham.)
PJ.F. Guim. & Michelang., a species belonging to the family Melastomataceae.

(b)

Figure 1. (a) Manacé-da-Serra tree and (b) flowers used for the green synthesis of AgNPs.
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After collecting, the flowers were carefully washed to remove surface impurities,
initially with tap water and then with deionized water. The cleaned flowers were then
frozen at —20 °C and lyophilized for 48 h to ensure complete drying while preserving the
phytochemical compounds required for the synthesis of AgNPs [35]. Once lyophilization
was complete, the dried material was ground in a blender to obtain a homogeneous powder,
which was stored in a desiccator until it was used to prepare the aqueous extract. The
residual plant biomass generated after this procedure has been considered environmentally
safe, as it can be stored for future applications without posing ecological risks.

2.3. Preparation of the Floral Extract

Approximately 2.5 g of floral powder was dispersed in 100 mL of deionized water
under constant magnetic stirring and heated to 70 °C for 10 min. The extract concentration
used for the synthesis of AgNPs was set at 2.5 g/100 mL (Table 1). These initial conditions
were established based on a comprehensive literature review concerning plant extract
preparation for the synthesis of AgNPs [16,19,21,36-39]. After extraction, the suspension
was filtered, and the resulting extract was stored in an amber flask at 10 °C for a few
minutes before being fully characterized and used for the synthesis of AgNPs.

Table 1. Summary of optimization tests for the green synthesis of AgNPs using Manacéa-da-Serra

extract.
Synthesis Temperature (°C) pH [AgNO3] (mol/L)

1 0.001
2 0.01
3 25 3.5-4.0 0.05
4 1.0
5 5.0
6 6.0
7 7.0
8 8.0
9 25 9.0 0.01
10 10.0
11 11.0
12 12.0
13 35
14 50 3.5-4.0 0.01

2.4. Characterization of the Floral Extract
2.4.1. Total Phenolic Content

The Folin—Ciocalteu colorimetric method was employed to determine the total phe-
nolic content of the Manaca-da-Serra extract. For this purpose, 150 pL of the extract,
750 uL of 10% Folin—Ciocalteu reagent, and 600 pL of 7.5% sodium carbonate solution were
combined [40,41]. The reaction mixture was subsequently incubated at 55 °C for 5 min,
and the phenolic content was quantified using a UV-Vis spectrophotometer (Shimadzu,
model UV-2600i, Kyoto, Japan). An external calibration curve, previously established using
known concentrations of gallic acid (GA) ranging from 0 to 100 ug/mL, was applied. The
samples were analyzed at 760 nm, and the results were expressed as micrograms of gallic
acid equivalents (GAE) per milliliter of extract.

2.4.2. Antioxidant Activity

The antioxidant activity of the extract was assessed using the DPPH radical scavenging
assay. In this procedure, 400 pL of tris-hydrochloride buffer (0.1 mol/L, pH 7.0) and 500 pL
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of a 0.5 mmol/L DPPH solution were added to test tubes containing 100 uL of the pure
extract [42]. The control sample was prepared by replacing the extract with deionized water.
After homogenization, the samples were kept protected from light for 20 min. The presence
of antioxidant compounds in the extract was evidenced by the color change in the solution,
shifting from violet to yellow. Subsequently, the absorbance was recorded at 517 nm using
a UV-Vis spectrophotometer (Shimadzu, model UV-2600i, Kyoto, Japan). The percentage of
inhibition was calculated according to Equation (1):

Acontrol — Asample

% inhibition = x 100% 1)

Acontrol
where Aot Tepresents the absorbance of the control sample and Aggyypie corresponds to
that of the extract-containing sample.

2.5. Green Synthesis of AgNPs

The green synthesis of AgNPs was performed by adding 6 mL of the previously
obtained extract to 40 mL of an aqueous AgNOj3 solution (0.01 mol/L). The mixture was
continuously stirred at 25 °C for 1.5-2 h without pH adjustment. The formation of AgNPs
was confirmed by the visible color change in the solution to dark yellow /brown.

Optimization and Influence of Experimental Parameters

Following the initial synthesis, the green synthesis of AgNPs was optimized by eval-
uating key parameters, including silver salt concentration, pH, and temperature, on the
reaction mixture. The effect of silver salt concentration (Synthesis 1-4) was examined using
different concentrations of AgNOj3. To assess the influence of pH, a range of conditions was
tested, from acidic to basic environments, between pH 3.5-4.0 and 12.0 (Synthesis 2; 5-12),
using the previously defined silver concentration of 0.01 mol/L. Initial measurements of the
reaction mixture indicated a naturally acidic pH between 3.5 and 4.0. pH adjustment was
performed using a 1.0 mol/L NaOH solution. These experiments were designed to deter-
mine whether increasing the pH would promote or accelerate NP formation, since optimal
synthesis conditions have been reported in most of the literature protocols [21] under basic
environments, typically between pH 8.0 and 10.0. Furthermore, three temperatures were
investigated: 25, 35, and 50 °C (Synthesis 2; 13-14, respectively). The upper temperature
limit of 50 °C was established to prevent degradation of thermosensitive phytochemical
compounds present in the extract [19,38,43].

Although slight temperature variations may have occurred during synthesis and sam-
ple preparation steps, all UV-Vis measurements were performed at room temperature to
ensure consistent analytical conditions. For these analyses, deionized water was employed
as the blank solution and maintained under the same temperature conditions as the corre-
sponding samples. Each sample was diluted as necessary until suitable absorbance values
were obtained according to the Lambert-Beer law, thereby preventing signal saturation
and ensuring linearity within the detector range. Quartz cuvettes with a 1 cm optical path
length were used in all UV-Vis measurements.

At the end of each synthesis, the resulting solutions were analyzed using a UV-Vis
spectrophotometer, and the influence of the evaluated parameters on the intensity and
width of the characteristic surface plasmon resonance (SPR) band of the NPs was assessed.
The experimental conditions and corresponding parameter variations are summarized in
Table 1.
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2.6. Characterization of the Green AgNPs
2.6.1. UV-Vis Spectroscopy

In addition to the visible color change, the reduction of Ag* ions to metallic silver
(Ag®) was monitored by UV-Vis spectroscopy within the wavelength of 300-600 nm, using
a 10 mm optical path length. This analysis was performed to verify the effective formation
of AgNPs in the reaction mixture and to identify potential silver oxide contamination. For
each measurement, 600 pL of the synthesized AgNPs sample was diluted with deionized
water in a quartz cuvette to a final volume of 3 mL.

2.6.2. Transmission Electron Microscopy (TEM) Analysis

The morphology, size, and dispersion of AgNPs synthesized under different pH
conditions were characterized by TEM analysis. Samples were prepared at three pH levels:
acidic (4.0-5.0), neutral (7.0), and basic (12.0). For pH adjustment, AgNPs samples were
treated with HCl or NaOH, followed by dilution of 10 uL of each solution in 10 mL of
deionized water and subsequent sonication for 30 min. The resulting solutions were then
used for TEM grid preparation.

For TEM sample preparation, the procedure was established to minimize NP aggrega-
tion during drying and to ensure the formation of a thin and uniform film. Instead of direct
deposition of the diluted suspension onto the copper grid, a platinum wire handle was
utilized to create a thin film of the AgNPs solution on its surface, which was subsequently
transferred onto a 300-mesh copper grid coated with a Formvar film. The grids were
allowed to dry at room temperature for 24 h prior to analysis. TEM images were obtained
using a FEI Morgagni 268D transmission electron microscope (FEI Company, Hillsboro, OR,
USA) operated at an accelerating voltage of 80 kV. Particle size measurements were carried
out using Image] 1.53 software. Data were collected from multiple regions of the grids,
covering at least seven random fields. In total, approximately 150 NPs were analyzed,
corresponding to about 300 diameter measurements (two orthogonal measurements per
particle), thereby ensuring statistical robustness.

2.6.3. Zeta Potential (ZP) Analysis

The surface colloidal stability of the synthesized AgNPs was evaluated by ZP mea-
surements, which were carried out on the day following synthesis using a Particle Metrix
Stabino analyzer (Particle Metrix GmbH, Meerbusch, Germany) over a pH range of 3.0-12.0.
As the AgNPs were synthesized under optimal conditions (pH = 12.0 at 25 °C), the resulting
solution was therefore intrinsically basic. Prior to analysis, the pH of the AgNPs solutions
was adjusted to the desired values using a 1.0 mol/L HCl solution. All measurements
were taken at room temperature, with 20 readings recorded at intervals of 5 s for each
pH condition.

2.6.4. Evaluation of the Antimicrobial Activity of the Synthesized AgNPs

The antimicrobial activity of the synthesized AgNPs was evaluated against E. coli and
S. aureus strains. The assays were conducted in a liquid medium, following the standardized
procedures described in the Clinical & Laboratory Standards Institute (CLSI) M7-A6 [44],
which specifies the methods for broth dilution antimicrobial susceptibility testing.

The broth dilution assay was performed to evaluate the antimicrobial activity of the
AgNPs and to establish the minimum inhibitory concentration (MIC) against the tested
bacterial strains. The bacterial inocula were prepared in Falcon-type plates containing
Mueller-Hinton broth at a concentration of 1.0 x 10* colony-forming units per milliliter
(CFU/mL). The AgNPs solution (Synthesis 2, 0.01 mol/L of AgNO3) was added to the
wells at varying concentrations (5, 15, 25, 50, 75, and 100 pL/mL), followed by incubation at
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37 °C for 24 h. Because of the intense color of the AgNPs, which hindered visual assessment
of turbidity as an indicator of bacterial growth, a complementary procedure was applied.
After incubation, aliquots were collected with sterile swabs and streaked onto Mueller—
Hinton agar plates, followed by an additional incubation for 24 h at 37 °C. The bacterial
growth was then visually assessed and recorded.

2.7. Incorporation of AGNPs in the Chitosan Matrix

The AgNPs obtained after optimization of the experimental parameters were incor-
porated into a chitosan matrix to produce a functionalized composite. Initially, 1.5 g of
chitosan was dissolved in 100 mL of 0.75 mol/L ethanoic acid solution and subjected
to magnetic stirring for 15 min. The resulting solution was then left to rest for 24 h at
room temperature to ensure complete polymer dissolution and the removal of air bubbles
introduced during mixing.

Following this step, 7 g of the solubilized chitosan was combined with 3 mL of AgNPs
solution (from Synthesis 12, Table 1). This mixture was then pelletized by injecting through
a fine needle into a coagulation bath containing 1.5 mol/L NaOH solution and 60 pL of
glutaraldehyde. The surface of the pellets was reinforced by the crosslinking process,
thereby improving their mechanical stability while maintaining structural integrity during
wastewater treatment. After formation, the pellets (Figure 2) were thoroughly washed and
stored in deionized water until further use.

(@) (b)

Figure 2. (a) Chitosan/AgNPs composite in a Petri dish and (b) close-up view of (a).

2.8. Characterization of the Chitosan/AgNPs Composite
2.8.1. FEG-SEM and EDS Analysis

The morphology of both chitosan and the composite was examined by FEG-SEM
analyses. Prior to imaging, the samples were sputter-coated with a thin layer of gold for
approximately 3 min to improve conductivity. FEG-SEM micrographs were then acquired
using a Tescan MIRA3 (Tescan Orsay Holding, Brno, Czech Republic) electron microscope
operated at an accelerating voltage of 20 kV. Concurrently, EDS was performed with
FEG-SEM to qualitatively determine the elemental composition of the composite.

2.8.2. FTIR Analysis

FTIR was performed to identify the functional groups present in the composite and
to evaluate the molecular interactions between the AgNPs and the chitosan matrix. After
composite preparation, the suspension was uniformly spread onto a Petri dish and dried
in an oven at 60 °C until complete water evaporation. The resulting dry film recovered
from the Petri dish was directly analyzed using a Nicolet iS10 infrared spectrometer
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(Thermo Scientific, Waltham, MA, USA) equipped with an attenuated total reflectance
(ATR) accessory. The spectra were recorded in transmittance mode within the range of
4000-400 cm !, with a resolution of 2 cm ™! and an average of 128 scans.

2.8.3. TGA Analysis

The thermal stability of both chitosan and the composite was evaluated using a
Shimadzu TGA-50 thermogravimetric analyzer (Kyoto, Japan). Approximately 10 mg of
each sample was analyzed under a nitrogen atmosphere (flow rate of 50 mL/min) in a
platinum sample holder. The temperature was raised from 25 to 900 °C at a heating rate of
10 °C/min.

2.9. Evaluation of the Antimicrobial Activity of the Chitosan/AgNPs Composite

The antimicrobial activity of the chitosan/AgNPs composite was evaluated against
E. coli and S. aureus strains. The assays were carried out on solid medium, following the
standardized procedures described in the CLSI M2-A8 [45], which specifies the methods
for disk diffusion antimicrobial susceptibility testing.

The agar diffusion assay was performed to assess the antimicrobial activity of the
chitosan/AgNPs composite by measuring inhibition halos formed around the samples.
Petri dishes containing Mueller—-Hinton agar were inoculated with each bacterial strain at
a concentration of 1.0 x 10° CFU/mL. Three composite pellets were positioned on each
plate, which was subsequently incubated at 37 °C for 24 h in a bacteriological oven. After
incubation, the inhibition halos were visually examined, and digital photographs of the
plates were acquired to record the results.

2.10. Industrial Wastewater Treatment

Chitosan—-AgNPs composite was tested using industrial wastewater collected from
a local company (northeastern region of Rio Grande do Sul, Brazil) engaged in the man-
ufacture of kitchenware, tools, and furniture. For confidentiality reasons, the company’s
identity is not disclosed in this study.

The disinfection process was carried out by stirring 150 mL of wastewater with 30 com-
posite pellets in an orbital shaker at 200 rpm for periods ranging from 15 to 240 min at 25 °C.
A control flask containing only untreated wastewater was also prepared and subjected to
microbiological analysis to determine the initial microbial load. At predetermined time
intervals (15, 30, 60, 90, 120, 150, 180, and 240 min), each flask was removed from the shaker,
and the contents were filtered to separate the composite pellets. The treated wastewater
was divided into two aliquots, with 100 mL being used for total coliform counts and 50 mL
being used for Ag release quantification by ICP-OES.

Total coliforms were determined according to Method 9223-B, while Ag release was
quantified following Method 3120-B, both from the Standard Methods for the Examination
of Water and Wastewater [46]. The latter analysis was considered essential for assessing
the potential reuse of the treated wastewater, since the Ag concentration must not ex-
ceed 0.1 mg/L to comply with World Health Organization (WHO) guidelines and current
Brazilian legislation [47].

3. Results and Discussion
3.1. Characterization of the Floral Extract
3.1.1. Total Phenolic Content

A preliminary visual analysis of the color intensity across different extract dilutions
was performed, providing a qualitative estimation of phenolic concentration, which indi-
cated a range of 50-100 pg GAE/mL. This estimation was based on the observation that the
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undiluted extract exhibited a markedly darker coloration than the sample diluted at a ratio
of 50:1 yet remained lighter than the 100 ug GAE/mL standard solution. Precise quantifica-
tion was subsequently carried out using the calibration curve described in Section 2.4.1,
and the phenolic content was determined to be 3185 ug GAE/mL.

According to the literature criteria [48], phenolic contents from 1 to 5 mg GAE/mL are
classified as intermediate, whereas values above 5 mg GAE/mL are considered high. The
measured value therefore falls within the intermediate-to-high range, suggesting that the
extract contains a substantial amount of phenolic compounds. Consequently, the Manacé-
da-Serra extract can be regarded as a viable and effective reducing agent for use in the
green synthesis of AgNPs.

It should be noted that phenolic content in plant extracts may vary substantially,
depending on factors such as plant species, cultivation conditions, extraction procedure,
analytical technique, and synthesis parameters [21]. Reported values have ranged from
154.4 ug GAE/mL in Capsicum chinense leaf extracts to 8850 ng GAE/mL in Juglans regia bark
extracts [37,49]. This wide variability highlights the critical influence of the phytochemical
composition of the source material on its effectiveness as a reducing agent.

The phenolic content measured for the Manaca-da-Serra extract (3185 pg GAE/mL)
indicates a relatively high level compared with other plant-derived sources, demonstrating
its potential as a dual-function reducing and stabilizing agent for the sustainable synthesis
of AgNPs. In green metallic NP synthesis, the reduction of metal ions and the stabilization
of the resulting nanostructures are mediated by phenolic compounds, which enhance
colloidal stability and promote narrower size distributions. Overall, higher phenolic
content has been positively correlated with improved synthesis efficiency [43].

3.1.2. Antioxidant Activity

The antioxidant potential of the Manaca-da-Serra extract was confirmed by the char-
acteristic color change observed in the DPPH-containing solution, indicating effective
free radical scavenging activity. This activity was shown to be concentration-dependent,
with radical inhibition increasing proportionally with extract concentration. The mean
inhibition value was determined to be 83.5 4+ 2.90% when 200 pL of extract was used. This
performance is comparable to, and in some cases exceeds, those reported for other plant
extracts employed in the green synthesis of AgNPs, including strawberry pomace waste
(55-71%) and Parkia speciosa leaves (up to 92%) [37,50].

The antioxidant constituents, predominantly polyphenols and flavonoids, acted not
only as reducing agents, facilitating the conversion of Ag* ions into Ag’, but also as
stabilizing agents, thereby preventing NP aggregation and enhancing colloidal stability and
size uniformity [21]. As previously mentioned, the antioxidant activity of Manaca-da-Serra
has not been reported, which emphasizes the novelty of this finding. Nevertheless, this
behavior is consistent with the recognized antioxidant potential of other Melastomataceae
species, whose phenolic and flavonoid compositions have been associated with their radical
scavenging capacity [51]. These combined properties contribute to both the efficiency and
environmental sustainability of the synthesis process while also improving the functional
performance of the resulting AgNPs, particularly their antimicrobial activity, which is
crucial for wastewater disinfection and related applications.

3.2. Green Synthesis of AgNPs
3.2.1. Optimization and Influence of Experimental Parameters

The optimization of the green synthesis, performed under the previously defined con-
ditions (Synthesis 2), was evaluated based on two main criteria: the visual color change in
the reaction medium and UV-Vis spectroscopy analysis for the detection of the characteristic
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SPR band of AgNPs. In general, a gradual color transition was observed during the reaction,
evolving from the initial light pink hue of the Manaca-da-Serra flower extract to a pale
yellow after approximately 40 min, and subsequently stabilizing into a yellowish-brown
coloration after approximately 2 h. This color evolution has been recognized as a qualitative
indicator of AgNPs formation, corresponding to the reduction of Ag* ions to Ag® [52].
Following the initial visual observation, UV-Vis spectroscopy, using deionized water as
the blank solution, was employed to confirm the green synthesis of AgNPs. A distinct
absorption band at 410-420 nm was observed in the spectrum (Figure 3b), consistent with
SPR range typically reported for AgNPs, thus providing strong evidence of successful
synthesis of predominantly spherical AgNPs.

(a)

Abs (a. u.)
G

300 400 500 600
A (nm)

Figure 3. UV-Vis spectra of AgNPs synthesized at 25 °C from AgNOj3 solutions at concentrations of
(a) 0.001, (b) 0.01, (c) 0.05, and (d) 1.0 mol/L (Synthesis 1-4, respectively).

Additional AgNOj3 concentrations (0.001, 0.05, and 1.0 mol/L) were subsequently
evaluated (Figures 3a, 3c and 3d, respectively). However, regardless of the silver salt
concentration tested, a well-defined absorption band near 400 nm [21] was not observed
in the UV-Vis spectra. Instead, only broad, low-intensity signals with poorly resolved
contours were detected, indicating inefficient NP formation. A clear and distinct SPR band
at 410-420 nm was observed exclusively under the conditions established for Synthesis 2,
confirming this combination as the most favorable condition for AgNPs synthesis. Using
these optimized conditions, further investigations were conducted to evaluate the influ-
ence of additional parameters such as pH and temperature, which are discussed in the
following subsections.

The influence of pH on the green synthesis of AgNPs was evaluated within the range
of 3.5-4.0 to 12.0 (Synthesis 2; 5-12), since lower pH values have been reported to promote
the formation of silver agglomerates [53]. An immediate color change was observed upon
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the addition of NaOH, confirming its role as a reaction initiator in the reduction of Ag*
ions [21,54]. UV-Vis spectra (Figure 4) revealed that increasing pH resulted in narrower
absorption bands and a shift toward lower wavelengths, indicating the formation of smaller,
more uniformly distributed, stable, and predominantly spherical NPs, in agreement with
previous studies [23,55]. This behavior was attributed to the higher concentration of
hydroxide ions (OH™), which accelerate the reduction kinetics of Ag* ions and enhance the
colloidal stability of the NPs [21,56]. Consequently, the blue shift observed with increasing
pH reflects the size-dependent optical properties of AgNPs, wherein smaller particles
exhibit SPR bands at shorter wavelengths.

6

% pH=3.5-4.0
pH=5.0
pH=6.0

*pH=7.0

mpH=8.0
pH=9.0
pH=10.0
pH=11.0

o pH=12.0

Abs (a. u.)

300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600
A (nm)

Figure 4. UV-Vis spectra of AgNPs synthesized at 25 °C using 0.01 mol/L AgNOj; and floral extract
at 2.5 g/100 mL under different pH conditions (Synthesis 2; 5-12).

However, potential drawbacks were associated with increasing the pH, as excessive
high values can induce the formation of silver oxides (e.g., Ag,O, AgO). In contrast to the
spectra obtained at elevated temperatures, no additional absorption bands were observed,
indicating that the synthesis of AgNPs was effectively promoted under basic conditions
without the generation of undesirable byproducts. Overall, pH was identified as a critical
factor influencing NP formation and morphology, as corroborated by TEM analyses.

The influence of temperature on the green synthesis of AgNPs was investigated
at 25, 35, and 50 °C (Synthesis 2; 13-14) under the previously optimized conditions
(AgNOs3 0.01 mol/L and floral extract at 2.5 g/100 mL). NP formation at all tested tem-
peratures was confirmed by UV-Vis spectra through the appearance of the characteristic
SPR band at 410-420 nm. However, at elevated temperatures, particularly 35 and 50 °C
(Figures 5a and 5b, respectively), an additional absorption band appeared in the range
of 300—400 nm, suggesting the presence of residual Ag* ions and the formation of Ag
agglomerates.

The detection of bands at 320-325 nm at 35 and 50 °C further indicated that higher
temperatures were associated with the formation of undesired species rather than well-
defined AgNPs [57]. Therefore, although the reduction of Ag* ions was accelerated at
elevated temperatures, the colloidal stability and morphological uniformity of the NPs
were adversely affected. Based on these findings, the temperature of 25 °C was established
as the optimal condition for subsequent synthesis experiments to ensure the production
of stable and monodispersed AgNPs. A summary of the experiments performed imme-
diately after synthesis, highlighting the variations in experimental parameters and their
corresponding outcomes, is presented in Table 2. The same time interval between synthesis
and measurement was maintained for all samples to ensure result comparability.
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Figure 5. UV-Vis spectra of AgNPs synthesized using 0.01 mol/L AgNOj and floral extract at
2.5g/100 mL, pH 3.5-4.0, at (a) 35 °C and (b) 50 °C (Synthesis 13 and 14, respectively).
Table 2. Summary of AgNPs green synthesis optimization.
Synthesis Parameter Variation Main Observations
; [AgNOs] 00'00011 Color change from pink to yellowish-brown coloration. Characteristic SPR band at 410420 nm detected using AgNO3
3 & 1 /L3 0‘05 0.01 mol/L; absent at other concentrations. Salt concentration is a relevant parameter, but it must be optimized in
1 (mol/L) 1 0 conjunction with a suitable reagent ratio to be effective and to ensure synthesis efficiency
5 5.0
6 6.0
g Zg Color change from pink to yellowish-brown coloration. Characteristic SPR band at 410-420 nm. Synthesis successful.
9 pH 9' 0 pH is the most influential factor, favoring the formation of smaller and more uniform NPs, indicating a positive
10 10.0 influence on the final product quality
11 11.0
12 12.0
13 T 35 Color change from pink to yellowish-brown coloration. Characteristic SPR band at 410-420 nm and an additional band
empoeéature at 300—400 nm (silver oxides) at 35 and 50 °C. Synthesis not completely successful. Temperature, although relevant,
14 ) 50 requires simultaneous optimization with other parameters to ensure process selectivity and stability

3.2.2. TEM Analysis

TEM analysis (Figure 6) was performed to assess the influence of varying pH con-
ditions on the structural properties of the synthesized AgNPs. Under acidic conditions
(pH 3.5-4.0, Synthesis 2), corresponding to the natural pH of the reaction mixture, pre-
dominantly aggregated AgNPs with irregular shapes and broad size heterogeneity were
observed in the TEM images (Figure 6a,a.1). The applicability of such NPs in processes
such as wastewater disinfection is limited by their irregular morphologies and wide size
distribution, as antimicrobial activity has been correlated with small particle size and
good dispersion.

When the pH was adjusted to neutral (pH 7.0, Synthesis 7), a morphological transition
toward more spherical particles was revealed by TEM analyses, accompanied by markedly
improved dispersion (Figure 6b). A more homogeneous size distribution was achieved
compared with the acidic condition (Figure 6b.1), although some morphological irregulari-
ties persisted. These characteristics indicate enhanced antimicrobial potential at neutral
pH, although still constrained by residual heterogeneity. Under basic conditions (pH 12.0,
Synthesis 12), well-defined, uniformly sized, and highly dispersed spherical AgNPs were
obtained (Figure 6¢,c.1). Such features are considered advantageous for antimicrobial
applications, particularly wastewater treatment, where colloidal stability and high specific
surface area are essential.

The direct influence of pH on AgNPs synthesis was further corroborated by the size
distribution analysis (Figure 6a.1,b.1,c.1). In acidic media, average particle diameters
ranged from 100 to 120 nm, whereas smaller and more uniform NPs were formed under
neutral and basic conditions, with predominant diameters of 10-40 nm and 20-30 nm,
respectively. Such uniformity is especially desirable for applications in which antimicrobial
performance and surface reactivity are critical [10].



Processes 2025, 13, 3622

14 of 29

pH 4.0

Frequency

7

NN\

Particle size (nm)

©
S
IS
S
o
3
%
8
I
8
]
S
=
S
2
3
»
Ry
w
S
3
o
IS
3
o
®
S
w
&4
3
v
>
S
w
8
3

(a.1)

EXYpH 7.0

Frequency

Particle size (nm)

(b.1)

60

XY pH 12.0

IS
=3

\

Frequency

<)
=3

/////////////////
2

N\

Particle size (nm)

%

=)
]
S
w
=
IS
S
@
3
=N
>
=
=]
%
S

(©) (c1)

Figure 6. TEM images and size distribution of AgNPs synthesized at 25 °C using 0.01 mol/L AgNO3
and floral extract at 2.5 g/100 mL at different pH conditions: (a,a.1) acidic (pH 3.5-4.0), (b,b.1) neutral
(pH 7.0), and (c,c.1) basic (pH 12.0) (Synthesis 2, 7, and 12, respectively).

Previous studies on green synthesis of AgNPs using plant extracts derived from flow-
ers, fruits, and roots have demonstrated a wide variety of NP morphologies. Predominantly
spherical AgNPs with an average size of 46 nm and low size dispersion were, for example,
produced using Tagetes erecta extract [19]. Similarly, spherical particles ranging from 40 to
100 nm with good polydispersity were obtained using Malus domestica extract [36]. Extracts
from Ferula gumosa, Ferula latisecta, Teucrium polium, and Trachomitum venetum have also
been reported to yield spherical AgNPs between 5 and 30 nm in diameter, with an average
of approximately 20 nm [38].

Beyond size and uniformity, the significant role of the phytochemical composition
of the plant extracts on the shape of NPs has been emphasized by several investigations.
Although spherical morphologies are the most frequently reported, alternative shapes,
including rods, triangles, hexagons, and irregular forms, have also been documented.
These variations are determined by the nature and concentration of the reducing and
capping agents present in the plant matrix [58-61]. Such structural differences strongly
influence surface area, reactivity, and ultimately antimicrobial efficacy. Overall, the present
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findings are consistent with previous reports concerning the morphology and size of
plant-mediated AgNPs.

3.2.3. ZP Analysis

ZP is a widely applied parameter for evaluating the colloidal stability of metallic
NPs, including AgNPs. It represents the magnitude of electrostatic repulsion between
adjacent, similarly charged particles in a dispersion and is directly associated with their
tendency to either agglomerate or remain dispersed over time. According to classical
colloid theory, dispersions exhibiting | ZP | values below 10 mV are generally regarded as
unstable, since the electrostatic repulsion is insufficient to prevent aggregation. Moderate
stability is typically associated with | ZP | values between 10 and 30 mV, whereas values
exceeding £30 mV are indicative of good colloidal stability due to strong electrostatic
repulsion among particles.

In the context of green synthesis, various phytochemicals such as flavonoids, polyphe-
nols, tannins, and reducing sugars present in plant extracts act simultaneously as reducing
agents and capping/stabilizing agents during AgNPs formation. These biomolecules are
adsorbed onto the NP surface, imparting surface charge and steric hindrance, which to-
gether result in enhanced colloidal stability. AgNPs synthesized using plant-based extracts
have frequently been reported to exhibit negative ZP values ranging from —20 to —40 mV,
consistent with stable colloidal behavior [19,21,38,49,61-63].

In this study, the ZP of the AgNPs was determined as a function of pH over the
range 3.0-12.0, as shown in Figure 7. As observed, all measured values were negative,
ranging from approximately —2 to —14 mV, suggesting the presence of negatively charged
phytochemicals adsorbed onto the NP surface. Although the values remained negative,
measurements obtained under basic conditions (—10 to —14 mV) indicated moderate
colloidal stability. The ZP values did not exceed the threshold of —30 mV, which is generally
associated with strong electrostatic stabilization, implying that while aggregation is not
immediate, some degree of flocculation may occur over time.
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Figure 7. Average ZP values of the green synthesized AgNPs (at 25 °C, using 0.01 mol/L AgNO3
and floral extract at 2.5 g/100 mL) at different pH values.

This behavior was attributed to the nature and density of functional groups (e.g.,
carboxyl, hydroxyl, or phenolic groups) present in the floral extract, which influence both
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surface charge and capping efficiency. In summary, the negative ZP values confirmed that
the synthesized AgNPs were electrostatically stabilized, maintaining adequate dispersion
to ensure short- to medium-term stability.

3.2.4. Evaluation of the Antimicrobial Activity of the Synthesized AgNPs

The antimicrobial activity of AgNPs synthesized at 25 °C using 0.01 mol/L AgNO3
and floral extract at 2.5 g/100 mL, under acidic (pH 3.5-4.0) (Figure 8) and basic (pH 12.0)
conditions was evaluated using the broth dilution method (liquid medium). After 24 h
of exposure to the AgNPs-containing medium, complete inhibition of microbial growth
was observed for both conditions, confirming that a pronounced antimicrobial effect had
been achieved.

AgNPs Solution Volume (uL/mL)

5 (I-left) 15 (r-right) 25 (1) 50 (r) 75 (1) 100 (r)
S. aureus
(a) (b)
E. coli
(d) (e)
Control

Negative (I)  Positive (r)

Figure 8. Petri dishes after 24 h incubation with varying volumes of AgNPs synthesized at 25 °C and
pH 3.5-4.0 using 0.01 mol/L AgNOj and floral extract at 2.5 g/100 mL: (a,d) 5 and 15 uL, (b,e) 25 and
50 uL, and (c,f) 75 and 100 pL. The right (r) and left (I) sides of each Petri dish were better indicated
by the yellow dashed line.

In general, the results obtained in this study were consistent with, and in some cases
superior to, those previously reported in the literature [64]. The green synthesis of AgNPs
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employing Manacé-da-Serra extract was demonstrated to be highly effective, revealing
considerable potential for application in wastewater disinfection.

3.3. Characterization of the Chitosan/AgNPs Composite
3.3.1. FEG-SEM and EDS Analysis

The surface morphology of chitosan and the chitosan/AgNPs composite was investi-
gated by FEG-SEM at different magnifications (250 x and 10k X, respectively) to assess the
effect of AgNPs incorporation on the chitosan matrix. The chitosan exhibited an irregular
and heterogeneous morphology characterized by micrometric particles arranged in platelet-
like assemblies, resembling a layered, clay-like texture (Figure 9a). A predominantly rough
topography interspersed with smoother domains and porosity was observed (Figure 9a.1),
suggesting a high specific surface area conducive to enhanced physicochemical interactions
within the composite. Similar morphological features have been reported in previous
studies, in which chitosan particles were described as displaying variable shape and size
distributions, often featuring rounded edges and non-uniform surfaces [65,66].

SEM HV: 10.0 kV. WD: 12.00 mm | MIRA3 TESCAN| SEM HV: 10.0 kV WD: 12.00 mm MIRA3 TESCAN|
SEM MAG: 250 x Det: SE 200 pm SEM MAG: 250 x Det: SE 200 ym
View field: 1.11 mm  Date(m/d/y): 10/08/24 LCMmIC | UCS View field: 1.11 mm | Date(m/d/y): 10/08/24 LCMIC | UCS

SEM HV: 10.0 kV WD: 11.99 mm MIRA3 TESCAN| SEM HV: 10.0 kV WD: 12.00 mm NE MIRA3 TESCAN

SEM MAG: 10.0 kx Det: SE SEM MAG: 5.00 kx 10 pm
Date(mdly): 10/08/24 LCMIC | ucs View field: 55.4 um | Date(m/dly): 10/08/24 Lcmic | ucs
(a.1) (b.1)

Figure 9. FEG-SEM images showing surface morphology of the (a,a.1) chitosan matrix and (b,b.1) chi-
tosan/AgNPs composite. The yellow circles highlight the regions that were further magnified.

In contrast, a noticeably smooth surface was revealed in the FEG-SEM micrographs of
the chitosan/AgNPs composite (Figure 9b), confirming that the polymeric matrix morphol-
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ogy had been modified by the incorporation of AgNPs. Micrometric particles dispersed
across the composite surface were also observed (Figure 9b.1). Based on their dimen-
sions, these features were interpretated as residual chitosan domains that were not fully
solubilized during dissolution in ethanoic acid rather than as nanoscale AgNPs. The
morphological heterogeneity induced by AgNPs incorporation is expected to enhance func-
tional properties such as interfacial interactions, reactivity, and antimicrobial performance
by increasing the effective contact area between the polymer and the NPs.

EDS analysis was performed to conduct both qualitative and semi-quantitative assess-
ments of the elemental composition of the chitosan/AgNPs composite. For comparison pur-
poses, an EDS spectrum of the unmodified chitosan was also recorded (Figure 10a). Char-
acteristic peaks corresponding to oxygen (O K« at 0.525 keV), carbon (C K« at 0.277 keV),
and nitrogen (N Ko at 0.392 keV) were revealed by the elemental analysis of chitosan, con-
sistent with the polymer’s chemical structure. The polysaccharide backbone is composed
primarily by carbon, while nitrogen arises from the -NH, groups involved in cross-linking
interactions, and oxygen mainly originates from the -OH groups distributed along the
polymer chain (Figure 10a.1). A signal for gold (Au) was also detected, attributable to the
thin conductive coating applied to the sample surface prior to analysis (Figure 10a.1).
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Figure 10. EDS spectra and surface chemical mappings of (a,a.1) chitosan and (b,b.1) chitosan/AgNPs
composite.

Upon AgNPs incorporation, additional elemental signals were observed in the EDS
spectrum of the chitosan/AgNPs composite (Figure 10b). The successful green synthesis
and incorporation of AgNPs within the chitosan matrix were confirmed by a prominent
Ag Loy peak at 2.984 keV [36,39]. A secondary feature slightly to the right of this signal
(approximately 3.1-3.4 keV) corresponded to Ag L{3 and partially Ly transitions, which
belong to the same Ag L series rather than to a different element. Sodium (Na Ko at
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1.041 keV) was also detected, most likely originating from NaOH used during composite
preparation and not completely removed during washing. A distinct chlorine (Cl Ko at
2.622 keV) signal was likewise observed, plausibly associated with trace C1~ ions naturally
present in the Manacé-da-Serra floral extract and with residual chloride from the washing
water used during synthesis. Although EDS cannot directly resolve chemical speciation,
the low relative intensity of the Cl signal and its absence of co-localization with Ag in the
elemental mapping suggested that chlorine was present only as a minor residual species
rather than as stoichiometric AgCl.

A silver content of approximately 20 wt% was determined for the composite using
semi-quantitative analysis, making it one of the dominant elements along with carbon
(32 wt%) and oxygen (28.0 wt%) (Figure 10b.1). These findings are consistent with those re-
ported in previous studies on green-synthesized chitosan-AgNPs composites [49,67], which
exhibited similar elemental compositions. A homogeneous dispersion of Ag throughout
the chitosan matrix, with no evidence of aggregation, was confirmed by the Ag elemental
mapping (Figure 10b.1). This uniform distribution is essential for optimizing antimicrobial
efficacy, maintaining mechanical integrity, and ensuring consistent performance of the
composite. Although minor, the residual presence of Na and Cl underscores the need
for adequate washing after composite formation. Additional rinsing steps could be ap-
plied to further minimize these impurities, thereby improving the overall composition and
functional performance of the final composite.

3.3.2. FTIR Analysis

FTIR spectroscopy was employed to elucidate the molecular structure of the chitosan
matrix and the chitosan/AgNPs composite, with the aim to identify functional groups
and evaluate chemical interactions between the AgNPs and the polymer. Characteristic
absorption bands were observed in the FTIR spectrum of the chitosan (Figure 11, blue
line), including sharp bands at 1060 and 1023 cm~!, which were assigned to C-O and
C-O-C stretching vibrations within the polysaccharide backbone [67]. A distinct amide
I band was detected at approximately 1630 cm~!, corresponding to the C=0O stretching
vibration of residual acetylated units from chitin [68], whereas the bands near 2930 and
2850 cm~! were attributed to the asymmetric and symmetric aliphatic C-H stretching
vibrations, respectively, of CH, groups.

In the FTIR spectrum of the chitosan/AgNPs composite (Figure 11, red line), attenu-
ated signals at 3358 cm~! (O-H and N-H stretching) and 1561 em~ ! (N-H bending) were
indicative of specific interactions between the primary -NH, groups of the polymer and
the AgNPs surfaces [69]. Additional bands were observed at 1400 cm~! (-OH bending),
1342 cm ! (CH, wagging), 1061 cm~! (C-O and/or C-N stretching). The latter remained
unchanged relative to the chitosan matrix, suggesting that these vibrational modes were
not significantly influenced by NP incorporation, consistent with previous reports [10].
A marked decrease in the intensity of the C-H stretching band was also observed, sup-
porting the occurrence of interactions between the aliphatic chains of the polymer and the
AgNPs surfaces. Such interactions were inferred to modify the local molecular environ-
ment and weaken C-H vibrational modes, thereby confirming successful NP integration.
A pronounced spectral modification was noted in the broad absorption region around
3358 cm !, where overlapping ~OH and -NHj stretching vibrations produced a diminished
and poorly resolved band. This broadening was primarily attributed to the presence of
water molecules employed as solvent during the green synthesis of AgNPs, which can mask
individual vibrational contributions [70]. Nevertheless, the observed increase in hydration
was indicative of modifications in the hydrogen-bonding network of the composite.
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Figure 11. FTIR spectra of chitosan (blue line) and of the chitosan/AgNPs composite (red line).

Comparable vibrational profiles for AgNPs-loaded chitosan systems have been re-
ported in the literature [10,71], in which shifts in amine-related bands or the disappearance
of specific bands were interpreted as indicators of polymer modification [72]. In agreement
with these findings, chemical interactions involving -NH; and C-H groups were confirmed
in the present spectrum, demonstrating that AgNPs incorporation induced molecular-level
modifications in the matrix.

Overall, FTIR analysis confirmed the successful integration of AgNPs into the poly-
mer network and identified specific functional group interactions responsible for the
modified structural organization. These molecular-level modifications were inferred to
enhance the composite’s physicochemical properties, including stability, reactivity, and
antimicrobialperformance.

3.3.3. TGA Analysis

The thermal stability and degradation behavior of chitosan and chitosan/AgNPs
composite were evaluated by TGA coupled with derivative thermogravimetry (DTG). For
the composite (Figure 12b), two main weight loss events were identified. The first occurred
at approximately 66 °C, corresponding to a mass loss of 4.58%, which was attributed to the
evaporation of physically adsorbed water. This event was evidenced in the DTG profile
by a low-intensity peak, indicating that minimal structural change had occurred. The
second and most pronounced degradation stage was recorded at 272 °C, with a mass loss
of about 27%. This event was associated with the thermal breakdown of the chitosan
backbone, involving depolymerization and deacetylation reactions. A sharp DTG peak at
this temperature confirmed it as the principal decomposition event of the polymer matrix.
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Figure 12. Thermograms and DTG curves of the (a) chitosan and (b) chitosan/AgNPs composite.

Above 400 °C, the composite exhibited thermal stabilization, with only gradual weight
loss extending up to 700 °C. At the end of the heating process, the residual mass was 34% of
the initial sample weight, corresponding mainly to thermally stable inorganic matter such as
AgNPs and other mineral residues. No additional DTG peaks were detected above 400 °C,
suggesting that no further major degradation processes occurred. A higher char yield,
along with a slight shift in the onset of thermal decomposition, was observed, indicating
that the thermal stability of the polymer had been enhanced by AgNPs incorporation
(Figure 12a), probably as a result of restricted chain mobility and polymer reinforcement.

These observations are consistent with those reported in the literature for AgNPs-
loaded chitosan systems, in which two distinct stages are typically observed: water loss
below 100 °C and polysaccharide degradation near 270 °C [13,65,73]. The increased resid-
ual mass in the composite has been widely attributed to the presence of AgNPs, which
reduces the overall weight loss relative to neat chitosan [70]. Furthermore, higher AgNO3
concentrations have been reported to promote the formation of a greater number of Ag-
NPs, thereby increasing the final residue after thermal treatment. The thermal behavior
observed in the present study was therefore consistent with the patterns described for
similar systems [66,73,74].

3.3.4. Evaluation of the Antimicrobial Activity of the Chitosan/AgNPs Composite

The antimicrobial activity of the chitosan/AgNPs composite was assessed using the
disc diffusion method against S. aureus and E. coli, both cultured on nutrient agar. After
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24 h of incubation, clear inhibition zones were observed around the composite, confirming
that bacterial growth had been effectively inhibited (Figure 13).

(a) (b)

Figure 13. Inhibition zones observed against (a) S. aureus and (b) E. coli strains using chitosan/AgNPs
composite.

The average diameters of the inhibition zones are summarized in Table 3 and cor-
respond to the mean values obtained from two independent experiments that exhibited
excellent reproducibility, with variations below 5%. Greater antimicrobial activity was
recorded against S. aureus (11 & 1 mm) than E. coli (9 &+ 1 mm). This difference was at-
tributed to the structural characteristics of Gram-negative bacteria, particularly the presence
of an outer membrane and a more complex cell wall, which are known to confer increased
resistance to antimicrobial agents [75]. According to established evaluation criteria, inhi-
bition zones exceeding 10 mm are indicative of strong antimicrobial activity [76], thereby
supporting the high efficacy of the composite, especially against Gram-positive strains.

Table 3. Antimicrobial activity of the chitosan/AgNPs composite, expressed as the average diameter
of the inhibition zones (mm) against the tested bacterial strains.

Bacterial Strain Average Diameter of Inhibition Zone (mm)
S. aureus 11+1
E. coli 9+1

Comparable inhibition zone diameters have been reported for AgNPs synthesized
through green routes using plant-derived extracts, such as Teucrium polium leaves and
stems [38], Malus domestica fruit extract [36], and Cassia fistula [74] and Clitoria ternatea [77]
flowers. Variations in inhibition zone size among different studies have been ascribed to
differences in NP synthesis conditions, phytochemical composition of the extracts, and
assay parameters. Overall, the chitosan/AgNPs composite was demonstrated to exhibit
significant antimicrobial activity, with performance consistent with that reported in the
literature, thereby confirming its potential for antimicrobial applications.

3.4. Industrial Wastewater Treatment

The antimicrobial performance of the chitosan/AgNPs composite was evaluated
under conditions simulating an industrial wastewater treatment process. The composite
was applied in preformed pellets, and its efficacy was assessed based on the reduction in
total coliform counts over time (Figure 14). These values correspond to the mean results
obtained from two independent experiments, which exhibited excellent reproducibility,
with variations below 5%.
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Figure 14. Evolution of total coliform counts in treated wastewater as a function of treatment time
using the chitosan/AgNPs composite.

The initial concentration of total coliforms in the untreated wastewater was
7.7 x 10° MPN/100 mL (most probable number per 100 mL). Upon contact with the
composite, a sharp exponential decline in bacterial load was recorded within the first two
hours, with counts decreasing to 4.4 x 10° at 15 min, 1.6 x 10° at 30 min, 5.3 x 10° at
60 min, 1.8 x 10° at 90 min, and 2.9 x 10* MPN /100 mL at 120 min. After 180 min, a value
of 1.2 x 10> MPN/100 mL was reached, corresponding to the limit of quantification of the
method (1.8 MPN /100 mL). A total coliform reduction exceeding 99.9% was thus achieved,
confirming the high antimicrobial efficiency of the composite.

During the wastewater treatment assays, the structural integrity of the chitosan/AgNPs
composite pellets was preserved, with no visible dissolution or fragmentation being de-
tected. This stability was attributed to the crosslinking of the chitosan matrix with glu-
taraldehyde, which effectively prevented swelling and solubilization under aqueous con-
ditions. Although a minor contribution of chitosan to the antimicrobial activity cannot
be completely excluded, the primary activity was attributed to the presence of AgNPs. It
has been widely reported that chitosan alone exhibits limited antimicrobial efficacy un-
der near-neutral pH conditions, markedly lower than that of AgNPs-containing systems.
Consequently, even though a chitosan-only control was not included in this study, the
pronounced total coliform reduction (>99.9%) observed here can be predominantly ascribed
to the bactericidal action of the AgNDPs.

Silver release during treatment was monitored by ICP-OES. A consistently low Ag
concentration of approximately 0.01 mg/L was measured in the treated wastewater, cor-
responding to a value one order of magnitude below the maximum permissible limit of
0.1 mg/L established by the WHO and Brazilian regulations. This minimal release was
indicative of the effective immobilization of AgNPs within the polymer matrix, which was
likely facilitated by glutaraldehyde-induced cross-linking. Such structural reinforcement
restricted nanoparticle leaching while maintaining antimicrobial performance.

These findings are consistent with trends reported in the recent literature for AgNPs-
based antimicrobial systems. For instance, a 47% reduction in total coliforms after 60 min
was observed for chitosan pellets containing AgNPs synthesized from grape pomace
extract [78], while a 90% reduction in E. coli after 360 min was achieved using thin films
of poly (allylamine hydrochloride) and poly (acrylic acid) and AgNPs, with a subsequent
increase to 93% in a second treatment cycle attributed to enhanced Ag leaching [79].



Processes 2025, 13, 3622

24 of 29

A 98.5% reduction in total coliforms within 90 min was also described for a hybrid of
montmorillonite, alginate, and AgNPs [80].

In comparison, a >99.9% reduction in total coliforms was achieved after 180 min using
the composite developed in the present study, with Ag release remaining remarkably low
(0.01 mg/L). Although faster bacterial inactivation has been reported in some studies,
the composite evaluated here provided a more favorable balance between disinfection
efficiency and environmental safety. This performance was attributed to the synergistic
interaction between the chitosan matrix and the green-synthesized AgNPs derived from
Manacé-da-Serra floral extract, combined with the enhanced NP retention conferred by
crosslinking. Consequently, despite requiring slightly longer treatment times, the composite
demonstrated sustained antimicrobial efficacy with minimal ecological impact, establishing
its potential as a safe and efficient material for wastewater disinfection.

4. Conclusions

The successful green synthesis of AgNPs using Manacé-da-Serra floral extract and their
incorporation into a chitosan matrix resulted in the formation of a functional composite
for wastewater disinfection. The antioxidant-rich phytochemicals present in the extract,
particularly phenolic compounds, acted as natural reducing and stabilizing agents, thereby
eliminating the need for toxic chemicals and ensuring an environmentally friendly process.

Systematic optimization revealed a strong influence of pH and temperature on NP
morphology and dispersion, with basic conditions favoring the formation of spherical, well-
dispersed AgNPs. Uniformly distributed spherical AgNPs with an average size of 20-30 nm
and moderate colloidal stability (ZP ~ —14 mV) were obtained under optimal conditions
(pH 12.0, 25 °C, 0.01 mol/L AgNOs3). Furthermore, the synthesized AgNPs exhibited high
antimicrobial efficacy, with a MIC of 5 uL./mL against both E. coli and S. aureus.

Comprehensive characterization confirmed the effective integration of AgNPs within
the chitosan matrix. FEG-SEM/EDS analysis revealed a homogeneous Ag distribution
(~20 wt%) throughout the polymer network. FTIR results indicated interactions between
AgNPs and -NH, groups, contributing to structural stabilization, while glutaraldehyde-
induced crosslinking minimized NP agglomeration. Enhanced thermal stability with a
residual char yield of 34% was demonstrated by TGA, and antimicrobial assays confirmed
inhibition zones of 11 & 1 mm for S. aureus and 9 &= 1 mm for E. coli.

When applied in a simulated wastewater treatment system, strong antimicrobial activ-
ity was achieved by the chitosan/AgNPs composite, resulting in a >99.9% reduction in total
coliforms within 180 min. A decrease in microbial counts from 7.7 x 10> MPN /100 mL to the
quantification limit of the method was recorded, while Ag release remained at 0.01 mg/L,
well below regulatory thresholds, confirming both efficacy and environmental safety.

This study therefore demonstrates that the synergy between green-synthesized AgNPs
and chitosan constitutes a highly promising strategy for tertiary industrial wastewater
treatment, consistent with sustainable materials development and water reuse objectives.
Future research should focus on scalability, long-term NP stability, and potential ecotoxi-
cological impacts to enable the translation of these laboratory-scale results into practical
environmental applications.
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