
Citation: Sartori, P.; Delamare, A.P.L.;

Machado, G.; Devine, D.M.; Crespo,

J.S.; Giovanela, M. Synthesis and

Characterization of Silver

Nanoparticles for the Preparation of

Chitosan Pellets and Their

Application in Industrial Wastewater

Disinfection. Water 2023, 15, 190.

https://doi.org/10.3390/w15010190

Academic Editors:

Konstantinos Simeonidis and

Kiriaki Kalaitzidou

Received: 30 November 2022

Revised: 24 December 2022

Accepted: 29 December 2022

Published: 2 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Synthesis and Characterization of Silver Nanoparticles for the
Preparation of Chitosan Pellets and Their Application in
Industrial Wastewater Disinfection
Paula Sartori 1,2,3, Ana Paula Longaray Delamare 2, Giovanna Machado 4 , Declan M. Devine 3,
Janaina S. Crespo 1,3 and Marcelo Giovanela 1,*

1 Área do Conhecimento de Ciências Exatas e Engenharias, Universidade de Caxias do Sul, Rua Francisco
Getúlio Vargas, 1130, Caxias do Sul 95070-560, RS, Brazil

2 Área do Conhecimento de Ciências da Vida, Instituto de Biotecnologia, Universidade de Caxias do Sul, Rua
Francisco Getúlio Vargas, 1130, Caxias do Sul 95070-560, RS, Brazil

3 PRISM Research Institute, Technological University of the Shannon (TUS), N37HD68 Athlone, Ireland
4 Centro de Tecnologias Estratégicas do Nordeste, Ministério da Ciência, Tecnologia, Inovações e

Comunicações, Av. Prof. Luis Freire, 01, Recife 50740-545, PE, Brazil
* Correspondence: mgiovan1@ucs.br; Tel.: +55-54-3218-2159

Abstract: The use of silver nanoparticles (AgNPs) has become popular in several applications due to
their bactericidal properties. In this sense, it is ideal that the AgNPs are incorporated into a matrix
in order to minimize their release to the environment and to maintain their high reactivity. In view
of these facts, the main goal of this work was to synthesize and characterize AgNPs, evaluating the
influence of pH on the synthesis, for later incorporation into a chitosan polymeric matrix that will be
used in the form of pellets for the disinfection of industrial wastewater. For this purpose, AgNPs were
initially synthesized by a chemical route using silver nitrate, sodium borohydride and sodium citrate
and then characterized by ultraviolet-visible spectroscopy, transmission electron microscopy and as a
function of bacterial growth inhibition against Escherichia coli and Enterococcus faecalis. At the end
of this procedure, AgNPs were incorporated in chitosan and the pellets formed were employed in the
disinfection process, while assessing their bactericidal activity as well as the amount of silver leached.
In general, the results showed that AgNPs synthesized at pH 10.0 were smaller (3.14 ± 0.54 nm)
and presented greater dispersion than the AgNPs synthesized at other pH values. Furthermore, it
was possible to observe a synergistic effect between chitosan and AgNPs and the chitosan pellets
containing AgNPs proved to be effective in wastewater treatment, destroying Escherichia coli after
60 min of treatment. Finally, by considering the ease of application, the low environmental impact
and the bactericidal action, it is concluded that the hybrid pellets developed in this work have great
potential to be used as auxiliaries in wastewater treatment.

Keywords: silver nanoparticles; chitosan; wastewater treatment

1. Introduction

Metallic nanoparticles are materials whose size varies between 1 and 100 nm, and
which have different properties in relation to the source metal [1]. They have unique
properties due to their size, shape, composition, higher surface area to volume ratio,
and purity of constituents. These properties allow these materials to be used in drug
delivery systems, wastewater disinfection, catalysts and as remediation agents for various
pollutants [2]. In this context, different nanoparticles have been studied, e.g., copper
nanoparticles (CuNPs), zinc oxide nanoparticles (ZnONPs), titanium dioxide nanoparticles
(TiO2NPs), gold nanoparticles (AuNPs), silver nanoparticles (AgNPs) and others [2–5].

AgNPs can be obtained through chemical, physical and biological methods [6,7], and
come in different sizes and shapes (cubic, triangular, spherical, prismatic, wire or bars, etc.)
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These characteristics are directly influenced by the synthesis method used [8]. In addition,
parameters such as temperature, time, pH, concentration of the reducing agent and concen-
tration of the precursor metal salt also influence the shape, size and texture of AgNPs [2,9].
These nanoparticles have very interesting biological properties, from broad-spectrum an-
tibacterial action to antiviral and anticancer activities [10–13]. As they inhibit bacterial
growth and have high bactericidal activity [14], the use of AgNPs has become popular in
several applications, such as health, the textile industry, food packaging and wastewater
treatment [15–19]. Wastewater treatment is very important, as the need for pure water
is increasing and the incorrect disposal of effluents is an environmental challenge [20,21].
Nanotechnology has arisen as a new technology extremely important for the treatment of
wastewater. Nanoparticles can be used as absorbents for the removal of heavy metals [22]
and other processes, such as catalytic oxidation, membrane filtration and disinfection, and
different kinds of nanoparticles can be used depending on the goal of the treatment [23].
Studies carried out using AgNPs for wastewater treatment have shown that this technology
is effective for the inhibition of the bacteria present in wastewater [24–26].

The toxicity of AgNPs can limit their application, so it is important to control their
release to the environment [18,27]. Ideally, nanomaterials should be incorporated into a
matrix, in order to minimize their release to the environment and maintain high reactivity,
since they can become pollutants if not collected after use. In this way, material matrices
that are renewable, sustainable and biodegradable should be used [28]. Thus, the use of
polymeric matrices combined with AgNPs is quite promising due to their porosity, which
promotes better access to reagents and a greater surface area [29].

The use of natural polymers, such as chitosan, for the manufacture of hybrid systems
containing metallic nanoparticles in environmental remediation processes has advantages
over synthetic polymers, as they are abundant, have low economic value and are environ-
mentally friendly [30]. Chitosan is an excellent option for the preparation of hybrid systems
with AgNPs, presenting a high disinfection capacity [31]. Research carried out with these
hybrid systems generally involves the production of pellets, films, sponges and micro-
spheres for use in different applications, such as wastewater treatment, food packaging and
medical products [27,32–40]. The improvements in the mechanical properties of chitosan
when forming a hybrid system with AgNPs and the synergistic effect of these materials on
bactericidal activity, indicate that research in the area should be further explored, evalu-
ating different parameters to optimize the processes and obtain increasingly satisfactory
results. Therefore, the objective of this work was to prepare chitosan-based hybrid systems
containing AgNPs for later use in wastewater disinfection, with a short coculturing period
and promoting not only the inhibition, but also the elimination of Escherichia coli.

2. Materials and Methods
2.1. Materials and Chemicals

Silver nitrate was synthesized from silver recovered from button cell batteries, as
described in a previous work [41]. For the synthesis of AgNPs, sodium borohydride,
hydrochloric acid, sodium hydroxide (Merck, Saint Louis, MO, USA) and sodium citrate
(Sigma-Aldrich, Saint Louis, MO, USA) were used. Chitosan pellets were produced with
high molecular weight chitosan (Sigma-Aldrich), 100% glacial acetic acid (Merck) and 50%
w/v glutaraldehyde (Sigma Aldrich). All materials were used as received.

All solutions were prepared with deionized water (ρ > 18.2 MΩ cm; Direct-Q 3 UV,
Millipore, Darmstadt, Germany).

The wastewater sample was collected in the treatment plant for the stainless-steel
cutlery industry in the municipality of Farroupilha (in the northeast region of Rio Grande
do Sul state, Brazil). The raw wastewater was characterized in a previous work [24]. This
wastewater consisted of the water used to clean parts, in the gas scrubber and in the
kitchen, and it underwent a physical–chemical treatment to remove solids, before being
mixed with a sanitary effluent in a biological treatment tank to remove organic matter.
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The water resulting from this last stage was then taken to a reservoir, where it was mixed
with rainwater.

2.2. Methods

AgNPs were synthesized at different pH values and the solutions were evaluated by
UV-Vis, TEM and by its antimicrobial properties. Then, the optimal AgNPs solution was
added to chitosan to produce pellets. The pellets were also evaluated by their antimicrobial
properties. The pellets of chitosan containing AgNPs were compared with pellets of pure
chitosan, since chitosan itself also presents antibacterial properties. The pellets of chitosan-
containing AgNPs were used in the disinfection of industrial wastewater that was later
evaluated by the presence of Escherichia coli by Petrifilm 3M® assay. In order to verify if the
treatment with the pellets of chitosan-containing AgNPs was bacteriostatic or bactericidal
against Escherichia coli, the same treatment was performed in a solution with only this
bacterium. Figure 1 presents a schematic diagram of the methodology of this study.
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2.3. AgNPs Synthesis

The synthesis of AgNPs was based on the method proposed by Jana et al. (2001) [42].
Briefly, a solution of AgNO3 2.5 mmol L−1, a solution of sodium borohydride 5.0 mmol L−1

and a solution of sodium citrate 2.5 mmol L−1 were used. The pH of the sodium citrate
solution was varied from 2.0 to 13.0, with previously prepared solutions of HCl 0.1 mol L−1

or NaOH 0.1 mol L−1. The concentration of the sodium citrate solution was kept the same
as that of AgNO3, based on the work of Henglein and Giersig (1999) [43].

For the synthesis of AgNPs, 10.0 mL of AgNO3 solution were added to 10.0 mL of
each sodium citrate solution, at room temperature and protected from light, under manual
stirring. Then, 0.6 mL of the sodium borohydride solution was added and stirred for 1 min.

2.4. Characterization of AgNPs
2.4.1. UV-Vis Spectroscopy

The AgNPs were characterized by molecular absorption spectroscopy in the UV-Vis
region (in Beckman DU 530 equipment), from 300 to 600 nm and with steps of 1.0 nm, using
a quartz cuvette with a 1.0 cm optical path.
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2.4.2. Transmission Electronic Microscopy (TEM)

Samples of AgNPs solutions were diluted in deionized water and one drop was
deposited on a holey carbon grid. Samples were analyzed by TEM (MORGAGNI 268 D,
FEI Company, Hillsboro, USA), with an acceleration voltage of 80 kV. The size of AgNPs
was analyzed with ImageJ software (version 1.53).

2.4.3. Inhibition of Bacterial Growth

AgNPs were also evaluated in terms of their ability to inhibit bacterial growth. Es-
cherichia coli (Gram-negative) and Enterococcus faecalis (Gram-positive), at a concentration
of 1.0 × 108 CFU mL−1, were inoculated into Petri dishes with agar. To these, three drops
(5.0 µL) of each AgNPs solution were placed on the plates and these were incubated for
24 h at 37 ◦C in an incubator. At the end of the incubation period, the formation of in-
hibition halos was observed in the places where the AgNPs solutions were placed, and
the colony formed unit (CFU) within these inhibition halos was counted with the aid of a
magnifying glass.

2.5. Preparation and Evaluation of Chitosan and AgNPs Pellets

Optimal AgNPs, which showed the greatest potential for the inhibition of bacterial
growth, were used to produce chitosan pellets. A solution of 1.5% w/v of chitosan was
prepared by suspending chitosan in 0.20 mol L−1 acetic acid. After 24 h, 3.0 mL of AgNPs
solution and 60.0 µL of 50% (w/v) glutaraldehyde were added to 7.0 g of chitosan solution.
The solution was homogenized and dripped into a Petri dish with a syringe containing a
1.5 mol L−1 NaOH solution to form the pellets.

Chitosan pellets containing AgNPs were then deposited on Petri dishes, with the same
bacteria and conditions described above. After the incubation period, the diameter of the
inhibition halo formed around the pellets was evaluated. For comparison purposes, the
procedure was also performed with pellets produced only with chitosan, using deionized
water instead of the AgNPs solution to maintain the same proportions.

2.6. Wastewater Disinfection

The industrial wastewater disinfection process consisted of stirring 150.0 mL of
wastewater with 50 pellets of chitosan-containing AgNPs, for periods of 60, 120 and
180 min at room temperature. The assay was performed in duplicate using a shaker incuba-
tor (715D, Novatecnica, Piracicaba, Brazil), with a stirring frequency of 150 rpm. Before
the assay and at the end of each period, an aliquot of about 1.0 mL of the wastewater was
collected to perform the quantification of Escherichia coli by Petrifilm 3M®, using method
991.14, adopted by the Association of Official Analytical Chemists (AOAC, 2016) [44].

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The quantification of silver leached in the wastewater disinfection process was per-
formed with raw effluent and with an aliquot of the treated wastewater, after a period of
180 min, by inductively coupled plasma optical emission spectroscopy (ICP-OES), using
the Standard Methods 3120B for Examination of Water and Wastewater (2017) [45].

2.7. Bactericidal Activity of Chitosan and AgNPs Pellets

In order to verify whether the disinfection process had a bacteriostatic or bactericidal
action against Escherichia coli, 150.0 mL of a solution containing this bacterium, at a concen-
tration of 7.9 × 102 (which was equal to the average concentration of the wastewater), was
treated with the same parameters used in the wastewater disinfection.

Aliquots of the solution were collected after 60, 120 and 180 min of treatment and
inoculated into Petri dishes. Subsequently, the plates were incubated in a bacteriological
oven at 37 ◦C for 24 h, prior to the assessment of bacterial growth on the incubated plates.
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3. Results and Discussion
3.1. Synthesis and Characterization of AgNPs

The visual appearances of the AgNPs obtained from the AgNO3 solution, with a
concentration of 2.5 mmol L−1 and pH variation of the sodium citrate solution from
2.0–13.0, are shown in Figure 2.
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As can be observed in Figure 2, the color intensity of the solutions increased from
yellow to brown with increasing pH, except for pH 13.0, in which a dark grey solid
precipitate was observed. This phenomenon can be explained based on the Pourbaix
diagram for silver [46], in which it is verified that aqueous solutions with pH > 12.0
witness the formation of silver hydroxide (AgOH) and the precipitation of silver oxides.
Norouzi et al. (2020) [47] designed a Pourbaix diagram for the Ag-HNO3-H2O system with
MEDUSA software, where it was also possible to verify that silver oxides precipitate at
high pH values.

The UV-Vis spectra of the AgNPs solutions are shown in Figure 3. Absorbance values
greater than 1.0 were due to the fact that the spectra were obtained using the same correction
factor with which the solutions were diluted. In this way, it was possible to compare all
spectra in the same figure. Figure 4 presents the TEM images of the solutions of AgNPs
and the histograms are shown in Figure 5.
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The solution of pH 13.0 did not show a maximum absorption (λmax) around 400 nm,
indicating that there were no AgNPs. Despite this, the TEM image shows the presence of
some clustered AgNPs. As this solution showed the precipitation of a dark grey solid at
the time of synthesis, it was not diluted for further testing and, thus, the actual amount of
AgNPs was lower than that observed in the other solutions, which were diluted.

The spectra of the more acidic solutions, with pH < 5.0, showed lower intensity.
Biao et al. (2017) [48] observed that the pH of the medium directly influences the size
and shape of AgNPs, and AgNPs synthesized at pH 4.0 are relatively larger than those
synthesized at pH 5.0. Furthermore, AgNPs synthesized at pH 4.0 present a triangular
shape, while those synthesized at pH 5.0 are spherical. In the TEM images, it can be seen
that the AgNPs synthesized at pH 2.0 and 3.0 did not have a specific shape, while the
AgNPs synthesized at pH 4.0 and 5.0 had well-defined contours but were agglomerated.
For these reasons, it was not possible to obtain a histogram of the AgNPs synthesized at
pHs 2.0, 3.0 and 4.0. Fu et al. (2021) [9] observed that the absorbance of AgNPs decreased
in acidic solutions and increased in alkaline solutions, since AgNPs are more stable in an
alkaline environment. Zhao et al. (2022) [49] observed that a high pH tends to result in a
high reduction rate of silver ions and a high formation rate of AgNPs.

The UV-Vis spectra of solutions with pH between 6.0 and 11.0 showed similar behavior,
exhibiting a relatively intense absorbance, with λmax around 390 nm, which may indicate
spherical [50] or small [51] AgNPs. Comparing the UV-Vis spectra of AgNPs (Figure 3)
with those simulated by Bertin and Perottoni (2020) [52], using the Mie model for spherical
particles, it can be assumed that the synthesized AgNPs had a particle size between 5 and
20 nm. The width of the bands also indicated that the particle size distribution was similar
for all samples tested [53]. TEM images confirmed the spherical shape of these AgNPs, but
it was observed that the pH still influenced the size and dispersion of AgNPs. According
to Dong et al. (2009) [54], the pH of the solution can affect the size and shape of AgNPs,
since the reducing activity of sodium citrate is pH-dependent. From pH 7.0, the citrate
structure is fully ionized [55] and has a stronger solvation capacity [56], which may explain
the better dispersion of AgNPs in higher pH ranges. Salazar-Bryam et al. (2021) [57] also
observed that at higher pH values, the size and shape of AgNPs were more uniform. The
histograms demonstrate that, as the pH increased, the size of the AgNPs decreased, but to
pH 11.0 and pH 12.0, it is possible to observe that the size of AgNPs increased again and
they lost stability and precipitate at pH 13.0.

AgNPs synthesized at pH 10.0 exhibited the smallest size (3.14 ± 0.54 nm) and the
greatest dispersion. Mohaghegh et al. (2020) [58] synthesized AgNPs, evaluating the type
of reducing agent and its concentrations, pH and temperature of the medium. In their
work, it was possible to observe that the UV-Vis spectra of AgNPs solutions synthesized at
pH 10.0 remained stable, regardless of other factors, such as temperature, reducing agent
and concentration, while the UV-Vis spectra of AgNPs synthesized in other pH values
underwent significant changes in relation to the shape and intensity of the absorption bands.
The authors concluded that at pH 10.0, it is possible to synthesize spherical and stable
AgNPs with a more uniform particle size distribution. Raota et al. (2019) [32] observed
that AgNPs synthesized from grape pomace extract with pH 10.0 were spherical, dispersed
and had a smaller average particle diameter, which implies a greater surface area and,
consequently, greater bactericidal activity.

After evaluating the UV-Vis spectra and TEM images of AgNPs synthesized with
AgNO3 at a concentration of 2.5 mmol L−1, it was decided to also synthesize AgNPs with
AgNO3 concentrations of 1.25 and 5.0 mmol L−1, at pH 10.0, to compare the three solutions
in terms of bacterial growth inhibition. The solutions were dripped onto Petri dishes, where
Escherichia coli and Enterococcus faecalis bacteria were inoculated.
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Table 1 presents the result of the CFU counts from Petri dishes of Escherichia coli. No
changes were observed in the diameter of the formed halos, which corresponded to the
size of the droplets. Based on the data presented, it was observed that AgNPs obtained
with the solution of AgNO3 in the concentration of 5.0 mmol L−1 presented the best results
of the inhibition of bacterial growth.

Table 1. CFU count in inhibition halos formed by AgNPs synthesized at pH 10.0 in Petri dishes
inoculated with Escherichia coli.

[AgNO3]
(mmol L−1) Assay 1 Assay 2 Assay 3

1.25 >20 >20 >20
2.50 10 >20 >20
5.00 5 5 5

In the Petri dishes in which Enterococcus faecalis was inoculated, the formation of
inhibition halos was not observed in the places where the AgNPs solutions were dripped.
AgNPs were not as effective at inhibiting the growth of Gram-positive bacteria when
compared to inhibiting the growth of Gram-negative bacteria. This is due to the structural
difference in the cell wall of each type of bacteria [59]. Gram-positive bacteria have a
peptidoglycan layer, which is the key component of the cell wall, located immediately
outside the cytoplasmic membrane, and about 30 nm thick; Gram-negative bacteria have a
peptidoglycan layer of 2–3 nm [31]. Thus, AgNPs are unable to cross the peptidoglycan
layer of Gram-positive bacteria and attack the interior of cells.

3.2. Evaluation of Chitosan and AgNPs Pellets

AgNPs solution synthesized at pH 10.0, from an AgNO3 solution with a concentration
of 5.0 mmol L−1, was used to produce the chitosan pellets, since they have the greatest
ability to inhibit bacterial growth. The average diameter of the inhibition halos formed by
chitosan and chitosan pellets with AgNPs is shown in Table 2.

Table 2. Mean diameter of inhibition halos (mm) formed by chitosan pellets and chitosan pellets
containing AgNPs.

Escherichia coli Enterococcus faecalis

Chitosan 7.72 ± 0.10 6.98 ± 0.37
Chitosan + AgNPs 8.10 ± 0.62 6.23 ± 0.84

These results show that the mean diameter of the halos formed in the Petri dish with
Enterococcus faecalis was smaller for the chitosan pellets containing AgNPs than for those of
pure chitosan. This result, however, does not imply that the addition of AgNPs negatively
interfered with the bactericidal action of chitosan. Some researchers have demonstrated
that films produced with chitosan showed an increase in tensile strength when AgNPs
were incorporated [27,33,34,37,38,40]. The main reason for the increase in tensile strength
is due to the strong interaction between the polymer matrix and the nanoparticles caused
by the formation of intermolecular bonds [34,60]. In a pellet, the increase in tensile strength
can increase the contact angle with the surface, since chitosan and AgNPs form a more
compact structure [33,38] and the pellet becomes more rigid. Thus, the contact angle
between the chitosan pellet containing AgNPs and the sample was greater than the contact
angle between the pure chitosan pellet and the sample, as shown in Figure 6.
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This image was evaluated with Adobe Illustrator software, and it was found that the
contact area with the surface of the chitosan pellet containing AgNPs was 18% smaller in
relation to the contact with the surface of the pure chitosan pellet. Thus, one explanation for
the observed phenomenon is that the halo formed by the chitosan pellet containing AgNPs
was smaller, as a smaller area of the pellet was in contact with the sample, compared to the
pure chitosan pellet.

Taking into account the standard deviation of the measurements, the inhibition halo
formed by the pure chitosan pellets and the chitosan pellets containing AgNPs was practi-
cally the same, despite the chitosan pellets with AgNPs being in contact with an area of the
sample 18% smaller than pure chitosan pellets, which indicates a synergistic effect between
chitosan and AgNPs [61]. This effect can be explained by the antimicrobial activity of each
material. The positively charged chitosan interacts electrostatically with the negatively
charged bacteria cell wall, which leads to a change in cell membrane permeability [62,63].
In turn, the main target of AgNPs is the cytoplasmic membrane [64], which can be reached
more easily if the cell wall is compromised.

3.3. Industrial Wastewater Disinfection

Table 3 presents the values of Escherichia coli quantification of the wastewater before
and after the treatment with the chitosan pellets containing AgNPs.

Table 3. Quantitative determination of Escherichia coli (CFU mL−1) in raw wastewater and wastewater
treated with chitosan pellets containing AgNPs.

Assay 1 Assay 2

Raw wastewater 8.2 × 102 7.6 × 102

60 min of treatment <LQ * <LQ
120 min of treatment <LQ <LQ
180 min of treatment <LQ <LQ

Note: * LQ = limit of quantification (1.0 CFU).

After 60 min of treatment, it was no longer possible to detect Escherichia coli in the
treated industrial wastewater, demonstrating the high antibacterial activity of chitosan
pellets containing AgNPs. Some authors have reported positive results in the treatment
of industrial wastewaters with hybrid materials. The use of AgNPs in the preparation of
these hybrids is a common feature of these works. Raota et al. (2019) [32] observed a 47%
reduction in Escherichia coli count in industrial wastewater, after 60 min of treatment with
chitosan pellets containing AgNPs synthesized from grape pomace extract. In another work,
Zarpelon et al. (2016) [65] treated industrial wastewater with thin films of poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) containing AgNPs and, after 360 min,
observed a 90% reduction in the Escherichia coli count. The authors also performed a second
treatment cycle, where the reduction was 93% due to the greater amount of silver leached
into the medium. Lovatel et al. (2015) [66] used hybrids of montmorillonite, alginate and
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AgNPs to treat industrial wastewater and observed a 98.5% reduction in total coliforms
after 90 min of treatment.

Regarding the quantification of leached silver, Table 4 summarizes the concentrations
observed for the wastewater before treatment and after 180 min. As can be seen, silver was
only detected in one of the test repetitions.

Table 4. Quantitative determination of silver (mg L−1) in raw wastewater and wastewater
treated with chitosan pellets containing AgNPs, by inductively coupled plasma optical emission
spectroscopy (ICP-OES).

Assay 1 Assay 2

Raw wastewater <LQ * <LQ
180 min of treatment <LQ 0.0113

Note: * LQ = limit of quantification (0.0093 mg mL−1).

According to the drinking-water quality guidelines of the World Health Organization
(WHO, 2022) [67], a reference value of concentration for silver in drinking-water, which
does not pose a risk to human health, is 0.1 mg L−1. The amount of silver leached in the
assay was almost 10 times lower than the reference value; therefore, it did not indicate risks
to human health.

3.4. Bactericidal Activity of Chitosan and AgNPs Pellets

Figure 7 shows the results of the assay to evaluate the bactericidal activity of chitosan
pellets containing AgNPs. There was no growth of Escherichia coli in the Petri dishes,
where the solution was incubated after the disinfection process with chitosan pellets
containing AgNPs.
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The results obtained at this stage clearly demonstrate that the treatment of wastewater
with chitosan pellets containing AgNPs was effective and had a bactericidal effect against
Escherichia coli after 60 min of incubation.

4. Conclusions

In this work, AgNPs were synthesized, characterized and later incorporated in a
chitosan polymeric matrix to form pellets with a view to utilizing them in the disinfection
of industrial wastewater.

In general, the pH strongly influenced the synthesis of AgNPs. Those synthesized
between pH 6.0 and pH 11.0 showed similar UV-Vis spectra, with greater intensity than
the AgNPs synthesized at other pH values. The intensities of the spectra of the solutions
at pH < 5.0 were much lower. However, a characteristic λmax was not observed for the
solution of AgNPs synthesized at pH 13.0, in which a dark grey solid, possibly silver oxide,
precipitated. AgNPs synthesized at pH 10.0 showed the smallest size (3.14 ± 0.54 nm),
greatest dispersion and the ability to inhibit bacterial growth against Escherichia coli. It
was shown that the higher the concentration of AgNPs, the greater the inhibition of
bacterial growth.

Chitosan pellets containing AgNPs showed good bacterial growth inhibition results
for both Escherichia coli and Enterococcus faecalis. The synergistic effect of chitosan and
AgNPs was also observed, since the chitosan pellets containing AgNPs were more rigid
and their contact with the surface was 18% smaller than the pellets of pure chitosan; the
inhibition halo formed by both pellets was practically the same. The wastewater treatment
with chitosan pellets containing AgNPs proved to be effective. Escherichia coli present in
the wastewater was completely eliminated in just 60 min of treatment. A small amount
of silver was leached into the treated wastewater but in a low concentration that did not
indicate risks to human health or the environment.

Finally, it can be concluded that the synthesized AgNPs had bactericidal activity
and could be incorporated into a chitosan polymeric matrix, to form a hybrid material to
deactivate or destroy bacteria. The treatment of wastewater with chitosan pellets containing
AgNPs is effective and has the capacity to destroy Escherichia coli after short coculturing
periods. Since the hybrid material presented in this study has shown great bactericidal
activity, it may be further studied and used in other fields, such as water filters, food storage
and wound dressings.
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