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ABSTRACT

Basic sanitation and access to drinking water are critical challenges for developing countries. By 2025, water scarcity could affect
50% of the global population. Given this scenario, the search for sustainable and cost-effective water purification methods has
driven research into the application of biologically synthesized silver nanoparticles (AgNPs). In this study, AgNPs were pro-
duced using the filamentous fungus Aspergillus niger IBCLP20 and encapsulated in calcium alginate (AgNPpcrp2o/ca) for use in
a packed-bed reactor (PBR) to treat water contaminated with Escherichia coli IPT245 and Pseudomonas aeruginosa IPT365. To
evaluate the process parameters for water disinfection, the following variables were assessed: influent bacterial concentration
(10°, 10*, and 10° CFU-mL™"), temperature (25°C, 30°C, 37°C, and 40°C), reactor occupancy (50%, 75%, and 100%), and
volumetric feed flow rate (1.0, 4.0, 7.0, and 10.0 mL-min™ ). In the experiments, P. aeruginosa IPT365 exhibited greater
resistance compared to E. coli IPT245. For both bacteria, the best antimicrobial results were obtained at an influent concen-
tration of 10> CFU-mL™". Temperature had no significant impact on the system for either of the bacterial strain. The antimi-
crobial activity against E. coli IPT245 was observed for all reactor occupancy levels tested, whereas the bactericidal effect against
P. aeruginosa IPT365 was only achieved when the PBR was filled to 100% of the catalyst mass. The optimum volumetric flow
rate was determined to be 4.0 mL-min~". These findings confirm that the PBR with encapsulated AgNPgcypa0/ca is @ promising
approach for water disinfection. The maintenance of antimicrobial activity after nanoparticle encapsulation, along with a
detailed analysis of operational parameters, supports the feasibility of this method for environmental applications.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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1 | Introduction

Drinking water contamination by Escherichia coli is a global
concern, often linked to outbreaks of waterborne diseases. The
presence of these microorganisms in water highlights the sig-
nificant health risks, especially in regions with inadequate
sanitation systems. In these areas, poor sanitation often leads to
contaminated water sources, which in turn contributes to
higher infant mortality rates. Access to clean water and proper
sanitation is critical for preventing such contamination and the
diseases associated with it [1]. Pseudomonas aeruginosa is a
Gram-negative bacterium that can be found in varying places,
including water, soil and hospital surfaces. This bacterium can
cause serious infections, such as pneumonia, urinary tract in-
fections and septicemia, and its presence in drinking water
poses a great threat to public health [2].

Packed-bed reactors (PBR) operate with solid particles or
immobilized catalysts that promote chemical and biological re-
actions, that allow the removal of contaminants in a continuous
process [3, 4]. The main advantage of PBR consists in the
maximized contact between the fluid to be treated and the
support particles [5]. This technology not only allows for the
treatment of large volumes of water, but also presents lower
operational and maintenance costs when compared to more
complex systems, such as photoreactors [6], enabling easier
industrial scale amplification [7]. The simplicity of construction
and the scalability of these reactors (PBR) are factors that make
them interesting to apply in regions where financial and tech-
nological resources are limited [8].

Nanomaterials (NM) have been highlighted as a promising
research field, notably in the biomedicine and the materials
science fields. Between them, silver nanoparticles (AgNPs) are
amply recognized for their antibacterial properties, applicable
against various pathogens [9, 10]. AgNPs can be obtained from
chemical methods, which utilize commercial reagents, and
physical methods, by the decomposition of material, as well as
by biological synthesis, that employ natural reducing agents,
including bacteria, filamentous fungi or plants [11, 12].
Recent studies have demonstrated that synthetic AgNPs can
present good applicability due to the antibacterial properties
of the NM, but biological AgNPs exhibits additional advan-
tages, namely lower environmental toxicity and higher
biocompatibility [13]. Furthermore, the uniformity in size and
shape of AgNPs produced through biological processes makes
them especially advantageous for water treatment purposes
[14, 15].

Filamentous fungi (Ff) are promising organisms for NP bio-
logical synthesis, due to their easy laboratory maintenance and
easy cultivation [16]. Besides that, these microorganisms have
high tolerance and capacity to reduce metals, including heavy
metals, to the nanometric scale. Those NP present higher
biocompatibility in comparison with commercial NP [17, 18].
Extracellular synthesis of AgNPs by Ff involves exposing the
fungal filtrate to silver nitrate (AgNOs) solution, generating
basic silver (Ag®) in nanometric scale [19]. The antibacterial
action of AgNPs is attributed to the release of silver ions
(Ag"), that interact directly with bacterial cell membranes and

their DNA, thus resulting in the microorganism's death
[20, 21].

Furthermore, the utilization of encapsulated AgNPs in non-toxic
compounds, for example alginate, utilized as encapsulation
agent [22, 23] and applied as filling in a PBR for drinking water
treatment in a continuous process, is an innovative and promising
alternative to the conventional established methods, with the
possibility of reducing agglomeration and controlling silver ions
release, potentiating its antibacterial properties against potentially
pathogenic bacteria such as Escherichia coli and P. aeruginosa [24].
In short, mycological AgNPs produced by Ff and encapsulated in
calcium alginate, utilized in a PBR, present a promising alterna-
tive to disinfect water contaminated by pathogenic bacteria.

2 | Materials and Methods
2.1 | Myconanoparticles Encapsulation

The Aspergillus niger;gcypao Strain was acquired from the Culture
Collection of the Biosciences Institute, Sao Paulo State University
(UNESP), Brazil. The protocol of AgNPs synthesis was previously
described by Silva et al. (2022) [13]. According to Silva et al. (2022)
[13], AgNPgcrLp20 poOssess spherical shape size ranging of 37.4-
67.4 nm measured by transmission electron microscope (TEM),
80.50 + 8.77 nm by Dynamic light scattering (DLS), zeta potential
(P¢) —38.56 and Polydispersity index (PDI) of 0.215.

The microcapsules were obtained by ionotropic gelation with
sodium alginate according to data described in the literature
[25]. The biopolymer solution was prepared by solubilizing
3.1% (w/v) sodium alginate in 10 mL of biological AgNPs.
Subsequently, the biopolymer solution (10 mL) was dripped
into 100 mL of an aqueous calcium chloride solution (0.14 M)
using a 20 mL intravenous infusion syringe and a 27g intra-
venous infusion device [26]. The system was kept under
constant magnetic stirring (500 rpm) for 1 min. After the
gelling process, the microcapsules were vacuum filtered and
stored at 4°C.

2.2 | Reactor Parameters

The packed bed reactor (PBR) (Figure 1) was made of borosilicate
glass with a nominal diameter and length of 1.2 and 20 cm,
respectively. The bed was filled to 100% (17.5 g), 75% (13.125 g) or
50% (8.75 g), weighed on an analytical balance (Sigma-Aldrich),
with (a) fungal AgNPpcrpao encapsulated in calcium alginate
(AgNPpcLp2o/ca); (b) AgNO; encapsulated in calcium alginate as
a positive control (AgNO3,c,a); (¢) calcium alginate (CA), and (d)
glass beads (GB) as negative controls. The bed was 100% filled
with 25 sterile glass beads at the bottom, 17.5 g of encapsulated
material and 35 sterile glass beads at the top. The glass beads act as
anchors to keep the calcium alginate beads (which encapsulate
AgNPs and AgNOs) fixed in place within the reactor. This pre-
vents them from floating freely or aggregating, which could
disrupt flow dynamics or reduce exposure to nutrients.
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The influent (water contaminated with potentially pathogenic
bacteria, E. coli IPT245 or P. aeruginosa IPT365) was fed to the
reactor in a water bath at an optimum temperature of 37°C and
flowed upwards through asilicone pipe (0.5 cm in diameter) to the
inlet of the PBR reactor using a peristaltic pump. Samples
(effluent) were collected every hour from the top outlet of the PBR
reactor for a period of 8 h, in triplicate. The effluent samples were
analyzed by counting colonies grown on plates with Trypticase
Soy Agar (TSA) final composition (g/L): agar (15.0) (Exodo),
bacteriological peptone (15.0) (Exodo), soy peptone (5.0) (Hime-
dia), sodium chloride (5.0) (Exodo), after 24 h. The temperature of
the process was controlled in the reactor by a thermal jacket
circulating water from a thermostatic bath. The ends (inlet and
outlet) of the reactor were fitted with distribution trays machined
from Teflon material in order to homogenize the radial dispersion
of the influent through the reactor bed.

2.3 | Antimicrobial Mycogenic Nanoparticles
Activities

To implement the continuous process for disinfecting contam-
inated water, the following parameters were evaluated: influent
concentration (10°, 10%, and 10° CFU-mL™), temperature (25°C,
30°C, 37°C, and 40°C), reactor occupancy (50%, 75%, and 100%),
and volumetric feed flow rate (1.0, 4.0, 7.0, and 10.0 mL-min~"),
the latter based on parameters used in previous studies by our
group. The parameters of 10°> CFU-mL™, 37°C, 100% reactor
occupancy (17.5 g), and a volumetric feed flow rate of
4.0 mL-min~! were established as standard conditions, with
variations applied to the evaluated parameter.

FIGURE 1 | Packed-bed reactor (PBR) structure: (1) Influent; (2)
Peristaltic pump; (3) Influent entrance; (4) Packed-bed reactor (PBR)
filled with (CA, AgNPigcrpao/cas AgNO3,ca, GB); (5) Sample retrieval
(effluent); (6) Water bath entrance; (7) Water bath exit. AGNPigcrpao/ca =
silver nanoparticles produced using the filamentous fungus Aspergillus
niger IBCLP20 and encapsulated in calcium alginate; AgNO;,ca = silver
nitrate encapsulated in calcium alginate; CA = calcium alginate;
GB = glass beads.

2.4 | Data Analysis

The antibacterial activity of the compounds was statistically
analyzed according to the United States Environmental Pro-
tection Agency (USEPA) (2002) [27] in the GraphPad Prism
software v10.1.1 (270), using the t-test, after previously evalu-
ating the assumptions of normality using the Shapiro Wilk test
and homoscedasticity using the F test. Tukey's test with a 95%
confidence interval was also used to analyze pairs of means.

3 | Results and Discussion

3.1 | Mycogenic AgNPs Encapsulation in Calcium
Alginate

The characterization of nanomaterials is crucial for their
biotechnological applicability and for validating the methodology
used during the synthesis process. This is because physico-
chemical characteristics such as morphology, size, and charge can
significantly influence their properties [28]. In colloidal solution,
the hydrodynamic size of AgNPigcrp Was 80.50 + 8.77 nm
whereas TEM characterization revealed nanoparticle sizes
ranging from 37.4 to 67.4 nm [13]. Since TEM directly measures
the solid nanomaterial, it determines the core size with greater
precision at the nanometric scale [12, 19]. Figure 2 shows the
mycogenic AgNPipcrpyo encapsulated in calcium alginate (AgN-
Pigcrpao/ca)- One AgNPiperpao/ca Weighing = 40 mg and with an
average diameter of 3 mm.

The size distribution of NP, measured by the Polydispersity
Index (PDI), classifies the particles as monodisperse when the
obtained value is closer to 0, and polydisperse when the values
are close to 1.0. The AgNPs used in this study had an index of
0.215, and thus, they were classified as monodisperse. Another
important parameter evaluated was the zeta potential (P{),
which indicated a value of —38.56 mV for the biological nano-
material [13]. P is an indicator of the chemical stability of the
NP, and by definition, values higher than +30 mV or lower than
—30 mV are considered indicative of greater stability. The sta-
bility of the NPs is compromised by physical interactions that
trigger aggregation, thus altering their size [29]. Biologically
synthesized NPs are stabilized by biomolecules that reduce their
tendency to aggregate, thereby increasing their stability [21, 28-
30]. Accordingly, mycogenic AgNPs exhibit improved stability
and a lower likelihood of agglomeration due to charge-based
repulsion mechanisms [12, 19].

FIGURE 2 | Mycogenic silver nanoparticles (AgNPs) encapsulated in
calcium alginate (CA) beads with a medium diameter of 4 mm.

232

CleanMat, 2025

85UB0|7 SUOWWOD BAFe81D) 8|edldde au Aq peusenob ae ssjoie VO ‘asn o saini 10} Areiq18UIIUO A8|IM UO (SUORIPUOD-PUB-SWBY/0D A8 M AeIq | Bul JUO//SdNY) SUORIPUOD Pue SWLB | 8y} 88S *[9202/90/20] Lo Ariqi aulluo A8|1M ‘seded AQ ZT00Z WR0/200T OT/I0p/wi00" A3 1M Arelq jeu uoj/Sdny wouy papeo|umoq ‘€ ‘SZ0Z ‘72L9LE8Z



Additionally, the encapsulation of NPs such as AgNPs prevents
agglomeration and allows for their reuse [31]. The results
indicate that the AgNPigcrproica have a silver content of
92 mg-L ™, an average concentration obtained by evaluating five
spheres. Although ED-XRF (Energy Dispersive x-ray Fluores-
cence) provides reliable and non-destructive analysis, its ability
to distinguish between metallic and ionic forms of silver is
limited [32, 33]. This means that the presence of silver in the
colloidal solution may include both AgNPs and silver ions
(Ag"), and additional methods are required for a more detailed
evaluation of the dissolution of AgNPs into Ag™ ions.

However, the use of encapsulated AgNPs, especially in materials
such as alginate, appears promising in disinfection processes, as
its encapsulation can help control the release of Ag+ ions,
reducing the potential harm of dispersed AgNPs. This approach
also preserves the properties of AgNPs over long periods, enabling
their repeated use [24, 34]. Given that the toxicity of AgNPs is
closely associated with their size, shape, and surface contact area
[13, 35, 36], maintaining these characteristics is essential for
ensuring both effectiveness and safety in various applications.

The negative control, composed of CA, maintained the initial
bacterial cell density throughout the tests, confirming the non-
toxic nature of the encapsulating agent against the potentially
pathogenic strains E. coli IPT245 and P. aeruginosa IPT365. This
corroborates previous studies described by Alavi and Rai [24],
which highlight the biocompatibility of the polymer and its low
toxicity. Additionally, Ching and Bhandari [37], along with
Kumar et al. [38], emphasized other important characteristics
associated with alginate, such as biodegradability and greater
stability. Consequently, the use of the encapsulated material did
not compromise bacterial survival and did not alter the func-
tionality of the AgNPs [26].

3.1.1 | Effluent Density

Figure 3 A.1 and 3 B.1 show that AgNPipcrpao/ca exhibited a
bactericidal effect on both E. coli IPT245 and P. aeruginosa
IPT365, demonstrating the NPs applicability over an 8-h exposure
period. At a cell density of 10* CFU-ml ™}, AgNPipcrpao/ca showed
stronger antibacterial activity against E. coli IPT245 (Figure 3 A.2)
compared to P. aeruginosa IPT365 (Figure 3 B.2). In Figure 3
(A.2), it can be seen that the NPs had a bactericidal effect after 1 h
of exposure, and kept the bacteria E. coli bacteria with a cell
density below 10* UFC-mL ™" in the remaining hours of sampling,
10° UFC-mL! in hours 2, 3, 4, and 8; and 10> UFC-mL~tin 5, 6
and 7 h of sampling, AgNO;,cx kept the bacteria with densities at
10° UFC-mL™ during the 8 h of the experiment, with statistical
differences between both AgNPipcrpaoca and the precursor
(AgNO3,ca) in relation to the control.

At a density of 10° UFC-mL™, both bacterial strains, E. coli
IPT245 (Figure 3 A.3) and P. aeruginosa IPT365 (Figure 3 B.3),
showed high survival rates regardless of the compound to which
they were exposed. After 1 h of exposure, cell densities
remained at 10° CFU-mL™", except for AgNOs,ca, Where the
bacteria had a cell density of 10* CFU-mL"Y, thus being more
toxic than bio-AgNP,c. However, after 4 h of exposure, the cell
density exceeded 10° UFC-mL™ in both bacteria tested. Despite

AgNO3;,ca showing higher toxicity in the first hour, no statis-
tical differences were observed between any of the compounds
(CA, AgNPipcrpao/ca, AgNOs3/ca) and the control over the full
duration of the experiment.

In alignment with our findings, AgNPs are known to disrupt
multiple essential cellular processes in P. aeruginosa, including
DNA replication, electron transport chain activity, signal
transduction, and membrane integrity [39]. These effects are
primarily driven by the generation of reactive oxygen species
(ROS) and the release of silver ions, which induce oxidative
stress and genotoxicity, ultimately compromising biofilm
structure [40]. As emphasized by Lucky and Kusi (2025) [41],
the physicochemical properties of surface coatings significantly
influence the environmental behavior and antimicrobial efficacy
of nanomaterials. These, together with our results show that
coated AgNPs exhibit enhanced antimicrobial activity against P.
aeruginosa compared to uncoated forms.

The encapsulating agent, CA, showed a statistically significant
difference compared to the control made with glass beads (GB),
likely due to biofilm formation on the GB surface. This biofilm
formation may have contributed to a reduction in cell density to
10° CFU-mL " in the 6, 7, and 8 h samples, a behavior commonly
found on P. aeruginosa, as cited in several studies [42, 43].
Additionally, biological reactors have a high potential for micro-
organisms adhesion, requiring appropriate cleaning procedures
to remove biofilm formed [44]. Moreover, CA ((C1,H14Ca015,),)
has a high carbon availability, which may have served as an en-
ergy source for the bacteria, leading to greater cell survival in the
alginate compared to the control [45, 46].

3.1.2 | Temperature

According to Figure 4 A,B (1-4), at all evaluated temperatures,
the microbial survival of both bacteria remained stable in the
GB and CA controls. Meanwhile, AgNPrgcrp2o/ca and AgNO;,
ca sustained their bactericidal activity throughout the duration
of the tests.

According to Ohshima et al. [47], although 37°C is considered
optimal for many bacteria, these microorganisms exhibit signifi-
cant tolerance to temperature variations. Studies report that 8°C
allows only minimal bacterial survival, while 44°C represents the
upper limit for exponential growth, and 50°C induces fragility in
E. coli [48, 49]. Additionally, research suggests that the antibac-
terial activity of AgNPs are influenced by the temperature at
which they are tested, with higher temperatures enhancing their
antibacterial properties [50-52]. Although bacteria can adapt to
temperature variations by incorporating more saturated fatty
acids into their membrane phospholipids to maintain cellular
integrity [47, 49] the antibacterial activity of AgNPigcrpao/ca Was
observed across different temperatures. While elevated water
temperatures increase the antibacterial efficacy of Ag* containing
materials, other factors such as turbidity and pH can modulate
their effects. Song et al. [51] and Zhang et al. [52] examined the
influence of pH on antibacterial performance and found that
higher temperatures reduce the time required for complete bac-
terial elimination. However, additional parameters must be
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considered, as they can impact on the overall antibacterial effi-
ciency of the compound. Therefore, further studies should be
conducted to determine the optimal temperature for industrial
applications, particularly when scaling up the process.

3.1.3 | Reactor Occupancy

A PBR reactor loaded with 8.75 g (50%), 13.125 g (75%), and
17.5 g (100%) of catalytic mass (AgNPigcrpao/ca) Was used to
evaluate the antibacterial efficiency against E. coli IPT245 and
P. aeruginosa at a cell density of 10° CFU-mL™". Figure 5A il-
lustrates that, with the reactors filled to 50% capacity (Figure 5
A.1), E. coli IPT245 exhibited an initial survival rate of 10?
CFU-mL™" within the first hour of the assay. However, the
bactericidal efficiency reached 100% in the subsequent hours. In
the cases of 75% (Figure 5 A.2) and 100% (Figure 5 A.3) filling,
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FIGURE 3 |

the bactericidal effect remained at 100% throughout the 8 h of
operation. P. aeruginosa IPT365 proved to be more resistant
when exposed to a lower amount of catalytic mass (Figure 5 B.1
and B.2), with cell survival of 10*° CFU-mL™ up to 3 h of
exposure to AgNPigcrpao/ca and up to 4 h when exposed to
AgNO;/ca, With a bactericidal effect only in the last hours of
exposure to the compounds, which may have been due to the
characteristic of CA in controlling the release of the encapsu-
lated compound, thus having a lower amount of Ag" and
AgNPipcrpao/ca available [34, 53] As shown in Figure 5 B.3, the
only condition in which the greatest antibacterial activity was
obtained during the 8 h of exposure was when the reactor was
operated at 100% filling.

Regarding the catalyst mass, several studies have examined the
parameter of the amount of Ag" and available AgNPs in the
medium, with Ag™ concentrations ranging from 0.01% to 5% by
weight [51, 52, 54-58]. Using different materials, some studies
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Evaluation of the applicability of the packed bed reactor (PBR) filled to 100% with glass beads (GB) (@), calcium alginate (CA) (M),

AgNPipcrpao/ca (A), or AgNO;3 ca (W) for the decontamination of (A) Escherichia coli IPT245 and (B) Pseudomonas aeruginosa IPT365. The reactor
was operated at 37°C with a continuous flow rate of 4.0 mL-min™", and bacterial densities of (1) 10> CFU-mL™, (2) 10* CFU-mL™, and (3) 10’

CFU-mL™" were evaluated.
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FIGURE 4 | Evaluation of the applicability of the packed bed reactor (PBR) filled to 100% with glass beads (GB) (@), calcium alginate (CA) (M),
AgNPipcrpao/ca (M), or AgNO;3,ca (W) for the decontamination of (A) Escherichia coli IPT245 and (B) Pseudomonas aeruginosa IPT365. The reactor
was operated at 25°C (1), 30°C (2), 37°C (3), and 40°C (4), with a continuous flow rate of 4.0 mL-min~".

indicate that increasing the Ag* concentration did not signifi-
cantly affect the diameters of the inhibition zones [56, 58], while
others [54, 57] found that increasing the Ag* concentration led
to larger inhibition zone diameters.

There are conflicting views on the effect of Ag* concentration on
disinfection performance. Consequently, the relationship be-
tween Ag® concentration and disinfection rate need to be

clarified, and the potential combined effects with other parame-
ters require further exploration.
3.1.4 | Volumetric Feed Flow Rate

The volumetric flow rate was set to 1.0, 4.0, 7.0, and
10.0 mL-min~" and monitored every 30 min throughout the 8-h
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FIGURE 5 | Evaluation of the applicability of the packed bed reactor (PBR) filled to 50% (1), 75% (2), and 100% (3) with glass beads (GB) (@),
calcium alginate (CA) (M), AgNPipcrpao/ca (M), or AgNO;3ca (W) for the decontamination of (A) Escherichia coli IPT245 and (B) Pseudomonas

aeruginosa IPT365 at an initial density of 10° CFU-mL™". The reactor was operated at 37°C with a continuous flow rate of 4.0 mL-min™".

experiment. This is an important parameter for assessing the
applicability of AgNPigcrpao/ca, depending on the exposure
time of the contaminated water to the nanomaterial encapsu-
lated in CA.

The input densities of the microorganisms tested were 10°
UFC-mL™". At a flow rate of 1.0 mL-min™"' (Figure 6 A.1),
AgNPipcrpao/ca Showed a bactericidal effect against the E. coli
IPT245 bacterium for practically the entire 8 h of the experi-
ment, with a minimum bacterial survival of 33 UFC-mL™" at the
sixth hour of sampling, demonstrating greater antibacterial ac-
tivity than AgNOs,ca, Which showed a cell survival of 10*
UFC-mL™" at the fourth and fifth hours of sampling. With P.
aeruginosa IPT365 at the same flow rate (1.0 mL-min~") shown
in Figure 6 B.1, the AgNPpcrpa0/ca Showed a bactericidal effect
after 5 h of operation of the PBR reactor, with cell survival of the
bacteria at 10> UFC-mL™" in the 1-4 h of sampling and only 33
UFC-mL™" in the 5 h, with the other samplings showing no cell
survival.

1

However, the alginate against E. coli IPT245 (Figure 6 A.1) also
showed antibacterial activity, reducing the cell density of the
bacteria to 10> UFC-mL™" from hour 3 to 8 of sampling, unlike
P. aeruginosa IPT365, which at the same flow rate of
1.0 mL-min~! (Figure 6 B.1) did not show the same pattern
when exposed to CA, maintaining cell survival at 10° UFC-mL™*
throughout the 8 h of the experiment.

The flow rate of 4.0 mL-min™" (Figure 6 A.2 and Figure 6 B.2)
maintained the bactericidal effect of both AgNPipcrpao/ca and
AgNO;,ca on the two bacteria. According to Hong et al. (2016)
[55], relatively high volumetric flow rates have lower disinfection
capacities using nanocomposites, due to the shorter residence
time of bacteria with AgNPs, as well as in the study by Wen et al.
(2017) [59] which also proved this hypothesis. However, at the
highest flow rates tested (7.0 and 10.0 mL-min '), although the
AgNPrpcrpao/ca did not have bactericidal activity over the 8 h of
exposure as it did at the flow rate of 4.0 mL-min™", it still per-
formed better than P. aeruginosa IPT365 at the flow rate of

236

CleanMat, 2025

85UB0|7 SUOWWOD BAFe81D) 8|edldde au Aq peusenob ae ssjoie VO ‘asn o saini 10} Areiq18UIIUO A8|IM UO (SUORIPUOD-PUB-SWBY/0D A8 M AeIq | Bul JUO//SdNY) SUORIPUOD Pue SWLB | 8y} 88S *[9202/90/20] Lo Ariqi aulluo A8|1M ‘seded AQ ZT00Z WR0/200T OT/I0p/wi00" A3 1M Arelq jeu uoj/Sdny wouy papeo|umoq ‘€ ‘SZ0Z ‘72L9LE8Z



Al) _ 1x10%5

7

£ 8x103

=)

<9

Q 6x103-

=

.o

F 4x10°

E

E’='2103’{

< 2x10° W

= ¥ [} ° )

S i ins

+—————F——+1
0 1 2 3 4 5 6 71 8
Time (h)

A2) _ 1x10%5

7

E 8x10°

=)

(€9

S

=

=]

s

«

E

=

3

=

=}

o

Time (h)

A3) _ 1x10%+
8x10° =
6x10°

4x10°

Ha-o—
L

]

]

-+ ol
e+
»yeo—i

2x10° %
0 | I B m—
0 1 2 3 4
Time (h)

Concentration (CFU-ml™!)

-
-

A4) _ 1x10°

:

Time (h)

Concentration (CFU-ml™!)

R

= =
e
e

-

-

-

-

-

=
=
)

Concentration (CFU-ml™!

B2) _ 1x10°7

1x10%=
8x10°
6x10°

4x10°

2x10°

8O~ b HBH

%

e ol ]
e
o e

Time (h)

8x10°

6x10°

4x10°

Concentration (CFU-ml™!)

Time (h)

B3) _ 1x10°4

T

E gx103

=

=

C 6x10°

=

‘O

T 4x10°

E

= L

]

g 108 o

g v 3 " " g2 i

)

0t+—F—F—t+—F—F—F—+—F
0 1 2 3 4 5 6 71 8
Time (h)

B4) 1x10% =

8x10%

6x10°

Concentration (CFU-ml™')

Time (h)

FIGURE 6 | Evaluation of the applicability of the packed bed reactor (PBR) filled to 100% with glass beads (GB) (@), calcium alginate (CA) (M),
AgNPipcLpao/ca (A), or AgNO;,ca (W) for the decontamination of (A) Escherichia coli IPT245 and (B) Pseudomonas aeruginosa at an initial density of
10> CFU-mL™". The reactor was operated at 37°C with a continuous flow rate of 1.0 mL-min™" (1), 4.0 mL-min~" (2), 7.0 mL-min~" (3), and

10.0 mL-min~" (4).

7.0 mL-min~* (Figure 6 B.3), NM had a bactericidal effect in most
of the samples, except for 3 h when cell survival of 10> CFU-mL™*
was observed, unlike IPT245 under the same conditions (Figure 6
A.3) when no bactericidal effect was observed.

However, at a flow rate of 10.0 mL-min~", AgNP1pcLpao/ca had
a greater antibacterial effect against E. coli IPT245 (Figure 6
A.4) than P. aeruginosa IPT365 (Figure 6 B.4), with cell

survival of only 67 UFC-mL™" being observed at hours 1 and
4, as well as 10° CFU-mL™' at hour 5, with a bactericidal
effect in the other samples taken. This divergence in the
antibacterial activity of AgNPipcrpa0/ca may have been due to
the existence of dead zones and/or the formation of prefer-
ential paths in the reactor at a flow rate of 7.0 mL-min~?, due
to the packing of the catalytic bed, leading to a decrease in
residence time with the mass of catalyst [60]. When compared
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to other studies, such as that of Zarei et al. (2014) [61], who
determined a minimum bactericidal concentration (MBC) of
6.25 mg-L™" of Ag * for Gram-negative bacteria at densities of
10°-10° CFU-mL™}, and Li et al. (2010) [62], who indicated
that 10 mg-L™" of AgNPs could completely inhibit the survival
of 107 CFU-mL™! of E. coli, it is clear that the available silver
concentration in the present study may not have reached the
minimum required to achieve a bactericidal effect at higher
densities.

Furthermore, Li et al. [63] demonstrated that silver ions have
greater antibacterial activity compared to AgNPs, with mini-
mum inhibitory concentrations (MIC) of 0.5 mg-mL ™" for E. coli
and 1 mg:-mL™" for P. aeruginosa at initial densities of 10°
CFU-mL™". Therefore, the applicability of AgNPs depends on
several factors such as the morphology of the NP, the concen-
tration of Ag®, flow rate, temperature, and microorganism
density [64]. Thus, even though the range used by many studies
is 10°-10® CFU-mL™" [52, 55, 57] at higher cellular densities of
the microorganism, AgNPs begin to lose their high rate of
microorganism survival inhibition, especially against bacteria
[64]. Therefore, the use of AgNPipcLpao/ca in the decontami-
nation of E. coli IPT245 and P. aeruginosa IPT365 at 10°
CFU-mL™! is applicable, as the bactericidal effect occurs within
8 h of continuous process operation, and this density is still
above the limit imposed by current regulations.

In contaminated waters, the average density of E. coli and P.
aeruginosa can vary significantly, reflecting different levels of
pollution and the applicability of treatment systems. According
to Ordinance GM/MS No. 888 (Brazilian Ministry of Health,
2021) [65], water supply systems must monitor the presence of
E. coli monthly. If the moving geometric mean of the last
12 months is equal to or greater than 1 x 10 CFU in 100 mL, it
is necessary to evaluate the efficiency of the Water Treatment
Plant (WTP) with weekly monitoring of aerobic bacterial spores.

Thus, the choice of a density of 10° CFU-mL™ as a fixed value
for the parameters evaluated in the PBR reactor is based on the
need to ensure that the system is applicable for removing
potentially pathogenic bacteria, as required by current regula-
tions. This density serves as a critical reference point to evaluate
the applicability of treatment processes and ensure the quality of
the treated water, aligning with established standards for public
safety and water quality control.

Regarding the volumetric flow rate, the results presented rein-
force the hypothesis put forward by Duran et al. [20], suggesting
that antimicrobial activity is not solely attributed to silver ions
but also to the influence of AgNPs. Additionally, alginate
showed bactericidal activity against E. coli IPT245 by decreasing
the bacterial cell density. This may be due to the extended
residence time of E. coli IPT245 in contact with the alginate
microcapsules, which could have led to microbial aggregation
on the encapsulated material. Such aggregation may initiate
biofilm formation, facilitated by the biocompatibility and ad-
hesive properties of the immobilizing agent [24, 66, 67], which is
a known characteristic of E. coli, thereby preventing it from
being carried away by the water flow [68].

It is also believed that the low activity values obtained for the
continuous reaction system may be related to the low volumetric
flow rate in the PBR reactor. Low volumetric flow rates contribute
to the formation of a thicker diffusion boundary layer around the
particles, making the process limited by external mass transfer. As
the volumetric flow rate increases, the boundary layer thickness
decreases, favoring the microorganism's access to bio-AgNP,c,
where the antibacterial activity occurs [5, 69, 70].

3.1.5 | Operational Stability in the Fixed Bed
Reactor (PBR)

The evaluation to define the parameters used in the operational
stability tests was based on the best parameters from the items
described above. The influence of affluent density was proven
through the tests carried out, with the lowest density tested 10?
CFU-mL™") being the most promising for the best applicability
of AgNPgcrLp20/ca-

The temperature parameter was the only one that did not show
any variation in the bactericidal activity of AgNPigcrpao/ca and
AgNO;/ca at any of the temperatures tested. However, the pa-
rameters of catalyst mass and volumetric flow rate showed
significant variations, since for large-scale applications one
factor is dependent on the other, with higher volumetric flow
rates and lower amounts of catalyst mass being more applicable.
However, the mass of catalyst that showed the greatest bacte-
ricidal activity on the two microorganisms tested, both AgN-
Pigcrpao/ca and the AgNOs,ca precursor, during the 8 h of the
experiment, was 17.5 g (100%).

At the same time, among the volumetric flow rates tested, the
highest flow rates (7.0 and 10.0 mL-min~"), despite showing
promising results for the antibacterial activity of AgNPipcrp20/cas
only the 4.0 mL-min~" flow rate had bactericidal activity during
the 8 h experiment on the two Gram-negative bacteria. Therefore,
the volumetric flow rate of 4.0 mL-min~* was considered more
promising for the operational stability of the PBR reactor.

Regarding operational stability in the PBR reactor, the results on
the influence of influent density are in agreement with studies
that state that silver nanoparticles have greater antibacterial
activity at densities of 10> CFU-mL™" in bacteria [71]. Since the
temperature parameter showed no variation in bactericidal ac-
tivity, the temperature was maintained at 37°C, which is
consensus in the literature as the ideal temperature for the
survival of E. coli and P. aeruginosa [47-49, 72] The results of
the flow rate study were relevant because, along with the
catalyst mass, they influence the residence time. According to
Cao et al. [60], this is due to the increased residence time with
the compound, which enhances bactericidal activity.

Therefore, the applicability of the PBR reactor was confirmed
over an 8-h period, showing operational stability with the
following parameters: 10° CFU-mL™" and 37°C (microorganism
density and temperature); 17.5 g (catalyst mass); and
4.0 mL-min~" volumetric flow rate.
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4 | Conclusion

The study demonstrated the applicability and effectiveness of a
fixed bed reactor with AgNPs derived from Aspergillus niger
IBCLP20, encapsulated in calcium alginate (AgNPipcrp2o/ca)s
for the disinfection of contaminated water. The AgNPipcrp2o/ca
retained their antibacterial properties even after encapsulation,
confirming that the alginate encapsulation is a technique that
effectively preserves antimicrobial activity without significantly
altering the physicochemical characteristics of the mycogenic
AgNPs, both in the colloidal and encapsulated forms.

The analysis of the experimental parameters showed that
AgNPrpcrpaoca €xhibit greater toxicity toward the Gram-
negative bacterium E. coli IPT245 than P. aeruginosa IPT365.
Nonetheless, promising antibacterial results were obtained for
both tested bacteria. Key parameters, such as influent density,
temperature, catalyst mass, and volumetric flow rate, were
found to significantly influence the reactor performance, high-
lighting the need for process optimization to improve water
treatment.

Considering the above, the implementation of the PBR fixed bed
reactor with AgNPigcrpao/ca proved to be a promising and
sustainable solution for the disinfection of contaminated water.
The preservation of the NPs antibacterial activity after encap-
sulation and the insights from the analysis of experimental pa-
rameters provide a solid foundation for advancing eco-friendly
water treatment systems.
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