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Comparative study on the novel bare o

and immobilized forms of phyco-synthesized
Ag-Fe bimetallic nanoparticles
for bioremediation of aquaculture wastewater
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Abstract

Green synthesized Ag-Fe bimetallic nanoparticles (Ag-FeBNPs) offer a promising candidate for heavy metal removal
thanks to their exceptional properties, efficiency in adsorption processes, stability, enhanced catalytic activity,

and eco-friendliness. The current work uses the red alga; Laurencia Papillosa for a novel synthesis of the Ag-FeBNPs,
which has been prepared in two different forms; bare and immobilized to test the efficiency of the Ag-FeBNPs

at the first stage and to compare the potentiality of both forms for the bioremediation process. This study intro-
duces a novel bio-inspired synthesis route using L. Papillosa, which has not been previously reported for Ag-FeBNPs,
highlighting the distinctive phycochemical reduction mechanism as a key element of novelty. The optimal param-
eters for this bimetallic synthesis were established via the central composite design (CCD), which set the pH at 10
and employed 10.5 g of algae/100 mL water for 95 min. The alginate beads were used to immobilize the optimized
Ag-FeBNPs (Ag-FeBNPs@Alg beads) as a strategy to mitigate the potential toxicity of bare nanoparticles. Bare

and immobilized phyco-synthesized Ag-FeBNPs were investigated for Fe and Zn removal from aquaculture wastewa-
ter. Results indicated significant removal ratios for Fe and Zn with 94.8% and 76.0% when using the bare Ag-FeBNPs
and 78.0% and 45.5% when using Ag-FeBNPs@Alg beads, respectively. Qualitative observations further revealed
improved particle dispersion, high adsorption affinity, and enhanced surface functional group interactions in the bare
form, whereas the immobilized form showed greater operational handling, safety, and reusability. Various characteri-
zation approaches, including Scanning Electron Microscope (SEM) and Fourier transform infrared (FTIR) spectroscopy,
were employed to confirm the synthesis of Ag-FeBNPs forms and their role in metal removal. The results proved

that Ag-FeBNPs@Alg beads are simply prepared, practically utilized, and relatively low in cost. These characteristics
reveal their potential as a promising adsorbent for heavy metals removal from wastewater not only at small or bench-
scale but also with potential for large-scale and commercial applications in aquaculture and industrial wastewater
treatment systems.
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Introduction

Most hydrological resources are under pressure at the
global level either due to drought or pollution [1, 2].
Heavy metal pollution seriously threatens water qual-
ity, ecological balance, and human well-being [3-5].
Recently, increasing attention has been directed toward
the application of algae-based systems for the remedia-
tion of potentially toxic elements from agricultural and
industrial wastewater [6]. Phycoremediation, in par-
ticular, has shown great promise as a cost-effective and
eco-friendly strategy, as algae can act both as biosorb-
ents and as biofactories for nanoparticle synthesis [7].
Several studies proved that the unique characteristics
of nanoparticles at the nanoscale, including enhanced
catalysis and adsorption, make them highly effective in
wastewater treatment [8—10]. Furthermore, nanoma-
terials have been extensively utilized in a wide range of
other applications, including antimicrobial coatings,
catalysis, biosensing, and environmental cleanup tech-
nologies, which underscores their broad scientific and
industrial relevance [11, 12]. Biologically-based synthesis

of NPs [13-16], particularly those algae-based ones [17,
18], is successfully used for water remediation due to
their potential cost-effectiveness, nontoxicity, large-scale
production, and minimal environmental impact. Silver
nanoparticles (AgNPs) are among the most extensively
studied nanomaterials due to their strong antimicrobial
activity, high surface reactivity, and catalytic potential.
In environmental applications [19]. Their nanoscale size
and large surface area provide enhanced adsorption and
interaction with pollutants, while their stability supports
repeated use in treatment processes [20, 21]. However,
concerns regarding their potential cytotoxicity and the
uncontrolled release of silver ions into the environment
may restrict their large-scale applications in bioremedia-
tion [22]. Iron nanoparticles (FeNPs) have a strong reduc-
ing capacity and are considered environmentally friendly,
cost-effective, and highly efficient in site-specific reme-
diation [12, 16]. Nonetheless, their tendency to aggregate
and undergo surface oxidation can reduce their reactiv-
ity and long-term stability, which limits their efficiency
when used alone [23].
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Ag-FeBNPs, unlike their monometallic and bulk
counterparts, provide a significant advantage in heavy
metal removal with high adsorption efficiency, sta-
bility, and enhanced catalytic activity together with
eco-friendliness [24, 25]. In addition, their bimetallic
composition improves redox potential, accelerates elec-
tron transfer, and enhances the degradation of a wide
range of organic and inorganic pollutants [26]. Such
unique properties make Ag-FeBNPs highly effective for
wastewater treatment and represent a sustainable and
versatile nanomaterial for bioremediation applications.

One of the disadvantages of using Ag-FeBNPs in
water purification is the potential metal release dur-
ing the treatment process, causing adverse conse-
quences for both ecosystems and human health [27]. A
new strategy for utilizing nanoparticles as adsorbents
was implemented to hinder or minimize this effect
through the encapsulation of alginate beads [28]. This
method traps the NPs, prevents the metal release in the
medium, and allows for efficient reuse with potential
recovery of the adsorbed material [29, 30].

In this research, we explore a novel eco-friendly
approach for using Laurencia papillosa alga as a media-
tor for the phycho-synthesis of Ag-FeBNPs. To our
knowledge, this work pioneered the green synthesis of
Ag-FeBNPs from Laurencia papillosa. A patent for this
innovation has been submitted nationally to the Egyp-
tian Patent Office with the number EG/P/2024/330. The
phycho-synthesized Ag-FeBNPs were also optimized
and encapsulated in alginate beads (Ag-FeBNPs@
Alg). The central objective of this study is to evaluate
and compare the performance of both bare and immo-
bilized Ag-FeBNPs for the removal of Fe and Zn from
aquaculture wastewater, thereby assessing their effec-
tiveness and potential for practical bioremediation
applications. This study is significant as it introduces a
previously unreported red alga-based route for bime-
tallic Ag-FeBNPs synthesis, providing new insights into
phycochemical reduction mechanisms. The combined
optimization and immobilization strategy presented
here demonstrates a novel, safer, and more practi-
cal approach for nanoparticle use in real wastewater
systems. In addition, compared with previous studies
that used non-immobilized or monometallic nanopar-
ticles, the Ag-FeBNPs@alg system offers clear advan-
tages in terms of safer handling, lower metal leaching,
improved long-term stability, and greater practical-
ity for real wastewater applications. This work further
offers a potentially scalable and commercially relevant
platform for sustainable heavy-metal removal, par-
ticularly within aquaculture and industrial treatment
operations.
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Materials and methods

Materials

All required solutions (e.g., silver nitrate, ferric chloride,
sodium alginate, and calcium chloride) were prepared
using deionized water. The marine red alga Laurencia
papillosa was collected from Al-Zaafarana beach (29.06°
N, 32.43° E), a location at the Suez Gulf, The Red Sea,

Egypt.

Ag-FeBNPs phyco-synthesis and optimization processes
Fresh seaweed samples were washed thoroughly with
seawater, tap water, and distilled water to remove epi-
phytes and debris. The cleaned samples were air-dried
in shade for two weeks, ground into fine powder using
liquid nitrogen, and stored in air-tight containers at 4 °C
until further use [31]. About 5g of crushed dried algal
powder was used to prepare the extract of which the
supernatants were used to prepare the Ag-FeBNPs [32].
Phyco-synthesis of Ag-FeBNPs was achieved by mix-
ing AgNO; (20 mL, 0.01 M) and FeCl; (20 mL, 0.01 M)
under continuous stirring for about 20 min while adding
about 20 mL of fresh extract to the Ag-Fe solution with
constant stirring. The reaction progress was monitored
by visual observation [33]. A central composite design
(CCD) was employed to investigate the individual and
interactive influences of pH, the concentration of algae
extract (g/100 ml), and time (min) on the surface plas-
mon resonance (SPR) absorbance [34, 35]. A 20-run
design of the experiment was executed using the Design
Expert Version 8.0 software (Stat-Ease, Inc., Minneapolis,
MN, USA). A second-order polynomial model was fitted
to the experimental data, including five replicates at the
center point (Table 1).

Immobilization of the optimized Ag-FeBNPs in alginate
beads

Ag-FeBNPs were immobilized in alginate beads (Ag-FeB-
NPs@Alg) following the method described by Bezbaruah
et al. [36]. Alginate (3% w/v) and Ag-FeBNPs solutions
were combined in a 1:1 ratio and mixed for 0.5 h to form
a homogeneous gel. Spherical beads were formed by

Table 1 Variable levels were used in the CCD experiment on

Ag-FeBNPs
Variables Levels

-2 -1 0 +1 +2
pH 3.0 49 7.0 94 11.0
The concentration of algal 1.0 49 10.5 16.1 20

extract (g/100 mL)
Time (min) 10 44 95 146 180
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droplet addition into a 0.05 M CaCl, solution with con-
stant stirring and allowed to harden for 24 h.

Experimental design for heavy metal removal

The primary objective of this study was to compare the
efficiency of both bare and immobilized phyco-synthe-
sized Ag-FeBNPs forms for water treatment and heavy
metal removal, particularly iron (Fe), and zinc (Zn).
Wastewater was collected from a running fish aquacul-
ture farm in Port Said Governorate, Egypt, of which 100
ml were filtered and mixed with 0.2 g/L bare Ag-FeBNPs
at a constant speed (120 rpm) and room temperature
(25 °C) for 95 min. The specimen was centrifuged at high
speed (4000 rpm) for 15 min to separate the NPs. A par-
allel experiment was conducted using Ag-FeBNPs@Alg
beads at the same dosage (0.2 g) to compare the effect of
immobilization in alginate.

The analytical determination of Fe and Zn in the water
before and after treatment was performed using the
inductively coupled plasma technique (ICAMS). The per-
centages of Fe and Zn were calculated using Eq. 1.

Co— C
)

%R =

x 100 )

where C is the concentration of Fe, Zn, and Mn before
treatment (mg/L), while C, is the concentration of Fe and
Zn after treatment (mg/L).

Characterization of Ag-FeBNPs and Ag-FeBNPs@Alg
Concerning bar Ag-FeBNPs, the crystal lattice, phase
purity, and particle size were determined using XRD
(DX-1000 X-ray powder diffractometer) [37]. The main
components of Laurencia papillosa extract and the bio-
molecules involved in the phyco-synthesis of Ag-FeBNPs
were analyzed using FTIR (Burker Vertex 80) in the 400—
4000 cm™ range [38]. The average size, infrastructure,
and Selected Area Electron Diffraction [12] patterns of
Ag-FeBNPs were visualized using TEM (JEOLJEM-2100)
[39]. The size, shape, and morphologies of Ag-FeBNPs
were examined using SEM (JEOL JSM-6510LV). The
elemental composition of Ag-FeBNPs was analyzed using
EDAX attached to the SEM. [40]. Nano-colloidal solution
stability and surface charge of Ag-FeBNPs were meas-
ured using Photon Correlation Spectroscopy (Malvern
Zeta size Nano-zs90, U.S.A) [41].

Concerning Ag-FeBNPs@Alg beads, Morphological
features, physical organization, and elemental composi-
tion of Ag-FeBNPs@Alg beads were analyzed using SEM
and EDAX before and after treatment of fish aquaculture
wastewater effluents. FTIR spectra of Ag-FeBNPs@Alg
beads were recorded before and after treatment to assess
changes in biomolecular composition.
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Evaluation of the reuse potentiality of Ag-FeBNPs@Alg
beads

The beads loaded with heavy metals were subjected to
0.1 N HCI for 60 min for metal ions recovery, followed
by washing with double-distilled water [42]. The regen-
erated beads were then again reused in fish aquacul-
ture wastewater effluents for the next adsorption run.
Four runs of adsorption—desorption experiments were
conducted to evaluate the reuse potentiality of Ag-FeB-
NPs@Alg beads to retain heavy metal removal.

Results

Characteristics of bare phyco-synthesized Ag-FeBNPs
Before the phyco-synthesis of Ag-FeBNPs, the collected
alga was morphologically characterized and identified
as Laurencia obtusa var. papillosa (C.Agardh), a red
alga belonging to the Rhodophyta phylum (Fig. 1a) [43,
44]. Adding L. papillosa extract to the Ag-Fe solution
resulted in a colour change to dark brown, indicating
the potential formation of Ag-FeBNPs (Fig. 1b, c).

X-ray diffraction pattern of Ag-FeBNPs exhibited
characteristic peaks at 28.25% 29.34%, 31.57°, 40.49°,
46.31°% and 50.31° corresponding to the (210), (220),
(104), (114), (231), and (042). XRD analysis reveals
the characteristic diffraction peaks of Ag (JCPDS no.
04-0783) and Fe (JCPDS no. 33-0664), indicating the
successful synthesis of a bimetallic structure (Fig. 2a).
FTIR analysis of phyco-synthesized Ag-FeBNPs and
L. papillosa extract revealed similar spectral pat-
terns, with key peaks at 3421, 1598, 1384, 1035, and
865 cm™'are associated with N-H, O-H, C=C, N-O,
and O-H stretching and bending, respectively suggest-
ing the presence of amine, alcohol, alkene, nitro, and
carboxylic acid functional groups (Fig. 2b).

The TEM micrographs displayed a nano range
spherical shaped morphology with no aggregation or
agglomeration with particles that ranged from 10.17 to
19.99 nm (Fig. 3a, b, c). The SAED pattern reveals the
polycrystalline nature of Ag-FeBNPs, characterized by
distinct dot and ring patterns (Fig. 3d).

The characteristic peaks observed in the EDAX spec-
trum at 3 keV, 6 keV, 6.6 keV, and 0.5 keV corroborated
the phyco-synthesis of Ag-FeBNPs (Fig. 4) that com-
posed of Fe contains 12.85% as to weight percentage
5.36 as an atomic percentage and Ag contains 37.77%
as to weight percentage 8.16% as an atomic percentage.
The inset SEM micrograph in Fig. 4 showed that some
nanoparticles agglomerated together to form larger
irregular clusters with uniform surfaces. The phyco-
synthesized Ag-FeBNPs exhibited a negative zeta
potential of -17.2 mV, as shown in Fig. 5.
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Fig. 1 Photographs representing a the picked red alga Laurencia papillosa (scale bar=2 cm), and the visual observation of colour change
in the reaction mixture from b the initial Ag-Fe solution to ¢ a dark brown colour after the addition of the aqueous extract of Laurencia papillosa,

indicating the formation of Ag-Fe bimetallic nanoparticles
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Fig. 2 a XRD patterns of phyco-synthesized Ag-FeBNPs and b FTIR spectrum of Laurencia papillosa extract and Ag-FeBNPs

Optimizing conditions for phyco-synthesis of Ag-FeBNPs

Table 2 summarizes the results of 20 experiments
designed to optimize the phyco-synthesis of Ag-FeBNPs
from Laurencia papillosa using CCD. Run No 16, with a
pH of 10, an algae concentration of 10.5 g/100 mL, and
a reaction time of 95 min, was identified as the opti-
mal condition for phyco-synthesis. Under these condi-
tions, the maximum absorbance at 263 nm was 11. The
3D response surface plots (Fig. 6) illustrate how pH,
concentration, and time influence the SPR intensity of
Ag-FeBNDs. Figure 6a and b demonstrate that pH and
concentration have a more significant effect on SPR

intensity than time. Furthermore, concentration has the
greatest impact on the synthesis of Ag nanoparticles
(Fig. 6¢). The normal probability plot in Fig. 7a indicates
that all the residual values lie along a straight line with
no big deviations and follow a normal distribution. The
scatter plot in Fig. 7b demonstrates that the residuals are
both random and within the + 30 limits.

Heavy metal removal (Fe and Zn) studies
Experiments were conducted to compare the effec-
tiveness of bare and immobilized phyco-synthesized
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Fig. 3 TEM micrograph of phyco-synthesized Ag-FeBNPs in three magnifications a100 nm, b 50 nm, ¢ 5 nm, and d SAED pattern

Ag-FeBNPs in Fe and Zn removal from fish aquacul-
ture wastewater effluents (Fig. 8). Ag-FeBNPs@Alg
beads are spherical of similar size with fairly homoge-
neous size distribution (3—4 mm), as shown in Fig. 8b.
With bare Ag-FeBNPs, the Fe and Zn concentrations
decreased from 18.5 mg/L and 5.7 mg/L to 1.0 mg/L
(94.8% removal) and 1.4 mg/L (76.0% removal), respec-
tively (Table 3). Using Ag-FeBNPs@Alg beads the %

of removal of Fe is 78.0% and reached 45.5% for Zn
(Fig. 9).

Characteristics of Ag-FeBNPs@Alg beads before and after
heavy metal removal

The SEM micrograph of FeBNPs@Alg beads shows the
particles of Ag-FeBNPs were in a delicately dispersed
state within the alginate matrix with a porous surface
(Fig. 10a). The surface of the Ag-FeBNPs@Alg bead after
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Fig. 5 Zeta potential of phyco-synthesized Ag-FeBNPs

heavy metal removal (Fig. 10b) is represented by peak
and valley topography. It also appears to be quite hetero-
geneous and uneven.

FTIR spectrum of Ag-FeBNPs@Alg beads before heavy
metal removal (Fig. 11a) shows number of characteristic
absorption peaks at 3286 cm™!, 2372 cm™}, 2317 cm™,
1622 cm™', 1415 cm™, 1092 cm™, and 1030 cm ™. FTIR
spectrum of Ag-FeBNPs@Alg beads after heavy metal
removal (Fig. 11b) shows the peak shift located at about
1632 and 2366 cm™! while the peaks at 2317, 1415, and
1030 cm™! became weaker and shifted. Also, the peak at
1092 cm™! disappeared.

Evaluation of the reuse potentiality of Ag-FeBNPs@Alg
beads

Adsorption—desorption experiments were carried out to
evaluate the reuse potentiality of Ag-FeBNPs@Alg beads.
As shown in Table 4, the % of Zn removal decreased from
86.5 to 57.2% whereas the % of Fe removal decreased
from 38.7 to 16.9% after three runs and recorded no

removal in the four runs. The results indicated that Ag-
FeBNPs@Alg beads can be reused up to four times with
negligible loss of removal efficiency of Zn and Fe. How-
ever, a decrease in efficiency was observed in the fourth
run for Fe (Table 4).

Discussion

Nano-bioremediation is promising for revolutionizing
water treatment as it can be used to remediate water
contaminated with diverse pollutants, including heavy
metals, organic contaminants, and pesticides [45]. Bio-
logically produced NPs have emerged as an efficient
alternative to traditional methods in nano-bioremedia-
tion due to their biocompatibility, environmental friend-
liness, and wide scalability [46]. This study focuses on the
phyco-synthesis of Ag-FeBNPs from the extract of Lau-
rencia papillosa. The observed color transition is primar-
ily due to the algal-mediated reduction, stabilization, and
capping of Ag and Fe ions [47] and to the surface plas-
mon response of the phyco-synthesized Ag-FeBNPs [48].
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Table 2 Specifics of the 20 runs that were carried out utilizing
CDD to improve the phyco-synthesis of Ag-FeBNPs using
Laurencia papillosa extract

Runs pH The concentration of Incubation SPRy¢3
algal extract (g/100 mL) time (min)

1 8.6 4.9 44 4.53
2 6.5 10.5 95 8.18
3 44 4.9 146 4.88
4 8.6 16.1 146 9.76
5 6.5 10.5 95 792
6 44 4.9 44 4.68
7 8.6 4.9 146 4.86
8 6.5 10.5 95 798
9 8.6 16.1 44 93
10 6.5 105 95 8.16
11 44 16.1 44 712
12 44 16.1 146 8.37
13 3 105 95 758
14 6.5 20 95 5.96
15 6.5 10.5 95 8.65
16 10 10.5 95 11
17 6.5 1 95 3.15
18 6.5 10.5 10 7.99
19 6.5 10.5 180 8.31
20 6.5 10.5 95 792

This indicates the mechanism of electron transfer from
polyphenolic compounds in L. Papillosa to the metal
ions, resulting in the reduction and nucleation of Ag and
Fe nanoparticles.

The diffraction peaks observed in the XRD pattern of
Ag-FeBNPs were consistent with the standard patterns
of Ag (JCPDS no. 04-0783) and Fe (JCPDS no. 33-0664),
supporting the formation of bimetallic phases [33]. The
O-H stretching vibration observed at 3421 cm™ in the
FTIR spectrum of L. papillosa aqueous extracts con-
firmed the presence of polyphenolic and saccharide
compounds [49]. The existence of a peak shift at 3421
cm™, indicates a major involvement of O—H of the phe-
nol groups that are present in algal extracts [50]. The
absorption peak that appeared at 1598 cm™ likely indi-
cates the presence of C=0 bond stretching in aromatic
compounds within the algal extract [51]. The character-
istic peaks at 1384 cm™}, 1035 cm ™Y, 672 ¢cm™), and 865
cm™ indicated the presence of nitro groups, primary
alcohols, aromatic rings, and vinyl groups, respectively
[52]. The minor shifts and slight changes observed in the
FTIR spectra of AgFeBNPs suggested that biomolecules
from the extracts were capped onto the AgFeBNPs [53].
This capping mechanism provides stability and pre-
vents nanoparticle agglomeration by surface chemical
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interactions with hydroxyl, carbonyl, and nitro groups.
These findings align with prior studies [54, 55]. The TEM
images of Ag-FeBNPs displayed a nano range spherical
shaped morphology with no aggregation or agglomera-
tion with particles that ranged from 10.17 to 19.99 nm.
These observations are consistent with previous obser-
vations [33]. The characteristic ring patterns observed in
the SAED pattern indicated the polycrystalline structure
of Ag-FeBNPs [56]. The Ag and Fe peaks were observed
in the EDAX spectrum, indicating the successful for-
mation of Ag-FeBNPs [33]. The additional peaks likely
resulted from algal biomolecule interactions during the
synthesis process [57]. The SEM micrograph showed that
some nanoparticles agglomerated together to form larger
irregular clusters with uniform surfaces, such highly con-
glomerated NPs are evidence of agglomeration; in agree-
ment with prior literature [58]. The Ag-FeBNPs show
negative potential values of 17.2 mV [59]. Biomolecules
in the algal extract may inhibit the positive potential of
the NPs [60].

CCD proved to be a valuable tool for optimizing the
phyco-synthesis of Ag-FeBNPs from L. papillosa extract
by modeling the complex interactions among experi-
mental variables [61]. Multivariate optimization was per-
formed using 3D response surface analysis to determine
the optimal value of each parameter for maximum pro-
duction of Ag-FeBNPs [62, 63]. Application of this model
helps us to indicate that pH and concentration of algal
extract were the most significant factors, while time was
an insignificant parameter. The normal probability plot
indicated a good fit between the residuals and a normal
distribution [64]. The proposed linear model exhibits no
significant bias or systematic error, demonstrating its
suitability for the optimization of the phycho-synthesis
process of Ag-FeBNPs [65].

The performance of bare Ag-FeBNPs in removing
heavy metals (Fe and Zn) surpassed that of previous stud-
ies documented by Karatapanis et al. and Yadav et al. [66,
67]. Comparative analysis shows that the removal effi-
ciency of Fe (94.8%) and Zn (76.0%) in this study is higher
than that reported for monometallic AgNPs or FeNPs,
indicating the benefits of bimetallic composition [68, 69].
The high heavy metal removal using Ag-FeBNPs, when
compared with AgNPs and FeNPs, could be attributed
to the high surface area, the availability of high adsorp-
tion sites, and their enhanced properties as compared to
their monometallic, which can improve the heavy metal
removal [70-72]. This study also tested the use of alginate
beads as a good trial to eliminate the potential toxicity
of using bare NPs, which was reported in many reports
[73, 74]. Reduced mobility of Ag-FeBNPs can be achieved
through immobilization in Ca-alginate polymer as it is a
non-toxic, biodegradable, and water-insoluble polymer
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Fig. 6 The 3D response surface plots of independent parameters; a concentration-pH, b pH-time, and ¢ time-concentration, influencing the SPR

intensity of Ag-FeBNPs phyco-synthesis using Laurencia papillosa extract

[75]. Ag-FeBNPs@Alg beads exhibited slightly lower Fe
and Zn removal efficiency compared to bare Ag-FeBNPs.
This may be due to the alginate matrix surrounding Ag-
FeBNPs may have hindered the diffusion of Fe and Zn
ions to the NPs surface [76]. Ag-FeBNPs remove pollut-
ants mainly through surface adsorption, complexation,
and redox reactions. Fe facilitates electron transfer and
the reduction of toxic metals, while Ag enhances stability
and catalytic activity, resulting in a bimetallic system with
superior efficiency compared to monometallic NPs [2].
Ag-FeBNPs@Alg beads adsorption mechanism. Embed-
ding Ag-FeBNPs in alginate beads improves performance
by providing extra carboxyl and hydroxyl groups for
adsorption and ion exchange, preventing nanoparticle

aggregation, and enabling easy recovery and reuse [77,
78]. The porous alginate matrix facilitates mass transfer
of heavy metal ions to the nanoparticle surface, maintain-
ing redox and catalytic activity while minimizing leach-
ing, which explains the slightly lower removal efficiency
compared to bare NPs [42].

The surface morphology of Ag-FeBNPs@Alg beads
before heavy metal showed that NPs were very uni-
formly distributed on the beads’ surface and the surfaces
of the beads also showed obvious porous structures,
similar to other previously reported results [79]. How-
ever, after heavy metal removal, the beads appeared in
more irregular shapes with rougher surfaces with voids
and rifts. These observed morphology changes can be
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Fig. 7 aThe normal probability plot and b The scatter plot of residuals versus predicted SPR intensity of the phyco-synthesized Ag-FeBNPs using

Laurencia papillosa extract

Fig. 8 Images of a bare Ag-FeBNPs and b Ag-FeBNPs@Alg beads; the hydrated beads are on the left and the dry beads are on the right

Table 3 Fe and Zn concentrations from aquaculture wastewater effluent before and after treatment with bare Ag-FeBNPs and

Ag-FeBNPs@Alg beads

NPs type Elements Conc before treatment (mg/L) Conc after treatment (mg/L) % Of heavy
metal removal
Bare Ag-FeBNPs Fe 185 1.0 94.8
Zn 57 14 76.0
Ag-FeBNPs@Alg beads Fe 185 4.1 780
n 57 3.1 455

attributed to the formation of metal-carboxyl and metal-
hydroxyl complexes, which modify the bead surface and
create rifts and voids observed in SEM [80]. Charac-
teristic peaks at 3310 cm™ and 1030 cm™ in the FTIR

spectrum before heavy metal removal indicated the pres-
ence of —OH and C-O stretching vibrations, suggesting
the existence of hydroxyl groups. The obtained results
were in good agreement with the previous studies [81].
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Fig. 9 Comparison of heavy metal (Fe and Zn) removal efficiency
of bare Ag-FeBNPs and Ag-FeBNPs@Alg beads from aquaculture
wastewater effluent

The bands around 1625 cm™ and 1411 cm™! are indica-
tive of C=0 stretching vibrations in the carboxyl groups
[82]. The FTIR spectra of the beads after heavy metal
removal showed a significant shift in these bands [83].
The absence of significant changes in infrared spectra
implies the adsorption process is physically mechanism-
oriented [84].

The reuse potentiality of Ag-FeBNPs@Alg beads
has been investigated as it is likely to be a key factor in
accessing the potential of the beads for commercial appli-
cations [85]. Even after four runs of reuse of Ag-FeB-
NPs@Alg beads, the percentage of Zn removal decreased
from 86.5 to 57.2%, and the percentage of Fe removal
decreased from 38.7 to 16.9%. Hence, the immobiliza-
tion of Ag-FeBNPs in alg beads facilitated easy filtration

-

“SEIJ 30kV WD11mm ' SS26 l-;’ X15,000 ~ 1um,

Fig. 10 SEM micrograph of Ag-FeBNPs@Alg beads a before and b after heavy metal removal
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and was successfully applied for heavy metals (Zn, and
Fe) removal from fish aquaculture wastewater effluents.
Ag-FeBNPs@Alg beads are thus well-suited for use in
both large- and small-scale treatment facilities, as well
as infield operations. To assess the cost-effectiveness
of this process, the main raw materials were consid-
ered. The silver precursor (AgNO;) represents the pri-
mary cost driver, with typical catalogue prices of ~ 3—4
USD/g, while iron salts (FeCl; or FeSO,) are compara-
tively inexpensive (<1 USD/100 g in bulk). Sodium algi-
nate, required for immobilization, is widely available at
~ 5-20 USD/kg, and the crosslinker CaCl, is very low-
cost (tens of USD per kg). Laurencia papillosa biomass
is locally available in coastal regions and can be obtained
at minimal cost compared to synthetic reagents. Impor-
tantly, immobilization of Ag-FeBNPs in alginate beads
not only improves dispersibility but also allows reuse
even after four runs of reuse, thereby lowering the effec-
tive treatment cost per cycle and supporting scalability
for aquaculture wastewater remediation. The findings
of this study demonstrate the potential of Ag-FeBNPs@
Alg beads as a practical and sustainable tool for wastewa-
ter treatment, particularly in aquaculture systems where
heavy metal accumulation threatens water quality and
aquatic health. The enhanced dispersibility of Ag-FeBNPs
within the alginate matrix significantly improves their
efficiency in nano-bioremediation of various wastewater
contaminants. Their high adsorption efficiency, stability,
and reusability highlight their suitability for large-scale
applications in environmental remediation and green
nanotechnology-based water purification systems. More-
over, these beads can be repurposed as a nutrient-rich
fertilizer, as the adsorbed nutrients may serve as valuable
components for agricultural applications[86].

Tt
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Fig. 11 FTIR spectrum of Ag-FeBNPs@Alg beads a before and b after heavy metal removal

Conclusion

This study demonstrated for the first time the feasibil-
ity of using Laurencia papillosa for phyco-synthesis of
Ag-FeBNPs providing a sustainable and environmentally
friendly approach to the green synthesis of nanoparti-
cles. The process of phyco-synthesis was improved by
using central composite design (CCD), avoiding poten-
tial errors and time-consuming of the classical meth-
ods. Also, immobilization of Ag-FeBNPs in alginate
beads and comparison of the reactivity of bare Ag-FeB-
NPs and Ag-FeBNPs@Alg beads toward heavy removal
from fish aquaculture wastewater effluents. The % of Fe
removal using bare Ag-FeBNPs and Ag-FeBNPs@Alg
beads were 94.8% and 78.0%, respectively whereas the
% of Zn removal was 76.0% and 45.5% respectively. The
simplicity of Ag-FeBNPs@Alg beads preparation, bio-
degradability, practical utility, and relatively low prepa-
ration cost reveal their utility as an adsorbent for heavy
metal removal. Extensive investigations of Ag-FeBNPs@
Alg beads at a commercial scale may uncover new

Table 4 Percentage of heavy metal (Zn and Fe) removal
from wastewater effluent of aquaculture after treatment with
Ag-FeBNPs@Alg for four reuse runs

Elements Reuse runs (% of heavy metal removal)
First Second Third Fourth
n 86.5 82.5 82.1 57.2

Fe 38.7 341 169 0.0

opportunities for their application in heavy metal reme-
diation. Nevertheless, the present study is constrained by
limited replicates and the absence of detailed adsorption
modeling, which will be addressed in future investiga-
tions to provide stronger statistical validation and deeper
mechanistic insights. Overall, this study is significant as
it evaluates, for the first time, the performance of both
bare and immobilized Ag-FeBNPs in removing Fe and
Zn from aquaculture wastewater. The comparison high-
lights the novelty of alginate immobilization, which not
only enhances stability and adsorption efficiency but also
facilitates recovery and reuse. These findings provide a
practical and eco-friendly approach for advancing biore-
mediation applications in contaminated water systems.
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