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Silver nanoparticles; nanoparticles as catalysts. The phytochemicals of the brown algae Sargassum horneri acted as
Gold nanoparticles; reducing and capping agents for nanoparticle synthesis. Ultraviolet—visible absorption spec-
Sargassum horneri; troscopy, dynamic light scattering, high-resolution transmission electron microscopy, selected area
Catalytic activity; electron diffraction, energy dispersive X-ray spectroscopy, X-ray powder diffraction, and Fourier
Dye degradation transform infrared spectroscopy were used to characterize the biosynthesized nanoparticles. The

green-synthesized SH-AgNPs and SH-AuNPs exhibited high catalytic activity for degradation of
organic dyes, such as methylene blue, rhodamine B, and methyl orange. The reduction reactions
of dyes are based on pseudo-first-order kinetics.
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1. Introduction

Dyes are used in a wide variety of industries, including textiles, cosmet-
ics, pharmaceuticals, food, and plastics. Each year, several hundred
thousand tons of dyes are produced, and over 10% of this ends up
in water systems as wastewater (Angelova et al., 2016), resulting in
water pollution. Exposure of the natural environment to these syn-
thetic dyes is hazardous due to their toxic, mutagenic, and carcinogenic
properties (Tabrizi Hafez Moghaddas et al., 2020). Therefore, it is crit-
ical to properly decompose and safely dispose of the dyes after use.
Among the existing methods for removing dyes from industrial
wastewater are biological (adsorption by microbial biomass, algae
degradation, and aerobic-anaerobic combination), chemical (oxida-
tion, ozonation, electrochemical destruction, and photochemical),
and physical (ion exchange, membrane filtration, reverse osmosis,
nanofiltration, and ultrafiltration) methods. However, these technolo-
gies have a number of disadvantages, including the formation of haz-
ardous by-products, high costs, operational difficulties, high energy
requirements, and secondary pollution of the environment
(Katheresan et al., 2018; Gupta and Suhas, 2009).

Many studies in recent years have reported the degradation of
dyes using transition metals or their oxide nanoparticles with excel-
lent catalytic ability, indicating that photocatalytic decomposition is
environmentally friendly and does not produce secondary pollution
(Rafiq et al., 2021; Liu et al., 2021; Ajmal et al., 2014; Marimuthu
et al., 2020; Reddy et al., 2019). Nanoparticles with a high surface
area ratio exhibit unique physical, chemical, and optical properties.
Therefore, nanoparticles are used in a variety of applications such
as electronics, optoelectronics, optics, electrochemistry, biomedical,
food, textiles, catalysts, sensors, energy, and the environment
(Dhand et al., 2015). Physical, chemical, and mechanical methods
are commonly used to synthesize NPs. These synthesis methods, how-
ever, are time-, money-, and energy-intensive, and require the use of
toxic chemicals (Ealia and Saravanakumar, 2017). Many studies on
the green synthesis of nanoparticles with antibacterial, anticancer,
antioxidant, and photocatalytic activities have been published to
overcome these drawbacks. The biosynthesis of NPs using plant
extracts and microorganisms is both cost-effective and eco-friendly,
as they act as reducing and capping agents (Rambabu et al., 2021;
Kumar et al., 2016; Bonigala et al., 2018; Umamaheswari et al.,
2018; Ping et al., 2018; Choudhary et al., 2018; Thomas et al.,
2019). Furthermore, the absence of toxic chemicals has increased
their use in a variety of fields (Roy et al., 2013; Nadaroglu et al.,
2017; Bibi et al., 2019).

Marine algae are a rich source of dietary fiber, minerals, and vita-
mins, which are used in traditional medicine in East Asia, as well as a
versatile and savory food to maintain good health. Sargassum horneri
(SH) is an ocean current-floating species found in Korea, Japan, China,
and the eastern Pacific Ocean. SH is easy to obtain due to its abundance
and rapid growth rate (Kim et al., 2018; Umezaki, 1984; Hu et al.,
2019). SH is a brown alga that contains high levels of polyphenols,
polysaccharides, and chromene compounds. It has a variety of biolog-
ical and physiological properties, including antioxidant, anti-allergic,
anti-inflammatory, anti-cancer, anti-coagulant, and anti-tumor proper-
ties (Herath et al., 2021; Shao et al., 2014). An earlier study found that a
hot water extract of SH has antiviral activity (Preeprame et al., 2001).
SH’s properties can be used in a variety of fields, including functional
foods, cosmetics, and pharmaceuticals.

In this study, SH was used to synthesize Ag and Au nanoparticles.
Ultraviolet—visible spectroscopy (UV-Vis), dynamic light scattering
(DLS), high-resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), energy-dispersive X-ray
spectroscopy (EDS), X-ray powder diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR) were used to characterize
the biosynthesized nanoparticles. The catalytic activity of nanoparti-
cles was studied using the three dyes (methylene blue, rhodamine B,
and methyl orange) that are widely used in the dye industry.

2. Materials and methods

2.1. Chemicals and reagents

JEJU TECHNOPARK Inc. (Jeju, Korea) provided the S. hor-
neri extract. The following items were purchased from Sigma-
Aldrich (St. Louis, MO): silver nitrate, AgNOj, hydrogen
tetrachloroaurate (III) trihydrate, HAuCly-3H,O, methylene
blue (MB), rhodamine B (RB), methyl orange (MO), and
sodium borohydride (NaBH4).

2.2. Preparation of Sargassum horneri extract

The SH extract was obtained from Jeju Island in Korea’s Jeju
Province. Using an electric mixer, SH was dehydrated and uni-
formed into a fine powder (HMF-3100S, Hanil Electric, Seoul,
Korea). To prepare SH solution, the powder was dissolved in
80% ethanol at room temperature. The solution was filtered
and concentrated using a rotary vacuum evaporator (Buchi
Rotavapor R-144, Buchi Labortechnik, Flawil, Switzerland)
and 50 mL of SH was freeze-dried. The powder was preserved
at —75 °C until it was needed. Algae powder was dissolved in
an aqueous solution at a concentration of 4 mg/mL for the
synthesis of NPs. The solution was then filtered and sterilized
with a 0.2 um syringe filter.

2.3. Green synthesis procedure of AgNPs and AuNPs

The concentration, temperature, and reaction time of the SH
extract and metal precursor were optimized to synthesize
AgNPs and AuNPs. First, 1 uL of AgNOs (1 M) aqueous solu-
tion was added to 1 mL of the filtered SH extract (2 mg/mL) and
incubated for 15 min at 80 °C in water. After 15 min, the tubes
containing the colloid were placed on ice for 5 min. The color
of the suspensions changed to dark orange, indicating that the
synthesis of SH-AgNPs was successful. Similarly, 1 mL of fil-
tered SH extract (2 mg/mL) was added to 1 pL of HAuCly-3H,-
O (1 M) solution for the synthesis of SH-AuNPs. The
transformation of the color of the suspension to dark purple
confirmed the successful synthesis of SH-AuNPs (Fig. 1).

2.4. Characterization of SH-AgNPs and SH-AuN Ps

The formation of biosynthesized NPs using SH was recorded
using an Ultrospec 6300 pro UV-Vis spectrophotometer
(Amersham Biosciences, Buckinghamshire, UK) operating in
the 300-800 nm wavelength range. A Zetasizer Nano-ZS90
(Malvern Panalytical, Malvern, UK) was used to analyze the
size and zeta potential of the NPs. HRTEM (TALOS F200X
(Thermo Scientific, Oregon, USA) with EDX) operating at a
potential of 200 kV was used to determine the morphology
and particle size distribution of the NPs. The AgNPs and
AuNPs were immobilized on a Formvar/Carbon 200 mesh
(Electron Microscopy Sciences, Oregon, USA) copper grid.
The structural information of the NPs was determined using
an X-ray diffractometer, X’Pert3 Powder (XRD Empyrean
series 2, PANalytical, Almelo, Netherlands). The XRD pat-
terns and crystal structures were investigated by X-ray diffrac-
tion using Cu Ko radiation (1.540 A) at 40 kV and 30 mA over
a 20 range of 20-80°. The FTIR spectra of the NPs were
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recorded at 4000-400 cm ™! using a Spectrum GX spectrometer
(Perkin Elmer Inc., Boston, MA, USA) equipped with potas-
sium bromide pellets. The biosynthesized NPs were lyophilized
for FTIR analysis and ground in a mortar and pestle with KBr
powder. During the formation of SH-NPs, various functional
groups in the SH extract acted as reducing and capping agents.

2.5. Evaluation of catalytic activity of AgNPs and AuN Ps

At room temperature, the catalytic potential of NPs for dye
reduction was studied using a UV-visible spectrophotometer.
NaBH, was prepared ice-cold prior to the analysis. Then,
2 mL of aqueous solutions of MB (0.08 mM), RB
(0.05 mM), and MO (0.1 mM) were blended with 1 mL NaBH,4
(10 mM), and the NP solution, SH-AuNP or SH-AgNP, was
added as a catalyst. SH-AgNPs (100, 50, and 50 pL) were
added to MB, RB, and MO solutions, respectively. The vol-
ume of the SH-AuNP solution added to the mixture was
20 pL. The amount of green-synthesized NPs (AgNPs and
AuNPs) and the concentrations of NaBH, and dyes were opti-
mized to determine the catalytic activity. The kinetics of the
catalytic reaction were determined by assuming that the reac-
tion process followed the pseudo-first-order law, which is sta-
ted as follows:

—kt =In— (1)

The rate constant k, was obtained from the absorbance at
time ¢ (4,) and the initial absorbance of the dyes (4,).

3. Results

3.1. Green synthesis of SH-AgNPs and SH-AuN Ps

SH extract served as both a reducing and capping agent for the
reduction and formation of metal salts during the synthesis of
AgNPs and AuNPs. Following that, the AgNO; solution was
added to the SH extract. Within 15 min, as the reaction pro-

Schematic diagram of green-synthesis of AgNPs and AuNPs.

gressed, the color gradually changed to dark orange
(Fig. 2b). Localized surface plasmon resonance (LSPR) was
used to observe the color change of the solution. UV—Vis spec-
troscopy in the range of 300-800 nm also confirmed the forma-
tion of SH-AgNPs. The maximum LSPR peak at 420 nm
indicated the biosynthesis of SH-AgNPs. Similarly, a HAuCly-
-3H,0 solution was added to the SH extract. Within 15 min of
being placed in the water bath, the color of the colloid changed
to violet, indicating the formation of SH-AuNPs (Fig. 2¢). As
indicated in the spectrum, SH-AuNPs exhibited a strong LSPR
band at 528 nm. In earlier studies, AgNPs biosynthesized using
Sargassum muticum exhibited an LSPR peak at 420 nm, while
AuNPs biosynthesized using algae exhibited an LSPR peak at
540 nm (Azizi et al., 2013; Castro et al., 2013). Both studies
demonstrated that algae can be successfully used as reducing
agents for the synthesis of inorganic nanoparticles.

3.2. DLS analysis

Table 1 and Fig. 3 show the size and zeta potential of the SH-
AgNPs and SH-AuNPs as measured by dynamic light scatter-
ing (DLS). SH-AgNPs had an average size of 90.1 £+ 8.38 nm
when measured by DLS at room temperature, while SH-
AuNPs had an average size of 21.0 + 2.74 nm. SH-AgNPs
and SH-AuNPs had polydiversity indices of 0.384 and 0.360,
respectively. The determination of zeta potential confirmed
the stability of the nanoparticles. The zeta potentials of SH-
AgNPs and SH-AuNPs were —43.49 + 2.74 and —34.57 + 4.
43 mV, respectively, indicating that the synthesized SH-AgNPs
and SH-AuNPs (with large negative values of the measured
zeta potential) were stable.

3.3. HRTEM analysis

High-resolution transmission electron microscopy (HRTEM)
was used to observe the morphology, shape, form, and disper-
sion of the biosynthesized SH-AgNPs and SH-AuNPs. TEM
images of the nanoparticles are shown in Figs. 4 and 5. The
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Fig. 2 Formation of green-synthesized AgNPs and AuNPs. Ultraviolet—visible (UV-Vis) absorption spectra of (a) Sargassum horneri

(SH) extract, (b) SH-silver nanoparticles (SH-AgNPs), and (c) SH-gold nanoparticles (SH-AuNPs).

Table 1 Size and Zeta potential of SH-NPs.
Sample Synthesis temperature, °C Reaction Time (min) Zeta potential (mV) Average size (nm) Polydispersity index
SH-AgNPs 80 °C 15 min —43.49 + 2.74 90.1 + 8.38 0.384
SH-AuNPs —34.57 + 4.43 21.0 + 2.74 0.360
(@) (b)
£ 90.1£8.38 nm | 1.0£2.74 nm
< ' : :
=% : jh Qo | :
= : r NP p—— Foassancaunanbanainan
> >
s 4% SR IR | L VO
s / \ c
2 f5 N 2
£, A £
1 10 100 1000 10000 1 10 100 1000 10000
Size (d.nm) Size (d.nm)
400000 5 400000 s s e
® \ -43.49+2.74 mV ® : -34.5714.43 mV
] | : 1 E [ :
o : | \ o |
© 200000 { © 200000 ot
s I s P
o | ° o AT e
2100000 2 100000 : el
,/ \\ __/:v“- D\\ .
0 W, R o ) , A
-100 0 100 200 -100 0 100 200

Apparent zeta potential (mV)

Apparent zeta potential (mV)

Fig. 3  The size distribution and zeta potential of (a) SH-AgNPs and (b) SH-AuNPs determined by Dynamic light scattering (DLS).

average sizes of SH-AgNPs and SH-AuNPs shown in the TEM
image (Figs. 4a and 5a) are about 22.72 nm and 13.21 nm,
respectively. The sizes of the nanoparticles determined using
DLS and TEM images did not agree. This can be attributed
to the aggregation of the NPs, which reduces the accuracy of
the DLS analysis due to the presence of large particles, increas-
ing light scattering and thus shifting the measured particle size
to larger values (Souza et al., 2016). The TEM images revealed
that, in addition to other shapes, such as pentagons, hexagons,

and octagons, the majority of the nanoparticles had a spherical
shape. The SAED patterns shown in Figs. 4c and 5c demon-
strate that the synthesized nanoparticles have a crystalline
structure. The bright rings correspond to the (111), (200),
(220), and (311) lattice planes, indicating that the structure
is face-centered cubic (FCC). The EDX spectra of the
nanoparticles are shown in Figs. 4f and 5f. SH-AgNPs exhib-
ited the highest light absorption peak at 3 keV. Similarly, SH-
AuNPs had peaks at 2-2.5 and 9.5-10 keV.
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Fig. 4 High resolution transmission electron microscopy (HRTEM) images of SH-AgNPs at various magnifications: the scale bar
corresponds to (a) 200 nm, (b) 10 nm, (c) selected area electron diffraction (SAED) patterns, (d)—(e) High-angle annular dark-field
(HAADF) images, and (f) energy-dispersive X-ray spectroscopy (EDX) spectra of SH-AgNPs. (a) 58 k, (b) 630 k, and (d)—(e) 115 k.
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Fig.5 HRTEM images of SH-AuNPs at various magnifications: the scale bar corresponds to (a) 200 nm, (b) 10 nm, (c) SAED patterns,
(d)-(e) HAADF images, and (f) EDX spectra of SH-AuNPs. (a) 58 k, (b) 630 k, and (d)—(e) 115 k.
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Fig. 6 X-ray diffraction (XRD) pattern of bio-synthesized nanoparticles. (a) SH-AgNPs and (b) SH-AuNPs.

3.4. XRD analysis

XRD analysis was used to confirm the crystalline phases of the
green-synthesized AgNPs and AuNPs. The XRD patterns of
the biosynthesized NPs are shown in Fig. 6. Four distinct
peaks were observed at 20 values of 38.2°, 44.2°, 64.6°, and
77.3° for the Bragg reflection peak of SH-AgNPs, which were
indexed to the (111), (200), (220), and (311) planes of the
FCC structure, respectively. Similarly, the peaks of
SH-AuNPs at 38.5°, 44.7°, 64.8°, and 77.9° correspond to
the same planes as that of SH-AgNPs. We compared these
diffraction peaks to the standards (JCPDS card no. 04-0783
and JCPDS card no. 04-0784).

3.5. FTIR spectral analysis

The FTIR analysis was used to determine the function of the
SH extract as a reducing and capping agent. The FTIR spec-
trum confirmed the presence of SH chemical compounds on
the surface of the biosynthesized NPs. The FTIR spectra of

SH extract
g
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Fig. 7 Fourier transform infrared (FTIR) spectra of SH extract,
SH-AgNPs, and SH-AuNPs.

SH extract, SH-AgNPs, and SH-AuNPs are shown in Fig. 7.
On analyzing the SH extract, the peaks at 3411 and
1396 cm ™" corresponded to the stretching of —OH bonds in
polyphenols or alcohols, which are chemicals found in algae.
The peak at 1587 cm™! corresponds to the N—H stretching
vibration of the amine groups. The peak at 1078 cm ™' is attrib-
uted to the C—O stretching of alcohols. The peaks at 3412,
1590, 1385, and 1078 cm™' and peaks at 3423, 1595, 1398,
and 1079 cm ™!, respectively correspond to the functional com-
ponents of SH when the SH-AgNPs and SH-AuNPs are ana-
lyzed. This suggests that the phytochemicals present in SH
act as capping and reducing agents in the synthesis of NPs.

3.6. Catalytic activity of SH-AgNPs and SH-AuNPs in
reduction of organic dyes

The catalytic activity of the biosynthesized AgNPs and AuNPs
was assessed by the degradation of three dyes, methylene blue
(MB), rhodamine B (RB), and methyl orange (MO) at room
temperature. Double-distilled water was used as a control
agent. The degradation reactions of these three dyes were mon-
itored and are shown. A UV-Vis spectrophotometer was used
to analyze all reactions. Furthermore, we assumed that the cat-
alytic reaction followed pseudo-first-order kinetics, and calcu-
lated the rate constant, k, which is the slope of the graph
obtained from the experiment.

MB is a heterocyclic aromatic dye that is used in textiles as
well as the medical field and has been the subject of extensive
research. It is primarily used to treat methemoglobinemia and
malaria (Schirmer et al., 2003). Additionally, it has been
reported to have an effect on AD (Oz et al., 2009). Methylene
blue, on the other hand, is toxic, and its accumulation in the
body, can result in carcinogenicity and biomutation (Payra
et al., 2019) as well as serious central nervous system toxicity
(Gillman, 2011; Sultan et al., 2018). Fig. 8 shows the UV—
VIS spectra of reduced MB in the presence of catalysts (SH-
AgNPs and SH-AuNPs) and NaBH, or distilled water (control
agent) and NaBH,. Prior to reduction, the UV—-Vis spectrum
of MB exhibited a maximum absorbance peak at 662 nm
and appeared dark blue. After reduction, there was no peak
observed at 662 nm, and the solution became colorless.
Fig. 8a shows the spectra of MB with NaBH, and distilled
water without a catalyst. The maximum peak intensity
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Table 2 Values of methylene blue degradation.

Dye Catalyst Rate Constant, k (min~") Reaction Time (min) Correlation Coefficient, R?
Methylene blue SH-AgNPs 0.3440 12 min 0.9477
SH-AuNPs 1.0407 6 min 0.9813

decreased after 40 min. Despite the fact that NaBH, is a strong
reducing agent, no significant difference was observed. On the
other hand, when 100 pL of SH-AgNP (Fig. 8b) or 20 pL of
SH-AuNP (Fig. 8c) as a catalyst, the maximum peak intensity
of the methylene blue solution was almost completely reduced,
and both solutions became transparent after 9 and 3 min,
respectively. The natural logarithm of the initial maximum
absorbance and the time-varying maximum absorbance are
plotted in Fig. 9. The slope of the plot was used to calculate
the rate constant, k. Table 2 presents the detailed values.

RB is commonly used in water as a tracer to measure the
velocity and direction of water movement, and is widely used
as a colorant in the textile and food industries (Sharma
et al., 2019; Le and Tran, 2020). However, RB is a potent car-
cinogen and also exhibits other forms of toxicity, including
reproductive and neurotoxic effects (Ahmad et al., 2021). RB
had a maximum absorbance of 553 nm and lends a pink color
to the solution. Fig. 10a displays the UV—Vis absorption spec-
tra of RB in the presence of NaBH, and distilled water without

catalysts. For 20 min, the maximum absorbance of RB
decreased slightly. The absorbance of RB was measured at reg-
ular time intervals using SH-AgNPs (50 pL) and SH-AuNPs
(20 pL) as catalysts as shown in Fig. 10b and c. The maximum
absorbance peak at 553 nm was completely lost within 15 and
3 min respectively, as the solution became colorless. A plot of
ln% against time is shown in Fig. 11. The alternative detailed

values, including the RB degradation rate constant, are listed
in Table 2.

MO is an azo dye characterized by chromogenic azo bonds
(-N = N-) that is used in textiles, laboratories, and commercial
products (Martinez-Huitle and Brillas, 2009; Chaukura et al.,
2016). However, methyl orange is a known carcinogen
(Azami et al., 2012; Gong et al., 2013; Hildenbrand et al.,
1999). Additionally, it degrades the photosynthetic efficiency
of aquatic organisms and is toxic (Huang et al., 2008). MO
is orange in color. At 464 nm, the maximum absorbance was
determined. The UV-Vis absorption spectra of MO, which
was stable for 50 min in the absence of the catalyst is shown



W.C. Song et al.

(@) (b)

(c)

3.0

3.0 3.0

25 5 minute interval

2.0

1.5

1.0

Absorbance
Absorbance

0.5

0

3 min

1 minute interval

15 min 25

Absorbance

250 350 450 550 650
Wavelength (nm)

250 350 450
Wavelength (nm)

550 650 250 350 450 550 650
Wavelength (nm)

Fig. 10 Rhodamine B (RB) dye reduction. (a) UV-Vis absorption spectra of RB Reduction by only NaBH,4 without catalyst, reduction

by NaBH, in presence of (b) SH-AgNPs or (c) SH-AuNPs.

(a)

0.5

SH-AgNPs
0 )

-0.5

In(At/Ao)

N
2

1 3 5 7 9 1 13 15

Time (min)

Fig. 11

(b)

0.5

SH-AuNPs

In(At/Ao)
I
[3,] (3, [3,]

o
3]

45
1 2 3 4

Time (min)

Kinetics of catalytic reaction. Plot of ln% versus time during RB degradation by (a) SH-AgNPs and (b) SH-AuNPs. 4, is the

maximum absorbance of RB at time ¢ and A, is the maximum absorbance at t = 0.

(@) (b)

()

1.8 1.8 1.8
. 12 min .
40 min ¥ 4 minute interval 5 minute interval 15 min

o @

1.2 - / [ —
ol : e
® o ® !
2 -} 8
e }od = =
<] ] o <]
g 0.6 2 g

0 0
250 350 450 550 250 350 450 550 250 350 450 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 12 Methyl orange (MO) dye reduction. UV-Vis absorption spectra of MO Reduction by NaBH, (a) in the absence of catalyst and

in the presence of (b) SH-AgNPs or (c) SH-AuNPs.

in Fig. 12a. However, the maximum absorbance of MO at
464 nm when SH-AgNPs (50 L) and SH-AuNPs (20 puL) were
used as catalysts decreased significantly within 12 and 15 min,
respectively, and the MO became colorless (Fig. 12b, c¢).
Graphs of lnj%(‘] versus time for the catalytic reduction of MO

are shown in Fig. 13, and additional details, including the rate
constant, are listed in Table 3.

4. Discussion

Numerous prior studies have concentrated on the bio-
formation of noble metal nanoparticles. We believe this is
the first report on the green synthesis of noble metal nanopar-
ticles using Sargassum horneri. Our experimental results
demonstrated the biosynthesis of NPs using SH. These biosyn-
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Fig. 13  Kinetics of catalytic reaction. Plot of In% versus time during MO degradation by (a) SH-AgNPs and (b) SH-AuNPs. 4, is the
maximum absorbance of MO at time ¢ and A, is the maximum absorbance at 1 = 0.

Table 3 Values of Rhodamine B degradation.

Reaction Time (min) Correlation Coefficient, R?

Dye Catalyst Rate Constant, k& (min~")
Rhodamine B SH-AgNPs 0.1847
SH-AuNPs 1.2818

0.9913
0.9905

15 min
4 min

Table 4 Values of methyl orange degradation.

Reaction Time (min) Correlation Coefficient, R2

Dye Catalyst Rate Constant, k (min~")
Methyl orange SH-AgNPs 0.2266
SH-AuNPs 0.1140

0.9915
0.9929

22 min
17 min

thesized NPs have several environmental and economic
advantages.

The three dyes were reduced with and without catalysts. In
the presence of a catalyst, all dyes were significantly reduced in
a short time, and the solution became colorless. The green-
synthesized metal NPs facilitated the transfer of electrons from
the donor to the acceptor. In the photocatalytic reduction
reaction, light energy is used to excite the electrons in the
nanoparticles. Additionally, it reacts with the oxygen and
hydrogen atoms in NaBH, to form active radicals such as
superoxide anions (O5 ) and hydroxyl radicals (OH"), which
attack and break the bonds of the dyes (Huang et al., 2010;
Martinez-de la Cruz and Pérez, 2010; He et al., 2011).

We assumed that the degradation process of the dye was a
pseudo-first-order reaction; however, the graph of MB is not a
straight line. This initial induction period was noted during
three independent replications of the experiments to ensure
reproducibility. This is because the initial reaction requires
more energy to break the bond that represents the dye’s color
change; thus, the reaction proceeds slowly until the bond is
broken (Huang et al., 2010; Lin et al., 2018). After the bonds
were broken, the rate of reaction remained nearly constant.
As a result, the reaction was classified as pseudo-first-order.
It was anticipated that as the catalyst concentration increased,
the initial reaction time would decrease, and the overall reac-
tion rate would increase and become constant. The degrada-
tion reaction of RB is divided into two steps: deethylation
and cleavage of the conjugated structure. As the deethylation
reaction progressed leading to decomposition, the maximum

absorbance of RB shifted to a shorter wavelength than previ-
ously. This is not the case, however, in conjugated structure
cleavage reactions (Zhuang et al., 2010). According to HE
et al. (2009) both deethylation and cleavage of the chro-
mophore conjugated structure occur during the degradation
reaction of RB, but disruption of the conjugated structure is
the predominant pathway. The dye degradation reaction with
SH-AgNPs and AgNPs proceeded without altering the peak
intensity of the maximum absorbance, indicating that the
deethylation reaction can be ignored. Therefore, the primary
pathway is the cleavage of the conjugated structure. In addi-
tion, there was no significant decrease in the maximum absor-
bance in the first minute of the RB decomposition reaction
using gold nanoparticles as a catalyst (Fig. 8c). The repro-
ducibility experiments confirmed that this initial interval was
reproducible. To explain this phenomenon, we concluded that
the absorbance peak, which was nearly stable for the initial
1 min, was caused by the deethylation reaction destroying
the chromophore-conjugated structure. An azo bond
(—N=N—) was used to stabilize the MO dye. This nitrogen-
to-nitrogen double bond is referred to as a chromophore bond,
and breaking it requires more energy and time (Guo et al.,
2011).

The initial rate varies with the amount of catalyst used.
According to a previous study, Rambabu et al. (2021) demon-
strated that the initial induction period of the dye decomposi-
tion reaction was brief and that the subsequent secondary
reaction was slow. Initially, the reaction occurred due to the
abundance of the surfaces of the nanoparticles used as cata-
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lysts. Following that, as the concentration gradient decreased,
the surface area of the reacting nanoparticles was reduced. In
addition, despite the fact that silver nanoparticles are more fre-
quently used as catalysts than gold nanoparticles, the MB and
RB dyes degraded more rapidly in the presence of AuNPs than
in the presence of AgNPs. The MO dyes reacted similarly to
both NPs. This is because the size of the biosynthesized AuNPs
is smaller than that of AgNPs; consequently, AuNPs have a
higher catalytic ability than AgNPs. Furthermore, it has been
reported that the greater the electronegativity of a transition
metal, the greater is its catalytic ability (Nwosu, 2012). This
demonstrates that AuNPs with a higher electronegativity per-
form better as catalysts than AgNPs. Therefore, by synthesiz-
ing nanoparticles using algae or microorganisms and
controlling the synthesis time and temperature, the size of
the nanoparticles can be decreased while increasing their dis-
persion. Furthermore, excellent catalytic ability is observed
when metal nanoparticles with a high electronegativity are
used to degrade dyes (Table 4).

5. Conclusion

We demonstrated the eco-friendly synthesis of AgNPs and AuNPs in
this study by employing Sargassum horneri extracts as reducing and
capping agents. UV-Vis and EDX techniques were used to analyze
the formation of biosynthesized SH-AgNPs and SH-AuNPs. DLS
and HRTEM were used to determine the size, zeta potential, and mor-
phology of the NPs. The XRD and SAED patterns revealed that the
SH-AgNPs and SH-AuNPs crystal structures were FCC. The FTIR
analysis of synthesized nanoparticles and extracts of the brown algae
Sargassum horneri confirmed that it acts as a reducing and capping
agent. At room temperature, NaBH4 was used to degrade MB, RB,
and MO using green synthetic nanoparticles. The catalytic capacities
of silver and gold nanoparticles were found to be extremely effective,
and a comparative study was conducted between the two particles.
The dye reduction reaction was found to be pseudo-first-order, and
a rate constant was determined. Therefore, marine-algae-based
nanoparticles can effectively decompose a variety of harmful dyes
and exhibit excellent activity and reactivity as catalysts. The synthe-
sized nanoparticles have the potential to be used to prevent water pol-
lution and to treat wastewater in a variety of industries that use dyes.
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