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ABSTRACT: Unique structural features and wide applications of gold nanoparticles (GNPSs) are inspiring researchers to develop
biocompatible, reliable and cost-effective methods for their synthesis. Herein, a clean, eco-friendly and non-toxic method to obtain
GNPs was developed by reducing and capping the liquid extract of stem of Lilium longiflorum and highlights the catalytic reduction
of 4-nitrophenol (4-NP) and methylene blue (MB). The formation of GNPs was confirmed through the absorption peak at 535 nm
in the UV-Vis spectra. TEM and HRTEM analyses reveal GNPs spherical morphology with an average size of 4.97 nm. SEM and
EDX analyses further elucidate the spherical nature of GNPs and elemental composition. FTIR spectroscopy analysis demonstrates
that the GNPs were coated with organic compounds, which prevent the nanoparticle from aggregation. GNPs exhibit remarkable
efficiency in reducing 4-NP and MB. The catalytic efficacy of the synthesized GNPs was demonstrated through the enhanced
reduction rates of 4-NP and MB, with rate constants of 1.50 min~* and 1.29 min?, respectively. This study develops a novel and
eco-friendly technique for the synthesis of gold nanoparticles and opens possibilities for the green synthesis of other metal
nanoparticles. The confirmed catalytic activity holds promise for a range of industrial applications and environmental sustainability.
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1. Introduction

Nanotechnology has revolutionized various fields, including medicine, infrastructure, genomics, and engineering
[1]. Gold nanoparticles (GNPs) are particularly intriguing due to unique physicochemical properties, such as size, shape,
and surface area [2]. These nanoparticles exhibit a range of optical, biological, catalytic, and sensory properties [3-6],
making them ideal for applications in drug delivery, tissue engineering and environmental sensing [7-12]. GNPs can
be also used in areas such as sensory and colorimetric probes in therapeutic applications [13], vapour sensing of different
organic solvents [14], virus diagnostics [15], pathogen discovery [16], and feature monitoring of food and water [17].
The applications of GNPs largely depend on their sizes. GNPs with size of 100 nm or fewer have abundant novel and
extensive applications in microchip technology, chemicals, eco-friendly protection and biological drug [18]. The
function in biomedical and other fields will be enhanced with smaller size [19]. The shapes of colloidal GNPs also
substantially influence their properties and, consequently, applications [20]. GNPs exhibit various shapes including
hexagonal platelets, nano-triangles, hexagonal platelets, nano-prisms, nano-rods and irregular shapes. Amongst all
shapes, nanoparticles with triangular shape show more striking optical properties than all others [21].

GNPs can be synthesized via several chemical methods by using NaBH4 [22], sodium citrate [23], or L-ascorbic
acid [24] as reducing agents and alkane thiol [25], poly vinyl pyrolidone [26], thiol functionalized imidazolium ionic
liquids [27], peptide biphenyl hybrids (PBHSs) as stabilizing agents [28]. The development of GNPs through eco-friendly
methods has become a crucial field of study, motivated by the demand for sustainability in nanotechnology [29].
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Traditional chemical synthesis routes, while effective, often involve toxic reagents and generate hazardous by-products
[30]. In contrast, green synthesis approaches utilizing biological entities, such as plant extracts, have gained attention
due to their operational simplicity, cost-effectiveness, and minimal ecological impact [31]. This study contributes to
green nanotechnology by retaining Lilium longiflorum extract, a novel biological agent, for the reduction of gold ions
to GNPs. The choice of Lilium longiflorum is based on its rich phytochemical profile, numerous phytochemical
constituents on the gold nanoparticles surface, including flavonoids, terpenoids, and phenolic acids, which are inherent
to the Lilium longiflorum extract used [32]. Terpenoids, for instance, contribute hydrophobic interactions that enhance
stability [33], while flavonoids and phenolic acids can donate electrons to gold ions, facilitating their reduction and
contributing to the capping layer that stabilizes the nanoparticle’s surface [34]. These phytochemicals are known for
their strong binding affinity to gold, which facilitates the synthesis and stabilization of the nanoparticles. Specifically,
the hydroxyl groups in these compounds form a robust capping layer that prevents aggregation by providing steric
hindrance and electrostatic stabilization [35]. This bio-coating is critical for maintaining the nanoparticles dispersion
stability the reduction of 4-Nitrophenol and methylene blue.

GNPs derived from plant extracts show a wide variety of biological activities, including anti-bacterial,
antimicrobial, anticancer, anti-biofouling, anti-malarial, anti-parasitic, antioxidants [36—39] and catalytic activity [40].
GNPs can also be synthesized by green synthetic methods. GNPs can be synthesized by using eggshell membrane
(ESM), edible mushroom, biocompatible and biodegradable polymer chitosan, and so on, as accessory reagents.

The utilization of green-synthesized GNPs in catalysis is highly examined, particularly for their catalytic reduction
of contaminants, such as p-nitrophenol (4-NP) and methylene blue (MB) [41,42]. These pollutants are residues of the
manufacture of herbicides, insecticides, and synthetic fibers, and have been designated as priority pollutants by the US
Environmental Protection Agency (EPA) owing to their toxicity. GNPs have shown higher catalytic activity at
decreasing the concentrations of these pollutants than typical catalysts [43,44]. And GNPs could be repeatly utilized for
many times due to the simplicity of extraction as catalysts. Theerthagiri et al. explored enhancing wastewater treatment
by combining photocatalysis with sonolysis, addressing the limitations of traditional methods and the role of advanced
materials in pollutant degradation [45]. Naik et al. developed electrochemical sensors utilizing ZnS/Au/f-multi-walled
carbon nanotube nanostructures for detect the toxic pollutant 4-nitrophenol (4-NP). The sensor was produced through
a sophisticated process to combine pulsed laser-assisted technique and wet chemical methods, demonstrated high
sensitivity and selectivity for 4-NP, showing potential for environmental monitoring applications [46]. Theerthagiri et
al discussed the electrocatalytic conversion of nitrate waste to ammonia, a process beneficial for both pollution control
and ammonia production.[47] Wang et al used Solieria tenuis in a study to make composite materials with gold
nanoparticles (Au@PE NPs) that showed excellent abilities for environmental remediation [48]. Deokar and Ingale
reported that gold nanoparticles can decrease the toxicity of organic dyes in wastewater, which can lead to better dye
removal, decreased pollution, and environment-friendly properties [49].

In this study, the green synthesis of Gold NPs using the liquid extract of Lilium longiflorum, a medicinal plant, as
reducing, capping and stabling agent. This approach is unique as it utilizes a plant extract widely explored for the
synthesis of nanoparticles, offering a sustainable alternative to conventional chemical methods. The green synthesis
method ensures biocompatible, reduces the toxicity of the nanoparticles and environmental sustainability. Various
factors affecting the stability of these nanoparticles were investigated. However, the prepared gold nanoparticles exhibit
high catalytic activity for the reduction of 4-nitrophenol and methylene blue, highlighting their industrial potential. This
work will extend the approach to obtain metal NPs in green chemistry and make a contribution for ecological
environment optimization.

2. Materials and Methods
2.1. Materials and Chemical Regents

Lilium longiflorum fresh stem was purchased by the market. Gold chloride salt (HAuCl, 3H,0, 99%), Sodium
hydroxide (NaOH, >99%), Sodium borohydride (NaBHa, >99%), Sodium hydrogen carbonate (NaHCOs, >99%) were
purchased by Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 4-Nitrophenol (CsHsNOs, 99%)
and Methylene blue (C1sH1sCIN3S, 99%) were purchased by Merck (Darmstadt, Germany). Deionized water (SZ-93A,
Shanghai Yarong biochemical instrument factory) was used for all experiments. All chemical reagents were purchased
from commercial suppliers and used without further purification.
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2.2. Characterization Techniques

UV-Visible spectroscopy was recorded on double-beam spectrophotometer (Jasco V-750, Jasco Corporation,
Hachioji, Japan) cover a wavelength range from 190 to 800 nm and equipped with 1 cm wide quartz cuvettes. Fourier
transform Infrared spectroscopy (FTIR) on KBr pellets was performed on a spectrophotometer (Perkin Elmer, Inc.,
Waltham, MA, USA). The microstructure of synthesized GNPs was studied on scanning electron microscopy (SEM,
ZEISS Sigma 500, ZEISS (Carl Zeiss AG), Oberkochen, Germany) and transmission electron microscopy (TEM, FEI
Tecnai G2F20 S-TWIN electron microscope, Thermo Fisher Scientific (formerly FEI Company), Hillsboro, OR, USA,
operated at 200 kV). Samples were prepared for TEM analysis by diluting in methanol a very small volume of GNPs
colloid. The mixture was sonicated and one placed onto a carbon coated copper grid and dried. The mean particle size
and the size distribution of the produced GNPs were determined using the Nano measurer software (Nano measurer,
1.2, University of Nottingham, Nottingham, UK) by counting more than 100 particles.

2.3. Preparation of Aqueous Extract of Stem of Lilium longiflorum
Fresh stem was taken from Lilium longiflorum plants and washed with tap water and cut into small pieces for

further process. 40 g of fresh small pieces was immersed in 60 mL water and boiled for about 20 minutes. The solid
was filtered and the light-yellow filtrate was cooled and used as an aqueous extract for reduction of gold salt.

2.4. Synthesis of Gold Nanoparticles

A controlled experiment was carried out for green synthesis of nanoparticles in which 6 mL of plant extract was
added to 25 mL solution of HAuCls 3H20 (1 mM) at 25 <C. The color of the solution changed from lemon yellow to
red ruby (gold ion) indicating the formation of GNPs. The obtained gold nanoparticles were centrifuged (6000 rpm 5
min) and washed with deionize water three times. GNPs were collected after drying in an electric oven (60 <C, 10 h).

2.5. Factors Affecting the Synthesis of Gold Nanoparticles
1 mM solution of auric chloride was prepared by dissolving 170 mg of HAuCl4 3H-0 into 500 mL distilled water.

2.5.1. Effect of Concentration of Aqueous Extract

6 mL of 1 mM HAuCI4-3H,0 solution was taken into a beaker, and the pH of the solution was neutralized by
NaHCOs, and then 0.25 mL liquid extract was added into the beaker. Resulting solution was stirred for 10 mins at room
temperature in shady and stayed overnight. Same general procedure was repeated for following concentrations of liquid
stem extract: 0.125 mL, 0.5 mL, 1 mL, 1.5 mL, 2 mL. After that UV-Vis spectra of each solution were carried out.

2.5.2. Effect of Temperature

6 mL of 1 mM HAuCI, 3H,0 solution was taken into a beaker, and then pH of the solution was neutralized by
NaHCOs3, and then 0.25 mL liquid extract was added into the beaker. Resulting solution was stirred at room temperature
(30 <C) for 10 mins. Same general procedure was repeated for following temperatures: 0 <C, 50 <C, 80 <€ and 100 <C.
After that UV-Vis spectra of each solution were carried out. Higher temperatures typically increase reaction rates,
potentially leading to faster nucleation and growth of nanoparticles. This can result in smaller, more uniform nanoparticles.

2.5.3. Effect of Reaction Time

6 mL of 1 mM solution of HAuCl4+-3H,0 was taken into a beaker, and the acidity was neutralized by NaHCO:s.
Then 0.25 mL liquid extract was added into the beaker. Subsequently, solution was heated to 100 <C and kept for 2
mins. After that, UV-Vis spectral study of solution was carried out. Same general procedure was repeated at same
temperature and heated it for following time intervals: 4 mins, 6 mins, 8 mins, and 10 mins. Longer reaction times can
allow for more growth and possibly aggregation of nanoparticles, affecting their size and distribution.

2.5.4. Effect of pH

6 mL solution of 1 mM solution of HAuCl4-3H,0 was taken into a beaker and neutralized by adding NaHCOs,
then 0.25 mL of liquid stem extract was added into it. The resulting solution stirred continuously for 10 mins in dark at
100 <C. After that, UV-Vis spectral study of solution was carried out. Same procedure was repeated for following pH
of 1,4,7,9and 12. The pH of auric chloride solution was adjusted by addition of NaHCO3, 1 M NaOH solution and 1
M HCI solution. The pH affects the charge on the gold ions and the extract components, which can alter the rate of
reduction and stability of the nanoparticles. Different pH levels lead to variations in particle size and shape.
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2.5.5. Effect of Salt

15 mL solution of 1 mM solution of HAUCl.-3H,0 taken in a beaker and was neutralized by adding NaHCOs. Then
1 mL of liquid stem extract was added into it. The resulting solution was stirred continuously for 10 min and divided
into 5 equal parts in five flasks. 2 mL of 1 M, 2 M, 3 M, 4 M and 5 M solution was added in each flask, respectively
and changing salt concentration impacts the ionic strength and electrostatic interactions in the solution, which can
influence nanoparticle aggregation and stability. After 24 h, UV-Vis spectral analysis of each solution was performed.

To check stability of gold nanoparticles formed, UV-Vis spectra of reaction mixture were taken for each 24 h until
20-25 days.

2.6. Catalytic Performance Evaluation of GNPs
2.6.1. Catalytic Reduction of 4-NP by GNPs

The standard reduction of 4-NP by NaBH4 is as following: 1 mL of 2 mM solution of 4-NP, 1 mL of 0.02 M
NaBH4 and 1 mL distilled water taken in cuvette and take first reading instantly by UV-Vis spectrophotometer at 400
nm then after 5 mins in regular intervals till complete reduction occur. Then 1 mL of 2 mM solution of 4-NP, 1 mL of
0.02 M NaBH4, 1 mL distilled water and 0.2 mL of highly saturated solution of GNPs (1 mg) were taken into cuvette
and take reading in regular intervals. 0.1 mL (0.5 mg), 0.05 mL (0.25 mg) and 0.01 mL (0.05 mg) GNPs were added as
a condition for investigation and checked in regular intervals till completion of reduction.

2.6.2. Catalytic reduction of MB by GNPs

The promising application of GNPs is the catalytic reduction of liquid MB to leuco-MB by NaBH4. The standard
reduction of MB by NaBH4 is as following: 1 mL of 10 ppm solution of MB, 1 mL of 0.02 M NaBH4, 1 mL distilled
water were taken into cuvette and the reaction was instantly checked by UV spectrophotometer at 665 nm, and then
after 5 mins in regular intervals till completion of the reaction. 1 mL of 10 ppm solution of methylene blue, 1 mL of
0.02 M NaBH4, 1mL distilled water and 0.2 mL (1 mg) of highly saturated solution of GNPs were taken into cuvette
and checked the absorbance at 665 nm in regular interval as above. 0.1 mL (0.5 mg), 0.05 mL (0.25 mg) and 0.01 mL
(0.05 mg) GNPs were added as a condition for investigation and checked in regular intervals till completion of reduction.

3. Results and Discussion
3.1. Preparation and Characterization of GNPs

Aqueous gold solution is light yellow in color (Figure 1a) and color of liquid extract of Lilium longiflorum stem is
lemon yellow (Figure 1b). Color of gold solution remains unchanged as addition of liquid extract at first. When the
mixed solution was kept overnight, the color changed into ruby red (Figure 1c). A peak at 535 nm appeared in its UV-
Vis spectra (Figure 2a), which specified the formation of gold nanoparticles [50-52].
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Figure 1. (a) HAUCI4-3H,0 solution (b) Liquid extract of Lilium longiflorum stem (c) GNPs solution.

An important factor affecting synthesis of GNPs is quantity of liquid extract. An extensive range of fluctuating
volumes, 0.125 mL, 0.25 mL, 0.50 mL, 1.0 mL, 1.5 mL and 2.0 mL of liquid extract, were added into 6 mL of 1 mM
solution of HAuUCI,-3H,0 at room temperature in neutral medium, respectively. The UV-Vis spectra (Figure 2b) show
that the optimal volume ratio for synthesis of GNPs is 0.25 mL with 6 mL of 1 mM solution of HAuCl,-3H,0O. As liquid
extract was used, the color was light pink and when the quantity of liquid is 0.125, 0.50, 1.0 mL or more, there is no
sharp ruby red color appeared and the peak at 535 nm was not obvious.

To explore the optimal reaction temperature, different temperatures, 0, 30, 50, 80, 100 °C, were adopted at neutral
medium. The UV-Vis spectra (Figure 2c) indicate a steady rise in absorbance at 535 nm with increase of temperature. A
sharp ruby red color is obtained at 100 °C for 10 mins heating. Maximum absorption was observed by heating at 100 °C.
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Reaction time is also important factor affecting synthesis of GNPs. Reactions were carried out at neutral pH and 100 °C
for 2, 4, 6, 8 and 10 mins. The UV-Vis spectra (Figure 2d) of each solution show that maximum absorbance was achieved
by heating reaction for 8minutes and 10 mins and very fine peaks were observed. However, no color change and absorption
peak were observed by heating for 2 and 4 mins. After 6 mins, slight change in color was observed and there is an absorption
peak at 535 nm. However, by 30 mins heating, broad peak appears due to formation of purple color particles.

Green synthesis of GNPs was carried out under wide pH range of 1, 3, 7, 9, and 11. Basic and acidic conditions
are not favorable for synthesis of GNPs. At pH 1, no color change was observed. At pH 4, color changes to blue shade
and at basic pH color changes to purple black. UV-Vis spectra (Figure 2e) verified that neutral environments are best
for green synthesis of GNPs. Maximum absorbance achieved at neutral pH.

To study the stability of GNPs to salt effect, reaction mixtures were preserved with variable concentrations of NaCl,
including 1, 2, 3, 4 and 5 M. The UV-Vis spectra (Figure 2f) illustrate that salt effect can greatly influence the stability of
GNPs, which results in decomposition of gold nanoparticles and leads to aggregation in salt solution. Stability of GNPs
under optimal conditions was detected above period of 20-25 days. The UV-Vis spectra (Figure 29) illustrated that the
stability of biosynthesize GNPs can be kept for more than 17 days. After that gold nanoparticles start to coagulate.

The Fourier Transform Infrared (FTIR) spectroscopy analysis provides compelling insights into the structure of
compound. The FTIR spectra (Figure 2h) of GNPs obtained a 3437 cm™ and 3711 cm are characteristic of hydroxyl
groups, indicative of polyphenols, which are active in the reduction of gold ions to nanoparticles. The peak at 2915 cm
identifies aliphatic hydrocarbon chains, typically from fatty acids. The sharp peak at 1761 cm is attributed to carbonyl
groups, representing esters and carboxylic acids, which commonly cap and stabilize nanoparticles. The peak at 1523
cm* denotes aromatic ring structures, a characteristic of polyphenolic compounds that provide antioxidant properties. The
peak at 1037 cm™ aligns with C—O stretching vibrations found in plant-derived ethers and alcohols. The peak at 882 cm™
corresponds to C—H bending in trans-alkenes, signaling unsaturated compounds, while the peak at 557 cm is associated
with metal-oxygen bonds, indicative of the interaction between gold ions and oxygen-containing functional groups,
essential for nanoparticle formation and stabilization. These functional groups delineate a phytochemical profile within
the plant extract that directly contributes to the formation and stabilization of gold nanoparticles. It is evident from the
analysis bands are linked with the polyphenol group. The comparison of the FTIR spectra of GNPs revealed that the
absorption bands of the hydroxyl, carbonyl, and aromatic rings groups shifted. This collective data clearly show GNPs
were coated by a layer of organic compounds from the stem extract, which prevent the aggregation of nanoparticles.
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Figure 2. (a) UV-Vis spectra of liquid extract of stem of Lilium longiflorum, GNPs, and HAuUCI, solution. The UV-Vis spectra of
GNPs gotten at different conditions: (b) different volumes of extract (c) different temperatures, (d) different reaction time, (e) different
acidity. (f) different salt concentration, (g) kept for different time. (h) FTIR spectroscopy of GNPs obtained at optimum conditions.



Sustainable Polymer & Energy 2024, 2, 10002 6 of 11

TEM images reveal the formation of GNPs obtained under optimal conditions (Figure 3a,b). The mean size of
GNPs appears to be 4.97 nm (inset of Figure 3b). The high resolution (HRTEM) images express the high crystallinity
with interfacial interaction and d-spacing of 0.12 nm [53] in (Figure 3c). Scanning transmission electron microscopic
high angle-annular dark field (STEM-HAADF) images show the existence and uniform distribution of Au, C, Na and
O elements in (Figure 3d) and elemental mapping images with atomic compositions of 1.90%, 92.15%, 0.49%, and
5.44%, respectively (Inset of Figure 3e). The scanning electron microscope (SEM) images indicate the spherical
morphology of GNPs (Figure 3e—f). Thus, these results ensure the successful preparation of GNPs.

Figure 3. (a) TEM image, (b) TEM image with inset hlstogram of GNPs size, (c) High-resolution TEM image (HRTEM) image,
(d) STEM-HAADF and elemental mapping images of GNPs, (e) Scanning electron microscope images with inset of EDX spectrum,
(f,g) SEM micrographs.

3.2. Catalytic Activity Evaluation of GNPs
3.2.1. Catalytic Reduction of 4-NP

UV-Vis analysis was used to determine reduction in liquid medium. The absorption peak of 4-NP is at 400 nm.
About 80 mins were needed to finish the reduction reaction without GNPs (Figure 4a). The difference of reaction time
between reduction of 4-NP by NaBH4 with and without GNPs was studied. And the reduction of 4-NP by NaBH4
without GNPs in (Figure 4b). While the reduction time drops down to several minutes when GDPs were introduced as
catalyst in very small amount (Figure 4c). By using 0.2 mL (1 mg) in 1 min and 0.1 mL (0.5 mg) GNPs, reduction
reaction finished in 1.5 min. And by using 0.05 mL (0.25 mg) and 0.01 mL (0.05 mg) GNPs as catalyst, the reaction
time reduces to 2 and 3 mins. GNPs significantly improved the reduction rate of 4-nitrophenol. Specifically, the
reduction process was notably more rapid when using a higher concentration of GNPs. The kinetics of the reduction of
4-NP with pseudo-first order law:

IN(C/Co) = —Kappt 1)

where C; is the concentration of solution at different times, kapp iS the apparent rate constant and t is the reaction time
(min). The value of kap, Was obtained from the slope of the graph of In(C/Co) vs. time (Figure 4d) The rate constants
have been determined 1.50 min~! and R square is 0.99827. Previous studies showed that in general, the rate of the
reduction reaction depends on the size of the NPs because smaller particles stimulate the adsorption of reagents on their
surface [53,54].
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Figure 4. (a) The UV-Vis spectra of 4-NP in different time in liquid medium without catalyst. (b) The reaction time of 4-NP
reduced by NaBH4 without GNPs. (¢) The reaction time of 4-NP reduced by NaBH4 with GNPs as catalyst. (d) First-Order Reaction
Kinetics for the reduction of 4-NP by NaBH4 in the presence of GNPs.

3.2.2. Catalytic Reduction of MB

UV-Vis analysis was used to determine reduction in liquid medium. Absorption peaks of MB are at 665 and 614
nm. The UV-Vis spectra show that the reduction reaction needs 65 min to finish by NaBH4 without GNPs as catalyst
(Figure 5a,b). The reduction process was greatly accelerated with GNPs as catalyst. The reduction reaction finished in
2-3 min (Figure 5c). The time required for a complete reduction has been modified based on the concentration of the
GNPs. Primarily when a high concentration of GNPs is used the reaction time decreased. 0.2 mL (equal to 1 mg) of
GNPs is used, and the reduction is completed in 1 min. A slightly lower concentration of 0.1 mL (0.5 mg) gave the
same fast result as the one-minute completion time. As a minimum concentration of 0.05 mL (0.25 mg) was used, 2
mins were needed. Furthermore, the total reduction took three minutes when the concentration of GNPs was reduced to
0.01 mL (0.05 mg). These observations show that the total reaction time is reversed to the GNP concentration used.
Higher concentrations show shorter reduction time, and lower concentrations require longer. In the reaction process,
MB is electrophilic toward GNPs in environment. GNPs take electrons from BH4- ion and transfer them to MB. The
kinetics of the reduction of MB with pseudo-first order law:

IN(C/Co) = —Kappt (2)

where C; is the concentration of solution at different times, kapp is the apparent rate constant and t is the reaction time
(min). The value of kap, Was obtained from the slope of the graph of In(C/Co) vs. time (Figure 5d) The rate constants
have been determined 1.29 min™* and R? 0.93939. Results indicate that rate of reduction increases in the presence of
GNPs as a catalyst.

Previous studies have shown that the catalytic performance of green synthesized NPs depends on their size and
shape. Smaller GNPs led to faster reduction due to increased surface area and ion adsorption [55-57].
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Figure 5. (a) The UV-Vis spectra of MB in different time in liquid medium without catalyst. (b) The reaction time of MB reduced
by NaBH, without GNPs. (c) The reaction time of MB reduced by NaBH, with GNPs as catalyst. (d) Reaction Kinetics for the
reduction of MB by NaBHj in the presence of GNPs.

4. Conclusions

This study effectively addresses an eco-friendly, efficient, and reliable method for synthesizing gold nanoparticles.
Utilizing the liquid extract from the stem of Lilium longiflorum as raw materials, we achieved the green synthesis of
gold nanoparticles and ensured their stability and functionality. UV-Vis spectroscopy was confirmed GNP formation
with absorption peak at 535 nm. TEM and SEM studies show GNPs uniform spherical shape and an average size of
4.97 nm. FTIR results show that organic compounds from the extract stabilize the GNPs and prevent aggregation. The
GNPs demonstrate excellent catalytic efficiency in the reduction of 4-NP and MB through kinetic studies, revealing
rate constants of 1.50 min and 1.29 min?, respectively. This highlights the potential of GNPs in environmental
remediation, size and concentration play critical roles in their catalytic performance. These findings have significant
industrial and environmental implications, particularly regarding waste treatment and environmental remediation. This
research offers a sustainable alternative to conventional chemical nanoparticle synthesis methods, thereby contributing
to the broader goals of green chemistry and sustainable nanotechnology. The study also makes new promises for
applying this green synthesis approach to other metal nanoparticles.
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