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ABSTRACT: The green synthesis of noble metal nanoparticles has /—{ Biomass-Based Synthesis of Photo-Active Bimetallic Nanoparticles '—\
gained increasing attention due to cost-effectiveness and environ-

mental friendliness. This research aims to develop an efficient
method to synthesize lignin-capped gold—silver nanoparticles (Li-
GS NPs). Lignin has recently been reported to function both as a
reducing agent and as a capping agent in the synthesis of metal
nanoparticles. These Li-GS NPs were successfully synthesized via
galvanic replacement by using lignin-capped silver nanoparticles
(Li-Ag NPs) as a precursor. Lignin extracted from various sources,
bagasse (BG), pararubber woodchip (PRW), and palm kernel shells
(PKS) were used to investigate the effect of different functional
group compositions on the nanoparticle formation. Li-Ag NPs were
uniformly synthesized and transformed into well-dispersed Li-GS
NPs via galvanic replacement with KAuCl,, as indicated by an LSPR shift from 420 nm to 550—600 nm. Li-Ag NPs ranged from 8
nm to 28 nm, while Li-GS NPs exhibited a broader size distribution, reflecting gold-induced growth and morphological variation. Li-
GS NPs demonstrated stronger antibacterial activity against both Gram-positive and Gram-negative bacteria, with Ag contributing
significantly to bactericidal effects. Additionally, Li-GS NPs exhibited high catalytic efficiency in 4-nitrophenol reduction, completing
the reaction within 1 min. Importantly, using lignin as both a reducing and a stabilizing agent is expected to significantly reduce costs
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and minimize the use of hazardous chemicals.
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1. INTRODUCTION

Noble metal nanoparticles represent a fascinating class of
materials that have garnered significant attention in recent
decades due to their unique physical, chemical, and optical
properties.”> These nanoparticles, typically composed of
metals, such as gold, silver, platinum, and palladium, exhibit
extraordinary characteristics at the nanoscale that differ
markedly from their bulk counterparts. Noble metal nano-
particles have advanced rapidly due to their wide-ranging
applications in catalysis, sensing, biomedical application, and
environmental remediation.”* The attributes of these nano-
particles, including their small size, high surface-area-to-volume
ratio, and tunable optical properties, contribute to their
exceptional versatility, rendering them suitable for a wide
array of technological innovations. These tiny structures,
frequently demonstrating remarkable biocompatibility, possess
the capacity to interact with biological systems in highly
sophisticated ways. While noble metal nanoparticles are made
of one type of noble metal, bimetallic nanoparticles are a
subset that contains two metal elements, which can include
noble metals. Bimetallic nanoparticles are designed to combine
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the properties of the two metals or create new properties that
neither metal possesses alone.”””

Silver nanoparticles (Ag NPs) have been used in a variety of
applications due to their unique features, such as catalytic,
sensing, and antibacterial properties. Ag NPs have become the
focus of attention in the biomedical area as pathogenic bacteria
have developed antibiotic resistance, resulting in many severe
and chronic diseases and fatalities.”” Bacteria cannot acquire
resistance to Ag NPs due to their characteristics. However, in
terms of colloidal stability, gold nanoparticles (Au NPs) are
thought to be more stable than other noble metal nano-
particles. Because of their great stability and biocompatibility,
Au NPs have been reported to be used in a variety of biological
applications.'”™"> As a result, this combination of two noble
metals in bimetallic gold—silver nanoparticles has great
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Scheme 1. Synthesis of Li-GS NPs Using Li-Ag NPs as Templates
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potential for utilization for a range of biomedical applications,
including photothermal and antibacterial ones."

Generally, noble metal nanoparticles have been synthesized
using strong reducing agents such as sodium borohydride
(NaBH,), and trisodium citrate (Na;C4,H:O,), which are
costly and nonenvironmentally friendly.'*"> To overcome the
mentioned issue, green synthesis of nanomaterials has been
utilized as a promising method due to the reduction of
hazardous chemicals used in the synthesis process. This
ecofriendly synthesis process not only avoids the use of
chemicals but also reduces the amount of hazardous waste.
Specifically, green synthesis of metal nanoparticles has been
achieved by various natural materials such as bacteria, fungi,
algae, and plant extracts.'*™"”

Lignocellulosic biomass is a plant-derived material that
consists of cellulose, hemicellulose, and lignin. Lignin has been
generally discarded as a waste byproduct of the lignocellulosic
biomass pulping process in the paper-making industry and the
biorefinery process. In comparison to other agricultural waste
components, the use of lignin requires further investigations. In
terms of structure, lignin is a polymeric molecule that contains
aromatic phenolic and methoxy phenolic units. Lignin subunits
consist of coumaryl alcohol (H unit), coniferyl alcohol (G
unit), and sinapyl alcohol (S unit).”*~>* In addition, lignin can
be briefly classified into three types, including softwood lignin,
hardwood lignin, and herbaceous/grass lignin. Based on the
ratio of monomers, the softwood lignin contains mainly the G
unit, the hardwood lignin has both G and S units, and the
herbaceous lignin has all three monomer units. Therefore, the
difference in its composition may affect both physical and
chemical properties which leads to the specific potential
applications for each isolated lignin.””**

Regarding the synthesis of noble metal nanoparticles, lignin
can be used as a reducing agent and a capping agent due to its
electron donating groups such as the hydroxy group (—OH)
and methoxy group (OCHj;). Lignin has been reported to
enhance the colloidal stability of metal nanoparticles in
aqueous solutions.”® Thus, lignin is an alternative source that
served as a green reducing, capping, and stabilizing agent in
nanoparticles synthesis.”*”’ Additionally, gold—silver nano-
shells and lignin-based nanoparticles separately have been
reported to exhibit the crucial antibacterial effects.”* "
Moreover, various metal nanoparticles have been reported as
a catalyst for a wide range of reactions.”” >> However, several
challenges remain in the green synthesis of metal nanoparticles.
One major issue is controlling the morphology, as green
reducing agents like lignin often lead to broad size distributions
and irregular shapes due to the variability in their molecular
structure and reactivity.”® Therefore, the development of a
reliable and environmentally friendly synthesis strategy that
allows for better control over the nanoparticle morphology,
composition, and stability is of critical importance and forms
the basis of the present study. Herein, in this project, we aim to
modify the synthesis of lignin-capped gold—silver nanoshells

(Li-GS NPs) to limit the use of hazardous chemicals, especially
strong reducing agents for the synthesis of metal nanoparticles.
In the modifying method, lignin can be used as both reducing
and capping agents. Moreover, the lignin extracted from
various agricultural wastes was used to study the effect of
various ratios of functional groups on metal nanoparticles
synthesis. In this study, bagasse, pararubber woodchip, and
palm kernel shells were selected for their abundance as
agricultural residues and their specific physical and chemical
properties. The compositional differences can significantly
influence lignin’s reducing and capping abilities during
nanoparticle synthesis. However, the influence of lignin source
variability on noble metal nanoparticle formation remains
largely unexplored. The synthesized Li-GS NPs are expected to
maximize the advantage of the nanocomposites in antibacterial
and catalytic applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Three types of lignin, pararubber woodchip
(PRW) lignin, palm kernel shell (PKS) lignin, and bagasse (BG)
lignin, were utilized in this study. All lignin samples were kindly
provided by the National Center for Genetic Engineering and
Biotechnology (BIOTEC, NSTDA, Thailand). All lignin types were
obtained via organosolv pretreatment, resulting in high-purity lignin
with a content greater than 90%. Potassium tetrachloroaurate (III)
(KAuCl,) was acquired from Sigma-Aldrich and Thermo Scientific
Chemicals. Silver nitrate (AgNO,T) and sodium hydroxide (NaOH)
were obtained from Merck (Germany). Hydrochloric acid (HC],
37%) was supplied by Quality Reagent Chemical. Sodium
borohydride (NaBH,, >98%) and 4-nitrophenol (C;HNO;) were
purchased from Tokyo Chemical Industry (TCI). All reagents were of
analytical grade and used without additional purification.

2.2. Characterizations of Lignin. In this study, there are three
distinct types of lignin: bagasse-extracted lignin (BG), pararubber
woodchip-extracted lignin (PRW), and palm kernel shell-extracted
lignin (PKS). These lignin samples were derived via an organosolv
pretreatment method, resulting in high-purity lignin (>90%) with
minimal residual sugar contamination. The organosolv process,
detailed in previous publications, effectively fractionates the
lignocellulosic biomass, yielding the lignin with specific structural
characteristics influenced by the source material and processing
conditions.”” Additionally, *'P NMR spectroscopy was used for
quantitative identification of functional groups in each lignin
structure. Lignin samples were dried in a vacuum oven at 45 °C for
24 h to remove moisture from the structure. The dried samples were
dissolved in a mixture of 2.5 mL of deuterated chloroform and 4 mL
of anhydrous pyridine prior to the analysis.

2.3. Synthesis of Silver Nanoparticles (Li-Ag NPs). Li-Ag NPs
were synthesized by using three different types of extracted lignin as
reducing agents. Specifically, 20 mM of aqueous solution of AgNO;
was prepared by dissolving 0.0167 g (10 mmol) in S mL of ultrapure
water. Separately, 45 mL of selected concentrations of lignin aqueous
solution was heated to the specific temperature. Five milliliters of as-
prepared AgNOj; solution were added to heated lignin solution under
stirring conditions. The reaction mixture was refluxed for 150 min.
The reaction mixture was cooled to room temperature. The resulting
nanoparticles were collected by centrifugation at 10,000 rpm for 15
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Figure 1. (a) Dried lignin and lignin aqueous solution and (b) quantitative *'P NMR spectra of BG-, PRW-, and PKS-lignin.

min and then redispersed in ultrapure water. The colloidal
nanoparticles were stored at 4 °C prior to further experiments and
analyses.

2.4. Synthesis of Lignin-Coated Hollow Gold—Silver Nano-
particles (Li-GS NPs). The as-prepared Li-Ag NPs were used as a
template to synthesize lignin-coated gold—silver nanoparticles (Li-GS
NPs). The synthesis scheme for Li-GS NPs is presented in Scheme 1.
Specifically, 50 mL of a Li-Ag NPs solution was mixed with various
amounts of HAuCl, solution. The reaction was kept at room
temperature under stirring conditions for 2 days. The change of
optical property was monitored every 1 h using an UV-—visible
spectrophotometer. The product was collected using centrifugation at
10,000 rpm for 15 min and redispersed in ultrapure water. The
colloidal Li-GS NPs solution was stored at 4 °C.

2.5. Characterizations of Nanoparticles. The extinction
spectra for all experiments were measured by using a double-beam
UV—visible spectrophotometer (UV/vis Lambda 365, PerkinElmer).
The localized surface plasmon resonance (LSPR) spectra of all Li-Ag
NPs and Li-GS NPs samples were recorded in the wavelength range
of 200 to 800 nm, with a spectral bandwidth (SBW) of 1 nm and a
scan speed of 10 nm/s. The morphology and size distribution of Li-Ag
NPs and Li-GS NPs were further investigated by using a field
emission transmission electron microscope (FE-TEM) (JEOL JEM-
3100F) operated at 200 kV. High-resolution TEM (HR-TEM)
imaging provided detailed structural information, including lattice
fringes indicative of crystallinity, while selected area electron
diffraction (SAED) patterns were obtained to confirm the crystalline
phase of the synthesized nanoparticles. For TEM sample preparation,
the nanoparticles were first sonicated for S min to ensure a uniform
dispersion. A 20 uL portion of the nanoparticle suspension was
dropped onto a carbon-coated copper grid and left to dry overnight
prior to the analysis. The hydrodynamic particle size distribution and
surface charge (zeta potential) of Li-Ag NPs and Li-GS NPs were
measured using a Zetasizer Ultra (Malvern Panalytical) via dynamic
light scattering (DLS) and electrophoretic light scattering (ELS),
respectively. Prior to zeta potential measurements, the samples were
diluted to a final concentration of 10 mg/mL to minimize interparticle
interactions that could affect the measurement accuracy. The
chemical structure and functional groups of lignin and Li-Ag NPs
were analyzed by using attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy. ATR-FTIR spectra were
collected on a PerkinElmer Spectrum Two Fourier-transform infrared
spectrometer.

2.6. Antibacterial Properties Tests. The antibacterial activity of
the as-prepared nanoparticles was evaluated against Gram-positive
Bacillus cereus ATCC 14579 and Staphylococcus aureus ATCC 29213
and Gram-negative Escherichia coli ATCC 8739. Minimum inhibitory
concentration (MIC) testing was conducted using a 96-well
microdilution method, following the protocol.*® Bacterial inoculum
was prepared using Mueller—Hinton (MH) agar. Serial 2-fold dilution
of Li-Ag NPs and Li-GS NPs in final concentration ranging from 20 to
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0.1 pg/mL with adjusted bacterial suspension (standard turbidity of
0.5 McFarland; 1.5 X 108 CFU/mL were used to determine MIC in
MH broth). The plates were incubated for 24 h at 37 °C. The
bacterial turbidity was measured at 660 nm using a microplate reader
(Multiskan GO Microplate Spectrophotometer, Thermo Fisher
Scientific, USA), and thereafter, the MIC was determined. The
MIC end point is the lowest concentration of nanoparticles where no
bacterial growth was observed. A microdilution measurement was
done in triplicate to confirm the value of the MIC for each tested
bacterium. Following the MIC determination, the minimum
bactericidal concentration (MBC) was assessed. Two microliters
from wells showing no visible growth were cultured on MH agar
plates and incubated for 24 h at 37 °C. MBC was defined as the
lowest concentration of nanoparticles that resulted in the death of
99.9% of the bacterial inoculum.

The size and morphology of bacteria before and after exposure to
Li-Ag NPs were analyzed using a FEI Quanta 450 scanning electron
microscope (SEM) operated at an accelerating voltage of 25.00 kV in
the S00X to S000X magnification range under secondary electron
(SE) mode. To improve the electrical conductivity and enhance
imaging resolution, a thin layer of gold was sputter-coated onto all
bacterial samples using a Polaron Range SC7620 Sputter Coater
(Quorum Technology) prior to SEM analysis.

2.7. Catalytic Performance Test. The catalytic activity of the
synthesized nanoparticles was evaluated using the reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of
sodium borohydride (NaBH,) to assess the nanoparticles’ catalytic
activities.”” The synthesized Li-GS NPs catalysts were employed at
four different concentrations. A 0.1 M NaBH, solution was prepared
by dissolving the appropriate amount of NaBH, in ultrapure water.
The influence of catalyst quantity on the reduction of 4-NP was
investigated using UV—visible spectrophotometry, with absorbance
measurements taken for reactions consisting of 2 mL of 4-nitrophenol,
200 uL of NaBH,, and catalyst volumes of 10, 20, and 30 pxL. This
experiment was conducted for each of the synthesized Li-GS NPs
catalyst concentrations.

3. RESULTS AND DISCUSSION

3.1. Characterizations of Lignin. The dried lignin
samples and their aqueous solutions from the three sources
showed slightly different colors, as illustrated in Figure la. All
samples appeared dark yellow or brown. These small color
differences were confirmed by the UV-—visible absorption
spectra in Figure S1 in the Supporting Information, which vary
depending on the plant source.”” The maximum absorbance
wavelengths (An,) of PKS-, BG-, and PRW-lignin were found
at 289, 285, and 281 nm, respectively, as summarized in Table
S1. These absorption peaks are caused by z-to-7* electronic
transitions, which are typical for all lignin types. Additionally.
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3'P NMR was used to determine the number of total hydroxyl
groups in lignin. All types of lignin were successfully
phosphorylated by *'P in TMDP in which *'P substituted
hydrogen (H) at the —OH position. The different hydroxyl
groups were quantified and distinguished with 3'P° NMR
spectra as shown in Figure 1b. The quantitative spectra showed
the different chemical shifts of each lignin functional group in
all types of lignin, and the chemical shift range to identify each
functional group is shown in Table S2 in the Supporting
Information. According to the results shown in Table 1, BG-,

Table 1. Hydroxyl Groups (—OH) in BG-Lignin, PRW-
Lignin, and PKS-Lignin

OH contents (mmol/g)

OH group BG-lignin PRW-lignin PKS-lignin
aliphatic OH 1.92 3.93 222
phenolic OH  Cs substituted OH 1.11 1.30 1.46
syringyl OH 0.60 0.68 0.78
guaiacyl OH 0.59 0.66 0.85
p-hydroxyphenyl OH 1.09 0.08 0.70
total amount phenolic OH 3.39 2.72 3.79
carboxylic acid OH 0.36 0.37 1.34
total amount of OH S.67 7.02 7.35

PRW-, and PKS-lignin contain total amounts of hydroxyl
groups of 5.67, 7.02, and 7.35 mmol/g, respectively.

Specifically, BG- and PKS-lignin mainly consist of phenolic
hydroxyl groups, while PRW-lignin contains mostly aliphatic —
OH groups. The various types and content of hydroxyl groups
may affect the rate of Ag NPs synthesis due to the difference of
electron donation groups.

Lignin’s chemical reactivity and functional performance can
vary significantly depending on its botanical origin and
extraction method, which influence its structural composition,
molecular weight, and functional group distribution.*!
Phenolic —OH groups, particularly those attached to aromatic
units, are the primary electron donors responsible for reducing
Ag' to Ag’ under mild conditions. Chemical structures of
hydroxyl groups in lignin are illustrated in Figure S2 in the
Supporting Information. Among these, syringyl (S) units,
which possess two methoxy substituents on the aromatic ring,
exhibit the highest electron density and are generally the most
effective in donating electrons due to their enhanced resonance
stabilization.*” Guaiacyl (G) units, containing a single methoxy
group, are also redox-active but slightly less efficient than
syringyl structures. In contrast, p-hydroxyphenyl (H) units,
which lack methoxy substituents, offer limited electron
delocalization and therefore exhibit a weaker reducing
capability. Additionally, Cs-substituted phenolic OH groups,
commonly found in condensed G-type structures, are often
sterically hindered or involved in cross-linking, which can limit
their accessibility for redox reactions.*> Meanwhile, aliphatic —
OH groups, present on lignin side chains, are less redox-active
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Figure 2. % Yield of Ag NPs synthesized with 0.02% w/v: (a) PKS-lignin, (b) PRW-lignin, and (c) BG-lignin at various temperatures, and
synthesized various concentrations of (d) PKS-lignin, (e¢) PRW-lignin, and (f) BG-lignin.
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but contribute indirectly by improving lignin solubility,
dispersion, and molecular flexibility in aqueous environments,
which, in turn, influences the uniformity of nanoparticle
growth. In this study, lignin samples with higher ratios of
syringyl and guaiacyl —OH (e.g., from bagasse and pararubber
wood) promoted more efficient and uniform Ag NP synthesis,
while lignin from palm kernel shell, despite having the highest
total phenolic —OH content, showed lower efliciency likely
due to structural condensation, higher proportions of C;-
substituted units, and less favorable solubility behavior.

The effectiveness of lignin in reducing Ag* to Ag’ during
nanoparticle synthesis is closely related to its phenolic
structure and functional group distribution. Among the
phenolic subunits, syringyl and guaiacyl groups differ in
reactivity due to their degree of methoxylation, with syringyl
(bearing two methoxy groups) being more electron-rich and
more reactive than guaiacyl groups (with one methoxy group).
The p-hydroxyphenyl units, which lack methoxy groups, are
generally less reactive, and Cs-substituted OH groups,
especially in condensed lignin structures, tend to be sterically
hindered and less available for redox reactions. Interestingly,
although PKS lignin showed the highest total phenolic —OH
content (3.79 mmol/g), it did not produce the highest Ag NP
formation efficiency. This unexpected behavior may be
attributed to the limited accessibility of reactive phenolic
sites, possibly due to higher structural condensation, intra-
molecular hydrogen bonding, or steric hindrance from Cs-
substituted guaiacyl units. In contrast, BG and PRW lignin,
with lower phenolic —OH content (3.39 and 2.72 mmol/g,
respectively), achieved better reduction efficiency. One
contributing factor may be the higher aliphatic —OH content
in PRW lignin (3.93 mmol/g), which, while not directly
reducing Ag’, likely improves solubility, molecular flexibility,
and nanoparticle stabilization in aqueous media. These
findings suggest that not only the amount but also the type
and accessibility of hydroxyl groups in lignin significantly
influence the nanoparticle formation process. While phenolic
—OH groups are the primary reducing agents for Ag", aliphatic
—OH groups play a supportive role by influencing the
solubility, molecular mobility, and nanoparticle stabilization
ability of lignin. In PRW lignin, the high aliphatic —OH
content may enhance lignin—metal interactions and nano-
particle dispersion, partially compensating for its lower
phenolic content.** In contrast, PKS lignin, despite its high
phenolic —OH content, may be less efficient due to the lower
aliphatic —OH, resulting in reduced flexibility and site
accessibility.

3.2. Synthesis of Li-Ag NPs. Temperature is an important
factor that influences the synthesis of nanoparticles. In the
synthesis of silver nanoparticles using lignin extracts at varying
temperatures of 85 °C, 60 °C, and room temperature, an
increase in temperature was observed to increase the rate of
the reduction of Ag* ions by lignin. Figure 2 illustrates the
percentage yields of Ag NPs at different temperatures. These
figures clearly demonstrate the effect of the temperature on the
synthesis process. At 85 °C, the rapid completion of the
reaction was achieved within 15—45 min for all types of lignin.
The result suggests a highly efficient reduction process
facilitated by high thermal energy, which enhances the kinetics
of the reaction. At 60 °C, the reaction proceeds at a moderate
rate, with a steady increase in nanoparticle formation observed
over 150 min. This temperature provides a balance between
reaction rate and control over the nanoparticle size and

distribution. At room temperature, the synthesis of silver
nanoparticles is obviously slower and shows a lower
concentration of Ag NPs. This indicates that higher temper-
atures promote faster formation of silver nanoparticles more
effectively than lower temperatures. A high temperature
significantly enhances the rate of the reduction reaction,
leading to a fast and efficient nanoparticle formation. However,
the choice of temperature must be balanced with the desired
properties of the nanoparticles, such as size, uniformity, and
stability, to optimize the synthesis process for specific
applications.

From the synthesis of Li-Ag NPs using lignin extracts at
different concentrations of 0.01%, 0.02%, and 0.03% by weight,
it was observed that the percentage yields of PKS-Ag NPs at a
reaction time of 150 min were 54.67%, 62.35%, and 68.41%,
respectively, for lignin concentrations of 0.01%, 0.02%, and
0.03% by weight. The percentage yields of PRW-Ag NPs at the
same reaction time were 37.37%, 74.77%, and 79.76%,
respectively, for lignin concentrations of 0.01%, 0.02%, and
0.03% by weight. The percentage yields of BG-Ag NPs at the
same reaction time were 37.93%, 54.22%, and 75.28%,
respectively, for lignin concentrations of 0.01%, 0.02%, and
0.03% by weight. The experimental results indicate that a
lignin solution at a concentration of 0.01% produces fewer
silver nanoparticles compared with concentrations of 0.02%
and 0.03%. At low lignin concentration (0.01%), the
availability of reducing agents is limited, resulting in a lower
rate of Ag" ion reduction and small size of the nanoparticles, as
shown in Figure S3a. As the concentration increases to 0.02%
and 0.03%, the number of agents increases, enhancing the
reduction process and resulting in a higher yield and larger size
of Ag NPs, as illustrated in Figure S3b,c, respectively. The
stabilization of the nanoparticles is also improved at higher
lignin concentrations, which helps in maintaining a uniform
size and preventing agglomeration.

Fourier Transform Infrared (FT-IR) spectroscopy showed
the spectra data from lignin pyrolysis provide a comprehensive
analysis of the functional groups present in lignin derived from
pararubber wood (PRW), palm kernel shell (PKS), and
bagasse (BG). The FT-IR spectra, as shown in Figure S4 in the
Supporting Information, revealed that the different functional
groups exhibited vibrations, and common absorption peaks
across all lignin samples, indicating the presence of hydroxyl
groups at 3425 cm™', methyl/methylene groups which is the
signal of C—H stretching in CH, and CH; groups at 2920
cm™!, carbonyl groups at 1710 cm™', and aromatic rings at
1600, 1510, and 1430 cm™.*” These peaks indicate the
structural components typical of lignin including hydroxyl,
methylene, carbonyl, and aromatic functionalities. The finger-
print regions of the FTIR spectra showed specific character-
istics for different lignin types. For instance, softwood lignin,
such as those from pararubber wood, exhibited C—O
stretching peaks of guaiacyl units at 1270 cm™' and 1215
cm™!, while hardwood lignins, such as those from palm shell,
displayed additional peaks of syringyl units at 1120 cm™'and
1325 cm™L.** Bagasse lignin, which is grass lignin, also
showed signals of both guaiacyl and syringyl units, albeit with
lower intensities. The relative intensities of hydroxyl, methyl/
methylene, and carbonyl groups were calculated using the
aromatic ring peak at 1510 cm™ as reported earlier.”” This
study highlighted variations in the abundance of these
functional groups across different lignin sources, reflecting
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Figure 3. (a) Extinction spectra of Li-Ag NPs. (b) Extinction spectra and (d) images of Li-Ag NPs solution after the addition of various amounts of
KAuCl,. (c) Extinction spectra of Li-Ag NPs solution after the addition of KAuCl, from 0 h to 2 days.

their structural diversity and potential reactivity during the
reduction process.

The synthesis of metal nanoparticles, particularly Ag NPs,
using lignin as both a reducing and stabilizing agent follows a
well-defined mechanistic pathway involving redox chemistry,
nucleation, growth, and capping. Lignin, a heterogeneous
aromatic biopolymer composed mainly of syringyl (S), guaiacyl
(G), and p-hydroxyphenyl (H) units, contains a variety of
redox-active functional groups, such as phenolic hydroxyls,
aliphatic hydroxyls, methoxyls, and occasionally carboxyl
groups. Among these, phenolic —OH and benzylic —CH,OH
groups are the primary electron donors responsible for
reducing metal ions like Ag" or Au’* to their zerovalent
metallic forms."® The mechanism begins with the complex-
ation of metal ions with electron-rich sites on lignin, typically
through coordination with phenolic hydroxyls or z-interactions
with aromatic rings. In this initial step, the metal ions become
localized within the lignin matrix, creating favorable conditions
for controlled nucleation.

Once coordinated, redox reactions are initiated, and
phenolic —OH groups are oxidized to quinone-like structures
while reducing Ag* to Ag’. Likewise, —CH,OH groups may
undergo oxidation to aldehydes or acids. In cases where lignin
is chemically modified, such as through amination, the
presence of —NH, groups offers an additional redox pathway.
These groups can be oxidized to imines or nitriles during the
reaction, leading to a more effective electron transfer, enhanced
reduction kinetics, and higher nanoparticle yields. Following
reduction, nucleation of Ag0 atoms occurs, forming small
clusters that serve as growth centers. The subsequent growth
phase involves the deposition of more reduced atoms onto
these nuclei, guided by the availability of reducing groups and
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the steric environment within the lignin matrix. Lignin with
higher phenolic content and lower Cs substitution tend to
promote uniform nucleation and narrower size distributions,
while condensed lignin or those with limited functional group
accessibility may lead to particle aggregation or polydisper-
sity."”*° Finally, lignin plays a vital role in capping and
stabilizing the newly formed nanoparticles. Unreacted func-
tional groups, such as phenols, carboxylic acids, or amines,
adsorb onto the nanoparticle surfaces, preventing agglomer-
ation through steric hindrance and electrostatic repulsion. This
natural capping effect improves the colloidal stability and
dispersibility of the nanoparticles in aqueous media.

3.3. The Synthesis of Li-GS NPs. The formation of Li-Ag
NPs was easily detected by a noticeable color change in the
solution, which transitioned from colorless to light yellow after
the addition of lignin. This color change serves as an indication
that silver ions (Ag") were reduced to metallic silver (Ag®) or
Ag NPs by the lignin. The synthesized Li-Ag NPs were also
characterized by UV-—visible spectroscopy to identify the
characteristic peak of Ag NPs at 420 nm. The reaction was
carried out using the synthesis procedure as mentioned
previously. As shown in Figure 3a, Ag NPs synthesized with
PKS, PRW, and BG lignin exhibited a characteristic peak of Ag
NPs which confirm the formation of Ag NPs using lignin as a
reducing agent. The LSPR absorption peaks of Ag NPs
synthesized with all types are observed in the 410—430 nm
range, as concluded in Table S3 in the Supporting Information.
These peaks confirm the formation of Li-Ag NPs, with lignin
acting as an effective capping and reducing agent. Additionally,
BG- and PRW-Ag NPs exhibit the sharpest and most
symmetric extinction peaks, indicating a narrower particle
size distribution and the presence of monodisperse Ag NPs. In
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20 nm

Figure 4. TEM images of (a) PKS-GS NPs-100, (b) PKS-GS NPs-300, (c) PKS-GS NPs-500, and (d) PKS-GS NPs-1000.

contrast, the LSPR peaks of PKS-Ag NPs show less extinction
intensity, which indicates the lower quantity of Ag NPs.*® This
observation is consistent with the *'P NMR analysis, which
shows that PKS-lignin contains the highest proportion of the
guaiacyl OH group. The G monomer unit, rich in both
hydroxyl and methoxy groups, exhibits strong reducing
properties, enabling it to easily donate electrons to Ag" in
redox reactions. The oxidation of both phenolic and alcoholic
hydroxyl groups in lignin leads to the formation of quinone,
carbonyl, and carboxyl groups. This process primarily occurs
through alcoholic oxidation, converting the alcoholic hydroxyl
groups into carbonyl groups, which can further be oxidized
into carboxyl groups, while the phenolic hydroxyl groups
undergo oxidation to form quinones.”’ Additionally, PKS-
lignin’s highly uniform polymeric structure may contribute to
the sharp, symmetrical absorption peak observed in PKS-Ag
NPs. Typically, the A, of Ag NPs shifts toward longer
wavelengths (red shift) as the particle size increases.””

All of the as-prepared Li-Ag NPs were used as a template to
synthesize Li-GS NPs. The different amounts of KAuCl, (100,
300, 500, and 1000 L) have been used to synthesize the PKS-
GSNPs to find the optimizing condition. The amount of the
KAuCl, solution plays a critical role in controlling the synthesis
and structural evolution of Li-GS NPs. As the volume of
KAuCl, increases, a greater number of Au’* ions are
introduced into the reaction system, which enhances the
galvanic replacement of Ag atoms by Au.>® This process leads
to the gradual formation of Au-Ag bimetallic nanostructures,
with varying degrees of alloying or core—shell configurations
depending on the amount of gold precursor added. From
Figure 3b, at a lower amount of 1% w/v KAuCl, (100 uL), the
galvanic replacement appears to be partial, resulting in a low-
intensity gold characteristic peak. In contrast, higher volumes
promote more complete substitution of silver by gold, shifting
the composition toward gold-rich alloys. As a result, the optical
properties of the synthesized nanoparticles, as observed by
UV—visible spectroscopy, vary with the volume of KAuCl,
added, often exhibiting a red shift and broadening of the LSPR
band. At a volume of 1,000 uL KAuCl,, both BG-GS NPs and
PKS-GSNPs show the highest absorbance intensity and exhibit
less symmetrical or right-skewed spectral profiles. This
asymmetry is attributed to gold’s interband transitions in the
500—600 nm range, which absorb and dampen the plasmonic
oscillations, resulting in a broader tail on the longer wavelength
side and enhancing the right skew of the s.pectlrum.53 However,
for PRW-GS NPs in the same volume (1000 uL), the LSPR
spectrum shows a significantly broadened peak and a
pronounced shift toward longer wavelengths. This behavior
is likely due to size and morphology effects specifically the
presence of larger or nonspherical particles such as hollow
shells, rods, or aggregates which support multiple plasmon

modes and contribute to additional spectral broadening.**
These spectral shifts indicate changes in particle composition,
morphology, and electronic structure, emphasizing the
importance of KAuCl, volume in tuning the properties of Li-
GS NPs.>

The optimizing time of all Li-GS NPs preparation was
identified by collecting and measuring the extinction peak of
the samples from the reaction at 1 h until 2 days. As shown in
Figure 3¢, after 3 h of reaction, the extinction peak of PKS-GS
NPs appeared at 615 nm and remained at 565 nm until 7 h.
After 1 day of reaction, the extinction peak of PKS-GS NPs-
300 was slightly shifted to longer wavelength at 570 nm. The
extinction intensity of the extinction peak was significantly
increased from the reaction at 7 h. However, after the reaction
was left at room temperature for 2 days, the extinction peak
position and intensity was slightly changed from the reaction at
1 day. From this observation, the optimizing time of the
synthesis of Li-GS NPs was selected to be 24 h due to the
maximum change in optical properties of the as-prepared
nanoparticles. Additionally, the galvanic replacement reaction
is employed to synthesize Li-GS NPs with various
morphologies. This process is driven by the difference in
reduction potentials between gold and silver. During the
galvanic replacement reaction between Ag and Au, silver atoms
in the nanostructure are oxidized to Ag" and released into the
solution. Simultaneously, Au’* is reduced and deposited onto
the silver template. This redox process leads to the formation
of Au/Ag alloy nanostructures due to the difference in
reduction potentials between the two metals, as shown in
eqs S1—S3 in the Supporting Information. This reaction causes
the color of the Li-Ag NPs solution to change from pale yellow
to purple or blue upon completion, as shown in Figure 3d. The
color of the nanoparticles is primarily influenced by their
composition, specifically the gold-to-silver ratio. This ratio
affects the nanoparticles’ localized surface plasmon resonance
(LSPR), leading to observable color changes.%’57

TEM images of the as-prepared PKS-GS NPs are presented
in Figure 4. The TEM images also corroborate the nanoscale
nature of the particles, further validating the size estimations.
This inconsistency arises from the etching and redeposition of
metal during the synthesis process, which induces significant
morphological variation. TEM measurements of the average
sizes of Li-Ag NPs indicated a size range of 8—28 nm. In
contrast, the sizes of Li-GS NPs were shown to increase with
the progressive addition of the KAuCl, solution to the
reaction, demonstrating a direct correlation between the gold
content and particle size. Specifically, the PKS-GS NPs
exhibited average sizes of 16.64 + 3.86 nm, 15.54 + 7.74
nm, 34.32 + 18.09 nm, and 100.95 + 37.58 nm for PKS-GS
NPs-100, PKS-GS NPs-300, PKS-GS NPs-500, and PKS-GS
NPs-1000, respectively. This trend was also observed in PRW-
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Table 2. MIC and MBC Values of Li-Ag NPs against the Selected Bacteria

Bacillus cereus

nanoparticles MIC (ug/mL) MBC (ug/mL)

PKS-Ag NPs 20 >20
PKS-GS NPs-100 2.5

PKS-GS NPs-300 1 2.5
PKS-GS NPs-500 0.5

PKS-GS NPs-1000 2.5 N
PRW-Ag NPs 20 >20
PRW-GS NPs-100 1 N
PRW-GS NPs-300 S 10
PRW-GS NPs-500 S 10
PRW-GS NPs-1000 1 2.5
BG-Ag NPs 20 >20
BG-GS NPs-100 2.5 S
BG-GS NPs-300 S 10
BG-GS NPs-500 1 2.5
BG-GS NPs-1000 2.5 1

E. coli
MIC (ug/mL)

S. aureus

MBC (ug/mL) MIC (ug/mL) MBC (ug/mL)

>20 >20 20 >20
10 10 S N
10 10 1 2.5
N N 1 2.5
S 2.5 0.5 1
>20 >20 20 >20
10 10 0.5 2.5
N 10 0.5 2.5
2.5 N 1 2.5
S 10 1 N
>20 >20 10 20
20 20 S N

10 N 0.5 2.5
S 10 0.5 2.5
N 10 1 2.5

Figure S. SEM images of (a) Bacillus cereus, (b) E. coli, and (c) S. aureus untreated and (d—f) treated with Li-GS NPs.

GS NPs and BG-GS NPs, where increasing amounts of gold
led to the formation of larger particles with enhanced
roughness of the surface, as summarized in Figure SS and
Table S4 in the Supporting Information.

All synthesized Li-Ag NPs and Li-GS NPs were thoroughly
characterized using dynamic light scattering (DLS) and zeta
potential measurements, as summarized in Table S4 in the
Supporting Information. The average hydrodynamic diameters
of PKS-Ag NPs, PRW-Ag NPs, and BG-Ag NPs were measured
to be 527, 6.50, and 4.58 nm, respectively. These results
confirm that the as-prepared Li-Ag NPs are within the
nanoscale range, which is consistent with the transmission
electron microscopy (TEM) observations. However, the
hydrodynamic diameters obtained for Li-GS NPs deviated
from the TEM results due to the irregular shapes and sizes
caused by the formation of bimetallic nanoparticles. The size
increase of the Li-GS NPs can be attributed to the rapid
dissolution of Ag within the nanoparticle templates and the
subsequent reformation of gold-dominant structures. For Li-
GS NPs-1000, the particle morphology drastically altered due
to the significant gold content, leading to a rapid replacement
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of silver by gold. This swift metal substitution caused the
nanoparticles to form random, nonuniform shapes and sizes.
The aggregation of smaller particles resulted in the formation
of larger particles with a high rough surface, as depicted in
Figure 4d. Moreover, the zeta potential measurements of all Li-
Ag NP samples revealed a pronounced negative surface charge,
affirming their colloidal stability. Specifically, PKS-Ag NPs,
PRW-Ag NPs, and BG-Ag NPs demonstrated zeta potentials of
—47.97 mV, —44.43 mV, and —37.83 mV, respectively. These
values indicate strong electrostatic repulsion between particles,
contributing to their stability in a suspension. Similarly, all Li-
GS NS samples exhibited negative surface charges, confirming
their colloidal stability as well, as outlined in Table S4 in the
Supporting Information. Additionally, STEM-EDX mapping
has been utilized to identify the atomic concentrations of gold
and silver in PKS-GS NPs. As shown in Table SS, there is a
noticeable increase in the atomic percentage of Au across the
sample series. Notably, in PKS-GS NPs-100, the Au content
increases from 44% to 100% in PKS-GSNPs-1000, while the
Ag content decreases from 56% to 0% in PKS-GS NPs-1000.
These findings serve to reinforce the successful synthesis of
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Figure 6. UV—visible absorption spectra of the catalytic conversion of 4-nitrophenol to 4-aminophenol (20 yL) using catalysts: (a) BG-GS NPs-
100, (b) BG-GS NPs-300, (c) BG-GS NPs-500, and (d) BG-GS NPs-1000.

bimetallic PKS-GS NPs through this method, demonstrating a
controllable synthesis process. Additionally, the STEM-EDS
elemental mapping of PKS-GS NPs-500 and PKS-GS NPs-
1000, presented in Figure S6 in the Supporting Information,
confirmed a distribution of gold and silver, indicating the
formation of Li-GS NPs in the alloy phase. Moreover, a
comparative summary of reported green synthesis methods for
bimetallic nanoparticles using various plant extracts is provided
in the Supporting Information (Table S6), highlighting the
advantages and limitations relative to this study.

3.4. Antibacterial Properties of Li-Ag NPs and Li-GS
NPs. The antibacterial efficacy of all three Li-Ag NPs was
assessed against Gram-positive Bacillus cereus and Staph-
ylococcus aureus (S. aureus) and Gram-negative Escherichia
coli (E. coli) as target bacteria. The results revealed that lignin
exhibited no inhibition of bacterial growth across all tested
concentrations, as summarized in Table S7. Conversely, the
synthesized Li-Ag NPs demonstrated bacterial growth
inhibition, with minimum inhibitory concentrations (MIC)
at 20 pug/mL for all targeted bacteria. Additionally, minimum
bactericidal concentration (MBC) tests were conducted by
transferring samples from each well of microtiter plates onto
Mueller Hinton Agar (MHA) plates, followed by incubation at
37 °C for 24 h. The results indicated that concentrations
higher than 20 pug/mL for all targeted bacteria resulted in no
visible growth on the MHA plates.

In the case of Li-GS NPs, the results show that all types of
Li-GS NPs exhibit bacterial growth inhibition, with minimum
inhibitory concentrations (MIC) ranging from 0.5 to S pg/mL
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for Gram-positive bacteria, including Bacillus cereus and S.
aureus. The results indicated that the shape of bacteria does
not have the effect on bacterial growth inhibition efficacy of the
as-prepared nanoparticles. On the other hand, the MIC of Li-
GS NPs on Gram-negative bacteria (E. coli) is in the range of
2.5 to 20 pg/mL, which is much higher than the MIC on
Gram-positive bacteria. The MIC and MBC values of Li-Ag
NPs and Li-GS NPs, summarized in Table 2, confirm that all
Li-GS NPs samples have significant inhibition of bacterial
growth against both Gram-positive and -negative bacteria at
low concentrations. Additionally, scanning electron micros-
copy was employed to observe the physical morphology of the
three bacterial strains. As shown in Figure 5, the results clearly
indicate that the cell walls of all three bacterial species were
damaged after treatment with Li-GS NPs. The bacterial cells
exhibited disrupted and deformed structures, suggesting that
Li-Ag NPs can effectively compromise the integrity of the
bacterial cell envelope, leading to cell lysis or cell death. These
morphological changes further support the strong antibacterial
activity of Li-GS NPs observed in the MIC and MBC assays.
For comparison, a detailed table of reported MIC values for
bimetallic nanoparticles against various bacterial strains is
provided in the Supporting Information (Table S8), high-
lighting the relative antibacterial performance of the present
nanoparticles.

3.5. The Catalytic Activity of Li-Ag NPs and Li-GS NPs.
The catalytic performance of Li-GS NPs was evaluated through
the model reaction of 4-nitrophenol (4-NP) reduction to 4-
aminophenol (4-AP). In this study, 10—30 uL of each catalyst
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sample was employed. Upon addition of Li-GS NPs to the
mixture of 4-NP and excess NaBH,, a gradual fading of the
characteristic yellow color was observed, indicating the
progression of the reduction of 4-NP to 4-AP. This
transformation was further confirmed by the steady decrease
in absorbance at 400 nm as monitored by UV—visible
spectroscopy, consistent with the depletion of 4-NP over
time.”®*” The results demonstrated that increasing the
concentration of Au in the catalyst significantly enhanced the
catalytic efficiency, leading to a shorter reaction time for the
complete conversion of 4-NP to 4-AP, as illustrated in Figure
6. The comparison of catalytic performance is summarized in
Table S9 in the Supporting Information.

Due to the large excess of NaBH, relative to 4-NP, the
reaction follows pseudo-first-order kinetics with respect to 4-
NP concentration. The kinetic plots for the catalytic reduction
of 4-nitrophenol by NaBH, using the as-prepared nano-
particles are presented in Figures S7—S9, with the correspond-
ing rate constants summarized in Table S10 of the Supporting
Information. Among the tested PRW-GS NPs, the catalyst
prepared with 1000 yuL of KAuCl, exhibited the highest
catalytic efficiency with the apparent rate constant (k,,) =
2.618 min~". The reaction was so rapid completing in less than
one min that it was not possible to collect enough absorbance
data to construct a reliable kinetic plot or determine an
accurate rate constant. Catalysts prepared with lower volumes
of KAuCl, showed progressively lower rate constants,
indicating that the gold content strongly influences the
reduction rate via enhanced surface reactivity and Au—Ag
synergy.

To further understand the influence of lignin type on
catalytic behavior, the apparent rate constants of GS NPs
synthesized from different lignin sources, bagasse (BG), palm
kernel shell (PKS), and pararubber wood (PRW) were
compared. For BG-GS NPs, the k,,, values gradually increased
from 0.0097 to 0.0513 min~' as KAuCl, volume increased
from 100 to 1000 uL, suggesting a dose-dependent improve-
ment in catalytic performance due to enhanced bimetallic
interface formation. In contrast, PKS-GS NPs displayed a
nonlinear trend; although 500 uL gave the highest rate
constant (0.428 min~"), the catalytic activity dropped at 1000
uL (03345 min™'), indicating possible nanoparticle over-
growth or agglomeration at higher gold loading. Notably, even
at 100 uL, PKS-GS NPs showed a relatively high-rate constant
(0.1443 min™"), likely due to the lignin’s high phenolic content
promoting rapid initial nucleation. For PRW-GS NPs, the
trend was more linear, with k,,, increasing from 0.0108 to
0.352 min~" between 100 and 500 uL, highlighting the role of
aliphatic groups in promoting dispersion and stability. These
results demonstrate that both the volume of KAuCl, and the
functional group composition of lignin significantly influence
the catalytic performance. The balance between gold content,
particle dispersion, and lignin—metal interaction plays a key
role in determining the final efficiency of GS NPs as catalysts
for the reduction of 4-NP to 4-AP.

Additionally, the catalytic results clearly showed that
increasing the volume of the catalyst enhanced the reaction
efficiency. Specifically, higher volumes of Li-GS NPs led to
faster reaction rates compared with the lower volume. Among
them, PRW-GS NPs at a volume of 30 uL exhibited the highest
catalytic efficiency, completing the reaction in just a few
minutes, whereas BG-GS NPs and PKS-GS NPs took
approximately 10 min to achieve the same conversion, as

illustrated in Figure S10 in the Supporting Information. This
improved performance at higher catalyst volumes is primarily
due to the increased number of active surface sites available for
the reaction. With a greater quantity of nanoparticles in the
system, there is an enhanced availability of surface-bound
electrons to facilitate electron transfer from the reducing agent
(NaBH,) to the 4-NP molecules. This accelerates the
reduction process and significantly reduces the overall reaction
time. Furthermore, better dispersion of the catalyst in the
reaction medium at higher volumes promotes more effective
interaction between the catalyst and the substrate.”” These
observations underscore the importance of catalyst dosage in
influencing the catalytic performance, suggesting that an
optimal amount of catalyst can greatly enhance both the rate
and efficiency of the reaction.

This enhancement in catalytic activity is attributed to the
synergistic effect between Au and Ag atoms, the increased
surface area of nanoparticles, and improved electron transfer
capabilities.”’ Therefore, the catalytic performance improves
significantly with increased catalyst volume and optimized
nanoparticle size, demonstrating that both the composition
and dosage play crucial roles in accelerating the reduction
reaction. The results clearly demonstrate that both particle size
and bimetallic composition play critical roles in optimizing the
catalytic performance for environmental and industrial
applications.

4. CONCLUSION

The study characterized lignin samples from three different
sources, including BG, PRW, and PKS, using 3P NMR
spectroscopy, which revealed variations in their hydroxyl group
compositions. These differences in hydroxyl group types and
contents may influence the synthesis rate of Li-Ag NPs due to
variations in electron donation capabilities. The synthesis of Li-
Ag NPs was successfully achieved using lignin as a reducing
agent, confirmed by UV—visible spectroscopy, which identified
characteristic Ag NP peaks at 420 nm. Additionally, Li-GS NPs
were synthesized using Li-Ag NPs as templates, with the
optimization of reaction conditions indicating that a 24 h
reaction time yielded the most significant change in optical
properties. TEM images of the as-prepared nanoparticles
confirmed the nanoscale dimensions of Li-Ag NPs and the
diverse shapes of Li-GS NPs. Dynamic light scattering (DLS)
and zeta potential measurements confirmed the nanoscale size
and colloidal stability of both Li-Ag NPs and Li-GS NPs.
STEM-EDX mapping revealed the successful synthesis of
bimetallic Li-GS NPs, with varying atomic concentrations of
gold and silver across different samples, indicative of a
controllable synthesis process. Finally, the antibacterial proper-
ties of Li-Ag NPs and Li-GS NPs were evaluated against
Bacillus cereus, E. coli, and S. aureus demonstrating significant
growth inhibition at low concentrations of Li-GS NPs, as
evidenced by minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) tests. The results
confirmed that all Li-GS NPs had better antibacterial efficacy
compared to Li-Ag NPs. In addition, the catalytic performance
of Li-Ag NPs and Li-GS NPs was investigated. It was found
that the Li-GS NPs with the highest gold content exhibited the
highest catalytic activity in promoting the conversion of 4-
nitrophenol to 4-aminophenol. This enhanced activity is
attributed to the rough surface morphology resulting from
the etching and reassembly of the synthesized nanoparticles.
Overall, this study confirms that lignin from agricultural waste
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can serve as a sustainable and efficient platform for
synthesizing multifunctional nanomaterials. By selecting
appropriate lignin sources and optimizing synthesis parame-
ters, the resulting Li-GS NPs can be tailored for specific
optical, antimicrobial, and catalytic applications. This approach
not only minimizes environmental impact but also contributes
to the valorization of biomass residues.
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