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Abstract

Synthesis of nanoparticles via green environmentally friendly approaches is gaining interest in their
potential advantage over physico-chemical approaches. Herein, we explored the potential of lignin
extracted from black liquor during isolation of cellulose from Parthenium Hysterophorus as a reducing
and capping agent to synthesize silver nanoparticles (AgNPs). The synthesis process was optimized
by varying the reaction time, temperature, the concentration of silver nitrate (AgNOs) and LMwLg.
The optimum parameters were 60 °C, 140 mins, 0.1 M AgNOs, and 0.4% w/v LMwLg. The synthesized
silver nanoparticles were characterized using UV-Vis spectroscopy, Fourier transform infrared
spectroscopy, transmission electron microscopy, energy dispersive X-ray spectroscopy, and X-ray
diffraction spectroscopy. From the results obtained, the AgNPs showed a SPR peak at 436 nm. The
TEM showed that the nanoparticles were monodispersed and spherical with a mean size of 20.81 nm.
From XRD results, AgNPs were of crystalline structure with an average particle size of 20.1 nm. The
EDX analysis confirmed that the nanoparticles were majorly composed of silver. These findings
highlight the potential of LMwLg as a green reducing and capping agent in the synthesis of silver
nanoparticles, offering a promising alternative to conventional chemical synthesis methods for silver
synthesis.

Keywords: green chemistry; Kraft process; black Liquor; lignin; silver nanoparticles

Introduction

Recently, the field of nanotechnology has developed due to its wide applications in sectors such
as chemical, electrical, environmental remediation, food industries, biomedical, and biotechnology
industries (Alazaiza et al., 2021). Nanomaterials, usually in the range 1-100 nm, have attracted interest
owing to their physiochemical properties such as small sizes, high surface area and catalytic
properties, which differ from their counterpart bulk materials (M. Ider et al., 2016). The methods used
to synthesize nanomaterials are physical, chemical, and biological methods, employing the top-down
and bottom-up synthesis approaches (Mistry et al., 2021). The optical, electrical, and catalytic
properties of the nanomaterials are highly influenced by the control of size, and shape during
synthesis (Dikshit et al., 2021).

One of the nanomaterials are the silver nanoparticles (AgNPs). AgNps have been reported to
exhibit high antimicrobial, antioxidant, antibacterial, electrical, optical, and catalytic properties which
enable them to be have wide applications in electronics, biological and chemical sensors,
biotechnology applications, cosmetic and pharmaceutical industries (Nguyen et al.,, 2023). The
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commonly method used to synthesize AgNPs is the chemical method through the reduction of silver
ions by the use of chemical reducing agents such as sodium borohydride (Nur et al., 2018), which are
toxic and, in some cases, the synthesis process involves high energy and temperature intensive
processes (Mistry et al., 2021), necessitating the use environmentally friendly synthesis methods such
as green synthesis methods including the use of plants, bacteria, and fungi which reduce silver ions
and are environmentally friendly compared to the physical and chemical methods (Azad et al., 2023).
Natural compounds and plant extracts have been used as reducing and capping agents in the
synthesis of AgNPs i.e. 3-d-Glucose and starch as the reducing and capping agent respectively
(Raveendran et al., 2003), Azadirachta indica leaf extract (Nazeruddin et al., 2014), and the use of tannic
acid (Kalidas Sivaraman et al., 2009) have been used as both reducing and capping agents.

Lignocellulosic biomass is composed of cellulose 38 to 50%, hemicellulose 23 to 32%, and lignin
12 to 25% that primarily form the plant cell wall (Saratale et al., 2022). The rigidity and mechanical
strength of the plant cell wall is enhanced by the presence of lignin, making it crucial to hydrolyze
the cellulose and hemicellulose components of the plant (Mujtaba et al., 2023). Lignin is the most
abundant, renewable and biodegradable natural biopolymer, an under-utilized agricultural and
industrial waste from paper-making industries, that comprises of a large number of aromatic and
aliphatic groups such as p—coumaryl alcohol, p-hydroxyphenyl propanol, coniferyl alcohol, and also
various hydroxyl and aldehyde groups that aid in silver nanoparticles by acting as reducing and
caping agents (P. Li et al.,, 2016). The high structural diversity of lignin and molecular weight
distribution make its valorization and applicability challenging due to variations in sizes of its
molecules within the same sample, making it necessary to fractionate lignin to obtain a specific
fraction (Toledano et al., 2010).

Some of the methods used in the fractionation of lignin include differential precipitation, which
involves extracting lignin from black liquor with a gradual decrease in the pH of the solution (Sun &
Tomkinson, 2001), and the use of selective solvents, enzymes, and ionic liquids (Kilpeldinen et al.,
2007). Lastly, the application of membrane technology, which involves obtaining lignin fractions with
defined molecular weights (Colyar et al., 2008). Lignin-mediated AgNPs have been reported (E. S.
Madivoli et al., 2023; Marsik et al., 2024; Saratale et al., 2022; Slavin et al., 2021). This work aimed to
utilize the low molecular weight lignin fractions as a reducing and capping agent in the synthesis of
AgNPs. Alkaline pretreatment was used to obtain lignin from Parthenium hysterophorus biomass,
followed by fractionation to obtain low molecular weight and high molecular weight lignin fractions.
The low molecular weight lignin fraction was further used in the biosynthesis of AgNPs which were
then characterized using Fourier transform infrared spectroscopy, UV-Vis spectrophotometry, X-ray
diffraction, transmission electron microscopy, and energy dispersive X-ray analysis.

Materials and Methods

Reagents and Chemicals

Analytical-grade chemicals and reagents were used during the experiments. Silver nitrate
(99.9%), AgNOs, sodium hydroxide, NaOH, methanol (99%), CHsOH, ethanol (CHsCH20H)

Sample Collection and Lignin Extraction

Parthenium hysterophorus was collected from the Jomo Kenyatta University of Agriculture and
Technology (JKUAT) Botanical Garden and placed in labelled sample bags. Plant identification was
conducted at the JKUAT Botany Laboratory, and all relevant details were recorded. The plant
material was thoroughly cleaned with tap water to remove dust and undesirable particles, rinsed
properly with distilled water, and then air-dried at room temperature for 21 days to remove moisture.
The dried plant material was ground using a milling machine into a fine powder and stored in a dry
place for further use.
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Lignin Extraction and Fractionation

Figure 1 depicts the extraction of lignin and fractionation into low molecular weight and high

molecular weight lignin.
+ ' Shlooe) ‘ —l05°C

Parthenium 2. sM Black liquor
hysterophorus

HMwLg LMwLg

Figure 1. Lignin isolation from black liquor after alkaline treatment of Parthenium hysterophorus biomass .

Soda lignin was obtained from black liquor by alkaline treatment of Parthenium hysterophorus
which involved mixing approximately 200g of biomass with 2.5 M aqueous NaOH solution in a ratio
of 1:10 biomass to alkali ratio and the mixture was stirred mechanically for 3 hours at 100 °C, followed
by filtration, washing with 10% ethanol and distilled water to remove the base. To obtain soda lignin
from the black liquor, the solution was dried in an oven at 105 °C for several days to remove water
(Nigam et al., 2021a). Upon drying, the solid residue was subjected to fractionation by dispersing
approximately 10 g powdered soda lignin in 250 mL methanol to separate Low Molecular weight
Lignin (LMwLg) from High Molecular weight Lignin (HMwLg) (Pang et al., 2021; Saito et al., 2014;
Zhang et al., 2017; Zhao et al., 2014). This solution was filtered under reduced pressure and the filtrate
was subjected to rotary evaporation. The LMwLg was dried in an oven at 105 °C to constant weight
(Saito et al., 2014; Zhang et al., 2017; Zhao et al., 2014). The insoluble fraction HMwLg was then
redissolved in 100 mL deionized water to remove residual salts followed by precipitation by the
addition of 500 mL 95% methanol, filtered and dried at 105 °C to constant weight (Farooq et al., 2019;
Pang et al., 2021).

Biosynthesis of silver nanoparticles (AgNPs) using LMwLg

Silver nanoparticles were synthesized using silver nitrate solution as the precursor salt and
LMwLg as the reducing and capping agent as shown in Figure 2.

AgNO; LMwLg AgNPs solution

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0789.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2025 d0i:10.20944/preprints202510.0789.v1

4 of 18

Figure 2. Bio-synthesis of silver nanoparticles.

One molar AgNO:s solution was prepared by dissolving approximately 17 g of AgNOs in 100 ml
of deionized water followed by serial dilutions to obtain 0.01 M and 0.1 M solutions. LMwLg solution
was prepared by dissolving approximately 1g of LMwLg in 100 ml of deionized water. To formulate
AgNPs, 10 ml of silver nitrate solution was mixed with 90 ml of LMwLg and stirred continuously.
The formation of AgNPs was monitored using a UV-Vis spectrophotometer (Shimadzu UV-1800)
which was set to acquire the absorbance spectra between 200-800 nm (M. Li et al., 2019; E. Madivoli
et al., 2023; Morsali et al., 2022). The complete formation of these NPs was confirmed by the color
change of the solution from yellow to dark brown (Prakash & Soni, 2011). The formed NPs were
washed with distilled water and ethanol to remove impurities and centrifuged for 20 min at 12,000
rpm, after which they were oven dried at 45 °C (Agnihotri et al., 2013). To form AgNPs with uniform
size and morphology, four parameters, including silver ion concentration (0.01, 0.1, and 1 M), LMwLg
concentration (0.2, 0.4, and 0.5% w/v), reaction time (different time intervals for 2.5 h), and reaction
temperature (25, 40, 50, 60, and 80 °C) were investigated using UV-Vis measurement to determine
the optimal conditions. The optimization experiments were performed by one factor at a time method
(Prakash & Soni, 2011).

Characterization of the Lignin, LMwLg, HMwLg, and AgNPs

The physicochemical properties of the synthesized AgNPs were determined using UV-Visible
spectroscopy, Fourier Transform Infrared spectroscopy (FTIR), X-ray diffraction (XRD),
Transmission Electron Microscopy (TEM), and Energy Dispersive X-ray spectroscopy (EDX) (Titus
et al., 2018). The functional groups in the lignin fractions and silver nanoparticles were evaluated
using an FTIR-ATR spectrometer Shimadzu IRAffinity-1S, Kenya in the 400-4000 cm! spectral range.
The optical properties of AgNPs were determined using a UV-Vis spectrophotometer, Shimadzu UV-
18000, Kenya in the wavelength range of 200-800 nm. Tauc plot or Tauc equation was used to
determine a material’s optical band gap (Eg) from its absorption spectrum. The equation relates a
material’s absorption coefficient () and the incident photon energy (hv) (Jiang et al., 2022).

(ahv) = A(hv — EJP)"

Where « is the absorption coefficient, A is a constant factor, is the optical band gap, hv is the photon
energy, and n is the exponent. For direct allowed transitions, n = % while for indirect allowed
transitions, n = 2 (Daoudi et al., 2024). Plotting (athv) " versus the photon energy (hv) calculates the
optical bandgap energy for both direct and indirect transitions by extrapolating the linear curve to
the x-axis (Shah et al., 2021). The bandgap energy for both direct and indirect transitions can be
determined by extrapolating to (ahv)? =0 and (ahv)* = 0 respectively (Daoudi et al., 2024).

The crystallinity of the AgNPs was evaluated using an X-ray diffractometer, Rigaku ULTIMA
IV, Japan by irradiating the samples with Cu Ka radiation (A=1.5418A), and the diffractograms were
acquired between 2 to 70° 0 values with a scan speed of 2 and a step of 0.02°.

The average crystallite size was calculated using the Debye-Scherrer equation:

0.94
- Bcosb

where D is the average NPs crystal size, K is Scherrer’s constant, equal to 0.9, A is the X-ray source’s
wavelength, equal to 1.5406A, and f is the peak’s full width at half maximum (FWHM) in radians at
Bragg’s angle, 0. The average crystallite size of AgNPs was found to be 20.10 nm.

The interplanar spacing (dnu) of the diffractograms was estimated using Bragg’s law equation
_ 2sinb
hkl = 9
Where d is the spacing of the crystal layers (path difference), hkl is the plane Miller indices, n is the
order of diffraction (usually n=1), A and 0 are described previously.
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The morphology and particle size of the nanoparticles were determined using transmission
electron microscopy, Jeol JEM-2100 TEM, Japan. The sample was loaded on a copper grid. The
elemental composition of the nanoparticles was determined using an energy dispersive X-ray
analysis, Bruker Xflash Detector 3001, Quantax 1.7, Finland. The sample was loaded on carbon
coating and air-dried.

Results and Discussions

FTIR Spectral Analysis of Lignin Fractions and AgNPs

The FTIR spectra of Lg, LMwLg, HMwLg, and the synthesized AgNPs are shown in Figure 9(a)
and (b) respectively.

The band at 1739 cm! is attributed to the C=O stretching of the ester bonds of the carboxylic
groups of ferulic and p-coumaric acids of lignin (Nigam et al., 2021). The band at 1525 - 1560 cm™! are
assigned to C=C and C-C skeletal vibrations of the aromatic rings (Marsik et al., 2024). The broad
band at 2840 — 3600 cm™ is assigned to O-H stretching for phenolic hydroxyl groups (Margarida
Martins et al., 2024). The band at 870 cm™ was attributed to the deformation vibrations of C-H of
lignin aromatic rings (Slavin et al., 2021). The band at 1425 cm ! was a result of aromatic ring stretching
with in-plane C-H deformation and CHs antisymmetric deformation of the G and S structural units
of lignin (Margarida Martins et al., 2024; Sammons et al., 2013). The band at 1225 cm is attributed to
the C-C, C-O, C=0 stretching of the G ring (Sammons et al., 2013). The peak at 518 cm is as a result
of C-O-C ether or aromatic skeletal vibrations (Sammons et al., 2013). In Figure 9(b), all the peaks in
LMwLg spectrum are also present in AgNPs spectrum, with a difference in reduced intensity in the
AgNPs spectrum indicating the involvement of LMwLg functional groups in the synthesis of AgNPs

(Barapatre et al., 2016).
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(b)

Figure 9. (a): FTIR analysis of Lg, LMwLg, and HMwLg lignin fractions from Parthenium hysterophorus. (b): FTIR
analysis of LMwLg and AgNPs.

Biosynthesis of silver nanoparticles

The synthesis process of AgNPs should be simple, and cost-effective with minimal usage of
chemical-reducing agents. Thus, LMwLg, being a non-toxic and biodegradable polymer, was utilized
for the synthesis of AgNPs as both a reducing and capping agent. AgNPs formation was confirmed
after LMwLg solution was mixed with AgNO:s solution and the solution changed color from yellow
to dark brown (Figure 3). The intense dark brown color results from excitation of the localized surface
plasmon resonance (SPR) in the nanoparticles and depends on the concentration of AgNPs in the
solution (Leyu et al., 2023). This indicated the complete bio reduction of Ag* to Ag? (Saratale et al.,
2022).

LMwLg + AgNO, Ag®

Figure 3. Bio-reduction of Ag* to Ag®

Optimization of AgNPs synthesis

The optimization technique during the synthesis of nanoparticles is crucial to ensure stability
and quality of the nanoparticles formed under ideal conditions, especially when using bio-reducing
and bio-capping agents (Doan et al., 2020). To determine the optimum experimental conditions for
the synthesis of silver nanoparticles using LMwLg from Parthenium hysterophorus, it was crucial to
evaluate the effects of the reaction time, temperature, LMwLg concentration, and silver ion
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concentration through UV-Vis measurements based on the SPR phenomenon in the AgNPs. The
position, symmetry, narrowness, or broadness of the SPR peak gives information about the presence,
shape, size, agglomeration, and oxidation of nanoparticles which is used to determine the optimum
experimental conditions for AgNPs synthesis (Velgosova et al., 2016). Symmetrical and narrow SPR
band indicates small-sized and uniformly shaped silver nanoparticles. Additionally, the SPR band
can experience wavelength shifts, changes in shape, and changes in absorbance capacity (M. Ider et
al., 2016). The synthesized AgNPs exhibited the SPR peak at 439 nm which agrees with other reported
values where the silver nanoparticles show an SPR peak at a wavelength range of 439 nm (Bindhu &
Umadevi, 2014).

The effect of silver ion concentration

Figure 4 shows the effect of AgNOs concentration on the synthesis of silver nanoparticles.

Absorbance

1 N 1 N 1 N 1 N
400 500 600 700 800
Wavelength (nm)

Figure 4. The effect of silver ion concentration.

The results showed that different maximum absorbance, peak intensities, and shapes were
obtained at various concentrations. Upon increasing the concentration of AgNOs from 0.01 to 0.1 M,
the reduction rate of Ag* to Ag? increases drastically as well as the number of nanoparticles formed,
resulting in enhanced peak intensity and a sharp SPR peak due to small size distribution of the
AgNPs (M. Ider et al., 2016; Nguyen et al., 2023). A broad and weak SPR band was observed for lower
AgNOsconcentrations (0.01 M), indicating the presence of AgNPs with broader size distributions (M.
Ider et al., 2016). The concentration of Ag? is directly proportional to the initial concentration of
AgNOs (Nguyen et al., 2023). Thus, at higher AgNOs concentrations,1 M, excess Ag0 results in
distortion of the SPR peak’s symmetry, flattening, and reduced SPR band intensity due to a decrease
in effective surface area for light absorption, a non-homogeneous distribution of the nanoparticles,
and agglomerations of the large nanoparticles by Van der Waals interactions between neighboring
nanoparticles (Alim-Al-Razy et al., 2020; Iravani et al., 2014; M. Ider et al., 2016, Nakamura et al.,
2011). The formation of large nanoparticles at higher concentrations can also be explained by collision
theory (K.J. Laidler et al., 1996). For a chemical reaction to occur, molecules must collide (effective
collisions) with sufficient energy for the reaction to proceed. Our experiments demonstrated that,
when 1 M AgNOs was added, the silver ion concentration was high in a volume of the same unit,
increasing the probability of molecular collisions, leading to a higher rate of nucleation and a higher
yield and formation of larger nanoparticles. Ider et al observed that upon increasing the concentration
of silver nitrate from 0.005 g/L to 0.05 g/L the SPR band becomes narrow with increased intensity.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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However, increasing the concentration to 0.1 g/L, the SPR band broadens and the intensity decreases
(M. Ideretal., 2016). Comparing the SPR bands, it was found that 0.1 M was the optimal concentration
to be used to synthesize AgNPs due to its narrow and symmetrical SPR peak compared to 0.01 M
and 1 M.

The Effect of LMwLg Concentration

Figure 5 depicts the effect of LMwLg in the synthesis of silver nanoparticles.

—0.2% wiv
— 0.4% wiv
—0.5% wiv

Absorbance

T T T T T T T T
400 500 600 700 800
Wavelength (nm)

Figure 5. The effect of LMwLg concentration.

Varying the concentration of LMwLg during the synthesis of AgNPs affects various
characteristics of AgNPs, including their size, shape, yield, rate of formation, stability, and optical
properties (Dikshit et al., 2021). To evaluate the effect of LMwLg on the production of AgNPs, 90 ml
of 0.2, 0.4, and 0.5% w/v of LMwLg solution were mixed with 10 ml of 0.1 M AgNQOs at room
temperature. From Figure 5, increasing lignin concentration from 0.2 to 0.4% w/v leads to a sharper
and more defined SPR peak, indicative of uniform particle size and shape (Saratale et al., 2022;
Shankar & Rhim, 2017). At higher lignin concentrations (0.5% w/v), the SPR band broadens, the
intensity reduces, and there is a redshift. The intensity decreases due to the formation of larger silver
nanoparticles or aggregates at higher concentrations, which reduces efficient light absorption,
resulting in decreased absorbance values (Marsik et al., 2024). At higher lignin concentrations,
redshift is caused by the resonance of larger nanoparticles at slightly different wavelengths, resulting
in a more dispersed spectral feature (Muzamil et al., 2014) in addition to an increase in the overall
refractive index of the medium surrounding the silver nanoparticles (Tanabe et al., 2020; Wang et al.,
2001). The broadening of the SPR peak indicates a more heterogeneous particle distribution caused
by an increase in the hydrodynamic diameter and polydispersity index (PDI) of AgNPs as well as the
alteration of the electron density at the surface of the nanoparticles by the thicker lignin capping
layers around the nanoparticles at higher concentrations (Hu & Hsieh, 2016; D. Li & Chen, 2024;
Marsik et al., 2024). At lower lignin concentrations, the yield of silver nanoparticles is low due to
insufficient capping and stabilization of the silver nanoparticles (Saratale et al., 2022). In a previous
study, increasing the concentration of lignosulfonate from 0.2 mM to 1.6 mM led to an increase in
intensity of the SPR band. A further increase in concentration to 2 mM, the intensity of the SPR band
decreases (Saratale et al., 2022). Per our findings, 0.4% w/v of the LMwLg was chosen to optimize the
next parameter.

The effect of reaction temperature

Figure 6 depicts the effect of temperature in the synthesis of silver nanoparticles.
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Figure 6. The effect of reaction temperature.

Temperature plays a crucial role in the synthesis of silver nanoparticles as it affects the size,
shape, intensity of the SPR peak, and the rate of formation of the nanoparticles (Azad et al., 2023).
The rate of formation of the nanoparticles is dependent on the temperature and an increase in
temperature increases the rate of reduction of silver ions and the formation of nanoparticles,
increasing the intensity of the SPR peak (Prakash & Soni, 2011). The optimum reaction temperature
was determined by reacting 0.4% w/v LMwLg solution with 0.1 M AgNOs over a range of
temperatures of 25 °C to 80 °C and observing the UV-Vis spectra. At higher temperatures, the reaction
rate increases due to an increase in the kinetic energy of the silver ions as well as an increase in the
number of effective collisions. This results to the formation of larger particles, leading to a decrease
in optical density (Doan et al., 2020; Nguyen et al., 2023). From Figure 6, when the temperature is
increased from 25 °C to 60 °C, the SPR band becomes narrower and the intensity increases due to an
increase in the yield of AgNPs (Ansari et al., 2023). At 80 °C, a redshift (from 436 nm to 497 nm) is
observed as shown in Figure 6 as well an increase in the intensity of the broad SPR band due to
agglomeration of the large AgNPs formed at higher temperatures (Anbu et al., 2019). Therefore, the
optimal temperature in the synthesis of AgNPs was 60 °C.

The effect of reaction time

Reaction time is one of the factors to consider during the synthesis of silver nanoparticles since
the stability, size, shape and yield of the nanoparticles depends on the reaction time (Nasruddin et
al., 2024). The UV-Vis spectra in Figure 7 illustrates the synthesis of AgNPs over time.
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Figure 7. The effect of reaction time on the synthesis of silver nanoparticles.

A strong absorption peak around 430 — 450 nm is observed which characteristic of the SPR peak
of silver nanoparticles (Marsik et al., 2024). At 0 minutes, the absorbance is low and there is no
formation of the SPR peak, an indication of no formation of silver nanoparticles (Iravani et al., 2014).
As time increases, until 150 minutes, the intensity of the SPR band continually increases and becomes
narrower due to the blueshift, indicating continuous formation of smaller and uniform AgNPs
(Darroudi et al., 2011). After 140 minutes, there is no significant increase in the intensity of the SPR
band, confirming complete formation of silver nanoparticles (Muzamil et al., 2014).

Characterization of the Synthesized Silver Nanoparticles

Bandgap and optical characteristics of AgNPs

Figure 8 shows the optical properties of silver nanoparticles including the Tauc’s plots for (a)
direct transitions, and (b) indirect transitions and the UV-Vis spectra of (c) AgNPs, (d) AgNOsand
(e) LMwLg confirming the formation of AgNPs.
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Figure 8. The optical properties of silver nanoparticles including the Tauc’s plots for (a) direct transitions, and
(b) indirect transitions and the UV-Vis spectra of (c) AgNPs, (d) AgNOsand (e) LMwLg confirming the
formation of AgNPs.

The electron cloud on the surface of the NPs oscillates when it absorbs electromagnetic waves of
a specific frequency through a phenomenon called localized surface plasmon resonance (SPR) and is
normally recorded as electromagnetic wavelengths by a UV-Vis spectrophotometer (Mat Yusuf et al.,
2020). The reduction of Ag* to Ag? by LMwLg was monitored using a UV-Vis spectrophotometer as
shown in Figure 8. In the absence of LMwLg, there is no formation of SPR band (Figure 8). Silver
nanoparticles showed a SPR band at 439 nm. According to (Leyu et al., 2023), AgNPs with maximum
absorbance at around 420 - 440 nm have a spherical shape and uniform distribution, implying that
the produced AgNPs in this study were spherical and uniform. From Figure 8(a), the optical bandgap
energy for direct transitions was found to be Eg = 2.49 eV, indicating the energy required for direct
electron transitions. For indirect transitions, Eg = 1.94 eV, Figure 8(b), indicating the transitions
involving phonons. These values are similar to other reported values (Daoudi et al., 2024; Mistry et
al., 2021).

X-ray diffraction analysis

X-ray powder diffraction (XRD) was used to determine the crystallinity and phase identification
of AgNPs as shown in Figure 10.

20 (°) B (radians) hkl d-spacing (A) D (nm)
38.2282 0.00698132 111 2.3524 21.0388
44.4008 0.00837758 200 2.0386 17.892

64.5868 0.007679449 220 1.4418 21.3787
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Figure 10. Silver nanoparticle powder diffractograms.

In this work, three distinct peaks were observed at 20 of 38.23°, 44.40°, and 64.59°, corresponding
to crystal planes (111), (200), and (220) respectively that are typical for a face-centered cubic structure
(Space group: F m -3 m (225)). The values match the standard data (JCPDS Card No 04-0783). The
interplanar spacing of the diffractograms at 20 of 38.23°, 44.40°, and 64.59°, were 2.3524A, 2.0386A,
and 1.4418A respectively. The obtained XRD data agree with earlier findings (Daoudi et al., 2024;
Doan et al., 2020; Saratale et al., 2022).

TEM Analysis

Transmission electron micrographs were used to determine the size and morphology of AgNPs
as shown in Figure 11(a—d).

TEM image of AgNPs at different magnification of 20 nm, 50 nm, and 100 nm showed that
AgNPs are spherical and monodispersed, Figure 11(a—c). A histogram is a bar graph that illustrates
the frequency of occurrence against the particle size. Figure 11(d) is a histogram representing the
particle size distribution of silver nanoparticles. The mean particle size was 20.81 nm which was close
but slightly higher than the particle size obtained from XRD analysis (20.1 nm). This difference is due
to the fact that XRD measures the crystallite size of crystallites that contribute to XRD peak
broadening while TEM measures the overall particle size including the amorphous regions and the
surface regions that don’t necessarily contribute to XRD peak broadening (Gorimbo et al., 2024; Rabiei
et al., 2020).

EDX Analysis

Energy dispersive X-ray spectroscopy (EDX) is a technique that is used to analyze near surface
elements as well estimate their composition (Lin et al., 2014).
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El AN Series unn.C% norm.C% Atom. % Error %
Ag 47 L 78.46 77.66 33.05 2.7
C 6 K 3.47 3.44 13.13 0.7
Si 14 K 0.33 0.33 0.54 0.2
O 8 K 18.76 18.57 53.28 3.8

The elemental composition of silver nanoparticles was determined using EDX, which confirmed
the presence of silver, carbon, oxygen, and silicon. The intense peak at 3.0 keV was attributed to silver
(Daoudi et al., 2024). High weight (78%) and atomic (33%) show silver is the major constituent of the
sample. The relatively low error suggests good signal quality. The presence of oxygen confirms that
silver is embedded in an oxygenated matrix, as lignin contains phenol groups that contain oxygen.

Conclusions

In conclusion, the successful synthesis of silver nanoparticles using low molecular weight lignin
confirmed the successful fractionation of lignin and its potential as a reducing and capping agent for
nanoparticle synthesis. The optimum parameters to obtain uniform and stable silver nanoparticles
were 60 °C, 140 mins, 0.1 M AgNOs, and 0.4% w/v LMwLg. The position of the SPR peak at 436 nm
confirmed that the synthesized nanoparticles were silver. TEM and XRD results confirmed the
average size of the nanoparticles to be 20 nm. EDX analysis confirmed the nanoparticles were mainly
composed of silver.
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