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Abstract 

This study explores the green synthesis of silver nanoparticles (Ag NPs) using oil palm (Elaeis guineensis) residue 
as a reducing agent. The synthesis was optimized by analyzing the effects of pH, silver nitrate (AgNO3) concentration, 
and extract-to-AgNO3 ratios using a Taguchi L9 design. The highest yield theorist (72%) was achieved under the con‑
ditions of pH 10, 100 mM AgNO3 concentration, and a 2:3 extract-to-AgNO3 ratio. The synthesized Ag-NPs were 
characterized through UV–Vis (400–450 nm), Fourier-transform infrared spectroscopy (FT-IR, 1370 cm-1, attributed 
to the nitro group), dynamic light scattering (DLS, 10.07 nm average particle size with a hydrodynamic diameter (Dh) 
of 235.82 nm in a neutral pH), zeta potential (− 18.33 mV), scanning electron microscopy (SEM), and X-ray diffraction 
(XRD). Antimicrobial testing against Pseudomonas aeruginosa revealed antibacterial activity, making these nanoparti‑
cles a promising alternative to traditional antibiotics.

Keywords  Residual biomass, Oil palm, Palm husks

*Correspondence:
Rocío Meza‑Gordillo
rocio.mg@tuxtla.tecnm.mx
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40712-025-00305-9&domain=pdf
http://orcid.org/0000-0002-6596-4885
http://orcid.org/0009-0006-0004-5999
http://orcid.org/0009-0005-0031-0003
http://orcid.org/0009-0005-5264-6190
http://orcid.org/0009-0000-9433-8608
http://orcid.org/0009-0008-1277-1554
http://orcid.org/0000-0002-5720-9652
http://orcid.org/0000-0002-4743-9112
http://orcid.org/0000-0002-3975-7372


Page 2 of 14Diaz‑López et al. J Mater. Sci: Mater Eng.           (2025) 20:88 

Graphical Abstract

Introduction
The oil palm industry generates a substantial volume of 
by-products year-round, particularly during palm oil 
production, leading to a considerable accumulation of 
organic residues such as husks, fibers, and shells (Ong 
et  al. 2021). These residues pose environmental chal-
lenges and contribute to high operational costs for the 
oil processing sector. Issues such as rapid decomposition, 
limited disposal sites, and high transportation expenses 
further complicate effective waste management (Nabila 
et al. 2023). Consequently, the need to valorize and reu-
tilize oil palm by-products presents a promising pathway 
toward sustainability in the palm oil industry (Anyaoha 
et al. 2018).

Among these by-products, oil palm husks constitute a 
significant portion of the waste, with annual production 
volumes reaching millions of tons (Kahar et  al. 2022). 
Beyond their sheer abundance, these husks are of consid-
erable biotechnological interest due to their rich content 
of bioactive compounds, such as polyphenols, which have 
demonstrated potential for diverse applications (Huan 
et al. 2022; Nuchdang et al. 2022). Advances in nanotech-
nology have increasingly highlighted the cost-effective 

and non-toxic advantages of using plant-based reduc-
ing agents for the green synthesis of silver nanoparticles 
(AgNPs) (Dzul-Erosa et al. 2018).

Elaeis guineensis Jacq., commonly known as the oil 
palm, has been utilized in the synthesis of various nano-
particles, including gold nanoparticles (AuNPs, ZnNps, 
TiO2NPs) (Ahmad et al. 2017; Saputra et  al. 2024; Putri 
et  al. 2024), due to its rich phytochemical content. In 
this context, oil palm husks offer a sustainable and cost-
effective alternative for AgNP production, leveraging 
their natural phenolic content to facilitate nanoparticle 
formation while simultaneously addressing the environ-
mental burden of agricultural waste (Princy et al. 2023). 
Silver has been used as a microbial inhibitor (Mazariegos 
et  al. 2019), and it is now possible to modify this metal 
to a nanometric size, resulting in silver nanoparticles 
(Ag NPs) (Thakur et al. 2024). Silver nanoparticles have 
garnered significant attention due to their potent anti-
microbial properties, which are particularly valuable in 
combating multidrug-resistant pathogens.

The antimicrobial activity of AgNPs is attributed to 
several mechanisms that disrupt microbial cells and 
inhibit their growth as adhesion and disruption of cell 
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membranes, intracellular penetration and damage, gen-
eration of reactive oxygen species, and modulation of 
signal transduction pathways (Dakal et  al. 2016). Due 
to their wide range of applications, Ag NPs are used in 
drug development, biological systems, and as antiviral, 
anticancer, antibacterial agents, as well as catalysts and 
in optoelectronics (Shantkriti et  al. 2023; Aravind et  al. 
2021). There are various methods for the green synthe-
sis of Ag NPs; however, it has been shown that the reac-
tion yield can vary depending on the reaction conditions 
employed (Nangare and Patil 2020).

A substantial amount of research has been dedicated to 
the green or plant-mediated synthesis of silver nanoparti-
cles. The physicochemical characteristics of silver nano-
particles are crucial in determining their antibacterial 
and cytotoxic effects (Bamal et al. 2021). pH concentra-
tion of plant metabolites as reducing agents, temperature, 
and silver ion concentration have been evaluated as con-
ditions to synthesize AgNPs (Habeeb et al. 2022; Ahmed 
and Mustafa 2020).

The integration of green synthesis methods and the 
detailed characterization of nanoparticles can lead to 
significant advancements in controlling resistant bacte-
rial infections caused by Pseudomonas aeruginosa that 
is a significant opportunistic pathogen known for caus-
ing severe infections, particularly in immunocompro-
mised individuals and patients with cystic fibrosis. Its 
ability to develop resistance to multiple antibiotics poses 
a major challenge in clinical settings and contribute to 
the sustainable development of nanomaterial technolo-
gies (Jiménez et al. 2023; Villani et al. 2024). In the pre-
sent work, the optimization of the synthesis of Ag NPs 
using extracts from Elaeis guineensis Jacq. residues and it 
is antimicrobial acitivity against Pseudomonas aeruginosa 
were proved.

Materials and methods
Elaeis guineensis Jacq. extract conditions
The oil palm (Elaeis guineensis Jacq.) husk wastes were 
provided by Propalma, a company located in Acapetahua, 
Chiapas, Mexico. The residues were dried at 60 ± 2  °C, 
ground, and sieved (n°35; < 0.5  mm). For the extraction 
of oil palm husk extract, a 1:5 ratio (residue-distilled 
water) was used. Sonication was carried out in a sim-
ple frequence ultrasonic bath TEBU-3L (Felisa, Mexico) 
with 40 kHz ultrasound frequency, 120 W of ultrasound 
power, and 100 W of heating power, for 1  h at 50  °C 
(Ofori-Boateng and Lee 2013), followed by filtration and 
centrifugation at 4000 rpm for 15 min. Subsequently, the 
pH was adjusted to pH 7 with a 10 mM NaOH solution. 
The procedure was performed in the absence of light.

Experimental design for the synthesis of Ag NPs
The effect of AgNO3 concentration (10, 100, and 
190  mM); pH (6, 8, and 10); and extract-AgNO3 ratio 
(1:5, 2:5, and 3:5) on the synthesis yield of Ag NPs was 
evaluated using a Taguchi L9 orthogonal design. The 
Taguchi L9 experimental design is a robust optimiza-
tion method that allows for the systematic evaluation of 
the effects of multiple factors on a process while mini-
mizing the number of experimental trials. In this study, 
a Taguchi L9 orthogonal array is employed to assess the 
influence of three factors: AgNO3 concentration, pH, 
and extract-AgNO3 ratio, each with three levels. The L9 
design consists of 9 experimental trials, as it is based on 
an orthogonal array that allows the efficient investiga-
tion of these factors and their interactions. Three levels 
are selected for AgNO3 concentration (10 mM, 100 mM, 
and 190  mM). This factor evaluate the effect of varying 
the concentration of AgNO3 on the desired outcome. The 
pH of the solution is crucial for understanding how pH 
affects the synthesis or behavior of the reaction in the 
presence of the extract and AgNO3. Extract-AgNO3 ratio 
evaluate how the proportion of extract relative to AgNO3 
influences the process. The Taguchi L9 design involves 9 
experimental combinations, each corresponding to one 
of the following sets of factor levels (Table 1).

This design enables the study of individual and interac-
tive effects of these factors while maintaining a minimal 
number of experimental trials. By using this approach, 
it is possible to identify the optimal conditions for the 
desired outcome with greater efficiency and less resource 
usage.

The response variable was the theoretical yield. The 
results were statistically analyzed using a completely ran-
domized one-way analysis of variance (ANOVA) with a 
significance level of p < 0.05 based on a polynomial equa-
tion. A Tukey test was used for mean comparisons with 

Table 1  Nine trials based on the different levels of AgNO3 
concentration, pH and extract AgNO3 ratio

Trial AgNO3 conc. (mM) pH Extract-
AgNO3 
ratio

1 10 6 1:5

2 10 8 2:5

3 10 10 3:5

4 100 6 2:5

5 100 8 3:5

6 100 10 1:5

7 190 6 3:5

8 190 8 1:5

9 190 10 2:5
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95% confidence, using Minitab 17 software. The general 
synthesis was as follows: 30  mL of the corresponding 
concentration solution of AgNO3 was added to an Erlen-
meyer flask immersed in a sonicator at 60 °C, followed by 
the dropwise addition of 20 mL of Elaeis guineensis Jacq. 
extract. The solution was then stirred at 50  °C on a hot 
plate for 1  h, with samples taken every 15  min, diluted 
with distilled water in a 1:4 ratio to measure their absorb-
ance in a UV–Vis spectrophotometer.

Characterization of Ag NPs
The characterization of the Ag NPs was performed using 
UV–Vis spectroscopy SP500-UV (Cole Parmer, Vernon 
Hills, USA), with a Xenon lamp, single beam type, 2 nm 
bandwith, minimum wavelength (nm) 198, maximum 
wavelength (nm) at 800, and wavelength accuracy ± 2 nm. 
The Fourier-transform infrared spectroscopy (FT-IR) 
were recorded using a Nicolet™ IR spectrophotom-
eter (Thermo Scientific, MA, USA). The spectra were 
obtained in the range of 650–4000 cm−1 with a resolu-
tion of 4 cm−1 [50]. The samples were placed directly 
into the FTIR. Dynamic light scattering (DLS) and zeta 
potential analysis were done in a Horiba Scientific DLS 
SZ-100, particle size: 0.3 nm–8 µm, diode laser 532 nm, 
zeta potential range − 200  mV a + 200  mV; the surface 
morphology scanning electron microscopy (SEM) was 
characterized using an acceleration voltage of 15 to 20 kV 
(Zeiss Gemini Auriga, Oberkochen, Germany) at 25 kV, 
the samples were introduced into the analyzer, and elec-
tron micrographs were captured for each sample at vari-
ous magnifications. The X-ray diffraction patterns were 
obtained using a powder diffractometer (Rigaku, Ultima 
IV, Tokyo, Japan) with Cu-Kα radiation as the source, 
operated at 44 kV and 300 mA. Scattered radiation was 
detected in the range of 2θ = 10–40° at a scanning speed 
of 2°/min and antibacterial activity assay as described 
below.

Antibacterial activity assay
Pseudomonas aeruginosa (ATCC 27853), used for the 
antibacterial activity assay, was maintained in tryptic soy 
agar (TSA) (MCD LAB, Mexico City, Mexico), incubated 
at 37 °C, and cryopreserved in glycerol-tryptic soy broth. 
Once reactivated in TSA at 37 °C, 3.8 g of Mueller–Hin-
ton agar were dissolved in 100 mL of distilled water with 
constant stirring until a yellow crystalline solution was 
obtained. The mixture was then poured into Petri dishes, 
which were sealed and allowed to stand for 24 h. For the 
inoculation of Pseudomonas aeruginosa, a sterile inocu-
lating loop was used to collect a bacterial sample from 
culture medium. The loop was carefully streaked onto 
the surface of the solidified Mueller–Hinton agar to dis-
tribute the bacteria. The inoculated plates were then 

incubated at 37 °C for 48  h (Festus and Emmanuella 
2020). Ag NPs were applied to the center of the plates at 
a concentration of 1000 ppm. A positive control (cipro-
floxacin at 5000 ppm) and a negative control (water) were 
also included. The inhibition of AgNPs was measured 
as the presence or absence of Pseudomonas aeruginosa 
growth.

This manuscript was for grammar and spelling using 
ChatGPT (Open AI, USA). The LLM was used solely for 
language refinment, and no changes were made to the 
scientific content or the interpretation of the results.

Results and discussion
Ag NPs synthesis optimization
After performing the statistical analysis (p ≤ 0.05) of the 
results, the optimal treatment is presented with a pH of 10, 
and AgNO3 concentration of 100 mM, with no significant 
statistical effect compared to 190  mM, and a 2:3 extract-
AgNO3 ratio, yielding 72% and an R2 of 82% (Fig.  1). 
Siddiqui et al. (2018) states that the synthesis of silver nano-
particles initially begins when AgNO3 dissociates into Ag+ 
ions. These silver cations disperse in the aqueous solution, 
and the hydroxyl groups of phenolic compounds act as 
a capping agent, covering the surface of the silver nano-
particles. In this way, the colloidal stabilization of silver 
occurs, possibly due to Van der Waals forces between the 
negatively charged oxygen (δ−) and the positively charged 
groups surrounding the surface of the Ag NPs (Huan et al. 
2022). The formation of Ag NPs can be observed through 
the color change of the synthesis (yellow, orange, and 
brown) when the extract comes into contact with AgNO3, 
with the intensity of the color change increasing over the 
synthesis time. This color change occurs due to the excita-
tion vibrations of the surface plasmon on the metal nano-
particles (Kiba et al. 2021). The significant effects observed 
at pH 10 and high AgNO3 concentrations during nano-
particle synthesis can be attributed to the altered chemical 
environment that influences silver ion reduction, nuclea-
tion, and particle growth. At pH 10, the increased avail-
ability of hydroxide ions (OH-) facilitates the formation 
of silver hydroxide (AgOH), which may act as a precursor 
for nanoparticle formation (Hasan et  al. 2024). Addition-
ally, alkaline conditions enhance the reduction kinetics 
of Ag+ to Ag0, leading to efficient nucleation. The high 
AgNO3 concentration provides a greater supply of silver 
ions, increasing nucleation sites but potentially affecting 
size distribution due to rapid growth (Gangwar et al. 2021). 
Furthermore, electrostatic stabilization at high pH prevents 
excessive aggregation, contributing to the formation of well 
dispersed nanoparticles (Ji et al. 2021). This synthesis was 
carried out using the precursor solution of AgNO3 and the 
Elaeis guineensis Jacq. extract adjusted to the established 
pH, acting as a reducing agent through the –OH groups 
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of phytoconstituents (such as flavonoids or other polyphe-
nols, some of which include gallic acid, flavon-3-ol, flavon-
4-ol, and flavon-3,4-diol), these compounds act as electron 
donors, facilitating the reduction of metal ions (e.g., Ag+ 
or Au3+) into their zero-valent metallic form (Ag0 or Au0), 

which is essential for nanoparticle nucleation. Once nano-
particles are formed, these biomolecules prevent exces-
sive growth and aggregation by providing electrostatic 
and steric stabilization, the presence of multiple hydroxyl 
and carboxyl groups in gallic acid enhances hydrophilicity, 
which improves nanoparticle dispersion in aqueous media.

Flavonoids interact with the metal nanoparticle surface 
through π-electron interactions and hydrogen bonding, 
modulating their final shape and size. The number and 
position of hydroxyl groups in flavonoids can affect nano-
particle size distribution, leading to uniform or polydis-
perse particles depending on reaction conditions, acting as 
capping agents influence the morphology of nanoparticles 
by controlling their growth and preventing excessive coa-
lescence. With the assistance of the bioactive compounds 
present in the synthesis, this leads to the coprecipitation 
of the Ag NPs. This formation results in nucleation, mean-
ing an aggregation of the nanoparticles with the bioactive 
compounds present in the Elaeis guineensis Jacq. extract 

(Shantkriti et  al. 2023; Siddiqui et  al. 2018; Alharbi et  al. 
2022; Chugh et al. 2021; Habeeb et al. 2022).

According to the statistical analysis, the linear regression 
equation was obtained (Eq.  1); this was done in order to 
predict the Ag NPs yield values based on pH, AgNO3 con-
centration, and the extract-to-AgNO3 ratio.

As shown in Fig.  2a, the surface plot illustrates the 
effect of pH in relation to AgNO3 concentration. A higher 
pH and AgNO3 concentrations of 100 and 190 mM have 
significant statistical effect (p ≤ 0.05) for higher Ag NPs 
yield. The model was based on 49 observations (based 
on the degrees of freedom in the ANOVA: 16 + 32 + 1). 
The residual plot (2b) shows that the residuals range 
between − 0.12 and 0.12, with most values close to zero, 
indicating that the model predicts well. There is no evi-
dent pattern of increasing or decreasing spread, which 
suggests that the variances are constant. The distribution 
appears symmetric, supporting normality and suggesting 
that the model assumptions are met. The non-normality 
of the residuals (2c) (p = 0.037 < 0.05) indicates that one of 
the key assumptions of linear regression is not fully met. 
The data simply do not meet the assumption of normality 
of the residuals. This is common and does not automati-
cally invalidate the analysis. An attempt was made to cor-
rect the non-normality (p = 0.037) using a transformation 
such as Box-Cox, resulting in a p-value of 0.087.

(1)Ag NPs (mg) = −19.91+ 3.172 pH+ 0.0906 AgNO3 (mM)− 0.12 Extract : AgNO3

Fig. 1  Overview of the effects of key experimental factors on the synthesis, morphology and yield of silver nanoparticles (AgNPs)
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Fig. 2  Influence of pH and the extract-to-AgNO3 ratio on the yield of silver nanoparticles (AgNPs), highlighting how variations in these parameters 
affect nanoparticle formation efficiency and overall synthesis outcome. a Three-dimensional surface response plot for the synthesis of Ag NPs 
as a function of AgNO₃ concentration and pH. The panel shows the combined influence of both variables on the number of nanoparticles 
obtained. b Residuals versus predicted values plot for the regression model applied to the synthesis of Ag NPs. The random distribution of residuals 
around zero indicates that the model fits the experimental data well, with no evident systematic patterns. c Histogram of residuals overlaid 
with the normal distribution curve. The closeness of the histogram shape to the normal curve suggests that the model residuals are approximately 
normally distributed, which supports one of the fundamental assumptions of regression analysis
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pH effect on the synthesis of Ag NPs
The pH has statistically significant effect (p ≤ 0.05) on the 
yield and production of Ag NPs. It was observed that an 
alkaline pH (pH 10) is optimal for the synthesis condi-
tions. The synthesis of AgNPs is highly pH-dependent. 
Studies have shown that a pH of around 8 to 10 is often 
optimal for producing smaller and more uniform nano-
particles. According to Quintero-Quiroz et  al. (2019), a 
pH of 8 resulted in a high yield of AgNPs with a diam-
eter less than 10.30  nm. Nelagadarnahalli et  al. (2023) 
reported optimal synthesis at pH 10, resulting in bimodal 
size distribution with diameters of 7.3 nm and 14.3 nm. 
Similarly, pH levels of 8 and 9 were found to be effective 
for producing nanoparticles with sizes between 25 and 
30 nm. Various methods presented in the literature indi-
cate that the morphology and size of Ag NPs depend on 
the pH of the reducing agent (Lima et al. 2022; Smirnov 
et al. 2023). These characteristics are directly affected by 
the adjusted pH, which is evident when observing the 
color changes, ranging from colorless to brown. Accord-
ing to Chugh et  al. (2021), this is due to the concentra-
tion of electric charges from the reducing agents present 
in the plant extract, which are strongly altered under dif-
ferent pH conditions, affecting their ability to bind and 
reduce metal ions. In the evaluation of different pH lev-
els in the synthesis of Ag NPs, Gontijo et al. (2020) high-
lighted the dependence of Ag NPs on pH. Additionally, 
through this variation, it was possible to observe greater 
aggregation within the pH range of 3 to 7. At pH lev-
els below 3 and above 7, less aggregation was observed. 
Based on this study, it was confirmed that the stability of 
Ag NPs is highly influenced by pH. A potential influence 
was also determined between the synthesis of Ag NPs 
at alkaline pH and their microbial inhibition potential 
(Gontijo et al. 2020).

AgNO3 concentration effect on the synthesis of Ag NPs
The concentration of the precursor salt (AgNO3), 
according to the statistical analysis, has significant 
statistical effect (p ≤ 0.05). The highest yield of the 
synthesized nanoparticles was obtained using con-
centrations of 100  mM and 190  mM, with no signifi-
cant statistical difference between them. According 
to Chugh et  al.  (2021), this concentration directly 
influences the yield of the synthesized nanoparticles, 
meaning that the higher the concentration, the greater 
the yield, due to the presence of silver cations in the 
reaction. Rahman et  al. (2019), in their evaluation of 
two concentrations, one low and one high, note that a 
high concentration of AgNO3 could promote the syn-
thesis of Ag NPs with smaller sizes and higher yields, 
in contrast to using lower concentrations. This is due 
to the reactions between the reducing compounds of 
the extract, which come into contact with a higher 
number of silver cations. Therefore, it is of interest to 
understand the relationship between the extract and 
silver ion concentration. Lower concentrations have 
been associated with optimal nanoparticle synthe-
sis. For example, a concentration of 1  mM AgNO3 at 
pH 8 yielded nanoparticles with significant biological 
activity (Nelagadarnahalli et  al. 2023). Another study 
found that a concentration of 0.8 mM AgNO3 at pH 5 
produced quasi-spherical nanoparticles with a mean 
diameter of 16.63 nm (Rose et al. 2023).

Extract: AgNO3 ratio effect on the synthesis of Ag NPs
The effect of the extract: AgNO3 ratio is undoubt-
edly evident, according to the relationship between 
reactant  and the generated product (Ag NPs). 
There must be an equilibrium in the ratio, depend-
ing on the content of compounds in the extract 

Fig. 3  UV–Vis spectra of Elaeis guineensis extract monitored during the synthesis of silver nanoparticles (AgNPs), illustrating the progression 
of nanoparticle formation through characteristic surface plasmon resonance peaks over time
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that will react with the silver cations in the AgNO3 
solution.

Characterization of Ag NPs
UV–Vis spectroscopy
The absorbance spectra can confirm the formation of 
silver nanoparticles synthesized in a solution. The esti-
mated synthesis time was 1  h, as recorded in UV–VIS 
spectra (Fig. 3). It can be observed that, starting from the 
absorbance of the Elaeis guineensis Jacq. residue extract, 
which represents the transition from n to π* correspond-
ing to the C-O bonds present in the phenolic compounds 
of the extract, when the extract comes into contact with 
AgNO3, there is a change in the conformation of the 
chemical structure, thereby producing a new absorb-
ance spectrum that leads to the formation of Ag NPs at 
a wavelength of 400–450 nm (Alharbi et al. 2022; Habeeb 
et al. 2022; Dhasarathan et al. 2018). Alharbi et al. (2022) 
describe a possible relationship between absorbance, 
wavelength, and the size of Ag NPs, due to the resonance 
of the silver plasmons. Lower wavelength values (400 nm 
or less) are associated with smaller average particle sizes, 
while higher wavelengths (450 nm or more) correspond 
to a higher concentration of Ag NPs, which is evident in a 
higher absorbance.

FT‑IR (Fourier‑transform infrared spectroscopy)
In Fig. 4, the first FT-IR spectrum shows the functional 
groups belonging to the Elaeis guineensis Jacq. residue 
extract; the characteristic band at 3300 cm−1 corresponds 

to the –OH group of the phytochemical compounds pre-
sent in the extract, as well as the 1600  cm−1 band rep-
resenting carbon double bonds. The second spectrum 
shows a signal at 1370 cm−1, attributed to the nitro group 
of AgNO3. The third spectrum, corresponding to the Ag 
NPs after synthesis and coprecipitation, shows a decrease 
in the 1370 cm−1 band from AgNO3 and the –OH group, 
along with bands at 2925–2850  cm−1, attributed to the 
stretching vibrations of aliphatic C–H bonds, specifi-
cally the asymmetric and symmetric stretching of –CH2 
and –CH3 groups. Palm oil residues are rich in various 
organic compounds, including fatty acids, triglycerides, 
and other lipid-derived molecules. During the synthe-
sis process, these biomolecules not only act as reducing 
agents for Ag+ ions but also serve as capping agents that 
stabilize the surface of the nanoparticles. Therefore, the 
bands at 2925 and 2850 cm−1 provide strong evidence for 
the presence of long-chain hydrocarbon groups associ-
ated with these natural capping agents on the nanopar-
ticle surface. The band at 1700  cm−1 corresponds to the 
carboxyl functional group. Their presence supports the 
successful bio-reduction and stabilization of AgNPs by 
the organic constituents in the palm oil residue extract.

DLS (Dynamic light scattering)
The average size of the Ag NPs was measured using 
dynamic light scattering (DLS) and was found to 
be 10.07  nm with a hydrodynamic diameter (Dh) of 
235.82 nm and a polidispersity index (PDI) of 0.412 in a 
neutral pH, corresponding to the interaction/aggregation 

Fig. 4  FT-IR spectra of Elaeis guineensis residue extract, silver nitrate (AgNO3), and synthesized silver nanoparticles (AgNPs), highlighting 
the functional groups involved in the reduction and stabilization of AgNPs
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process of the Ag NPs due to the charge behavior of the 
surface plasmons (Villani et al. 2024), indicating a broad 
size distribution consistent with the presence of aggre-
gates. This addition strengthens the explanation regard-
ing particle aggregation and provides a more complete 
characterization of the system.

It is important to note that NPs tend to approach their 
isoelectric point in acidic solutions. This means that the 
surface charge is negative because, in an acidic solution, 
they are close to their isoelectric point and tend to behave 
as positive, due to the proton donation from the solution 
to the nanoparticles. In alkaline solutions, they tend to 
have a greater negative charge, making the nanoparticle 
charge negative, due to proton donation now from the 
bioactive compounds present on the nanoparticles. This 

analysis is of interest since the nanoparticle behavior will 
influence their potential applications.

The Dh will be influenced by the pH of the solution in 
which the nanoparticles are suspended. The other syn-
thesis conditions like acidic pH, nanoparticles tend to 
aggregate more due to reduced electrostatic repulsion, 
leading to larger particle sizes and leading to a higher Dh 
and lower dispersion. This is because the surface charge 
of nanoparticles is often neutralized at lower pH, pro-
moting aggregation. Conversely, the increased pH results 
in a higher surface charge, which enhances electrostatic 
repulsion between particles, thus reducing aggregation 
and leading to a smaller Dh in alkaline pH, there will be 
greater dispersion, resulting in a lower Dh (Fernando and 
Zhou 2019; Xiong et al. 2021; Gontijo et al. 2020; Horiba 
Scientific 2022).

Fig. 5  Effect of pH on the hydrodynamic diameter (Dh) and zeta potential of silver nanoparticles (AgNPs) synthesized using Elaeis guineensis, 
demonstrating how pH influences particle size distribution and surface charge stability

Fig. 6  Scanning electron microscopy (SEM) image of silver nanoparticles (AgNPs) synthesized using palm oil residues, captured 
at 5000 × magnification, revealing the surface morphology. Scanning electron microscopy (SEM) image of silver nanoparticles (AgNPs) synthesized 
using palm oil residues, captured at a) 5000x magnification, and at b) 50,000x magnification, revealing the surface morphology
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Zeta potential
The obtained zeta potential value was − 18.33 mV (Fig. 5), 
which is related to the Dh (Gasztych et al. 2024), as when 
zeta potential is less than ± 30 mV indicates a lower elec-
trostatic repulsion between particles, which promotes 
aggregation and reduces  stability in terms of size and 
charge (Ronávári et  al. 2021; Meher et al. 2024). Aggre-
gation, and consequently the sedimentation of parti-
cles, occurs when the particles have a charge of zero in 
relation to the suspension medium (Sharma et  al.  2023; 
Luxbacher 2014). Therefore, at acidic pH, a lower zeta 
potential value will result in less dispersion and greater 
aggregation, while at alkaline pH, a higher zeta potential 
will have an effect on the polydispersity index of the Ag 
NPs, leading to greater dispersion and less aggregation 
(Dh) (Gontijo et al. 2020).

Scanning electron microscopy (SEM) and X‑ray diffraction 
(XRD)
SEM images of the Ag NPs prepared in this study are 
shown in Fig. 6. The morphology of the Ag NPs is visual-
ized with sizes that agree with the DLS analysis, as well 
as a irregular shape. We can observe the agglomeration 
of the nanoparticles (Fig.  6A), as well as the different 
approximate sizes of the Ag NPs (Fig.  6B). The pres-
ence of Ag NPs is evident due to their conductivity that 

will translate into the sharpness of the image, quite the 
opposite with organic compounds that are not coated 
with gold, their presence will be evidenced indirectly in 
the areas with greater brightness (Shantkriti et  al. 2023; 
Alharbi et al. 2022; Chugh et al. 2021). The XRD patterns 
exhibit pronounced peaks (Fig.  7) corresponding to the 
crystallographic planes of the Ag NP surfaces. The results 
indicate a crystalline structure of the Ag NPs, with peaks 
that closely match those of pure silver  (ICSD 01–071–
6549). According to Dzido et al. (2015), these correspond 
to the (111), (200), (220), (311), and (222) planes of face-
centered cubic (FCC) silver crystals (Alharbi et al., 2022; 
Dzido et al., 2015).

Likewise, we can observe in the work of Ödemiş et al. 
(2022) the presence of Ag NPs is determined by X-ray 
diffraction with the same crystallographic chart and sizes 
corresponding to those observed in this study in DLS 
(Ödemiş et al. 2022) are obtained; in that work, the pres-
ence of silver bound with another molecule with peaks 
of lower intensity is observed, which coincide with ours 
indicated in blue, which express a product formed by the 
reaction of AgNO3 and the bioactive compounds of the 
extract; in this study, it was determined as polyvinyl alco-
hol (PVA) bound to Ag NPs according to crystallographic 
chart 00–058–1068; however, it is necessary to do a more 
detailed study of the presence of this in the synthesis of 

Fig. 7  X-ray diffraction (XRD) patterns of silver nanoparticles (AgNPs), illustrating their crystalline structure and phase composition
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Ag NPs (Ödemiş et  al. 2022). The interactions between 
AgNPs and PVA significantly influence the stability, opti-
cal, antibacterial, antioxidant, mechanical, and biocom-
patibility properties of the resulting nanocomposites. 
These interactions are primarily driven by the stabilizing 
role of PVA, which binds to AgNPs through its hydroxyl 
groups, enhancing the overall performance (Velgosova 
et  al. 2023). The average crystallite size from the XRD 
data using the Scherrer formula was 16.29 nm.

Activity assays against P. aeruginosa
The results in the three treatments: (Fig. 8) negative con-
trol (distilled water, B) and 1000  ppm of Ag NPs (A), it 
was observed that the treatment with 1000 ppm inhibited 
at 100% the growth of Pseudomonas aeruginosa, com-
pared to the negative control. Although the plant itself 
has an antibacterial effect, it is promising for the green 
synthesis with Ag in nanometric sizes since this could 
increase its antibacterial potential, due to its biocom-
patibility by remaining bound to bioactive compounds 
belonging to the plant extract. The antibacterial proper-
ties of AgNO3 have been well-documented (Klasen 2000). 
Therefore, its use as a precursor salt in the synthesis of 
AgNPs presents a promising alternative. The results sug-
gest that this approach could be extended beyond Pseu-
domonas aeruginosa to include Gram-positive bacteria 
and even yeasts, broadening the scope of antimicrobial 
studies (Chouhan and Guleria 2020; Wang et  al.  2022). 
These can be attributed to what was reported by Habeeb 
et  al. (2022) that the antibacterial activity of nanoparti-
cles will depend on their stability, size, and shape; this 
is because silver nanoparticles, which are smaller, have 

more binding surface compared to larger silver nanopar-
ticles or agglomerates (Rahuman et al. 2022).

This inhibition could be due to cellular induction 
and toxicity by generating reactive oxygen species 
(ROS), altering cellular translation pathways, and caus-
ing oxidative stress, that is, cellular toxicity leading to 
the death of the bacteria. Likewise, mechanisms of cell 
inhibition and death have been described due to the 
electrostatic interactions of Ag NPs (Rahuman et  al. 
2021), as can be seen in the description of the Z poten-
tial, the surfaces of the Ag NPs are negative due to the 
deprotonation of the functional groups of the bioactive 
compounds belonging to the plant extract, these mol-
ecules can adhere to the cell membrane, as well as react 
with the electron transport chain. According to Dakal 
et al. (2016), the size of the nanoparticles greatly influ-
ences the antimicrobial and bacteriostatic properties 
of the Ag NPs; and there may be four mechanisms of 
action: (1) adhesion of Ag NPs to the surface of the cell 
wall and membrane; (2) penetration of Ag NPs into the 
cell and damage to intracellular structures (mitochon-
dria, vacuoles, ribosomes) and biomolecules (proteins, 
lipids and DNA); (3) cellular toxicity induced by Ag 
NPs and oxidative stress caused by the generation of 
reactive oxygen species (ROS) and free radicals; and (4) 
modulation of signal transduction pathways.

Conclusion
The optimization of silver nanoparticle (AgNP) synthe-
sis enabled the identification of optimal conditions: pH 
10, AgNO3 concentration of 100  mM, and an extract-
to-AgNO3 ratio of 3:5, yielding the highest efficiency. 

Fig. 8  Antimicrobial activity assays of silver nanoparticles against P. aeruginosa, demonstrating their inhibitory effects on bacterial 
growth. Antimicrobial activity assays of silver nanoparticles against P. aeruginosa, a) 1000 ppm AgNP’s, b) negative control (distilled water), 
demonstrating their inhibitory effects on bacterial growth.
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Under these conditions, the synthesized AgNPs exhib-
ited an average size of 10  nm with a predominantly 
spherical morphology.

The synthesized nanoparticles demonstrated a nega-
tive surface charge, with larger hydrodynamic diam-
eters (Dh) and higher agglomeration in acidic pH, 
whereas in basic pH, they exhibited greater dispersion, 
resulting in higher Dh and lower agglomeration.

At a concentration of 1000  ppm, the AgNPs exhibited 
100% antimicrobial activity against Pseudomonas aerugi-
nosa. However, further studies are required to evaluate 
their effectiveness against Gram-positive bacteria and 
yeasts to gain a more comprehensive understanding of 
their antimicrobial properties and inhibition mechanisms.
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