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Abstract: This study addresses the growing need for sustainable and effective antibacterial agents 

amid rising antibiotic resistance. We developed eco-friendly silver-natural diatomite 

nanocomposites (Ag-NDs) from agro-industrial waste using pineapple leaf (PL) extract. The 

methods employed included a green one-pot synthesis using pineapple leaf extract, which resulted 

in AgNP-NDs-PL; a conventional calcination method, which produced AgNP-NDs-Calc; and 

molecular simulation to support the experimental findings. The resulting nanocomposites 

materials were characterized by Fourier Transform Infrared Spectroscopy (FTIR), Particle Size 

Analysis (PSA), X-ray Diffraction (XRD), Scanning Electron Microscopy–Energy Dispersive X-

ray Spectroscopy (SEM-EDX), Thermogravimetric Analysis (TGA), and Transmission Electron 

Microscopy (TEM) analyses, followed by antibacterial assays and molecular simulation. The 

molecular simulations were performed using the Material Studio 7.0 with the calculation of 

adsorption energies between five major phytochemical constituents in pineapple leaf extract on 

(Ag(100)) surface. The AgNp-NDs-PL nanocomposites synthesized by green synthesis showed 

superior antibacterial activity at lower silver concentrations against Pseudomonas aeruginosa and 

Staphylococcus aureus due to smaller nanoparticle size and phytochemical synergy. 

Complementary molecular simulations revealed that strong interactions between Ag(100) and 

1,3-O-dicaffeoylglycerol from pineapple leaf extract. This integrated experimental-computational 

approach offers a novel, sustainable strategy for fabricating potent antibacterial agents aligned 

with circular economy principles. 

Keywords: Agro-industrial waste; Antibacterial; Molecular Simulation Natural Diatomite 

Waste; Silver Nanoparticles

1. Introduction  

The increasing emergence of antibiotic-resistant bacteria 

poses a critical threat to public health, prompting the 

urgent development of sustainable and effective 

antibacterial agents. In recent years, nanomaterials, 

especially silver-based nanoparticles (AgNPs) have 

garnered considerable attention for their potent 

antimicrobial properties, broad-spectrum activity, and 

long-term stability1,2). However, conventional chemical 

and physical synthesis methods often involve toxic 

reagents and energy-intensive processes, contradicting the 

principles of green chemistry3,4). To address this challenge, 

eco-friendly synthesis approaches utilizing renewable 

resources and waste materials have become a major focus 

in materials science and sustainable nanotechnology5). 

Agro-industrial and mineral-based wastes offer abundant, 
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low-cost, and biodegradable resources that can be 

valorized for functional nanomaterial production. Among 

these, pineapple leaves, an underutilized agricultural 

byproduct rich in phytochemicals, can serve as natural 

reducing and stabilizing agents for nanoparticle 

synthesis6,7). However, the synthesis of nanoparticles by 

using agricultural byproduct has significant challenges to 

maintain the nanoscale size in nanoparticle solution8). The 

sizes of nanoparticles synthesized using pineapple leaf 

extract solution exhibited instability after being stored at 

room temperature for seven days9). To increase its stability, 

organic and inorganic material has been employed as a host 

for a nanoparticle’s growth10). Organic hosts such as 

natural fibers from Thespesia lampas11) and eggshell 

powder12) have been applied; however, these materials 

typically suffer from fragility and low thermal stability at 

elevated temperatures. In contrast, inorganic hosts such as 

zeolite13,14), diatomite15,16), clay17-19), and 

montmorillonite20) offer superior thermal resistance and 

structural stability. In addition, the inorganic material 

offers high mechanical strength, and porous structure, 

making them effective in preventing nanoparticle 

agglomeration. Similarly with agricultural byproduct, 

natural diatomite, a siliceous mineral derived from 

fossilized diatoms and commonly discarded by the wine 

and beverage industries, features high porosity, unique 

pores, structures and thermal stability, making it an ideal 

solid support or host for nanocomposite development21,22) 

compared to others. Natural diatomite is a safe ingredient 

to be introduced into medicines and cosmetics23).  

Silver-loaded natural diatomite pores were prepared using 

electrochemical and thermal calcination methods to 

promote their use and applicability as nanoparticle 

carriers15). The deposition of silver nanoparticles onto 

diatomite was confirmed by a visible color change to grey 

upon completion of the electrochemical process. 

Subsequently, Ag-diatomite was calcined at temperatures 

of 300, 500, and 800 oC yielding the nanoparticles with a 

size of 50-90 nm. Among obtained materials, silver 

nanoparticles-diatomite calcined at 300 oC showed the 

most effective antibacterial properties against both 

Escherichia coli and Staphylococcus aureus. In addition, 

Ag/GO/diatomite also created as an antibacterial agent24). 

Ag/GO/diatomite calcined at 500 oC for 4 hours showed 

that AgNp/GO/diatomite had a better ability to inhibit E. 

coli than S. aureus. Furthermore, the AgNPs have been 

produced on bio-silica diatomite using Pinus Koraiensis 

extract, resulting in nanoparticle sizes of 27 nm and 

dispersed homogeneously on the surface of the diatomite25). 

The material exhibited significant antibacterial properties 

against E. coli and S. aureus, as evidenced by its capacity 

to inhibit bacterial growth within 1 hour of contact. Lastly, 

a silver nanoparticle-natural diatomite with Lantana 

camara leaf extract yielding a silver nanoparticles with a 

size range between 20 and 90 nm has been synthesized 

successfully26). 

In this research, silver-diatomite nanocomposites were 

synthesized through a green, one-pot method employing 

pineapple leaf extract as a biogenic reducer and stabilizer. 

By integrating agricultural biomass, pineapple leaves, and 

industrial mineral waste, diatomite, the proposed approach 

not only provides a sustainable route to antibacterial 

material synthesis but also supports circular economy 

strategies through waste valorization. The one-pot 

synthesis approach employed in this study offers several 

advantages by combining the reducing power of organic 

phytochemicals with the structural stability of an inorganic 

support (diatomite). This method simplifies the synthesis 

process, eliminates the need for external reducing or 

capping agents, and reduces both reaction time and energy 

consumption7). Furthermore, the simultaneous reduction, 

stabilization, and deposition of AgNPs onto the diatomite 

surface in a single step ensures better nanoparticle 

dispersion and minimizes agglomeration10). Compared to 

conventional multi-step methods, this green one-pot 

strategy is more environmentally friendly, cost-effective, 

and scalable. Thus, the selected method provides a 

practical and efficient route for fabricating antibacterial 

nanocomposites with enhanced stability and performance. 

The antibacterial efficacy of the resulting nanocomposites 

was evaluated against P. aeruginosa and S. aureus, two 

clinically significant pathogens. Furthermore, a molecular 

simulation study was conducted in parallel with 

experimental work to evaluate the adsorption behavior of 

key phytochemicals from pineapple leaf extract on the 

silver (Ag(100)) surface. The uniqueness and highlight of 

this study its rooted in its integrated approach that 

combines waste valorization, green nanotechnology, and 

computational modeling to develop efficient and 

sustainable antibacterial agents for environmental and 

biomedical applications. 

2. Materials and Method 

2.1. Materials 

Pineapple leaves were collected from the pineapple 

plantation area in Jipeng Area, Taichung, Taiwan. AgNO3 

was purchased from Sigma–Aldrich, NaOH (Merck) and 

natural diatomite waste used in this study was obtained 

from Imerys Filtration Minerals Inc. (Cellite® 577; density 

= 0.47 g/cm³; composition: 80–90% SiO₂, 2–4% Al₂O₃, 

and 0.5–2% Fe₂O₃). This diatomite represents a post-

consumer industrial waste material, as it had been 

previously utilized in the wine filtration industry and was 

repurposed in this work as a porous inorganic support for 

nanoparticle incorporation.  

2.2. Methods 

2.2.1. Preparation of Pineapple Leaf (PL) Extract 

Pineapple leaves were chopped and dried in the oven at 25-

30 oC for 5 days. A total of 2.5 g of dried leaves was 
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extracted using 100 mL of distilled water. The mixture was 

heated at 60-80 oC for 1 hour and then filtered. The filtrate 

was used for one-pot synthesis of AgNp-NDs-PL. 

2.2.2. Preparation of Natural Diatomite Waste 

The natural diatomite waste from the wine industry was 

washed with distilled water and acetone to dissolve the 

polar and organic waste, then calcined at a temperature of 

300 oC for 3h. The sample was then analyzed by TGA 

analysis. 

2.2.3. One-pot Synthesis of Silver Nanoparticles-

Natural Diatomite Composites by Pineapple 

Leaf Extract (AgNp-NDs-PL) 

A total of 100 mL of a solution containing 1%, 3%, and 

5 % w/w of AgNO3 was mixed with 2.5 mL of PL extract. 

After 2 hours of heating the solution to 70 oC, the colour 

change was observed. Each solution then received the 

addition of 1 g of diatomite. The mixture was stirred for 24 

hours at room temperature to complete the insertion of 

silver nanoparticles into natural diatomite pores and 

surfaces. The mixture was then dried at 60 oC for 48 h to 

remove the water content, resulting in AgNp-1%-NDs-PL, 

AgNp-3%-NDs-PL, and AgNp-NDs-5%-PL in a powder 

form. After performing FTIR, XRD, and SEM-EDX 

analyses, the sample's antibacterial capabilities were 

evaluated against S. aureus and P. aeruginosa. 

2.2.4. One-pot synthesis of Silver Nanoparticles-

Natural Diatomites by Adsorption and 

Calcination Methods (AgNp-NDs-Calc) 

An amount of 1 g of natural diatomites was added to 1 %, 

3%, and 5 % w/w of the AgNO3 solution in which each of 

the solutions was added with 10 mL of NaOH 1 M. The 

mixture was stirred for 24 hours to ensure the complete 

insertion of Ag⁺ ions into the pores and surface of the 

natural diatomite. The water content was removed by 

heating the mixture at 60 oC for 48 h. The formation of 

nanoparticles was observed after the calcination process at 

500 oC for 3 h, resulting in AgNp-1%-NDs-Calc, AgNp-

3%-NDs-Calc, and AgNp-5%-NDs-Calc. The composites 

were analyzed with FTIR spectroscopy, XRD, SEM-EDX, 

TEM and tested for antibacterial properties against P. 

aeruginosa and S. aureus. 

2.2.5. Qualitative Antibacterial Assay for AgNp-

NDs-PL and AgNp-NDs-Calc against P. 

aeruginosa and S. aureus  

The potency of AgNp-NDs-PL and AgNp-NDs-Calc as 

antibacterial agents against P. aeruginosa and S. aureus 

was determined using the dilution method. Mueller-Hinton 

Broth (MHB) was used to cultivate strains of P. 

aeruginosa and S. aureus. The preparation of MHB 

involved dissolving 21 g of MHB in 1000 mL of distilled 

water. P. aeruginosa and S. aureus were incubated at 37 °C  

Table 1: The antibacterial test for AgNp-NDs-PL (A) and 

AgNp-NDs-Calc (B) toward P. aeruginosa and S. aureus 

No. Bacteria Nanocomposite Sample 

name A Conc. 

(wt%) 

B Conc. 

(wt%) 

1. P. aeruginosa 1  P-1 

  3  P-2 

  5  P-3 

   1 P-4 

   3 P-5 

   5 P-6 

  - - Control 

     

2. S. aureus 1  S-1 

  3  S-2 

  5  S-3 

   1 S-4 

   3 S-5 

   5 S-6 

  - - Control 

for 24 h in a biochemical incubator. A total of 50 μL of P. 

aeruginosa or S. aureus bacteria, with 1 × 108 CFU/mL, 

was incubated in a tube after mixing 4950 μL of MHB 

medium, then 0.2 g of AgNp-1%-NDs-PL, AgNp-3%-

NDs-PL, AgNp-5%-NDs-PL, AgNp-1%-NDs-Calc, 

AgNp-3%-NDs-Calc, and AgNp-5%-NDs-Calc were 

added to 5 mL of MHB medium with bacteria in each case. 

The condition for the antibacterial assay is shown in Table 

1. The antibacterial activity was observed from the clarity 

or turbidity of the solution since it promotes the excellent 

inhibition of the nanocomposites to bacteria. The clarity of 

the sample was observed for 24 hours. 

2.2.6. Molecular Simulation of Bioactive 

Phytochemical Compounds from Pineapple 

Leaf Extract on Silver Nanoparticles Ag(100) 

Surfaces 

Molecular simulations were performed using the Material 

Studio 7.0 (Accelrys Inc., San Diego, CA, USA)27). The 

Ag(100) surface was modeled using a periodic slab 

consisting of a 4 × 4 × 3 supercell with a vacuum layer of 

15 Å along the z-axis to prevent interlayer interactions. 

The COMPASS II force field was used for energy 

minimization and molecular dynamics simulations. 

Geometry optimization was carried out using the Smart 

Minimizer algorithm until the energy convergence reached 

1.0 × 10⁻⁴ kcal/mol. The cut-off distance for van der Waals 

and electrostatic interactions was set at 15.5 Å. 

Five major phytochemical constituents in pineapple leaf 

extract such us, 1-O-caffeoylglycerol, 1-O-

coumaroylglycerol, p-coumaric acid, and 1,3-O-

dicaffeoylglycerol, and caffeic acid were selected. The 

selection of phenolic compounds used in the molecular 

simulation was based on reported literature describing the 

major bioactive constituents present in pineapple leaf 

extract28). The molecular structures of each compound 
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were first optimized using the Forcite module with the 

COMPASS force field. A silver slab with a (100) surface 

orientation was constructed and relaxed to serve as the 

adsorption substrate. Each optimized molecule was then 

docked onto the Ag(100) surface, and a full geometry 

optimization was conducted to determine the most stable 

configuration. The adsorption energy (Eads) was calculated 

using the equation: 

𝑬𝒂𝒅𝒔 = 𝑬𝒕𝒐𝒕𝒂𝒍 − (𝑬𝒔𝒖𝒓𝒇𝒂𝒄𝒆 + 𝑬𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆) (1) 

Where: 

Eads is the adsorption energy,  

Etotal is the energy of the surface-adsorbate system,  

Esurface is the energy of clean Ag(100) surface, and  

Emolecule is the energy of the isolated molecule in vacuum.  

3. Result and Discussion 

3.1. TGA analysis of natural diatomite waste 

Thermal analysis of natural diatomite waste was carried to 

determine the successful removal of impurities/organic 

matter during the calcination process at 300 oC for 3 hours. 

The primary thermograms for natural diatomite waste 

before and after heat treatment is shown in Figure 1. The 

measured residual materials from the thermal analysis for 

the natural diatomite waste before and after calcination 

were 95.31% and 99.23%. The organic compounds in the 

natural diatomite used resulted from the wine filtration 

process. At the final analysis temperature (580 oC), 3.92% 

of the impurities were successfully reduced and removed 

from the pores and structure of diatomite. 

3.2. Green synthesis of AgNp-NDs-PL 

Nanocomposite using Pineapple Leaf Extract 

(PL) 

The synthesis of AgNp-NDs-PL Nanocomposite was 

initiated from the synthesis of AgNp by pineapple leaf 

extract. The successful formation of AgNPs was observed 

by the changes of the colour of the solution that becoming 

reddish-brown (Figure 2). The reddish-brown colour is the 

characteristic colour for AgNp formation obtained after 

adding leaf extract and after heating process7). 

 
Fig. 1: TGA Thermogram of natural diatomite waste (a) 

after calcination (b) before calcination 

   
(a) (b) (c) 

Fig. 2: The changes of Ag solution colour after the AgNp 

formation, (a) Ag+ solution, (b) Pineapple leaf extract, (c) 

AgNp solution 

The color of the solution changed as a result of the 

reduction of Ag⁺ to Ag⁰ nanoparticles. This reduction 

occurred due to the reaction between phytochemical 

compounds in pineapple leaf extract and Ag⁺ ions in 

solution. The phytochemicals serve as electron donors to 

the metal orbitals, facilitating the reduction process. Their 

high electron density enables them to function as capping 

agents, thereby stabilizing and maintaining the size of the 

resulting nanoparticles5,29). The formation of Ag 

nanoparticles was observed by Particle Size Analysis, 

(Figure 3). 

Figure 3 illustrates the particle size distribution profiles of 

silver–diatomite nanocomposites synthesized using 

varying concentrations of AgNO3. The legend in this 

Figure refers to the following three sample formulations, 

samples (a) AgNp-1%-NDs-PL, (b) AgNp-3%-NDs-PL, 

and (c) AgNp-5%-NDs-PL exhibited average particle sizes 

(D50) of approximately 27 nm, 45 nm, and 65 nm, 

respectively. The size distributions ranged from 1 to 100 

nm, depending on the synthesis route and stabilization 

conditions. These results demonstrate that the green one-

pot synthesis method enables effective control over 

nanoparticle size, with the smallest and most uniform 

particles obtained in the AgNp-1%-NDs-PL sample. The 

observed differences may be attributed to variations in 

extract concentration, and silver nanoparticle loading. 

The gravimetric technique also demonstrated the 

successful insertion of silver nanoparticles into diatomite 

pores (Table 2). The number of silver nanoparticles loaded 

to natural diatomites was 1.29, 3.21, and 5.19 %w/w, in 

line with the initial loaded concentration of Ag+, which 

was 1, 3, and 5 %w/w. A slight difference in weight 

percentage was observed between Ag+ initial and AgNp-

NDs-PL because of the existence of the phytochemicals 

compound from pineapple leaf extract as shown in Figure 

4. The white powder, as an intrinsic colour of natural 

diatomite (a), became a brownish colour (b, c, d), 

indicating that the AgNps already loaded into natural 

diatomite pores and structures. One limitation of using 

diatomite as a support material is its lack of organic 

functional groups, which are essential for stabilizing 

nanoparticles during synthesis. These functional groups  
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(a) (b) 

 
(c) 

Fig. 3: The Particle sizes observation of (a) AgNp-1%-

NDs-PL, (b) AgNp-3%-NDs-PL, and (c) AgNp-5%-NDs-

PL 

Table 2: The percentage of silver nanoparticles loaded on 

AgNp-1%-NDs-PL (1), AgNp-3%-NDs-PL (2), and AgNp-5%-

NDs-PL (3) pores and structure 

No. Wo* (g) Wf*(g) Amount of AgNp 

Loaded (wt%) 

1. 1.007±0.002 1.020 ± 0.003 1.29 ± 0.04 

2. 1.004±0.001 1.036 ± 0.002 3.21 ± 0.07 

3. 1.008±0.003 1.060 ± 0.003 5.19 ± 0.06 

*Wo = initial weight of natural diatomite, Wf* = final weight of 

AgNp-NDs-PL (data are presented as mean ± standard 

deviation (n = 3). 

act as capping agents that help maintain nanoparticle size 

in colloidal form. After the drying process, however, 

nanoparticles become susceptible to agglomeration in the 

absence of such stabilizers. Nevertheless, the high surface 

area and porous structure of diatomite contribute to 

preserving the nanoscale size of the particles in powder 

form after separation from the bio-reductant. The 

combination of diatomite with organic compounds, such as 

phytochemicals from plant extracts, offers a synergistic 

effect that maintains nanoparticle stability in both solution 

and solid states. 

    
(a) (b) (c) (d) 

Fig. 4: The digital image of (a) natural diatomite and 

AgNp-NDs-PL in different concentrations of (b) AgNp-

1%-NDs-PL, (c) AgNp-3%-NDs-PL, (d) AgNp-5%-NDs-

PL 

3.3. Green synthesis of AgNp-NDs-Calc 

Nanocomposite with calcination method 

The synthesis of AgNp-NDs-Calc began with the 

entrapment of Ag+ on natural diatomite pores and surfaces. 

The addition of sodium hydroxide to the Ag+NDs mixture 

changed the natural diatomite colour becoming grey as a 

result of the formation of AgOH species in the solution, an 

unstable species that easily forms black precipitate of 

Ag2O. Furthermore, the grey indicated that not all the 

AgNO3 in the mixture decomposed to Ag2O, where some 

of Ag species remained in the Ag+NDs form. The 

illustration of the nanoparticle reduction process is shown 

in Figure 5. The formation of Ag2O on the natural 

diatomite surface resulted in an easy way to synthesize 

nanoparticles by the calcination process at high 

temperatures. The heat process forces the reduction of 

silver to nanoparticles form (Ag2O--(Si-O)n to Ag0--(Si-

O)n). At high temperatures, the intermolecular silver bond 

weakens and tends to reorganize itself into the silica 

network of the diatomite structure. A high temperature not 

only affects the metal bond but also reduces the molecular 

sizes of diatomite. High heat exposure during the 

calcination process reduces the diatomite pore size to the 

nanoscale range of 50–100 nm, although some pores 

remain with sizes below 4000 nm30), making it a possible 

template for the formation of nanoparticles. Diatomite acts 

as a filler and host for the rearrangement of metal 

structures to nano-size structures16,17,25). The calcination 

process reduces the metal and has a higher potential effect 

on nanoparticle formation. The appearance of AgNp-NDs-

Calc in different concentrations is shown in Figure 6. The 

darker color of the AgNp-NDs-Calc nanocomposite, as 

compared to AgNp-NDs-PL (Figure 4), is due to the 

incomplete reduction of Ag2O--(Si-O)n species to Ag0--

(Si-O)n. As a result, some Ag2O remains on the natural 

diatomite surface. 

The gravimetric analysis also indicated the silver 

nanoparticle supported on diatomite structure. The 

 
Fig. 5: The reaction of the calcination process to produce 

silver nanoparticles-diatomite (AgNp-NDs-Calc) in NaOH 

addition 
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Fig. 6: The AgNp-NDs-Calc with different AgNp 

percentage, (a) AgNp-1%-NDs-Calc, (b) AgNp-3%-NDs-

Calc and (c) AgNp-5%-NDs-Calc after calcination process 

at a temperature of 500 oC for 3 h 

Table 3: The percentage of AgNp supported on AgNp-1%-

NDs-Calc (1), AgNp-3%-NDs-Calc (2) and AgNp-5%-NDs-

Calc (3) structure 

No. Wo* (g) Wf*(g) The amount of 

AgNp Loaded 

(wt%) 

1. 1.001 ± 0.002 1.011 ± 0.002 1.01 ± 0.03 

2. 1.005 ± 0.001 1.035 ± 0.001 3.00 ± 0.05 

 The amount of 

AgNp/Ag2O 

Loaded (wt%) 

3. 1.008 ± 0.002 1.058 ± 0.003 5.03 ± 0.04 

*Wo = initial weight of natural diatomite, Wf* = final weight of 

AgNp-NDs-Calc (data are presented as mean ± standard 

deviation (n = 3). 

technique calculated the number of silver nanoparticles 

successfully supported on natural diatomite pores, and the 

structure is summarized in Table 3. 

3.4. The X-Ray Diffractometer (XRD) Analysis  

3.4.1. XRD Analysis of AgNp-NDs-PL 

The successful insertion of silver nanoparticles into natural 

diatomites was confirmed by the presence of characteristic 

peaks (Figure 7). The peaks at 2θ=20.24, 27.36, and 34.17o 

were confirmed as characteristic peaks for silicate 

compounds as the primary composition of natural 

diatomite23). The characteristic peaks corresponding to the 

silver nanoparticles for the face centered cubic crystalline 

structure at 2θ=37.43, 44.17, 64.39, 77.61, and 81.73o are 

shown in Table 4. The peaks 4 and 5 in AgNp-1%-NDs-

PL (b) are very weak because concentration of AgNp in 

the natural diatomite’s structure was very low. The 

existence of AgNp on AgNp-1%-NDs-PL structure was 

observed by the EDX spectra on Figure 14. 

The successful insertion of silver nanoparticles into natural 

diatomites was confirmed by the presence of characteristic 

peaks (Figure 7). The peaks at 2θ=20.24, 27.36, and 34.17o 

were confirmed as characteristic peaks for silicate 

compounds as the primary composition of natural 

diatomite23). The characteristic peaks corresponding to the 

silver nanoparticles for the face centered cubic crystalline 

structure at 2θ=37.43, 44.17, 64.39, 77.61, and 81.73o are 

shown in Table 4. Based on the Scherrer formulation, the 

crystallin size of AgNps was 17.56 nm31). The peaks 4 and 

5 in AgNp-1%-NDs-PL (b) are very weak because 

 

Fig. 7: XRD diffractograms of (a) natural diatomites, (b) 

AgNp-1%-NDs-PL, (c) AgNp-3%-NDs-PL, and (d) 

AgNp-5%-NDs-PL nanocomposites 

concentration of AgNp in the natural diatomite’s structure 

was very low. The presence of Ag nanoparticles in the 

AgNp-1%-NDs-PL sample was confirmed by the EDX 

spectrum shown in Figure 14. 

3.4.2. X-Ray Diffraction of AgNp-NDs-Calc  

The characteristic peaks of various concentrations of 

AgNp-NDs-Calc are shown at 2θ= 37.90, 44.20, 64.38, 

77.48, 81.56o which confirmed that silver nanoparticles 

succeeded in supporting on the natural diatomite structures 

by the calcination methods (Figure 8). The peak at 

2θ=31.34o corresponds to Ag2O-NPs formation32), 

indicated by the darker color of AgNp-NDs-Calc (Figure 

6). The calcination process at 500oC resulted in growing 

nanoparticles on the natural diatomite pore and surface16). 

Based on the XRD analysis, a diffraction peak at 2θ = 

31.34° (110) was observed specifically in the AgNp-5%-

NDs-Calc sample. This peak corresponds to the (111) 

plane of silver oxide (Ag₂O) (JCPDS No. 41-1104), 

indicating that a portion of silver in this sample exists in 

the oxidized state. In contrast, the main diffraction peaks 

associated with metallic Ag⁰-NP were consistently 

observed at 2θ ≈ 37.90°, 44.2°, 64.38°, 77.48° and 81.56o 

(JCPDS No. 04-0783) in all samples. Therefore, the total 

silver content of 5.03% in the AgNp-5%-NDs-Calc sample 

(as reported in Table 3) includes both metallic Ag⁰-NP and 

Ag₂O-NP. 

3.5. Porous Structure of Diatomite, AgNp-NDs-

PL and AgNp-NDs-Calc nanocomposite 

The SEM analysis results exhibited the existence of AgNps 

on the natural diatomite surfaces and pores. The particle 

sizes of AgNp-NDs-Calc are bigger than those of AgNp-

NDs-PL. The AgNp-NDs-Calc average size was 70.40 

nm7). The calcination process at 500 oC was successful to 

control the particle size and stability of nanoparticles,  
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Table 4: The 2θ characteristics peaks for AgNp-NDs-PL and 

AgNp-NDs-Calc nanocomposites 

AgNp-NDs-PL AgNp-NDs-Calc 

Peak 

No. 

2θ (o) hkl Peak 

No. 

2θ (o) hkl 

1. 37.43 (111) 1. 31.34 (110) 

2. 44.17 (200) 2. 37.90 (111) 

3. 64.39 (220) 3. 44.20 (200) 

4. 77.61 (311) 4. 64.38 (220) 

5. 81.73 (222) 5. 77.48 (311) 

   6. 81.56 (222) 

 

Fig. 8: The X-ray diffractograms of (a) natural diatomite, 

(b) AgNp-1%-NDs-Calc, (c) AgNp-3%-NDs-Calc, and (d) 

AgNp-5%-NDs-Calc 

while the hydrothermal process by using the plant extract 

resulted the smallest sizes of nanoparticle. The porous 

structure of diatomite, AgNp-NDs-PL and AgNp-NDs-

Calc nanocomposites is shown in Figure 9 and Figure 10. 

Figure 10 presents TEM images of the AgNP-NDs-Calc 

composites synthesized with varying silver loadings: (a) 

AgNp-1%-NDs-Calc, (b) AgNp-3%-NDs-Calc, and (c) 

AgNp-5%-NDs-Calc. All images show silver 

nanoparticles (dark contrast) successfully deposited on the 

porous diatomite surface. In sample (a), the nanoparticles 

are small and well-dispersed, indicating effective 

stabilization at low silver loading. In sample (b), a 

moderate increase in particle density is observed, with 

some degree of particle clustering. Sample (c) shows a 

noticeably higher concentration of silver nanoparticles 

with larger particle sizes and occasional agglomeration, 

likely due to higher precursor concentration and 

insufficient surface capping. These observations suggest 

that increasing silver loading leads to a gradual transition 

from uniform dispersion to localized aggregation, which 

may influence the material’s surface area and antibacterial 

performance. The red circle in Fiure. 10 highlights the 

AgNPs located on the surface of diatomite pores. 

Although stability testing was not conducted as a separate 

analysis, the morphological and particle size data PSA 

(Figure 3) and TEM (Figure 10) suggest that the 

synthesized AgNP–NDs-PL and AgNP–NDs-Calc 

nanocomposites-maintained nanoscale dispersion without 

aggregation. This structural stability is likely due to the 

synergistic effect of phytochemical capping and 

diatomite’s high surface area and porosity, which 

effectively anchor the nanoparticles and inhibit 

agglomeration 

3.6. The comparison of antibacterial properties 

of AgNp-NDs-PL and AgNp-NDs-Calc 

against P. Aeruginosa and S. Aureus 

Bacteria 

3.6.1. Antibacterial properties against P. 

Aeruginosa bacteria 

P. aeruginosa is a gram-negative bacterium, aerobic-

facultatively anaerobic, and particularly found in 

freshwater. This bacterium causes infections such as 

folliculitis, osteomyelitis, pneumonia, otitis externa, and 

many more33). The antibacterial test was observed in liquid 

media because the bacteria are mostly found in freshwater. 

The antibacterial performance of the material was 

evaluated based on the turbidity of the bacteria-containing 

solution. The observation of the turbidity indicates the 

specific concentration to inhibit the bacterial growth. A 

less turbid or clear solution indicates effective bacterial 

inhibition by the sample, as fewer bacterial cells are able 

to grow and multiply. In contrast, a turbid solution 

suggests that bacterial growth was not effectively inhibited. 

Besides, the cloudy solution indicates the low performance 

or no antibacterial properties of the material. The 

antibacterial test for AgNp-1%-NDs-PL, AgNp-3%-NDs-

PL, AgNp-5%-NDs-PL resulted the clear solution (P1, P2, 

P3). Meanwhile, the antibacterial test towards AgNp-1%-

NDs-Calc depicted a cloudy solution (P4) (Figure 11). In 

the highest concentration of silver nanoparticles, 3% and 

5%, yielded the less turbid solution (P5, P6) that indicated 

that both methods could be employed as effective way to 

synthesize silver nanoparticles-diatomite with excellent 

antibacterial properties. However, the nanocomposite 

synthesized by pineapple leaf extract (AgNp-NDs-PL) has 

an excellent antibacterial toward P. aeruginosa in lowest 

concentration of AgNPs compared with the AgNp-NDs-

Calc. The smaller sizes of AgNp-NDs-PL was contributed 

into the ability of nanoparticles to penetrates into 

protective outer shell of gram-negative bacteria. These 

bacteria are generally more harmful than Gram-positive 

ones due to the additional outer shell, which contributes to 

antibiotic resistance. Besides, the smaller sizes of AgNp-

NDs-PL produce effective contact between nanocomposite 

and bacteria, affecting the strongest inhibition of bacterial 

growth. In addition to the size effect, the enhanced 

antibacterial properties of AgNp-NDs-PL are attributed to 

the phytochemical compounds present in the pineapple 

leaf extract, which further strengthen its antibacterial 

activity. According to Loon et al., 2018, the composition 

of phenolic compounds in pineapple leaves potentially acts 

as an antibacterial agent6). The FTIR analysis of AgNp-

1%-NDs-PL and AgNp-1%-NDs-Calc in Figure 12, shows 
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the functional group of the phytochemical compound 

contained in AgNp-1%-NDs-PL. 

The AgNPs, stabilized by phenolic compounds (such as 

1,3-O-dicaffeoylglycerol), adsorb onto the bacterial cell 

wall due to electrostatic interactions and the high surface 

area provided by the porous diatomite matrix. In addition, 

the phenolic compounds enhance the generation of 

reactive oxygen species (ROS) through redox cycling of 

their catechol moieties. These compounds also disrupt the 

lipid bilayer by interacting with the phospholipid 

membrane via reactive hydroxyl or catechol groups, 

leading to increased membrane permeability. The 

enhanced permeability facilitates the diffusion of ROS into 

the bacterial cell, resulting in oxidative damage to proteins, 

lipids, and nucleic acids. Moreover, the increased 

membrane permeability allows small-sized AgNPs to more 

readily penetrate the bacterial cytoplasm. Once inside, the 

AgNPs gradually release Ag⁺ ions, which bind to thiol 

groups in bacterial enzymes and DNA, thereby interfering 

with respiration and replication processes. The proposed  

  
(a) (b) 

  
(c) (d) 

  

(e) (f) 

 
(g) 

Fig. 9: SEM images of (a) natural diatomite, (b) AgNp-

1%-NDs-PL, (c) AgNp-3%-NDs-PL, (d) AgNp-5%-NDs-

PL, (e) AgNp-1%-NDs-Calc, (f) AgNp-3%-NDs-Calc,  

(g) AgNp-5%-NDs-Calc nanocomposites at various 

magnifications 

  
(a) (b) 

 
(c) 

Fig. 10: TEM analysis of (a) AgNp-1%-NDs-Calc, (b) 

AgNp-3%-NDs-Calc, (c) AgNp-5%-NDs-Calc 

 

Fig. 11: Antibacterial properties of AgNP-NDs-PL and 

AgNP-NDs-Calc toward P. Aeruginosa, after 24 h contact 

(a) Control, (b) P1=AgNp-1%-NDs-PL, (c) P2=AgNp-3%-

NDs-PL, (d) P3=AgNp-5%-NDs-PL, (e) P4=AgNp-1%-

NDs-Calc, (f) P5=AgNp-3%-NDs-Calc, (g) P6=AgNp-

5%-NDs-Calc 

 

Fig. 12: Infrared spectra of (a) natural diatomite and (b) 

AgNp-1%-NDs-PL, (c) AgNp-1%-NDs-calc 

antibacterial mechanism of the AgNP-NDs-PL 

nanocomposite is illustrated in Figure 13. 

The additional FTIR peaks at 1741 and 1367 cm-1 for 

AgNp-1%-NDs-PL are correlated to -C=O groups and -C-

H stretching from phenolic compounds in pineapple leaf. 

While FTIR analysis (Figure 12) did not show distinct  
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Table 5: Elemental composition of natural diatomite and AgNp-1%-NDs-PL determined by EDX analysis 

No. Natural diatomite Mass (wt%) AgNp-1%-NDs-PL Mass (wt%) 

Element Atomic Number Element Atomic Number 

1. Si 14 55.28 Si 14 46.08 

2. O 8 33.18 O 8 38.10 

3. C 6 9.63 C 6 15.45 

4. Al 13 0.58 Al 13 0.37 

5. -   Ag 47 1.01 

6. -   S 16 0.21 

7. -   P 15 0.20 

 

Fig. 13: The proposed antibacterial mechanism of the 

AgNP-NDs-PL nanocomposite 

bands corresponding to phenolic O–H stretching (typically 

at 3200–3550 cm⁻¹), this may be due to overlapping with 

broad –OH vibrations from diatomite or adsorbed moisture, 

or to the low abundance of residual phenolics post-

synthesis. The peaks at 1085 and 808 cm-1 (c), 1092 and 

800 cm-1 (b), and 1090 and 814 cm-1 (a) were observed as 

Si-O- asymmetric stretching vibration of siloxane groups 

(Si-O-Si) from natural diatomite structure. The 

composition AgNp-1%-NDs-PL was observed from the 

EDX spectra shown in Figure 14 and Table 5. 

Table 5 presents the elemental composition of natural 

diatomite and AgNp-1%-NDs-PL, highlighting the 

composition changes that occurred after silver nanoparticle 

deposition using pineapple leaf extract. The silicon (Si) 

content decreased from 55.28 wt% in natural diatomite to 

46.08 wt% in the composite, indicating partial surface 

coverage by silver nanoparticles and organic compounds, 

which likely masked the silicate signal during EDX 

analysis. Conversely, the oxygen (O) content increased 

from 33.18 wt% to 38.10 wt%, attributed to the presence 

of silver oxides and oxygenated functional groups from 

phytochemicals in the pineapple leaf extract. A significant 

increase in carbon (C) content, from 9.63 wt% to 15.45 

wt%, confirmed the incorporation of phytochemical 

compounds, which serve as both reducing and capping 

agents during synthesis and remain attached to the 

nanocomposite surface. The appearance of silver (Ag) at 

1.01 wt% in the composite, which was absent in natural 

diatomite, confirms successful AgNP deposition. 

Additionally, phosphorus (P) and sulfur (S) were detected 

only in the AgNp-1%-NDs-PL sample at 0.20 wt% and 

0.21 wt%, respectively, suggesting their origin from trace 

elements or residual compounds in the leaf extract. The 

EDX data confirm the successful functionalization of 

diatomite with silver nanoparticles synthesized using 

pineapple leaf extract, which contribute to the improved 

antibacterial properties of the composite. 

3.6.2. Antibacterial Properties Towards S. aureus 

S. aureus were gram-positive bacteria that has a thicker 

peptidoglycan layer than that of gram-negative bacteria P. 

aeruginosa34,35). The thicker walls make it difficult for 

silver nanoparticles to enter the bacterial membranes. The 

antibacterial test for nanocomposite AgNp-NDs-PL and 

AgNp-NDs-Calc is shown in Figure 15. The test found that 

AgNp-5%NDs-Calc ultimately inhibited the S. aureus 

bacterial growth after 24 hours of contact, as indicated by 

the clear solution formation (S6). Meanwhile, the AgNp-

NDs-PL showed bacterial growth inhibition in the lower 

concentration of silver nanoparticles. The AgNp-3%-NDs-

PL and AgNp-5%-NDs-PL showed excellent antibacterial 

properties by the formation of a clear solution (S2, S3). 

The material synthesized using pineapple leaf extract 

showed a strong antibacterial effect against S. aureus even 

at a lower AgNP concentration starting from 3 w/w%. In 

contrast, the material synthesized via the calcination 

method exhibited significant inhibition starting at 5 w/w % 

AgNP concentration. 

A comparative analysis was carried out with previously 

reported Ag-diatomite-based materials. Table 6 

summarizes the antibacterial indicators, target 

microorganisms, synthesis methods, and relative inhibition 

performance. The table highlights the effectiveness of 

green-synthesized AgNp-NDs-PL and AgNp-NDs-Calc 

composites in comparison with other Ag-diatomite 

materials reported in the literature. This comparison 

provides a broader perspective on the potential of waste-

derived nanocomposites, particularly those incorporating 

pineapple leaf extract, as sustainable and efficient 

antibacterial agents against both Gram-positive (S. aureus) 

and Gram-negative (E. coli, P. aeruginosa) bacteria.  

Sustainable Antibacterial Agent: A Combined Laboratory and Molecular Simulation Study
Eco-Engineered Silver-Diatomite Nanocomposites from Agro-Industrial Waste for

- 1954 -

Cite: S. Kamali et al., "Eco-Engineered Silver-Diatomite Nanocomposites from Agro-Industrial Waste for Sustainable Antibacterial
Agent: A Combined Laboratory and Molecular Simulation Study". Evergreen, 12 (04) 1946-1960 (2025). https://doi.org/10.5109/7402627.



Table 6: Comparative Antibacterial Performance of Various Ag-Diatomite-Based Nanocomposites Against Gram-Positive and Gram-

Negative Bacteria 

Material Antibacteria 

Indicator 

Micro organisms 

Tested 

Synthesis Method Relative Performance 

AgNp-NDs-1%-PL (This study) Clear/ less turbid 

broth 

P. aeuriginosa Green synthesis using 

pineapple leaf extract 

+ diatomite 

Strong inhibition 

AgNp-NDs-3%-PL (This study) Clear/ less turbid 

broth 

S. aureus Strong inhibition 

 

AgNp-NDs-3%-Calc. (This study) Clear/ less turbid 

broth 

P. aeuriginosa Calcination method Strong inhibition 

 

AgNp-NDs-5%-Calc. (This study) Clear/ less turbid 

broth 

S. aureus Calcination method Strong inhibition 

 

AgNP-NDs (300oC calcination 

process)16) 

slightly turbid S. aureus, E. coli Electro-lytic cell, 

which cathode and 

anode are Ti and Ag 

Moderate inhibition 

AgNP/GO/Diatomite25) Clear/ less turbid 

broth 

E. coli Chemical reaction 

with NaBH4 

Strong inhibition 

 slightly turbid S. aureus Moderate inhibition 

4.70%Ag/6.31%Ce/Diatomite36) Clear/ less turbid 

broth 

S. aureus Reducing agent CeO2  Strong inhibition 

2.26%Ag/2.52%Ce/Diatomite36) slightly turbid E. coli Moderate inhibition 

 

 

(a) 

 
 

(b) 

Fig. 14: EDX spectra of (a) natural diatomite, and (b) 

AgNp-1%-NDs-PL 

 

 
(a) (b) (c) (d) (e) (f) (g) 

Fig. 15: Antibacterial properties of AgNp-NDs-PL and 

AgNp-NDs-Calc toward S. Aureus, after 24 h contact (a) 

Control, (b) S1=AgNp-1%-NDs-PL, (c) S2=AgNp-3%-

NDs-PL, (d) S3=AgNp-5%-NDs-PL, (e) S4=AgNp-1%-

NDs-Calc, (f) S5=AgNP-3%-NDs-Calc, (g) S6=AgNp-

5%-NDs-Calc 

3.7. Molecular simulation for phytochemical 

compounds from pineapple leaf extract on the 

silver (Ag(100)) surface 

To elucidate the interaction mechanisms between bioactive 

compounds and the silver nanoparticle surface, molecular 

simulations were performed using Materials Studio 7.0 

with the COMPASS force field. This simulation focused 

on five major phytochemical constituents identified in 

pineapple leaf extract: 1-O-caffeoylglycerol, 1-O-

coumaroylglycerol, p-coumaric acid, 1,3-O-

dicaffeoylglycerol, and caffeic acid. Each molecule was 

subjected to geometry optimization to reach a stable 

energy conformation, followed by adsorption studies onto 

a modeled silver (Ag(100)) surface slab. The adsorption 

energies were calculated using equation 1. 

The adsorption energy data of various phenolic 

compounds on the Ag(100) surface reveals significant 

insights into their interaction strength and potential for 
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surface functionalization. Among the individual 

compounds, 1,3-O-dicaffeoylglycerol exhibited the 

highest adsorption energy (-151.268 kJ/mol), indicating 

robust interaction with the silver surface, likely due to its 

multiple hydroxyl and aromatic groups, which facilitate 

multiple contact points via π–π stacking and hydrogen 

bonding (Table 7 and Figure 16). This can be attributed to 

the presence of multiple caffeoyl groups that offer 

numerous active sites for bonding, thereby enhancing the 

overall interaction. Other compounds such as 1-O-

coumaroylglycerol (-86.106 kJ/mol) and 1-O-

caffeoylglycerol (-82.574 kJ/mol) also showed relatively 

strong adsorption, likely due to the glycerol moiety 

providing additional hydroxyl groups that facilitate 

binding. In contrast, simpler phenolic acids like caffeic 

acid (-69.525 kJ/mol) and p-coumaric acid (-65.493 kJ/mol) 

exhibited moderate adsorption, possibly due to their 

limited number of interactive functional groups.  

Notably, the combination of all five molecules yielded a 

highly negative adsorption energy of -478.613 kJ/mol, 

suggesting a synergistic effect that significantly enhances 

the binding affinity to the Ag(100) surface. This synergism 

could be due to cooperative interactions among the 

molecules or increased surface coverage. The cooperative 

interactions among diverse phytochemicals may promote a 

denser, more stable organic layer on the silver surface. 

Such synergy can increase the protective and 

functionalizing capabilities of the phytochemicals, thereby 

enhancing the antibacterial activity and nanoparticle 

stability. 

Recent studies support these findings. For instance, Baran 

et al. demonstrated that silver nanoparticles synthesized 

using Ananas comosus fruit peels exhibit significant 

antimicrobial activities, attributing this to the rich phenolic 

content of the extracts37). Similarly, Hashib et al. reported 

the successful synthesis of silver nanoparticles using 

pineapple peel extract, highlighting the role of phenolic 

compounds as reducing and capping agents38). These 

studies underscore the potential of natural phenolic 

mixtures, such as those derived from pineapple extracts, in 

stabilizing silver surfaces for applications like 

antimicrobial coatings, antioxidant films, or 

environmentally friendly nanomaterials. This combined 

approach enabled the identification of 1,3-O-

dicaffeoylglycerol as the compound with the strongest 

interaction with the silver surface, suggesting it plays a 

dominant role in enhancing the antibacterial performance 

of the nanocomposite. 

The molecular simulation insights corroborate the 

experimental findings where AgNp-NDs-PL, synthesized 

via pineapple leaf extract, exhibited superior antibacterial 

activity against Pseudomonas aeruginosa, even at lower 

concentrations of silver nanoparticles compared to the 

AgNp-NDs-Calc nanocomposite. The strong interactions 

modeled in silico help to rationalize the enhanced efficacy,  

Table 7: Adsorption Energies of Phytochemical compound in 

pineapple leaf extract on (Ag(100)) surface based on 

Computational Simulation 

Compound Adsorption Energy (kJ/mol) 

1-O-caffeoylglycerol -82.574 

1-O-coumaroylglycerol -86.106 

p-coumaric acid -65.493 

1,3-O-dicaffeoylglycerol -151.268 

Caffeic acid -69.525 

Combination -478.613 

as phytochemicals not only act as reducers and stabilizers 

during synthesis but remain bound to the AgNP surface, 

conferring bioactive functional properties. This enhanced 

activity is attributed to the presence of residual 

phytochemical compounds in the AgNp-NDs-PL, which 

synergistically strengthen its antibacterial effect. This is 

consistent with the results of simulation studies, which 

showed that 1,3-O-dicaffeoylglycerol can significantly 

enhance the antibacterial performance of diatomite-based 

materials.  

Furthermore, the visualization of side and top views 

(Figure 16) illustrates that the molecules adopt flat 

orientations on the Ag(100) surface, maximizing contact 

area. This spatial arrangement supports efficient electron 

transfer and interfacial stability, which are critical in 

antimicrobial mechanisms particularly in the generation of 

reactive oxygen species and membrane disruption in 

bacteria. 

Based on molecular simulation data, 1,3-O-

dicaffeoylglycerol is proposed as the dominant compound 

responsible for reducing Ag⁺ to Ag⁰ in the green synthesis 

route. This molecule contains two caffeic acid moieties, 

each of which possesses a catechol group (i.e., an ortho-

dihydroxybenzene ring) esterified at the 1 and 3 positions 

of the glycerol backbone. During the reduction of Ag⁺ to 

Ag⁰, the catechol groups in each caffeoyl unit can donate 

electrons and become oxidized to quinone structures. The 

resulting oxidized molecule is commonly referred to as a 

quinonoid intermediate. This intermediate subsequently 

acts as a capping and stabilizing agent in the formation of 

silver nanoparticles (AgNPs). An illustration of AgNP 

formation mediated by 1,3-O-dicaffeoylglycerol is 

provided in Figure 17. 
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(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 16: Side and top view interaction of (a) 1-O-

caffeoylglycerol, (b) 1-O-coumaroylglycerol, (c) p-

coumaric acid, (d) 1,3-O-dicaffeoylglycerol, (e) Caffeic 

acid, (f) Compound Combination on the silver (Ag(100)) 

surface 

 

 
Fig. 17: The illustration of AgNP formation mediated by 

1,3-O-dicaffeoylglycerol from pineapple leaf extract 

4. Conclusion 

This study successfully demonstrated the synthesis of 

silver nanoparticle-natural diatomite (AgNp-NDs) 

nanocomposites using two eco-friendly approaches: 

pineapple leaf extract (AgNp-NDs-PL) and a calcination 

method (AgNp-NDs-Calc). The green synthesis via 

pineapple leaf extract yielded smaller nanoparticles (~27 

nm) for AgNP-1%-NDs-PL compared to the calcination-

derived composites (~70 nm), owing to the capping and 

stabilizing role of phytochemicals present in the extract. 

Antibacterial assays revealed that AgNp-NDs-PL 

exhibited superior activity against Pseudomonas 

aeruginosa and Staphylococcus aureus at lower silver 

concentrations, attributed to both particle size and the 

synergistic effects of residual phytochemicals such as 1,3-

O-dicaffeoylglycerol, as supported by molecular 
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simulation studies. In contrast, AgNp-NDs-Calc required 

higher silver content to achieve similar antibacterial 

performance. These findings affirm that natural diatomite 

waste, when valorized with agricultural biomass through a 

green route, provides a sustainable and effective material 

platform for antimicrobial applications. The results 

support the potential of AgNp-NDs-PL as a promising 

candidate for environmental and biomedical antibacterial 

agents aligned with circular economy strategies. 
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AgNp Silver nanoparticles 

AgNp-NDs-PL Silver-diatomite nanocomposite 

synthesized using pineapple leaf 

extract 

AgNp-NDs-

Calc 

Silver-diatomite nanocomposite 

synthesized via calcination 

PL Pineapple Leaf 
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