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Abstract
The growing need for sustainable nanomaterial production has driven research into more environmentally friendly synthesis 
methods. This study presents an innovative approach for the green synthesis of silver nanoparticles (AgNPs) by valorizing 
argentometric laboratory waste using Sandoricum koetjape (kecapi) fruit pericarp extract as a natural reducing agent. Unlike 
previous studies that separately investigated the chemical reduction of silver waste or plant-mediated reduction of AgNO₃, this 
work integrates both approaches. Initially, the synthesis of AgNPs from silver waste was optimized using response surface 
methodology with central composite design (RSM-CCD) to determine optimal reaction conditions. Then, a comparison was 
conducted on the resulting AgNP characteristics and performance with one synthesized from AgNO₃ under the same conditions. 
The optimized waste-derived AgNPs exhibited a crystallite size of 12 nm and an average particle size of 38.41 nm, along with a 
distinct surface plasmon resonance (SPR) peak at 420 nm, confirming their nanoscale formation. Comprehensive characterization 
by UV-Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), XRD, TEM, and zeta potential analysis verified the 
nanoparticles' functionalization, stability, and crystallinity. In photocatalytic performance tests, the waste-derived AgNPs achieved 
96% degradation of methylene blue, comparable to the AgNO₃-derived counterpart.    
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1. INTRODUCTION

The global demand for silver nanoparticles 

(AgNPs) continues to rise, fueled by their broad 

applications in healthcare and environmental 

technologies [1]. However, the demand is not 

matched by the increasing cost of silver, its primary 

precursor, whose price has surged due to expanding 

use in electronics, photovoltaics, and investment, 

compounded by limited production capacity [2]-[4]. 

This economic constraint underscores the urgency 

of identifying alternative, sustainable sources of 

silver, one promising route being the recovery of 

silver from waste. Equally important is adopting 

environmentally benign synthesis methods that 

avoid the use of toxic and hazardous reagents. 

Green synthesis, particularly plant-mediated 

methods, offers a sustainable pathway for AgNP 

 
production by employing phytochemicals, such as 

phenolics, alkaloids, polysaccharides, terpenes, and 

proteins, as reducing and stabilizing agents [5]-[7].  

In response to these challenges, laboratory waste 

from argentometric experiments emerges as an 

overlooked but promising source of silver. This 

waste stream, often underutilized, typically contains 

high concentrations of silver in the form of AgCl 

and Ag₂CrO₄. Argentometric chloride 

determination, commonly performed using the 

Mohr method, is routinely conducted in 

undergraduate laboratories across Indonesia, with 

over 283 chemistry-related study programs carrying 

out this experiment annually [8]. It is estimated that 

each laboratory session generally involves 20–40 

students, each using 25–50 mL of 0.1 M AgNO₃ per 

titration, corresponding to an estimated nationwide 

usage of 34–68 g of silver per year. Given this 

scale, a substantial amount of silver-containing 

solid waste accumulates over time, offering a 

sustainable source of silver for recovery and reuse. 

Valorizing this waste addresses two critical issues 

simultaneously: reducing the economic burden of 

AgNP production by providing a cost-effective 

precursor and mitigating environmental 

contamination by diverting heavy metal waste from 

disposal.    

This approach can be further strengthened by 

integrating silver recovery with green synthesis, as 
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demonstrated in several prior studies using other 

types of silver-containing waste. Recovered silver 

can be upcycled into high-value nanoparticles via 

plant-based green synthesis. For instance, silver 

leached from printed circuit boards was converted 

to AgNO₃ and immediately reduced using 

Eichhornia crassipes leaf extract, then immobilized 

in a chitosan matrix on cotton fabric to produce an 

antimicrobial textile coating [9]. Similarly, silver 

recovered from waste X-ray films was transformed 

into AgNO₃ and reduced with deoiled Sal seed cake 

extract, yielding AgNPs that efficiently catalyzed 

the NaBH₄-driven degradation of several azo dyes 

[10]. 

Among various plant-based reductants explored 

for green synthesis, Sandoricum koetjape 

(commonly known as kecapi or santol), a widely 

available medicinal plant in Southeast Asia, has 

shown potential due to its rich phytochemical 

profile. Phytochemical studies have reported the 

presence of tannins, alkaloids, betacyanins, and 

coumarins in the methanolic extract of its fruit peel 

[11], with tannins, betacyanins, and coumarins 

classified as polyphenolic compounds. These 

compounds are known for their antioxidant activity 

[11]-[14], enabling them to function as natural 

reducing and stabilizing agents for AgNPs [15].  

Despite growing interest in both waste-derived 

and green-synthesized AgNPs, several key 

challenges remain; research efforts have treated 

mainly waste valorization and green synthesis as 

separate domains, with most studies focusing either 

on chemical reduction of silver waste [8][16] or 

plant-mediated synthesis using pure AgNO₃ [17]-

[19]. This highlights a significant technological gap, 

as integrated approaches combining both strategies 

remain underexplored. To the best of our 

knowledge, only a few studies have integrated the 

valorization of silver waste with plant-mediated 

AgNP synthesis. The two notable examples 

discussed earlier [9][10], highlight the limited 

development of this approach. Moreover, due to the 

limited optimization and comparative studies 

between waste-derived and conventional AgNPs, 

further investigation is essential to gain a more 

comprehensive understanding of their respective 

efficiencies and catalytic performance. 

Motivated by these gaps and the promising 

potential of S. koetjape, this study explores the 

green synthesis of AgNPs using kecapi fruit 

pericarp extract and silver recovered from 

laboratory argentometric waste. The synthesis 

process is systematically optimized using response 

surface methodology with central composite design 

(RSM-CCD). Using the optimized conditions, 

AgNPs were then synthesized under identical 

procedures from both waste-derived and 

conventional AgNO₃ precursors. The resulting 

AgNPs were characterized and compared based on 

their photocatalytic activity in the degradation of 

methylene blue. Specifically, this study aims to: (1) 

develop an integrated, eco-friendly synthesis route 

combining silver waste valorization and green 

chemistry; (2) implement RSM-CCD to ensure 

robust process optimization; and (3) provide direct 

comparative analyses of physicochemical 

characteristics and functional performance. 

  

2. MATERIALS AND METHODS 

 

2.1. Materials 

This study utilized analytical-grade chemicals, 

including AgNO₃, NaOH, NH₃, and HNO₃ (Merck, 

Germany). Deionized water was used for reagent 

preparation, with purification performed using 

equipment from the Integrated Laboratory at the 

 

 

 
 

 

Table 1.  The experimental range of independent variables (factors) used in the central composite design. 

Factor  Name  
Min Max Low High Middle 

Units  
(-α) (+α) (-1) (+1) (0) 

A Temperature °C 27 60 20 60 36 

B pH  8.0 12.0 8.0 12.0 10.0 

C VExtract mL 3.0 5.0 3.0 5.0 3.75 

D VAg mL 1.0 2.5 1.0 2.5 1.85 

E Time Min 11 60 11 60 20 



J. Multidiscip. Appl. Nat. Sci. 

93 

Islamic University of Indonesia. Kecapi (S. 

koetjape) fruit pericarp was obtained from a vendor 

in West Java, Indonesia. Additionally, 

argentometric laboratory waste was repurposed 

from student laboratory activities in the Chemistry 

Department, Universitas Islam Indonesia, as a 

precursor for silver recovery and nanoparticle 

synthesis. 

 

2.2. Methods  

 

2.2.1. Preparation of Kecapi Pericarp Extract 

A 5 g of dry kecapi fruit pericarp powder was 

added to 100 mL of deionized water. The mixture 

was heated at 80 °C for 15 min, then cooled and 

filtered using Whatman filter paper No. 1. The 

resulting filtrate, representing the kecapi pericarp 

extract, was stored in a dark bottle at 4 °C for 

subsequent use. 

 

2.2.2. Preparation of Argentometric Waste 

Argentometric analysis in chemistry practical 

 

 

 

Table 2. The experimental design and the response values. 

 
 

Run  

Factors 
Response UV 
(Absorbance)  

A: Temperature B: pH C: VAg D: Vextract E: Time 

(°C)  (mL) (mL) (min) 

1 30 9 1.00 4.00 15 0.232 

2 60 11 1.00 5.00 45 0.357 

3 45 10 1.50 3.00 60 0.545 

4 45 10 1.50 3.00 30 0.391 

5 60 11 2.00 4.00 45 0.368 

6 45 10 1.50 3.00 30 0.437 

7 33 10 2.00 3.75 19 0.199 

8 30 9 1.50 4.25 13 0.147 

9 33 10 2.00 4.75 15 0.192 

10 33 10 2.00 3.75 15 0.227 

11 33 10 2.00 3.75 11 0.213 

12 30 11 1.50 3.25 13 0.148 

13 33 10 2.00 3.75 15 0.219 

14 30 11 2.50 3.25 17 0.238 

15 33 10 2.00 3.75 15 0.182 

16 36 9 1.50 3.25 13 0.169 

17 36 9 1.50 4.25 17 0.225 

18 30 11 1.50 4.25 17 0.180 

19 36 9 2.50 4.25 13 0.135 

20 36 9 2.50 3.25 17 0.272 

21 33 12 2.00 3.75 15 0.195 

22 27 10 2.00 3.75 15 0.107 

23 33 10 2.00 3.75 15 0.208 

24 33 8 2.00 3.75 15 0.193 

25 30 9 2.50 3.25 13 0.200 

26 33 10 2.00 3.75 15 0.230 

27 33 10 2.00 3.75 15 0.180 
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courses generates laboratory waste containing 

yellow liquid and solid precipitates of silver 

chloride (white) and silver chromate (brick red). 

Argentometric titration was performed according to 

the Mohr method under canonical conditions as 

described in Vogel’s Quantitative Inorganic 

Analysis (5th ed.): 25.00 mL of 0.100 M NaCl was 

titrated with ~0.100 M AgNO₃ using 1.00 mL of 

0.50 M K₂CrO₄ as indicator at 25 ± 1 °C. Based on 

the known solubility product of Ag₂CrO₄, the 

endpoint was defined at [Ag⁺] ≈ 1.5 × 10⁻⁵ M. The 

precipitate composition was estimated to be 99.97% 

AgCl and 0.03% Ag₂CrO₄, with a silver recovery 

efficiency of 99.97%. The precipitate serves as a 

precursor for synthesizing nanoparticles, which 

were treated with 0.1 M HCl to dissolve silver 

chromate, leaving silver chloride. The dried silver 

chloride was then dissolved in 0.01 M ammonia to 

form a 1 mM diamminargentate ([Ag(NH₃)₂]⁺) 

complex solution predominantly [8].  

 

2.2.3. Optimization of Green Synthesis using RSM-

CCD 

RSM is widely applied in chemical research due 

to its ability to improve process efficiency, optimize 

formulations, and minimize the number of 

experimental trials required [20]. This study 

employed RSM based on CCD to optimize the 

synthesis of waste-derived AgNPs. Five 

independent variables: temperature, pH, extract 

volume, silver nitrate solution volume, and heating 

time, were selected based on their distinct roles in 

reduction, nucleation, and growth processes, and 

evaluated at five levels (Table 1) with 27 

experimental runs, including center and axial 

points. The selection of five variables in RSM has 

been adopted in several prior optimization studies 

involving green synthesis of silver nanoparticles 

[21][22]. The experimental data were then analyzed 

using Stat-Ease Design-Expert software (trial 

version), and ANOVA was employed to assess the 

significance of model terms.  

For comparison, AgNO3-based nanoparticles 

were also synthesized using the same temperature, 

pH, extract volume, Ag-containing solution volume 

(1 mM Ag+-containing solution from AgNO3), and 

heating time. 

 

2.2.4. Phytochemical Analysis using Folin–

Ciocalteu Method (for the Total Phenolic Content 

analysis), FTIR, and Nanoparticle Characterization 

using Spectrophotometer UV-Vis, XRD, TEM, and 

Zeta Potential 

Total Phenolic Content (TPC) analysis was 

determined using the Folin–Ciocalteu method with 

a standard addition protocol to minimize matrix 

interference from other plant components. A 0.10 

mL aliquot of the 20-fold diluted extract (taken 

from Section 2.2.1) was mixed with 0.05 mL of 

Folin–Ciocalteu reagent (1:10 dilution), 1.5 mL of 

 

 

 

Table 3. Analysis of variance for the quadratic model and fit statistics. 

 
 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.2020 7 0.0289 40.6500 < 0.0001 significant 

A-Temperature 0.0001 1 0.0001 0.1664 0.6881  

C-Vag 0.0022 1 0.0022 3.1400 0.0933   

D-Vex 0.0071 1 0.0071 10.0500 0.0053  

E-Time 0.0224 1 0.0224 31.6100 < 0.0001  

AD 0.0042 1 0.0042 5.8700 0.0261   

AE 0.0060 1 0.0060 8.4700 0.0093  

CD 0.0079 1 0.0079 11.0600 0.0038   

Residual 0.0128 18 0.0007    

Lack of Fit 0.0093 13 0.0007 1.0300 0.5278 not significant 

Pure Error 0.0035 5 0.0007 Pure Error 0.0085  

Cor Total 0.2594 26 Adjusted R² 0.9174    

R² 0.9405   Predicted R² 0.8101     
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7.5% Na₂CO₃, and varying volumes (0, 15, 30, and 

50 µL) of a 2000 ppm gallic acid (GA) standard 

solution. The volume was adjusted to 3.00 mL with 

distilled water. After 30 min of incubation, the 

absorbance was measured at 725 nm, corresponding 

to the λmax of the blue molybdenum–tungsten 

complex [23].  

The previously obtained extract was 

concentrated using a rotary evaporator (Eyela N-

1300) at 40 °C under reduced pressure until a paste 

was formed, and then stored in a desiccator for 

further analysis. For the synthesized AgNPs, the 

particles were first purified through repeated 

centrifugation and washing, and then oven-dried 

before analysis. The extract paste and the dried 

AgNPs were analyzed for their functional groups 

using Fourier-transform infrared (FTIR) 

spectroscopy (PerkinElmer Spectrum Two), 

employing the KBr pellet method in the range of 

400–4000 cm-1. The AgNPs were also characterized 

using multiple techniques: UV-Vis 

spectrophotometry (Hitachi UH-5300) was used to 

analyze absorption spectra (200–700 nm), XRD 

(Rigaku Miniflex 600) with Cu Kα₁ radiation (λ = 

1.54056 Å) was used to determine crystallinity, 

TEM (Jeol JEM-1400, 120 kV) was used to 

visualize size, morphology, and shape, and the zeta 

potential was measured using dynamic light 

scattering (Horiba SZ-100Z). 

 

2.2.5. Photocatalytic Test 

The catalytic properties of silver recovered from 

laboratory waste were systematically compared 

with those of silver synthesized from an AgNO3 

precursor. The photocatalytic activity was evaluated 

using methylene blue degradation (50 ppm, 100 

mL) under three conditions: 0.25 mM H2O2 alone 

and with the addition of 25 µg/mL silver catalyst 

from each source. The reactions proceeded under 

UV irradiation (Philips TUV T8 15W low-pressure 

mercury lamp, emitting UV-C at 254 nm, UV-C 

output is 5.1 W (as specified by the manufacturer), 

and the distance from the lamp to the solution 

surface was approximately 10 cm), with 

degradation kinetics monitored 

spectrophotometrically (λ = 664 nm) at 30-min 

intervals over 3 h. A statistical test was performed 

to compare photocatalysis and analyze whether the 

difference was significant.  

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Optimization 

RSM with CCD was employed to systematically 

investigate the effects of key synthesis parameters 

(including five factors: temperature, pH, Vag 

(volume of silver-containing solution), Vex (volume 

of plant extract), and heating time) on the 

absorbance of the waste-derived AgNPs. In this 

regard, the AgNP production was measured via 

absorbance readings as the oscillation of electrons 

in metallic AgNP leads to plasmon absorption 

property in the visible range. A linear relationship is 

observed between the concentration of the 

 

 

 

 
Figure 1. Calibration curve of gallic acid in the standard addition method (Folin–Ciocalteu assay), error 

bars represent the standard deviation of triplicate measurements.  
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generated AgNPs and the intensity of surface 

plasmon resonance (SPR), indicating that this 

absorbance can be used to estimate AgNP 

concentration [24][25].  

Table 2 presents the dataset generated by varying 

experimental parameters based on the CCD matrix, 

capturing both main effects and variable 

interactions. From the evaluation using sequential 

model sum of squares, lack-of-fit tests, and 

statistical metrics (R², adjusted R², predicted R², 

and corrected Akaike Information Criterion 

(AICc)), the reduced two-factor interaction (2FI) 

model was identified as the most suitable for fitting 

the response variable (absorbance). This model 

offers an optimal balance between goodness-of-fit 

and simplicity, with the highest R² and lowest AICc 

among all tested models, indicating its robustness 

and predictive reliability under the studied 

conditions.  

The Anova for the reduced 2FI model (Table 3) 

confirms the high coefficient of determination (R² = 

0.9405), coupled with the agreement between 

adjusted R² (0.9174) and predicted R² (0.8101) (the 

difference is less than 0.2), indicating the model's 

reliability. The non-significant lack of fit (p = 

0.5278) and significant F-value (40.65, p = 

<0.0001) demonstrated that the model adequately 

represented the experimental data for the waste-

derived AgNPs synthesis optimization. The final 

reduced 2FI model equation is as follows: 

Absorbance = –1.7188 + 0.0324 × Temp (°C) + 

0.4353 × Vag (mL) + 0.3524 × Vex (mL) + 0.0198 × 

Time (min) – 0.0048 × Temp (°C) × Vex (mL) – 

0.00035 × Temp (°C) × Time (min) – 0.1161 × Vag 

(mL) × Vex (mL) 

 This model equation for the green synthesis of 

waste-derived AgNPs highlights key relationships 

between synthesis parameters and nanoparticle 

formation, positive coefficients for temperature, 

Vag, Vex, and reaction time suggest that increasing 

these variables generally promotes AgNP 

formation, likely due to enhanced reduction kinetics 

and increased collision frequency between 

reactants. In contrast, negative interaction for 

temperature × silver precursor volume (Temp.Vex), 

temperature × time (Temp.Time), and silver 

precursor × reducing agent volume (Vag.Vex) 

indicate critical mechanistic constraints. These 

suggest that while higher temperatures accelerate 

reduction, excessive heat in combination with 

prolonged reaction time or elevated precursor 

concentrations may cause nanoparticle aggregation. 

In addition, the negative interaction between the 

Vag.Vex also implies the necessity of an optimal 

ratio, possibly due to the dual role of plant-derived 

biomolecules (as reducing and capping agents) and 

 

 

 
Figure 2. The analysis results include (a) FTIR spectra comparing the extract before AgNP synthesis and 

the green synthesized AgNPs (Ag0) from waste and AgNO3, (b) spectrophotometer UV-Vis absorbance 

comparison of the pericarp extract (black), AgNO3 solution (red), AgCl in the ammonia solution (in the 

form of diaminargentate complex) (blue), the Ag0 produced from AgNO3 in the extract (green), the Ag0 

produced from the waste in the extract (purple), and cleaned waste-derived Ag0 synthesized with the 

optimum condition of 45 °C, pH 10, 2.0 mL of Vag, 3.0 mL of Vex, and a reaction time of 60 min (yellow).  

 
 

(a) (b) 
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a dilution effect (as total reaction volume increases, 

the effective concentrations of silver ions and 

reducing agents decrease, reducing collision 

frequency and slowing nanoparticle formation). 

 Drawing from these results, the optimized 

conditions for the green synthesis of waste-derived 

AgNp were the volume ratio of Vag/Vex of 2:3 at a 

temperature of 30–45 °C, pH 10, and a reaction 

time of 60 min, which yielded maximum 

absorbance (around 0.545) and desirability (=1). 

This study used this optimum reaction condition for 

waste-derived and AgNO3-based nanoparticles to 

compare their characteristics and performance. The 

temperature synthesis aligns with previous findings 

that plant extract-based AgNP synthesis typically 

operates within 20–100 °C and optimally between 

30–90 °C, thereby accelerating the process and 

producing smaller nanoparticles [26]. The pH in 

this synthesis must be maintained in an alkaline 

range to enhance the ammonia (NH₃) concentration, 

which will stabilize [Ag(NH₃)₂]⁺ complexes and 

prevent AgCl precipitation. This will ensure a 

consistent supply of silver ions for reduction and 

optimized nanoparticle formation.  

 

3.2. Phytochemical Analysis and Nanoparticle 

Characterization 

Figure 1 shows the calibration curve from the 

standard addition assay. A linear fit (A = 0.1052 C 

+ 0.5305, R² = 0.999) was obtained. The x-intercept 

of -5.0428 mg L-1 corresponds to the concentration 

of phenolics originally present in the diluted extract. 

After accounting for a 20-fold dilution of the extract 

and a 30-fold dilution in the assay tube, the total 

phenolic content in the original extract was 

calculated as: 5.0428 mg L-1 × 600 = 3025.68 mg 

GAE L⁻¹. Given that 5 g of dried powder was 

extracted in 100 mL, this corresponds to ≈  60.51 + 

2.20 mg GAE per gram of dry weight.  

FTIR spectroscopy identified the functional 

groups involved in the reduction and capping of 

Ag⁰ nanoparticles, as shown in Figure 2(a); major 

peaks were observed at 3429 (O–H), 2933 (C–H), 

1746 (C=O), 1628 (C=C), 1404 (CH₂/CH₃), and 

1052 (C–O/C–N) cm⁻¹, indicating the presence of a 

complex organic matrix. These functional groups 

are consistent with specific bioactive compounds 

found in S. koetjape pericarp extract, including 

tannins, which possess abundant phenolic –OH 

groups and aromatic rings; coumarins, which 

contain C=O and C=C groups; and anthocyanins, 

which exhibit characteristic C–O and C–H bands 

[11]. The presence of characteristic FTIR bands for 

O–H, aromatic C=C, and C–O [27], supports the 

high total phenolic content (60.51 mg GAE/g dry 

weight) previously quantified by the Folin–

Ciocalteu assay. These findings suggest the possible 

involvement of phenolic compounds in the 

 

 

Figure 3. The analysis results of (a) TEM images illustrate AgNPs from AgNO3 and (b) TEM images of 

AgNPs from waste, both synthesized using the pericarp extract.  

 

(a) (b) 

 
 



J. Multidiscip. Appl. Nat. Sci. 

98 

reduction and stabilization of AgNPs. 

During the synthesis process, compounds 

containing O–H and C=O groups may undergo 

oxidation to quinones, donating electrons to reduce 

Ag+ in diaminargentate ion into metallic Ag⁰ 

nanoparticles: 

1. Complex formation: Ag(NH₃)₂⁺ + OH⁻ → Ag

(NH₃)₂OH 

2. Deprotonation: Ar–OH → Ar–O⁻ + H⁺ 

3. Quinone oxidation: Ar–O⁻ → Ar=O + e⁻ 

4. Reduction: Ag(NH₃)₂⁺ + e⁻ → Ag⁰ + 2NH₃ 

5. Surface stabilization: Ag⁰ + Ar–OH → Ag⁰–Ar–

OH 

Alternatively, phenolic compounds without the 

capability to oxidize to quinones reduce Ag⁺ via 

autooxidation (ArOH + Ag(NH₃)₂⁺ → ArO• + Ag⁰ 

+ 2NH₃ + H⁺), with the reaction being accelerated 

in alkaline media and at elevated temperatures [26]

[28]. These redox processes not only enable 

nanoparticle formation but also contribute to their 

stability through capping by organic molecules, 

depicted in FTIR of Ag⁰ (from AgNO₃ and waste) 

revealed residual O–H and C=O bands; also, C=C 

and C–O/C–N imply stabilization via π-electron 

interactions and coordination bonds, potentially 

involving pericarp-derived polysaccharides or 

glycosides  [29]-[31].  

Figure 2(b) presents five solutions' UV-Vis 

absorbance spectra (200–550 nm) in which the 

AgNO₃ curve (blue) shows no absorbance, 

indicating weak light absorption, and 

diaminargentate (black) exhibits low absorbance 

after 300 nm, reflecting its optical properties. The 

pericarp extract (red) shows a peak at 250–350 nm, 

attributed to π-π* and n-π* transitions in phenolic 

compounds [32][33]. Both Ag from AgNO₃ (green) 

and waste (purple) exhibit increased absorbance 

around 400–450 nm, consistent with 20–50 nm of 

AgNPs [34][35]. After cleanup (yellow), optimized 

AgNPs displayed an SPR band at 420 nm, 

confirming well-defined nanoscale silver formation 

under optimal RSM-CCD condition [36][37].  

Figures 3(a) and 3(b) show TEM images of 

AgNPs from different synthesis methods. Ag from 

AgNO₃ formed quasi-spherical nanoparticles (D₀ = 

24.48 nm, σg = 1.46), while Ag from waste 

exhibited polygonal nanoplatelets, faceted, laterally 

extended structures with nanometric thickness (<10 

nm) (D₀ = 38.41 nm, σg = 1.39). To obtain the 

particle size distribution shown in the insets, the 

diameter of nanoparticles was measured from TEM 

micrographs using ImageJ software (by converting 

the TEM scale bar into pixel values and then 

applying the particle analysis tool).  

XRD analysis (Figure 4(a)) confirms the 

presence of four diffraction peaks at ~38°, 44°, 64°, 

and 77°, corresponding to the (111), (200), (220), 

and (311) planes of Ag, respectively, in accordance 

with the JCPDS No. 04-0783 for face-centered 

cubic (FCC) silver [38]. The XRD patterns were 

 

 

Figure 4. The analysis results of (a) XRD diffractograms of metallic Ag from AgNO3 (1) and waste (2), and 

(b) zeta potential measurements for both AgNPs.  

 

(a) (b) 
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deconvoluted using a Gaussian fitting function in 

OriginPro 2025 (SR1; OriginLab Corporation) to 

obtain the full width at half maximum (FWHM) 

values of the diffraction peaks.  For waste-based 

Ag, the FWHM values for the (111), (200), (220), 

and (311) planes were 0.6974°, 0.9997°, 0.6657°, 

and 0.7479°, respectively, while for AgNO₃-based 

Ag were 0.7162°, 1.3485°, 0.8097°, and 0.7806°, 

respectively. These values were then used to 

estimate crystallite size (D) using the Debye–

Scherrer Equation 1 [18]; 

    

D = Kλ/(β cos θ)     (1) 

 

where λ = 0.15406 nm (Cu Kα), K= 0.9, β is the 

FWHM in radians, and θ is half of the Bragg angle 

(2θ/2). Waste-derived Ag exhibited estimated 

crystallite sizes of 8.57–14.10 nm (12.08 nm in 

average), while Ag from AgNO₃ ranged from 6.36 

to 13.04 nm (10.68 nm in average). XRD results 

(12.08 and 10.68 nm) indicate crystallite sizes, 

whereas TEM shows larger particles (38.40 and 

24.48 nm), suggesting that  AgNP is an aggregate 

of multiple crystallites [39].  

The observed size discrepancies between XRD 

and TEM are consistent with previous reports on 

green-synthesized Ag using AgNO₃, which 

typically yield a crystallite size of ~10 nm by XRD 

and a particle size of ~20 nm by TEM [18]. 

Meanwhile, the quasi-spherical and polygonal 

nanoplatelet shapes suggest anisotropic growth, 

likely arising from three synergistic effects. 

Complexation of AgCl with NH₃ forming [Ag(NH₃)

₂]⁺ slows Ag⁺ reduction due to lower free ion 

activity [40][41], thereby enabling ligand-directed 

growth; Chloride ions (Cl⁻) released from AgCl can 

act as facet-selective agents, stabilizing certain 

crystallographic planes and thereby influencing 

anisotropic growth [42][43]. Such effects are 

considered to promote the development of (111)-

dominated structures and may contribute to 

anisotropic shapes such as octahedra or 

nanoplatelets [44]. By contrast, in the AgNO₃ 

system, the absence of Cl⁻ under weakly adsorbing 

NO₃⁻ anions leads to more isotropic growth and 

predominantly quasi-spherical particles [45]. 

Phytochemicals in the extract, including 

polyphenols, act as mild reductants and capping 

agents, selectively adsorbing onto facets and 

modulating growth rates [41]. 

 

 

Figure 5. (a) Degradation of methylene blue (MB) over time under different catalytic conditions: H₂O₂ + 

Ag from AgNO₃ (blue circles), H₂O₂ + Ag from waste (orange triangles), and H₂O₂ alone (gray squares). 

(b) First-order kinetic plots for the degradation of methylene blue (MB) using H₂O₂ with silver catalysts 

derived from AgNO₃ (blue circles) and waste Ag (orange triangles).  

 

(a) (b) 
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Beyond these mechanistic aspects, the size and 

shape of AgNPs can be deliberately tuned by 

adjusting synthesis parameters such as the precursor

-to-extract ratio, pH, temperature, reaction time, and 

the presence of halide ions. A higher concentration 

of reducing phytochemicals or a lower metal salt 

concentration typically yields smaller nanoparticles 

[46], while pH and temperature strongly influence 

the nucleation–growth balance, leading to spherical, 

rod-like, or anisotropic shapes [47]. Halide ions, 

such as Cl⁻ , further modulate facet-selective 

growth and promote anisotropic morphologies [48]. 

Such control is essential, as smaller nanoparticles 

with a high surface-to-volume ratio enhance both 

catalytic and antimicrobial activity, whereas 

anisotropic shapes provide unique optical properties 

that are beneficial for sensing and photocatalysis. 

Figure 4(b) presents the electrokinetic properties 

of AgNPs synthesized from waste and AgNO₃ 

under identical conditions. Waste-derived AgNPs 

exhibit a zeta potential of -30 mV and an 

electrophoretic mobility of -0.00023 cm²/Vs, while 

AgNO₃-derived AgNPs show a zeta potential of -39 

mV and an electrophoretic mobility of -0.00030 

cm²/Vs. The lower stability of waste-derived Ag⁰ 

likely results from NH₃ acting as a weakly bound 

ligand, competing with plant-derived capping 

agents and reducing surface coverage, thereby 

weakening electrostatic repulsion. In contrast, Ag⁺ 

from AgNO₃ (use no NH3) binds directly with 

biomolecules, enhancing surface passivation and 

negative charge density. Both systems maintain 

colloidal stability despite differences, with a zeta 

potential > 30 mV [49]-[51]. 

 

3.3. Photocatalytic  Test 

Figure 5(a) illustrates the photocatalytic 

degradation of methylene blue under UV light, 

revealing significant efficiency differences among 

the three catalytic systems; the H₂O₂+Ag from 

waste shows comparable efficiency (96% 

degradation) in 180 min, H₂O₂+Ag system from 

AgNO₃ exhibits slightly higher photocatalytic 

activity in reducing methylene blue concentration to 

97.9% degradation in 180 min that can be 

correlated with its smaller particle size, as observed 

in the material characterization, which enhances 

charge transfer and active site availability.  

Even so, both AgNP systems exhibited higher 

photocatalytic activity than the H2O2-alone system 

(60.8%), indicating that the combination of AgNPs 

and H₂O₂ significantly enhances degradation. The 

60.8% degradation of methylene blue by UV/H₂O₂ 

alone is due to the formation of hydroxyl radicals 

(•OH) via photolysis of H₂O₂ [52]. With the 

addition of AgNPs, the degradation is further 

enhanced, as AgNPs promote electron transfer that 

accelerates H₂O₂ decomposition into • OH. Upon 

UV irradiation, the localized surface plasmon 

resonance (LSPR) of AgNPs facilitates hot electron 

injection into the conduction band, enhancing H₂O₂ 

activation via electron transfer, generating hydroxyl 

radicals (•OH) and superoxide radicals (O₂•⁻), 

which are highly reactive in breaking down 

 

 

Statistic test System Statistic p-value 

Saphiro Wilk test for 
normality 

H2O2+Ag from AgNO3 0.736 0.009 

H2O2+Ag from waste 0.746 0.011 

H2O2 0.882 0.235 

Kruskal-Wallis test 
for the systems 

comparison 
The three systems 

5.9 
(Chi squared) 

0.052 

Mann-Whitney U 
test 

H2O2+Ag from AgNO3 vs H2O2+Ag 
from waste 

- 
0.535 
(n.s.) 

H2O2+Ag from AgNO3 vs H2O2+Ag 
from waste 

- 0.038 

H2O2+Ag from waste vs H2O2 - 0.038 

Table 4. Statistical analysis of methylene blue degradation efficiency across different. 

 

n.s. = not significant  
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methylene blue molecules [53][54]. Additionally, 

AgNPs act as electron reservoirs, reducing 

recombination rates and prolonging ROS lifetimes, 

thereby sustaining higher photocatalytic efficiency 

[52][55]. Therefore, the presence of AgNPs 

significantly enhances the degradation efficiency of 

methylene blue. In contrast, the H₂O₂-alone system 

shows lower degradation due to its limited ability to 

generate •OH radicals without catalytic activation.  

The kinetic analysis of methylene blue 

photodegradation (Figure 5(b)) confirms that both 

AgNP systems follow pseudo-first-order kinetics, 

suggesting that the reaction rate is directly 

proportional to the concentration of methylene blue, 

following the Langmuir-Hinshelwood mechanism, 

which is commonly observed in heterogeneous 

photocatalysis [56]. The apparent rate constants (k) 

for AgNPs from AgNO₃ and waste were determined 

to be 0.02 and 0.0162 min⁻¹, respectively, indicating 

comparable reaction rates.  

Statistical analysis (Table 4) reveals that the 

Shapiro-Wilk test indicates a non-normal 

distribution for H₂O₂+Ag from AgNO₃ (p = 0.009) 

and waste-derived AgNPs (p = 0.011) thus, the 

Kruskal-Wallis test was used to analyze the three 

systems. The overall comparison among these 

systems approaches statistical significance (chi-

squared value of 5.9, p = 0.052), indicating a strong 

trend toward differing degradation efficiencies. 

Follow-up Mann–Whitney U tests confirm the 

source of this trend, showing that AgNP systems 

outperform H₂O₂ alone (p = 0.038 for each 

comparison). In contrast, the difference between 

AgNPs derived from AgNO₃ and waste is not 

significant (p = 0.535). Hence, the addition of 

AgNPs (regardless of their source) significantly 

enhances the degradation of methylene blue. 

Although AgNO₃-derived AgNPs exhibit a slightly 

higher mean efficiency (97.9 % vs 96 %), the 

difference is statistically insignificant (p > 0.05), 

indicating that both nanoparticles exhibit sufficient 

SPR effects and ROS generation capability, 

resulting in statistically equivalent photocatalytic 

activity.  

Table 5 compares AgNPs synthesised from 

AgNO₃ and argentometric waste using a range of 

plant extracts. The argentometric waste route 

employing S. koetjape pericarp produced polygonal 

nanoplatelets capable of removing 96% of 

methylene blue. Meanwhile, AgNPs synthesised 

from AgNO₃ with Gardenia resinifera leaves or 

with waste-tea extract yielded spherical or 

torispherical particles, and Citrus aurantium peel 

extract produced cubic particles.  Although their 

morphologies differ, the waste-derived AgNPs 

display photocatalytic activity comparable to that of 

other green-synthesized counterparts that used 

AgNO3.  

 

4. CONCLUSIONS 

 

This study investigates the green synthesis of 

silver nanoparticles (Ag⁰) using Sandoricum 

koetjape fruit pericarp extract and recycled silver 

waste from argentometric analysis, which is 

converted into diaminargentate. The extract 

provides hydroxyl (OH) and carbonyl (C=O) 

groups as reducing agents, while C=C, C–O/C–N, 

and OH groups potentially serve as capping agents. 

Waste-derived Ag⁰ predominantly forms polygonal 

nanoplatelet crystals (~38.41 nm), whereas under 

the same reaction conditions, AgNO₃-derived Ag⁰ 

yields mainly spherical nanoparticles (~24.48 nm). 

Both samples exhibit a face-centered cubic (FCC) 

structure, with the waste-derived Ag⁰ displaying 

higher crystallinity. The nanoparticles exhibit good 

colloidal stability and achieve a methylene blue 

photodegradation efficiency of over 96%. These 

results highlight the valorization of argentometric 

laboratory waste into silver nanoparticles, 

exemplifying circular economy principles by 

closing the resource loop. This strategy not only 

reduces the environmental risks associated with 

silver disposal but also replaces conventional 

precursors, such as AgNO₃, with a sustainable, low-

cost alternative that offers comparable performance 

in environmental remediation. This approach 

promotes waste minimization, resource efficiency, 

and the production of green nanomaterials.     
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