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Abstract: The rapid increase in electronic waste (e-waste) presents environmental and health risks,
while also serving as a secondary source of valuable metals such as gold. This study recovered gold
from e-waste and synthesized gold nanoparticles (AuNPs) via a green synthesis approach using
ascorbic acid as a natural reducing agent, followed by evaluation of their potential as a colorimetric
sensor for Salmonella sp. detection. Gold was extracted through pyrolysis and leaching to obtain
HAuCls precursor solution, which was subsequently reduced by ascorbic acid to form AuNPs.
Characterization by TEM, PSA, and UV-Vis confirmed successful synthesis: TEM showed
predominantly spherical particles of 20-50 nm, PSA indicated an average size of 82.6 nm, and UV—
Vis revealed a distinct Surface Plasmon Resonance (SPR) peak at 520—560 nm. Colorimetric assays
demonstrated a linear absorbance response to Salmonella sp. concentration, achieving a detection
limit (LOD) of 13.33 CFU/mL. These results demonstrate that gold recovered from e-waste can be
converted into functional AuNPs through environmentally friendly synthesis with ascorbic acid,
providing a promising platform for rapid and sensitive biosensing applications in food safety.
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INTRODUCTION

Global electronic waste (e-waste) generation has shown a significant upward trend
in line with the accelerated consumption of electronic devices. In 2019, e-waste exceeded 50
million tons, with a recycling rate of only 17.4%, and it is projected to increase to 70 million
tons by 2030. The shortened product life cycle, rapid technological advancement, limited
processing infrastructure, low public awareness, and inadequate regulations collectively
constrain effective e-waste management and pose serious environmental risks (Ahirwar and
Tripathi 2021; Forti et al. 2021; Grandhi, et al., 2024).

Unmanaged e-waste accumulation increases the risks of environmental pollution and
health impacts, as heavy metals and toxic compounds contained within can contaminate soil,
water, and air. This condition disrupts ecosystem balance and elevates heavy metal levels in
the human body, potentially triggering hormonal disorders, oxidative stress, and DNA
damage (Parvez et al. 2021; Rautela et al. 2021).

One strategy to reduce e-waste accumulation is the recovery of valuable materials
contained in it. E-waste is rich in economically valuable metals such as gold, silver, and
copper. The concentration of gold in e-waste is much higher than that in conventionally mined
ores; one ton of e-waste may contain ten times more gold than one ton of gold ore, and
approximately 7% of the world’s gold reserves are currently stored in e-waste (Patel 2025;
UN 2019; Weick and Ray 2023). Gold recovery from e-waste not only reduces waste
accumulation but also supports the principles of circular economy and environmentally
friendly technologies.
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Beyond producing pure gold, e-waste recovery opens opportunities for advanced
technological applications, including the synthesis of gold nanoparticles (AuNPs) (Su-
Gallegos et al. 2022). AuNPs are biocompatible and exhibit significant antimicrobial activity,
making them suitable for development as biosensors to detect microbial contaminants
(Pineda-Véasquez et al. 2024), such as Sa/monella sp., a major foodborne pathogen. The use
of AuNPs as sensors enables rapid and highly sensitive identification of contaminants, thus
improving food quality and safety (Ansyarif et al. 2021). AuNPs can be synthesized from e-
waste-derived gold using a green synthesis approach with ascorbic acid as a reducing agent
(Malassis et al. 2016). This environmentally friendly method yields functional nanoparticles
with optimal characteristics for colorimetric detection applications.

Previous studies have extensively demonstrated the effectiveness of AuNPs
synthesized from pure gold precursors as biosensors for detecting pathogens such as
Salmonella sp. and E. coli, achieving detection limits of 15-20 CFU/mL through colorimetric
methods. However, the application of e-waste—derived AuNPs for biosensing—particularly
for Salmonella colorimetric detection—remains largely unexplored. While most studies on
e-waste-derived AulNPs focus on synthesis optimization, morphological characterization, or
catalytic applications, their potential as functional biosensors has been underutilized.

This study addresses this critical gap by investigating whether gold recovered from
electronic waste can be effectively converted into functional nanoparticles capable of rapid
and sensitive pathogen detection. Therefore, this research aims to: (1) synthesize stable
AuNPs from e-waste-derived gold using ascorbic acid as a green reducing agent and evaluate
their colorimetric performance for Salmonella sp. detection, and (2) demonstrate that e-
waste—derived AuNPs can achieve analytical sensitivity comparable to pure-gold
nanoparticles while supporting sustainable circular economy principles in food safety
applications.

RESEARCH METHODS

Materials and Tools

The materials used included gold-rich e-waste components (PCBs, connectors, electronic
chips), nitric acid (HNOs) and hydrochloric acid (HCl) for metal dissolution, and ascorbic
acid (CsHsOe) as the reducing agent in the synthesis of gold nanoparticles (AuNPs). Distilled
water was used for solution preparation and dilution, while Salmonella sp. cultures and
nutrient media were employed for AuNPs detection assays. Characterization of AuNPs was
carried out using Transmission Electron Microscopy (TEM) for particle morphology and core
structure, Particle Size Analyzer (PSA) for particle size distribution, and UV—Vis
spectrophotometry for absorbance measurement and evaluation of interactions with
Salmonella sp. All experiments were performed using standard laboratory equipment and
appropriate safety protocols.

Methods
Gold Extraction from E-Waste

Gold extraction from e-waste began with the separation of gold-rich electronic
components such as computer PCBs and connectors, with gold concentrations reaching 200—
400 g/ton. The selected components were subjected to pyrolysis to remove organic materials
and polymers while preventing harmful emissions (Huang, Chou, and Lo 2022). The resulting
char residue was ground and treated with HNOs to oxidize base metals; gold remains
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insoluble in pure HNO:s, allowing for preliminary separation from other metals. The solution
was then filtered to obtain concentrated gold powder.

M + 4HNO; — M(NO3) 4 + 2NO, + 2H,0

where M = Cu, Zn, Ni, Sn, etc. The concentrated gold powder was subsequently dissolved in
aqua regia (HCI:HNOs = 3:1) to form a tetrachloroaurate complex solution (Au*"):

Au + 3HCl + HNO; — HAuCl, + NOCl + 2H,0

The Au*" solution was used as a precursor for the synthesis of gold nanoparticles for
colorimetric sensor applications, as illustrated in Figure 1 (research scheme).

} ascorbic acid

Salmonella sp.

} >

Reduction /-\

AuNPs Colorimetric
aste HAUC' (gold nanoparticles) Detection

E-

S

Figure 1. Research Flow: From E-Waste to Gold Nanoparticles and Its Application

Synthesis and Characterization of Gold Nanoparticles (AuNPs)

The gold solution obtained from aqua regia was reduced using ascorbic acid to form
gold nanoparticles (AuNPs), as described by the following equation:

2HAuCl, + 3C4HgOg = 2Au® + 3C4Hg04 + 8HCl + 2H,0

In this reaction, ascorbic acid acts as a reducing agent, converting Au*" ions to metallic gold
(Au®) and resulting in nanoparticle formation. The synthesized nanoparticles were
characterized using Transmission Electron Microscopy (TEM) to determine particle
morphology and core structure, as well as a Particle Size Analyzer (PSA) to measure particle
size distribution in suspension. The characterized AuNPs were subsequently employed for
colorimetric applications.

Determination of Limit of Detection (LOD) of AuNPs for Salmonella sp.

The performance of gold nanoparticles (AuNPs) was evaluated to determine their
detection capability against Salmonella sp.. Bacterial suspensions with concentrations
ranging from 10 to 10" CFU/mL were introduced into the AuNPs solution, inducing
interactions that affected particle stability.

The Limit of Detection (LOD) was calculated to determine the lowest bacterial
concentration that could be significantly detected by the AuNPs sensor, using the following

equation:
3xSD

LOD =
slope
where SD denotes the standard deviation of the blank measurements, and the slope represents
the gradient of the calibration curve (Alankar Shrivastava and Vipin B Gupta 2011;
Armbruster and Pry 2008). The LOD values were expressed in CFU/mL, providing an
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indication of the sensitivity of AuNPs as a biological sensor. This evaluation confirmed the
potential of AuNPs for rapid and accurate detection of pathogenic bacteria, particularly
Salmonella sp., using a simple and effective colorimetric method.

RESULTS AND DISCUSSION
E-Waste Extraction and Green Synthesis of Gold Nanoparticles (AuNPs)

The extraction of gold from e-waste was carried out in two main stages: pyrolysis
and leaching with HNOs. Pyrolysis served to remove organic materials such as plastics and
resins from printed circuit boards, facilitating metal separation while also reducing waste
volume and hazardous emissions (Akcil et al. 2015). Subsequent leaching with HNO:s
dissolved base metals such as copper, nickel, and zinc, leaving behind a residue enriched with
noble metals including gold.

The gold residue was then dissolved using aqua regia (a mixture of HCl and HNOs
in a 3:1 ratio) to produce chloroauric acid (HAuCls). This reagent was selected because it
effectively dissolved gold while converting it into stable Au** ions in solution (Syed 2012).
The resulting HAuCl. solution served as a crucial precursor for the green synthesis of gold
nanoparticles, in which ascorbic acid was employed as a reducing agent.

HAuCl4 AuNp
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Figure 2. UV-Vis spectra of gold solution extracted from e-waste before (A) and after (B) gold nanoparticle
(AuNP) synthesis

The gold precursor solution obtained from e-waste extraction was in the form of
chloroauric acid (HAuCls). UV-Vis spectrophotometric analysis (Figure 2a) revealed a
strong absorption peak at ~220-230 nm and a shoulder at ~280-300 nm, corresponding to
the ligand-to-metal charge transfer (LMCT) bands of [AuCls]™ ions. The absence of a
characteristic Surface Plasmon Resonance (SPR) band in the visible region (typically ~520
nm) further confirms that the gold exists purely in its ionic state and has not nucleated into
metallic nanoparticles or formed aggregates. Therefore, at this peak, it is not yet possible to
evaluate particle size or aggregation.

Following the synthesis using an eco-friendly reducing agent, the UV—Vis spectrum
of the gold solution exhibited a distinct change. As shown in Figure 2b, a new absorption
peak appeared in the range of 520-560 nm. This peak corresponds to the Surface Plasmon
Resonance (SPR), which arises upon the successful formation of gold nanoparticles. The
appearance of the SPR band was also consistent with the visual color change of the solution
to a reddish-purple hue, a hallmark of gold nanoparticle formation.
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A comparison of the two spectra highlights a fundamental difference between the
precursor HAuCls solution and the AuNPs colloid. While HAuCl. exhibited absorption only
in the ultraviolet region, the AuNPs solution displayed a characteristic SPR band in the visible
region. This spectral transition provides direct evidence of the successful green synthesis of
gold nanoparticles from e-waste. These findings are in agreement with previous reports that
describe the shift from UV absorption of gold ions to visible-region SPR peaks as a key
indicator of nanoparticle formation (Bharadwaj et al. 2021; Daniel and Astruc 2004).

Characterization of Gold Nanoparticles from E-Waste (AulNPs)

Characterization of the synthesized gold nanoparticles (AuNPs) derived from e-waste
was carried out using Transmission Electron Microscopy (TEM) and Particle Size Analyzer
(PSA). TEM provided detailed information on the morphology and core size of individual
particles, while PSA was employed to determine the hydrodynamic diameter and particle size
distribution in suspension. The combination of both techniques is essential, as TEM reveals
the direct structural features of nanoparticles, whereas PSA reflects their behavior in aqueous
media, including solvation layers and potential aggregation (Arnida et al. 2011; Jayawardena
et al. 2021; Jia et al. 2023).

TEM images (Figure 3) showed that the e-waste-derived AuNPs were predominantly
spherical. However, the particle size analysis revealed a broad size distribution spanning 10—
200 nm. While the frequency distribution graph confirms a dominant population of primary
particles in the 20-50 nm range, the distribution tail extending toward 200 nm directly
reflects the presence of larger clusters formed via particle aggregation. This polydispersity
suggests that while the synthesis favored small spherical particles, secondary aggregation
processes occurred, widening the overall size range. The particle size analysis from TEM
indicated a range of 10-200 nm, with a major fraction between 20—-50 nm, as confirmed by
the frequency distribution graph. This suggests that most particles were relatively small,
although some larger particles were also present, likely resulting from aggregation
(Domingos et al. 2009; Kato et al. 2012).
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Figure 3. Morphology and Size Distribution of AuNPs from TEM

PSA analysis (Figure 4) revealed a broader particle size distribution, ranging
approximately from 20 to 400 nm, with a main peak around 70—120 nm and an average size
of 82.6 nm. This broader distribution arises because PSA measures the hydrodynamic
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diameter, which accounts not only for the nanoparticle core but also for the hydration layer
and possible aggregation in aqueous suspension. Consequently, the average size obtained
from PSA is typically larger than that measured by TEM. Nevertheless, these findings remain
consistent with previous studies, confirming that the nanoparticles are predominantly below
100 nm, while the wider distribution reflects their actual behavior in suspension (Kumar et
al. 2017; Singh et al. 2018).
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Figure 4. Particle Size Distribution of AuNPs from PSA

The broader and more heterogeneous size distribution of AuNPs synthesized from e-
waste is closely related to the impure nature of the precursor solution, as the leachate typically
contains other metal ions that can influence nucleation and particle growth. In addition, the
use of ascorbic acid as a relatively mild reducing agent causes the reduction process to
proceed gradually, leading to nanoparticles of varying sizes. This phenomenon is consistent
with previous reports indicating that synthesis systems based on complex precursors or
natural reductants tend to produce more variable particle sizes compared to those using pure
precursors. Such characteristics reflect the inherent complexity of utilizing electronic waste
as a secondary source (Grasseschi et al. 2016; Pineda-Vasquez et al. 2024; Roy et al. 2024).
Nevertheless, this environmentally friendly approach successfully yields functional AuNPs,
offering broad prospects for future research and applications.

Sensitivity and Limit of Detection of AulNPs toward Salmonella sp.

The performance evaluation of AuNPs derived from e-waste as a colorimetric sensor
demonstrated characteristic absorbance changes at the surface plasmon resonance wavelength
upon interaction with Salmonella sp. (Figure 5a). Increasing bacterial concentrations
produced consistent shifts in absorbance intensity, indicating nanoparticle aggregation
triggered by interactions with the bacterial cell surface. This optical response generated a
linear calibration curve between Salmonella sp. concentration and absorbance change, with a
high coefficient of determination (R?) (Figure 5b), confirming a strong correlation between
target concentration and optical signal (Quintela et al. 2019; Sun, Zhao, and Dou 2015; Wei,
Wang, et al. 2022).
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Figure 5. UV-Vis Spectrum (A) and Calibration Curve of AuNPs for Salmonella sp. Detection (B)

Based on the calculation results, the limit of detection (LOD) was determined to be
13.33 CFU/mL. This value represents the minimum concentration of Salmonella sp. that can
still be detected significantly through the absorbance change of AuNPs, while at lower
concentrations the optical signal could no longer be distinguished from the blank. These
findings indicate that AuNPs synthesized from e-waste are capable of providing a sensitive
colorimetric response despite being derived from a complex precursor.

This result is consistent with previous reports on the use of AuNPs synthesized from
pure gold for the detection of Salmonella sp., where LOD values were reported in the range
of 15-20 CFU/mL using either direct aggregation approaches or AuNP—aptamer systems
(Duan et al. 2016; Wang et al. 2021; Wei, Su, et al. 2022). In contrast, studies on AuNPs
derived from e-waste have generally focused more on synthesis, morphological
characterization, or catalytic applications, with little exploration of their potential as
biosensors (Kang et al. 2024; Lau et al. 2025). Therefore, this study provides a novel
contribution by demonstrating that electronic waste (e-waste) can serve not only as a
secondary source of gold but also as a precursor for functional gold nanoparticles applicable
in biological detection, particularly for the rapid identification of pathogenic bacteria.

CONCLUSIONS

This study successfully demonstrated that electronic waste (e-waste) can be utilized
as a secondary source of gold for the synthesis of gold nanoparticles (AuNPs) through a green
synthesis approach using ascorbic acid as a reducing agent. The extraction process involved
pyrolysis, leaching with HNOs, and dissolution of gold with aqua regia to obtain a HAuCla
precursor solution. Characterization confirmed the formation of spherical AuNPs with a
dominant size distribution of 20-50 nm (TEM) and an average of 82.6 nm (PSA). UV—-Vis
spectra revealed a Surface Plasmon Resonance (SPR) peak at 520—560 nm, confirming the
successful synthesis of gold nanoparticles.

The functional evaluation of AuNPs as a colorimetric sensor for Salmonella sp.
yielded a limit of detection (LOD) of 13.33 CFU/mL, comparable to results obtained from
pure-gold-based nanoparticles. This finding demonstrates that AuNPs synthesized from e-
waste retain high sensitivity and can be applied as biosensors for the rapid detection of
pathogenic bacteria in food. Thus, this study not only supports the reduction of electronic
waste accumulation but also contributes to the advancement of environmentally friendly
nanotechnology for food safety applications.
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