Published on 25 July 2025. Downloaded on 1/25/2026 5:50:36 AM.

Nanoscale
Horizons

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Nanoscale Horiz., 2025,
10, 2541

Received 1st June 2025,
Accepted 24th July 2025

DOI: 10.1039/d5nh00388a

rsc.li/nanoscale-horizons

Electronic waste (e-waste) has become one of the fastest-growing
solid waste streams globally, with most e-waste containing significant
quantities of high-value yet environmentally hazardous substances,
particularly noble metals exemplified by gold (Au). These elements not
only pose a potential threat to the environment and human health but
also carry substantial economic value. Thus, the efficient and eco-
friendly recovery of noble metals from e-waste can simultaneously
mitigate environmental pollution and generate significant economic
benefits. In this work, silicon—the second most abundant and cost-
effective element in the Earth's crust—was utilized to synthesize two-
dimensional silicon nanosheets (SiNSs) capable of highly efficient gold
ion extraction. The SiNSs demonstrated exceptional extraction capa-
cities (as high as 1500 mg Au per gram of SiNSs) at low concentrations
(10 ppm). The redox-mediated mechanism governing Au extraction
exhibited a lower energy barrier than traditional chemisorption.
Furthermore, a continuous-flow extraction device was engineered,
in which SiNS membranes maintained remarkable extraction perfor-
mance even for ultralow-concentration Au ions (100 ppb).

Introduction

With the rapid advancement of electronic technology, electro-
nic waste (e-waste) has become the fastest growing solid waste
in the world. According to a report from the United Nations
Environment Program (UNEP), the global e-waste production
was 53.6 million tons in 2019 and is expected to reach 74.7
million tons by 2030. E-waste contains a large amount of
hazardous substances such as organic matter and metal ions.
The most valuable components in e-waste are the precious
metals, such as gold (Au), silver (Ag), and palladium (Pd).
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New concepts

We report a cost-effective, two-dimensional silicon (an earth-abundant ele-
ment) nanosheet (2D SiNS) platform for gold ion extraction from e-waste
solutions. Unlike conventional adsorbents that rely on adsorption-based
mechanisms, our system operates via a redox-mediated extraction process,
exhibiting significantly lower energy barriers compared to traditional adsorp-
tion methods. In contrast to most studies conducted at high gold ion
concentrations (>100 ppm), the developed SiNS platform demonstrates
exceptional extraction capability in both low-concentration (10 ppm) and
ultradilute (10 ppb) Au*" solutions. To better simulate industrial-scale gold
recovery scenarios, we designed a continuous-flow extraction system, sur-
passing conventional batch mixing approaches; this system achieves remark-
able performance even at ultralow concentrations (100 ppb). Furthermore,
this work validates the practical applicability of SiNSs using real-world e-
waste leachates containing gold recovered from discarded CPUs. We demon-
strate that this methodology establishes an efficient and economically viable
strategy for electronic wastewater treatment and precious metal recovery,
positioning 2D silicon materials as a highly promising class of materials for
sustainable e-waste recycling processes.

Particularly, Au accounts for the highest value in e-waste, with
a huge estimated consumption of over 300 tonnes per year."?
The data from the International Resource Group (IRG) indicate
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that the value of precious metal elements contained in global
e-waste in 2019 was approximately $57 billion. This number
even exceeds the gross domestic product (GDP) of most coun-
tries. Therefore, the efficient recovery of precious metal ele-
ments from e-waste is essential for the sustainable use of
precious metal resources and eco-friendly e-waste recycling.

Among the various recovery methods for Au, hydrometallur-
gical techniques have been intensively researched in recent
decades, due to their affordability, higher predictability, and
lower environmental impact."” In such strategies, after an
initial leaching process to extract metal ions from the e-waste
solid into a solution resembling gold-containing wastewater,
multiple steps are often necessary for further concentration/
isolation of the ions (e.g. via adsorption, ion exchange, and
solvent extraction), and the final recovery of Au in the metallic
state via reductive means (e.g. via the electrorefining process,
chemical reduction, and crystallization).”> Solid materials are
frequently utilized in these follow-up steps and significant
progress has been achieved particularly for adsorption and
reduction, but real-world e-waste recycling remains challenging.
For example, the widely used traditional adsorbent activated
carbon has shown relatively low adsorption capacity, slow
adsorption kinetics, and poor selectivity, and it cannot reduce
precious metal elements into their metallic state. Meanwhile, most
of the emerging materials only showed high gold extraction capacity
at relatively high gold concentrations of 500-3000 ppm.*™°
However, within the gold concentration range of real-world e-
waste recycling (from ppb levels to tens of ppm),*>*" their extraction
capacities typically decrease to below 250 mg g~ '. Besides, the
reduction/cementation process (e.g using Zn dust, Fe, etc.) to reduce
Au often involves cyanide complexes and has stringent requirement
on pH.” Besides, the selectivity to gold against other metal elements
from real electronics,">"* and the economic viability of the material
consumed for recovering gold also need further optimization.
Therefore, researchers have always been exploring novel and eco-
nomic materials for selectively recovering the diluted precious metal
ions from the complex leached solutions.""'**

In recent years, two-dimensional (2D) materials have gained
significant attention and have become a focal point of scientific
research. Due to their high specific surface area, catalytic activity,
chemical stability, and easy preparation, they demonstrate signifi-
cant potential for recovering and loading precious metal elements
from e-waste.'®>> In this study, we report that a 2D form of the
earth-abundant silicon—siloxene nanosheets (denoted as SiNSs)
—has exceptionally high gold extraction capability, and can work
under mild conditions and in a relatively wide working pH range.
When extracting gold from a 10 ppm Au solution at 45 °C and
60 °C, SiNSs achieved extraction capacities of 1336.6 mg g~ ' and
1507.9 mg g ', respectively. Moreover, they can extract gold at
extremely low concentrations, down to a few ppb, with high
selectivity. During the extraction, SiNSs reduced more than
99.99% of the gold ions to metallic gold, eliminating the need
for desorption, concentration, and precipitation treatments typi-
cally required after adsorption. This reductive recovery mechanism
exhibited lower activation energy than chemisorption processes.
Additionally, the selective extraction of high-value metals, such as
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Au and Cu, can be prioritized while minimizing the adsorption of
other, lower-value elements commonly found in real electronic
waste. Finally, we demonstrate an efficient flow-through process
for gold extraction using SiNS membranes. Our findings indicate
that SiNSs, as an abundant and non-toxic two-dimensional mate-
rial on Earth, exhibit remarkable potential for applications in
electronic waste recycling and the reduction of precious metals.

Results and discussion
Highly efficient gold extraction by SiNSs

SiNSs were obtained by exfoliating commercially mass-produced
CasSi, (pre-treated with NaOH) using 1 M hydrochloric acid (HCI)
via our previously developed protocol.>! This method can pro-
duce partially oxidized 2D silicon (Fig. S1, Table S1 and Note S1,
ESIt), with high surface area (reaching 281.38 m” g~ ', with the
pore size of clearly a few nanometres, as shown in Fig. S2,
ESIf),>" and abundant amounts of the reductive Si-H bonds,
which is known as a mild reducing reagent and has been proved
to be an excellent platform for loading metals.'®'%2%3%34 The
extraction process is shown in Fig. 1.

The dried SiNSs were directly added to the Au-ion-containing
solution (as shown in Fig. 2a). Because the hydrometallurgy
process is a flexible, low-cost, and sustainable method for e-
waste recycling, and [AuCl,]” is the most common gold complex
seen in such process and many gold-containing wastewater
systems, we first chose HAuCl, solutions prepared in different
concentrations to examine the gold extraction capacity of SiNSs
(Fig. 2b). Consistent with high performance at high Au concentra-
tions for many materials, the extraction capacity of SiNSs
increased overall with increasing Au concentration. Specifically,
1 g of SiNSs could extract 532.6, 554.3, 666.4, 587.5, 551.0, and
665.8 mg of gold from gold solutions with concentrations of 0.5, 1,
5,10, 50, and 100 ppm, respectively (reaction time: 24 h, pH =2, at
room temperature (25 °C)). This extraction performance is super-
ior to that of most nanoporous Au-capturing materials at the same
concentration levels (Table S2, ESIt). More importantly, SiNSs
could successfully extract gold from solutions with gold concen-
trations below 10 ppb (Fig. S3, ESIT and Fig. 4). Although we could
not quantify the extraction performance of SiNSs at this concen-
tration due to the detection limit of the quantification method, we
observed significant gold extraction. Given that freshwater typi-
cally contains less than 10 ppb of gold, SiNSs could potentially be
effective for gold recovery in such environments.

In addition to concentration, the extraction capacity of SiNSs
varies with the pH of the solution, a common phenomenon

3+
s | +nAu e I b

Fig. 1 Schematic illustration of the reductive extraction of Au ions with
SiNSs.
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Fig. 2 (a) A photograph of the extraction process using SiNSs. After being
mixed with SiNSs for 24 h, observable color emerged in the gold ion
solution (10 ppm), indicative of the formation of metallic Au. (b) Relation-
ship between extraction capacity and gold concentration (24 h).
(c) Relationship between extraction efficiency and solution pH (10 ppm).
(d) Variation in extraction efficiency with time (10 ppm). All experiments at
10 ppm were conducted at 25 °C using the same amount of SiNSs. Error
bars in this figure represent the standard deviation.

observed for gold extraction.>*1:26-2935738 The extraction capacity
of SiNSs in Fig. 2c shows a monotonic increase over the pH. Under
neutral or alkaline conditions with a pH > 7, the extraction
capacity is maximized, with 1 g of SiNSs capable of extracting over
1400 mg of gold. This is in stark contrast from the traditional
systems in which high pH usually results in the hindrance of
adsorption or reduction.**™** This is likely due to the gradual
etching of SiNSs in the mildly alkaline environment, which
exposes the Si-H bonds within the SiNSs, thereby enhancing their
extraction performance. However, considering that electronic
waste leachate in industrial processes is typically acidic, it is more
appropriate to select a pH range of 1 to 4 for the SiNS extraction
environment. Nevertheless, in principle, by increasing the amount
of SiNSs, it is still possible to extract approximately 99% of gold
from a 10 ppm gold solution at the whole pH range of 0-11.

Additionally, we studied the gold extraction over time (as
shown in Fig. 2d). The extracted gold amount increased mono-
tonically without any induction period. Basically after 24 hours,
1 g of SiNSs could extract over 700 mg of gold from a 10 ppm gold
solution, and the number could reach over 1200 mg of gold after
96 hours (pH = 2, at room temperature (25 °C)). This result
indicates that SiNSs have a decent extraction rate and a high total
capacity for gold extraction. Interestingly, even within minutes,
the gold solution with added SiNSs changed from transparent to
purplish-red (the color of gold nanoparticles), suggesting the
instant reductive recovery of Au and strong reducing ability of
SiNSs (Video S1, ESIf). The extraction rate within the initial
60 minutes was significant (Fig. S5 and Note S2, ESIY).

Mechanism study of SiNSs’ gold extraction behavior

To understand the high gold extraction behavior of SiNSs, we
started with the characterization of SiNSs after gold extraction.
After placing SiNSs in the gold solution for 24 hours, we
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observed gold nanoparticles of varying sizes on the surface of
SiNSs (as shown in Fig. 3a). Energy dispersive X-ray spectrometer
(EDS) analysis of the same location confirmed the presence of gold
element. X-ray photoelectron spectroscopy (XPS) analysis also
supported this finding (Fig. 3b), indicating that the particles were
zero-valent metallic gold with negligible amount of oxidized Au
ions. Most novel gold adsorbents in the literature primarily rely on
physical and chemical adsorption, although some exceptions
exhibit a certain degree of reductive adsorption. As a result, these
adsorbents extract a mixture of ionic gold and metallic gold,
necessitating energy- and cost-intensive post-treatment processes,
such as elution and precipitation, to desorb and reduce ionic
gold.>®'3%43:44 Iy contrast, SiNSs can reduce gold ions to metallic
gold without additional post-treatment, thereby providing a
further advantage for gold extraction using SiNSs. To investigate
the kinetic principles of this redox reaction, this study evaluated
the gold extraction capability of 2D SiNSs under different tem-
perature (T) conditions (reaction time: 24 h, pH = 2). Since the gold
extraction capability of the 2D SiNSs in this reaction is directly
governed by the redox reaction rate, a plot of extraction capability
versus temperature was constructed (as shown in Fig. 3c). The
results reveal that the extraction capacity of SiNSs increases with
increasing temperature, reaching 1507.9 mg g~ ' at 60 °C. The data
were subsequently fitted to the Arrhenius equation.

_E“
k = Ae ksT

Here, k is the reaction rate constant; A is the pre-exponential factor
(also known as the frequency factor); E, represents the activation
energy barrier; kg is the Boltzmann constant; and T is the thermo-
dynamic temperature.

Based on the results, we roughly calculated that the reaction
has an apparent energy barrier of 0.17 & 0.02 eV, which is lower
than the activation energy observed in most common chemi-
sorption processes (0.21-4.3 eV).*> Consequently, the 2D SiNSs
demonstrate excellent extraction performance and rapid extrac-
tion rates even in low-concentration gold standard solutions.

Moreover, increasing the temperature can further enhance
the extraction capability of the 2D SiNSs. For example, at
ambient temperatures of 45 °C and 60 °C, with a gold concen-
tration of only 10 ppm, the observed extraction capacities
reached 1336.6 mg g ' and 1507.9 mg g~ ', respectively.

Additionally, we characterized the SiNSs before and after the
reaction using Fourier transform infrared (FTIR) spectroscopy
(Fig. 3d). The SiNSs exhibited distinct Si-H characteristic peaks
before the reaction. However, after the reaction, the intensity of
these Si-H peaks decreased or even disappeared, and the signal
ratio of Si-O-Si/Si-H significantly increased.

In another set of experiments, we tested the gold extraction
capacity of commercial nano-silicon powder (with an average dia-
meter of below 100 nm) and found it to be less than 50 mg g *
(Fig. S6, ESIt). FTIR characterization results also indicated that
this commercial nano-silicon powder had almost no Si-H
characteristic peaks (Fig. S7, ESIt). This result further suggests
that the occurrence of a redox reaction between the gold ions
and SiNSs was responsible for the high extraction capability.

Nanoscale Horiz., 2025, 10, 2541-2549 | 2543
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Fig. 3 (a) TEM images and EDS analysis of SiNSs after gold extraction.
From left to right: bright field, dark field, EDX image of Au, and EDS image
of Si. (b) XPS analysis of the Au 4f spectrum of gold nanoparticles on the
surface of SiNSs. The black curve represents the raw data. (c) Variation in
gold extraction performance of SiNSs with temperature. The red straight
line represents the data fitting curve used to calculate the reaction energy
barrier. (d) FTIR spectra of SiNSs before extraction (blue line) and after
extraction (red line). (e) Extraction capacity of SiNSs for gold complexes
with different reduction potentials. TEM images and particle size analysis of
gold nanoparticles extracted from SiNSs at 5 ppm (f) and 50 ppm (g) gold
concentrations.

To further demonstrate the redox nature of the extraction
process, we measured the extraction capacity of SiNSs for gold
ions with different reduction potentials (E,) (Fig. 3€). An evident
correlation curve was established using solutions containing
Au*', [AuCly]", [AuBry]”, and [Au(S,0;),]>”, supporting our
conclusion that the redox reaction between gold ions and SiNSs
governs the observed behavior.

Based on the above experimental results, we propose the
following mechanism for the high gold extraction capacity of
SiNSs. Firstly, the extraction is driven by the concentration
difference (AC) of the ion between the solution and the extract-
ing material:*® AC = CA3I°" — CARS™. Once gold ions approach
SiNSs, they rapidly convert to metallic Au, leaving an extremely
low concentration of gold ions (C5%SY) on the SiNSs, thereby
maintaining a high AC throughout the extraction process. This
enables SiNSs to overcome rapid equilibrium at low concentra-
tions and exhibit excellent extraction capacity even at ppb
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levels. Secondly, the large specific surface area of SiNSs facil-
itates the reductive extraction of gold ions, while the abundant
Si-H groups on the SiNSs provide sufficient reducing capacity
for recovering gold ions to metallic Au. Such reductive loading
on 2D silicon structures has also been previously observed with
Cu and Pd ions.'®*"*

Interestingly, while investigating the effect of different initial
concentrations of gold solutions on the extraction capacity of
SiNSs, we observed some variance, and higher concentrations
did not necessarily enhance the extraction performance of SiNSs.
As shown in Fig. 2b, a slight decline in extraction performance
was observed when the concentration increased from 5 ppm to
50 ppm. To explore the underlying mechanism of this phenom-
enon, we collected SiNSs after extraction at gold ion concentra-
tions of both 5 ppm and 50 ppm, and characterized them using
transmission electron microscopy (TEM) and EDS, as shown in
Fig. 3f and g. From these observations, we identified a significant
difference in the particle sizes of the extracted gold nanoparticles
between the two concentrations. The average particle size of Au
extracted at 5 ppm was noticeably smaller than that of Au
extracted at 50 ppm. The large particle size indicates that
excessive Au was further reduced at the surface of Au particles
initially formed. An increase in the Au particle size may result in
lower capacity for adsorption of Au species and hinder the
contact with hydride of the SiNSs, thus slowing down the Au ion
reduction.*®

When the Au concentration is significantly larger (100 ppm),
the huge concentration difference (AC) again dominates to
drive the high extraction capacity. The bottom line is that SiNSs
are well suited for applications involving the treatment of Au at
such low-concentration levels, which may align well with some
real industrial electronic wastewater treatment scenarios in
which the valuable metals contained are scarce.

Efficient gold recovery via continuous flow-through systems

To better align with industrial aqueous solution treatment
scenarios and demonstrate the potential of SiNSs for industrial
gold extraction from wastewater or leachate, we adopted an
alternative approach. In this approach, SiNSs were fabricated
into membranes with a mass of approximately 30 mg and a
diameter of 4.5 cm, enabling low-concentration gold solutions
to continuously flow through the SiNS membranes (as shown in
Fig. 4a). Fig. 4b shows the extraction performance of the SiNS
membrane during the filtration of 7 L of 100 ppb gold solution.
We observed that the extraction efficiency remained almost
constant above 99% up to 3 L, after which it decreased to 95—
96%. Simultaneously, the gradual accumulation of gold nano-
particles between the SiNS nanosheets began to block water flow
(as shown in Fig. 4c), and the permeability of the membrane
gradually declined. However, this typical reduction in the per-
formance, common in adsorption-based membrane separation
processes,*>*® can be mitigated by using membranes in series.

Concurrently, we conducted a control experiment compar-
ing gold concentrations before and after passing through the
pristine cellulose membrane. As shown in Table S3 (ESI{), no
significant change in the concentration of gold was observed,

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nh00388a

Published on 25 July 2025. Downloaded on 1/25/2026 5:50:36 AM.

Nanoscale Horizons

>99%
p— |
100% - 95.1% 95.7% 95.6% 96.4%

80%
60%
40%

20% A

Extraction efficiency (%)

0% T T T T T T T
o 1 2 3 4 5 6 7 8

100 ppb |AuCl,|" filtrate volume (L)

€ E-waste water with 100 ppb Au** ion
{ 4

‘Water
without Au
ion

¥ Water without Au fon
Gold particles Wl SiNSs

Fig. 4 (a) Images showing the SiNSs films before extraction (left) and after
extraction (right), respectively. (b) As the volume of 100 ppb Au solution
filtered increases, there was no significant decrease in the extraction
efficiency of the SiNSs film. (c) Sectional (left) and 3D (right) schematic
diagrams illustrating the extraction of low-concentration gold solutions
using SiNSs films.

confirming that the cellulose membrane exerts negligible
influence on Au®" ion extraction.

Real-world gold extraction

To conduct the final feasibility evaluation of this technology for
e-waste recycling, authentic waste computer central processing
units (CPUs) were processed via standard hydrometallurgical
methods to prepare representative e-waste leachates. The lea-
chate contained gold (Au) alongside a significant amount of
copper (Cu), minor amounts of nickel (Ni), zinc (Zn), palladium
(Pd) (a coexisting noble metal), and trace levels of aluminum
(Al), iron (Fe), and chromium (Cr). The primary metal species
and their concentrations are summarized in Table 1.

Gold extraction was subsequently performed using two
approaches: mixing SiNSs with the e-waste leachate and filter-
ing the leachate through a SiNS membrane using a continuous
flow-through extraction device. The gold extraction capacities
and efficiencies observed in both methods are presented in
Fig. 5a and b, respectively. Both extraction methods demon-
strated the high selectivity of SiNSs for gold ions, with the e-
waste leachates yielding Au recovery rates of 98% and 92%,
respectively. Although approximately 50% of palladium (Pd),
aluminum (Al), and iron (Fe) were co-extracted in the mixing
method, their significantly lower abundance in the feedstock

This journal is © The Royal Society of Chemistry 2025
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Table1 Metal elements and their concentrations in authentic waste CPU
leachate

Metallic elements Concentration/ppm
Cu 24.78
Au 9.73
Ni 3.21
Zn 2.00
Pd 0.57
Al 0.03
Fe 0.02
Cr 0.01
a b
989% o
3‘1'0 0495 ppb off bl'o WZN/T:[.MH
£ =
o8 o8
2 % 63% 2
b=l 18.3 m?lf‘ulol 12.2 ppb off £
V0.6 50% @ 0.6
= 87.4 ppb ofl] =
L e 37% 38%
T 04r T 04 9282 ppb off 219.8 pph off
« «
- -
0.2 02
] 4] 2%
0 8.6 pph off 38.6 ppb off

0 0.0
Au Cu Ni Zn Pd Al Fe Cr Au Cu Ni Zn Pd Al Fe Cr

Fig. 5 (a) The extraction efficiency of each element by SiNSs when they
are directly mixed with the e-waste leaching solution. (b) Extraction
efficiency of constituent elements from e-waste leachate processed in
the continuous flow-through extraction system.

resulted in minimal absolute quantities recovered (<5% of
total extracted metal mass). In the faster flow-through method,
only the highly valuable metals Cu and Pd exhibited some
extraction efficiency (below 40%), which is to be expected since
they can be reduced by SiNSs. In the continuous-flow method,
the significantly shorter contact time between metal ions and
SiNSs compared to batch mixing leads to less extraction effi-
ciencies of the low-value Al and Fe ions, which are prone to be
captured through traditional adsorption in the prolonged batch
mixing process. Meanwhile, unlike the batch system where
sufficient duration enables sequential displacement reactions
(e.g., metallic Cu gradually replacing Au(ui) ions according to
the metal activity series), the continuous-flow approach results
in a slight decrease in selectivity for Au while demonstrating an
increase in selectivity for Cu. Such metals are also in principle
easy to be removed through standard acid treatment in gold
purification industries.

Final isolation of metallic gold piece

In the final step, we used a 2 M NaOH solution to remove the
SiNSs and the cellulose acetate membrane substrate, and the
precipitate was analyzed using TEM and EDS (as shown in
Fig. 6a). It was found that under alkaline conditions, the gold
nanoparticles spontaneously aggregated into larger gold parti-
cles, and even some with the largest size were visible to the
naked eye (as shown in Fig. 6b). The purity of the Au in the EDS
analysis was over 99%, and the SiNSs were completely removed,
with the impurity peak signal in EDS analysis being less than
1%. To further accelerate the aggregation process, the Au
obtained from the alkaline treatment was placed in a tube
furnace and heated at 1000 °C. Within 60 minutes, the Au

Nanoscale Horiz., 2025, 10, 2541-2549 | 2545
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Fig. 6 (a) TEM image and EDS analysis results of Au recovered on SiNSs
after NaOH treatment, with Au content >99%. (b) Spontaneous aggrega-
tion of metallic Au on a stirring magnet. (c) Macroscopic metallic gold
piece formed before (left) and after (right) a short calcination step at
1000 °C.

particles had fused into visible gold chunks (as shown in
Fig. 6¢). Unlike other extraction methods, this process requires
only a brief heating treatment for the Au, making it an efficient
and energy-saving method for recovering Au from wastewater.
From an economic perspective, the entire recovery process is
feasible. If we define 50% extraction efficiency as the end-of-life
for the SiNS membrane,”" it is estimated that 1 g of SiNSs can
extract approximately 0.67 g of gold from wastewater contain-
ing 100 ppb of gold ions. Besides, the production cost of SiNSs
is less than 0.07 dollars per g (as estimated in Note S3, ESIt).
The price of gold is around 99.13 dollars per g as of April
2025, which results in a very rough estimated return of approxi-
mately 949 times. Although this estimation, based on material
costs, does not account for other associated expenses, our
feasible chemical processes exhibited minimal energy require-
ments, involving no need for advanced equipment and highly
specialized training for operation. Combined with the high
gold extraction capacity, precise selectivity, and scalability of
SiNSs, there is significant potential for the commercial recovery
of gold from electronic waste, although continuous efforts are
required for further optimization and scaling up. Future study
might explore gold extraction scenarios at even lower concen-
tration levels using SiNSs, such as from seawater, due to the low
extraction concentration limit and the fact that the reductive
extraction process does not consume other reactants.

Experimental
Preparation of SiNSs

A typical synthesis of SiNSs started from the etching of CaSi,:
NaOH which was dissolved in water to form a solution with a
concentration of 5 M. The mixture of 2.0 g of CaSi, and 200 mL
of NaOH solution was kept stirred at room temperature for
14 hours. After the reaction, the solid from the mixture, named
CaSi,-NaOH, was collected by centrifugation, washed with
water, and dried under vacuum sequentially. 1.0 g of CaSi,-
NaOH was added to 100 mL of pre-diluted hydrochloric acid
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(1 M) in a round-bottom flask. The mixture was stirred at 25 °C
for 4.5 days in N,. Then, the solvent was removed after
centrifugation. The remaining solid was dried under vacuum
after being washed with ethanol twice.

Extraction efficiency of SiNSs

We prepared gold solutions by diluting the stock solution of
gold ions (HAuCl,) with deionized water to obtain final gold
concentrations of 0.5, 1, 5, 10, 50, and 100 ppm. The pH of the
mixtures was adjusted to 2 by adding HCl or NaOH. Subse-
quently, SiNSs were added to the solution for mixing. In this
situation, the weight ratio of Au ions to SiNSs was maintained
at 1:1.5. At each time point, the mixture was filtered using a
13 mm PES syringe filter with a pore size of 0.22 pm. The
filtrates were then analyzed using inductively coupled plasma
optical emission spectroscopy (ICP-OES) and inductively
coupled plasma mass spectrometry (ICP-MS) to determine the
extraction efficiency, R (%), which was calculated as

Co— C

R= G ° x 100%

where C, is the initial concentration of Au (ppm) and C. is the
final concentration in the filtrate (ppm).

Extraction capacity of SiNSs

We selected extraction durations ranging from 15 minutes to
96 hours, with the mixtures stirred at a speed of 500 rpm. To
rule out the effect of pH, we followed the same procedure as
above, uniformly adjusting to pH = 2 by adding HCI or NaOH.
To ensure reproducibility, all measurements were repeated at
least three times. For detailed information on gold extraction
using commercial silicon nanoparticles, see Fig. S7 (ESIt). For
the extraction of gold from different gold complexes by SiNSs,
we followed a similar procedure to that for extracting gold from
HAuCl, solution. To study the effect of temperature on gold
adsorption performance, extraction experiments were con-
ducted at 5, 25, 45, and 60 °C. 3 mg of SiNSs were added to
400 mL of the gold solution with a final gold concentration of
10 ppm. Due to the high extraction capacity under conditions
exceeding 48 h and temperatures above 45 °C, the volume of the
initial 10 ppm Au ion solution was increased to 800 mL for
scaled testing. For SiNSs’ gold extraction from different gold
complexes, we followed a similar procedure to that for gold
extraction from HAuCl, solutions. To distinguish between the
diluted HAuCl, solution and the KAuCl, solution stabilized
with abundant HCI, the former is labelled as Au®*" and the latter
as AuCl,~ in this experiment. Note that Au®" is unstable and it
is difficult to acquire its pure solution; the standard reduction
potential labelled thus does not represent the actual value for
this solution which still has an abundant amount of stable
AuCl, ", but it helps to supplement the trend showing the
correlation between the extraction performance vs. reducibility
of the ions. Unless otherwise stated, all experiments were
conducted at room temperature (25 °C), and the initial concen-
tration was 10 ppm in all cases.
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We measured extraction efficiency for 10 ppm solutions at
pH of 0, 2, 4, 7, and 11. The pH was adjusted by adding 1 M of
HCI and 1 M of NaOH solutions. 3 mg of SiNSs were added to
400 mL of the gold solution with the final gold concentration of
10 ppm. Due to the high extraction capacity at pH > 7, the total
amount of the initial 10 ppm gold ion solution was increased to
800 mL. After stirring at a speed of 500 rpm for 24 hours, the
mixtures were filtered and analysed using ICP-OES to deter-
mine the extraction capacity Q. (mg g~ ). It was calculated as
follows:

(Co—Ce)x V
m

Qe:

where C,, is the initial concentration of Au (ppm), C. is the final
concentration in the filtrate (ppm), V is the volume of the
suspension used (L), and m is the mass of the dried SiNSs (g).

Flow-through extraction

30 mg of SiNSs were dispersed in 30 mL of deionized water
under thorough mixing at room temperature. The homogeneous
suspension was subsequently poured into a Brinell funnel
equipped with a cellulose acetate membrane (0.22 um pore size,
diameter: 4.5 cm). Vacuum filtration was applied to remove all
deionized water, resulting in a uniformly distributed SiNSs film.
The performance of the obtained film was evaluated using a
100 ppb Au solution. Following filtration of every 250 mL aliquot,
the gold extraction efficiency was determined via inductively
coupled plasma mass spectrometry (ICP-MS) analysis.

Real-world gold extraction

The CPU waste solution is obtained from discarded computer
components. To extract gold from CPUs, they are first soaked in
an 8 M NaOH solution for 48 hours to remove the protective
coating on the electronic surfaces. The CPUs are then thor-
oughly rinsed and immersed in 40 mL of concentrated nitric
acid for 48 hours. After washing, the CPUs are placed in 50 mL
of aqua regia for 48 hours. Undissolved materials are filtered
out, and NaOH is added to the filtrate to achieve pH = 2. This
results in a leachate with a concentration of 170 + 50 ppm, and
the solution is then diluted to a suitable concentration for later
use. The leachate is filtered through a SiNSs membrane at room
temperature to extract gold. The amount of extracted gold is
evaluated using at least three samples following the aforemen-
tioned procedure. The elemental composition of the filtrate is
analyzed via inductively coupled plasma mass spectrometry
(ICP-MS). All experiments are conducted at room temperature
(25 °Q).

Characterization

TEM images and EDX mappings were performed on a JEOL JEM
F200 (200 kV) transmission electron microscope. Fourier-
transform infrared (FTIR) spectroscopy was performed using
a Bruker Alpha FTIR spectrometer fitted with a universal
attenuated total reflectance sampling accessory. X-ray photo-
electron spectroscopy (XPS) was obtained using a Thermo
Scientific K-Alpha Scanning ESCA Microprobe instrument

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

(physical electronics) equipped with an Al Ko X-ray source
(hv = 1486.6 eV) and binding energies referenced to C 1s
(284.8 eV). The metal content of different samples was mea-
sured using an inductively coupled plasma optical emission
spectrometer (ICP-OES) (Thermo Fisher iCAP PRO), and an
inductively coupled plasma mass spectrometer (ICP-MS) (Agi-
lent 7850). The O and H content of the material was analysed
using an oxygen, nitrogen and hydrogen analyser (HORIBA
EMGA-830).

Conclusions

In this work, focusing on gold (Au)—the most valuable element in
electronic components, solution-phase synthesized SiNSs were
demonstrated to have exceptional Au extraction capacity (as high
as >1500 mg of Au per gram of SiNSs) in low-concentration
simulated Au-containing wastewater/leachate (10 ppm). Systematic
tests were conducted to evaluate the Au extraction performance of
SiNSs under varying conditions (time, temperature, and pH) using
the most common Au-bearing simulated solutions. The redox
extraction mechanism was distinct from the common adsorption
mechanism for most nanomaterials, elucidated through pre- and
post-extraction characterization studies of SiNSs, analysis of extrac-
tion performance over different gold-containing ions, and the low
activation energy barrier. Furthermore, authentic e-waste leachate
was prepared from discarded central processing units (CPUs),
from which Au ions were successfully recovered using SiNSs. To
better simulate industrial-scale e-waste treatment scenarios, a
continuous-flow extraction device was developed, enabling Au
recovery from simulated Au-containing solutions wvia SiNS
membrane filtration. This device achieved >99% Au removal
efficiency from ultradilute Au solutions (100 ppb) and maintained
>95% efficiency after processing >7 L of wastewater, while also
exhibiting robust performance in treating CPU-derived e-waste
leachate. Finally, metallic gold precipitates were successfully recov-
ered from the simulated wastewater through NaOH-mediated
dissolution of SiNSs, yielding macroscopically visible gold pieces.
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