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Current methods for producing gold nanoparticles (AuNPs) typically involve solutions containing 50 to 27 000
ppm of gold. These precursor solutions are derived from purified ore material and are not representative of
waste-derived gold-containing solutions, which generally range from 20 to 30 ppm. Electronic waste (e-waste)
is an increasing global concern due to the presence of various toxic substances that can leach into the
environment and pose risks to human health. However, e-waste also represents a rich source of precious
metals, including Ag, Pd, and Au. Here, we report the synthesis of AuNPs derived from AuCl, or Auls at
concentrations typical of e-waste streams, as well as from printed circuit board (PCB) e-waste samples. The
AuNPs, ranging from 3 to 30 nm in diameter, are deposited onto commercially available cellulose fibres by a
reductive deposition method using hydrazine hydrate. The catalytic performance of the AuNPs was evaluated
in the reduction of p-nitrophenol to p-aminophenol in the presence of NaBH4. The AuNPs derived from
e-waste on cellulose exhibited higher turnover number (TON) and turnover frequency (TOF) compared to
commercially available 30 nm AuNPs and previously reported AuNPs on cellulose, possibly due to trace
amounts of palladium present. This study demonstrates that AuNPs can be efficiently synthesised from e-waste
streams and provides proof-of-concept evidence that the gold in bulk e-waste can serve as a valuable source
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Environmental significance

Gold nanoparticles (AuNPs) have a wide range of applications in biomedicine, sensing, and catalysis. AuNPs are typically synthesised from gold salts derived from
gold ore, in which the mining of these materials imposes a significant environmental and socioeconomic burden. In this study, we demonstrate that catalytically
active AuUNPs can be produced using gold recovered from bulk electronic waste, specifically printed circuit boards (PCBs). Herein, we report and highlight several new
aspects of e-waste-derived AuNPs and how they affect catalytic performance, including trace palladium content. The derived AuNPs are also from a bulk source of e-
waste, not chips or gold chips off PCBs, which initially have a high gold concentration. Additionally, our AuNPs derived from electronic waste exhibited superior
catalytic properties to an analogous material created from highly refined materials in the reduction of p-nitrophenol, providing proof-of-concept evidence that the gold
in bulk e-waste can serve as a valuable source of high-value catalysts. Through utilisation of a waste product, the biopolymer cellulose and the green oxidant TCCA,
we have demonstrated the production of a high-value catalyst that shows superior performance to equivalents derived from stock gold solutions.

Introduction at the nanoscale, particularly in the form of gold
nanoparticles (AuNPs), which possess unique physical and
chemical properties that have been investigated for
applications ranging from nanomedicine® (such as
biolabeling, diagnostics and drug delivery) to catalysis.>
Interest in AuNPs has increased significantly over the last
few decades due to their unique characteristics as
nanomaterials. Michael Faraday first documented an
aqueous solution of colloidal gold nanoparticles in the 1850s,
and he is widely credited for the “first” scientific discussion
on size-dependent optical properties and their coagulation

Gold has traditionally been regarded as one of the least
reactive metals." However, its reactivity changes dramatically
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behaviour.® A century later, Turkevich et al., using electron
microscopy, confirmed that Faraday's ruby-coloured colloidal
solutions had an average size of 6 + 2 nm.’
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In the 1980s, Hutchings and Haruta's groundbreaking
findings revealed the catalytic capabilities of gold and laid
the foundations for gold salt and nanoparticulate catalysis.
In 1991, it was reported that cationic gold supported on
carbon could catalyse the hydrochlorination of acetylene
to vinyl chloride.® Haruta and coworkers used
coprecipitation of metal nitrates and chloroauric acid with
sodium carbonate, followed by calcination, to prepare
metal oxide (MO)-supported AuNP catalysts for CO
oxidation.” These seminal findings sparked extensive
interest in the catalytic applications of AuNPs and gold
salts.  Currently, gold(0) nanoparticles have found
applications in  numerous organic transformations,
including hydrogenations,®* nitro group reductions,""?
activation of alkynes,"*™* 24732
coupling®*™** reactions.

AuNPs can be prepared using chemical, sonochemical, or
photochemical methods.”> The most commonly used
methods are chemical processes, which typically involve the
precipitation of a dissolved gold salt in an aqueous medium,
usually in the form of chloroauric acid or an alkali
tetrachloroaurate.**™> The widespread use of these gold
chlorides is due to the relative ease and speed of oxidative
gold dissolution in chloride-containing media.

Various green procedures for AuNP synthesis have been
reported, with the majority utilising plants high in metabolites
such as terpenoids, polyphenols, alkaloids, and phenolic acid
to bio-reduce the gold ions into their nanoparticulate forms.>
Coconut o0il,>* orange,” ™ pomegranate, banana,”®>®
watermelon,®® and avocado peels®" have all been reported to
bio-reduce and synthesise AuNPs. Electrochemical extraction
has also been reported,®® as well as laser ablation techniques
using palm 0il.** In all these cases, the gold solution used for
AuNP formation is derived from commodity-grade gold that
has been subjected to a refining process that is both energy
intensive and expensive. While a great deal of work has been
conducted with the aim of decreasing the environmental
impact of the reductant or support material used in the
formation of AuNPs, the origin of the gold precursor is often
ignored. With growing interest in urban mining and its role in
enabling a circular economy, increased attention should be
paid to waste stream-derived materials as the source of the gold
required for AuNP synthesis (Scheme 1).

Various works have been reported the recovery of Au®>" ions
using polymeric films, hydrogels and as complexes derived
from e-waste.®*®> Recovery of Pt** from catalytic convertors has
also been reported using hydrogels.®® Park reported the
synthesis of gold nanoparticles (AuNPs) derived from printed
circuit boards (PCBs) using toluene extractions of the PCB
leachate solution.®” Phospholipids, combined with an AC
voltage of 100 V, have also been utilised to recycle metallic
waste-derived gold into AuNPs. These nanoparticles were then
collected by centrifugation, resulting in a solid containing less
than 6 wt% gold.®® The use of biomass, such as cyanide-
producing bacteria, to leach gold from waste and synthesise
AuNPs has also been reported.®® AuNPs from waste-derived

oxidation of alcohols, and
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Scheme 1 Methods for AuNP production from mined gold ore far
outweigh those that use waste-derived materials.

materials using red raspberry leaf extracts high in
catecholamine-containing anthocyanins to bioreduce Au**
have also been reported.”® Catecholamine groups preferentially
coordinate with gold ions (Au®*) to form complexes, that may
lead to initiation of nucleation for seed formation.”*

Despite the growing number of studies on the formation of
AuNPs from waste materials, few investigations have yet been
conducted on the applications of the nanomaterials produced.
AuNPs derived from waste have been shown to be active in the
catalytic oxidation of CO and methanol and the reduction of
p-nitrophenol.”>””> However, the methods utilised required a
manual physical process of removal of CPU boards, gold pins
and even gold flakes off PCBs, or pre-purification of Au, which
is not representative of realistic large-scale recycling methods.
The initial starting concentration for the reported methods
ranged from 180-200 ppm, approximately 9 to 10 fold higher
than a hydrometallurgical leach of whole PCBs.”>”> The
reported reduction of p-nitrophenol was also reported to have
utilised a significant excess of NaBH, (500 mol eq.) and Au
(1800 mol%).””> Au®*" complexes recovered from e-waste that
were catalysts for the cyclisation of propargylic amides and
condensation of acetylacetone with o-iodoaniline have been
reported.”® However, the methods utilised are again not
representative of large-scale recycling methods, as high
temperature (reflux) and solvents such as THF, HCI, and vapour
deposition methods were utilised.

In this study, we report the production, characterisation,
and optimisation of AuNPs derived from end-of-life circuit
boards and demonstrate their catalytic activity through the
reduction of p-nitrophenol which is commonly used as a
model system,***®48527778 Differences in catalytic activity
between AuNPs derived from stock solutions and AuNPs
derived from e-waste were found and investigated further.

Electronic waste

A wide range of products are classified as electrical and
electronic equipment (EEE), including large and small
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household appliances, as well as information and
communication technology devices such as computers,
cellular phones, telecommunication equipment, and
portable electronics. Once these products reach the end of
their useful life, they become electronic waste (e-waste).
Rapid urbanisation, advancements in science and
technology, increased consumer usage, and a throw-away
culture have made e-waste an exponentially growing
problem worldwide. The amount of e-waste generated
globally increased by 21% in five years from 2014 to 2019.”°
In 1994, an estimated 20 million personal computers (PCs)
became obsolete, accounting for 7 million tonnes of waste
alone.®® In 2004, the number of obsolete PCs increased to
100 million.? In the US alone, 500 million computers
became obsolete between 1997 and 2010, while in Japan,
610 million computers were discarded by the end of 2010.”°
Globally, e-waste accounted for 8% of waste in 2005 to
become the fastest-growing waste stream and accounted for
53.6 million metric tonnes of waste in 2019.”%%!

Printed circuit boards (PCBs) are an integral part of all
electrical and electronic equipment (EEEs), as they provide
both electrical connections and mechanical support for the
electronic components.®” The exact components of PCBs
depend highly on the final function of the EEEs, but they
usually comprise ~30-40% metals, ~30% plastics, and
~30% ceramic materials.** Annually, over US$80 billion of
valuable metals are discarded in consumer and industrial
waste streams, which provides a source of urban-derived
anthropogenic material that can be reused, giving rise to
the term “urban mining”.***> The major metallic
components are comprised of Cu (20-30 wt%), Fe (4 wt%),
Al (3.3 wt%), and Sn (2.6 wt%). Urban mining is rapidly
emerging as a viable alternative to traditional mining, which
often  results in irreversible environmental and
socioeconomic consequences. The metal content in relevant
ores is significantly lower than in PCBs.*® Copper ore
contains 0.5-1% copper and currently mined gold ore
usually ranges from 1-10 g T', both being approximately
20 x lower than in PCBs.*>%’

The two primary methods for recovering gold and other
precious metals from e-waste are pyrometallurgy and
hydrometallurgy.®” Pyrometallurgical processing is the most
traditional and widely used industrial method for recovering
gold and other precious metals.®” It involves incinerating and
smelting in a plasma arc at high temperatures, using base
metal absorbers (Cu and/or Pb) in the presence of slag to
concentrate the precious metals and remove plastic and
carbon impurities.*” The resulting Au, Ag, and platinum
group metal (PGM) alloy is further refined through
hydrometallurgical processes, which include leaching, solvent
extraction, and subsequent precipitation or
electrodeposition.®” Standard hydrometallurgical processes
include halide leaching (chlorine, bromine and iodine),
thiourea, thiosulfate, and the industrial standard cyanide
leaching methods.*»®® Due to the detrimental effects and
carbon emissions associated with  pyrometallurgical
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processes, we chose to use non-pyrolysis-pretreated e-waste
and focus our efforts on the hydrometallurgical digestion of
raw e-waste.

The primary objective of this study was to investigate
whether gold recovered from e-waste could serve as a
sustainable precursor for catalytically active AuNPs. The
utilisation of e-waste provides a greener alternative to mining
virgin material, especially in the case of gold due to the
approximately 40 times lower concentration in currently
mined ores compared to PCBs. Reduced land and water
usage in addition to avoidance of toxic cyanide reagents also
provides green benefits. Initial experiments were conducted
with gold solutions at concentrations simulating those found
in the leachate from non-pyrolysed e-waste, which can
realistically reach 20-30 ppm of gold after hydrometallurgical
leaching. After optimising this model system, the synthetic
process was applied to PCB e-waste, and the catalytic activity
of the resulting AuNPs was compared to that of commercially
available AuNPs.

Experimental section
Chemicals and reagents

Fine gold, palladium, and silver were purchased from Regal
Ltd. Ascorbic acid was sourced from Davis Food Chemicals.
Squaric acid, p-nitrophenol, chitosan, gold nanoparticles
(30 nm, citrate stabilised) were sourced from Sigma-Aldrich.
Hydrazine hydrate (80%), trisodium citrate, starch, sodium
hydroxide AR pearls, hydrochloric acid (33%), and nitric acid
(69%) were sourced from ECP Ltd. Cellulose fibres were
obtained from E. Begerow GmbH. Chitin and NaBH, were
sourced from AK Scientific. All glassware was washed with
aqua regia, rinsed with de-ionised water and oven-dried prior
to use.

Preparation of AuNPs

Fine gold was digested with aqua regia (HCl: HNO; 4:1)%>%°

or an iodide leach’*™®* to create 1000 ppm stock solutions.
20 ppm AuCl, and Aul, solutions were prepared from
1000 ppm stock solutions by dilution with 3% HCI or KI
solutions. The support material (10-14 g L") was added
before the addition of the corresponding reductant (300-620
molar equivalents). The AuNPs loaded on the support were
washed with 3% HCI or KI and dried in the oven overnight
at 60 °C. Printed circuit boards were obtained from Mint
Innovation Ltd (NZ), and subjected to a base metal leach
using H,S0, and H,0, prior to use.”>®® Three 20 g samples
of base-metal leached e-waste were subjected to a thermal
aqua regia digest at 60 °C for 3.5 h to determine the
residual base-metal and gold content (Table S4, ESIf). The
residual metals, including gold, were leached using
TCCA.'*°'% Briefly, e-waste was slurried in a 42 g L™ TCCA
solution and heated at 40 °C for 4 hours, followed by
filtration. Residual chlorine was decomposed by adding
H,0,. The gold concentration in the solution was measured
using AAS, and AuNPs were subsequently deposited onto
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the support using the optimal reductant to produce the PCB
e-waste sample.

AAS and MP-AES

After dissolving the catalyst into aqua regia (HCl: HNO; 4:1),
the gold content of the model system catalyst and PCB
e-waste sample was determined using a Shimadzu atomic
absorption spectrophotometer 6300 using a gold lamp (1 =
242.8 nm, slit = 0.7 nm). The palladium content was obtained
using atomic absorption spectroscopy (AAS) with a palladium
lamp (4 = 246.6 nm, slit = 0.7 nm). The base-metal content of
the PCB e-waste sample was determined using an Agilent
4200 MP-AES after an aqua regia digest.

XPS

A Kratos Axis DLD XPS system was used to investigate the
chemical properties and changes in binding energies of the
model systems and e-waste-derived samples. The system
utilised monochromatic aluminum Ko X-rays (1486.69 eV)
with an X-ray source operating at 150 W. A charge neutraliser
was employed to counteract potential surface charge buildup.
Samples were mounted using double-sided adhesive tape.
Data processing was performed using Casa XPS, with the C
1s signal from saturated hydrocarbons (285 eV) serving as an
internal standard to correct the binding energy scales.

UV-vis
Absorbance spectra were recorded on Horiba Scientific

Duetta fluorescence and absorbance spectrometer or Agilent
Cary 60 UV-vis spectrometer.

DLS

DLS and zeta potential analysis were performed with a
ZetaSizer Nano ZS (Malvern Instruments); data analysis was
supported by Zetasizer v.2.2. DLS experiments were
performed using disposable polystyrene cuvettes (DTS0012)
or disposable folded capillary cells (DTS1070), with an
assumed water viscosity of 25 °C (7 = 0.8872 mPa).

TEM

Standard TEM images were recorded on an FEI Tecnai 12
with Gatan cold stages and a Gatan Ultrascan 100 4 Mpixel
digital camera. Image processing was performed using
Image].JS.

SEM

Standard SEM images were recorded using a Hitachi SU-70
Schottky field emission scanning electron microscope. The
specimens were sputter-coated with platinum (Pt) or carbon
(C) for 60 seconds using a Hitachi E-1045 ion sputter. The
composition of the particles was analysed by energy
dispersive X-ray spectrometry (EDS) with a Noran System 7
(NSS) microanalysis system. Image processing was performed
using Image].JS.
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Kiln

A muffle furnace with a high-temperature ceramic element
kiln with a maximum temperature of 1750 °C was utilised.
Bone ash cupels and ceramic crucibles were used for fire
assay purposes.

Preparation of solid supports

Cellulose, chitin, chitosan, lecithin and starch were used as
received. Micronised cellulose was synthesised as previously
reported by Huang.'” The polysulfide and carbonised
polysulfide materials were synthesised as previously reported
by Chalker and co-workers.'*”'® Carbonised cellulose was
synthesised following an identical carbonisation procedure
used for the carbonised polysulfide material.

Catalytic reduction of p-nitrophenol

A stock solution was prepared using p-nitrophenol (90 mg,
0.65 umol) and NaBH, (180 mg, 4.78 umol) in deionised
water (50 mL). 2 mL of the stock solution was added to a
suspension of AuNPs on cellulose in water (4 mL). The
reaction mixture was sampled at fixed intervals and filtered
through a 0.45 pm membrane filter. The absorption spectra
of the filtrate were measured in the range of 250-500 nm.
Kinetic rate constants were determined by applying a
logarithmic function to the change in absorbance at 400 nm,
correlating to the p-nitrophenolate ion over time.
Compounds were also purified by flash
chromatography on silica gel and analysed by comparison
with "H and **C NMR spectroscopic data. NMR spectra were
recorded at room temperature in CDCl; solution using a
Bruker DRX400 spectrometer operating at 400 MHz for 'H
nuclei and 100 MHz for "*C nuclei. Chemical shifts are
reported in parts per million (ppm) from tetramethylsilane (¢
= 0) and were measured relative to the deuterated solvent in
which the sample was analysed.

column

Results and discussion

To the best of our knowledge, the development of a
functional heterogeneous AuNP catalyst using gold salt
concentrations representative of e-waste has not been
reported. Current literature procedures for generating
catalytically active AuNPs typically use gold concentrations
ranging from 50 to 27000 ppm, which does not reflect the
low gold concentrations found in e-waste leachate, typically
ranging from 10 to 30 ppm.***®*®°952109 wagte-derived
supports have been reported, but the source of the noble
metals for nanoparticulate materials is largely ignored."**'**
Often, the remaining gold-containing lixiviants are also
discarded, resulting in downstream waste-water implications.
As an example, Camilo and collaborators synthesised a
AuNPs loaded onto cellulose films using a starting gold
concentration of 179 ppm, but after deposition, a residual 45
ppm remained in solution, making this cost prohibitive from
an industrial perspective.?

This journal is © The Royal Society of Chemistry 2025
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In this study, we report the optimisation of AuNP
synthesis from gold concentrations representative of waste
streams and explore their potential application as catalysts.
Due to the initially low gold concentrations in waste streams,

the optimisation prioritised achieving high loading
efficiencies onto supports to minimise wastewater
generation.

External reductants are needed to convert gold salt
precursors, typically AuCl,” or Aul,, into their
nanoparticulate form and onto a support material to create a
heterogeneous catalyst. Colloidal nanoparticulate solutions,
though not requiring a heterogeneous support, follow a
similar reduction pathway in the presence of capping agents
to form AuNPs from gold salt precursors, as shown in
Scheme 2. In this study, we investigated various support
materials, reductants, and temperatures to assess their
impact on the catalytic function of the synthesised AuNPs,
evaluated by their ability to reduce p-nitrophenol to
p-aminophenol.

Reductant screen

Initial experiments investigated the effectiveness of a series
of reductants, namely ascorbic acid, trisodium citrate,
sodium borohydride, and hydrazine hydrate, to form AuNPs
from gold solutions representative of PCB leachate. The
AuCl,” model system was chosen due to the oxidative
chloride leach being the most commonly used leachate for e-
waste.?>12>114  Other halide leaching methods for gold
include iodide- and bromide-based systems, with iodide
being more widely reported.’>°*'*>11® Ag such, Aul,~ was
chosen as a second model system which, to the best of our
knowledge, has not been previously reported for the
formation of AuNPs. Non-stable gold leachates using reagents
such as thiourea and thiosulfate were not pursued. Cyanide-
based model systems were not pursued due to their
associated toxicity.

E-waste loadings for gold leaching have been reported to
be between 1-50%, but on average usually range from 20-
30%."'>1177119 pCBs, on average, are 0.01 wt% Au, and
assuming 20% solid loading in the leaching solution, a 20
ppm gold solution would be achieved.®” Hence, 20 ppm stock
solutions for both the AuCl,” and Aul,” model systems were
made, emulating typical PCB leachate solutions.

[ AUCL; + 2e" > AUCly + 2CL" ’ ‘ Auls +2e > Auly +21°

AuCly + e > Au’ + 2Cl Auly +e > Au® + 2|

2 Variables
temperature) for generating AuNPs from AuCl,” and Aul, precursor
salts.

Scheme investigated  (support, reductant, and
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The AuNPs were generated by adding either ascorbic acid
(300 eq.), trisodium citrate (300 eq.), sodium borohydride
(300 eq.), or hydrazine hydrate (300 eq.) to 20 ppm
solutions of either AuCl,” and Aul, . DLS measurements
showed that the hydrodynamic size of the generated AuNPs
was the smallest for hydrazine hydrate (1-50 nm for AuCl,,
100-500 nm for Aul, ), intermediate for NaBH, (100-
1000 nm), and largest for ascorbic acid and trisodium
citrate (Fig. 1). Both ascorbic acid and trisodium citrate
produced particles that were significantly larger than 1 pm
and out of the detection range of the instrument. These
trends were observed for both the AuCl,” and Aul, model
systems, making hydrazine hydrate the most -effective
reductant to produce AuNPs with a small hydrodynamic
radius. However, an increase in the hydrodynamic diameter
was observed over time, indicative of continuous growth in
the size of the AuNPs for the studied reductants. This
phenomenon was observed with all samples, with the effect
being more pronounced for the Aul,” samples compared to
AuCl,", except for NaBH, which appeared to be relatively
stable. Measurement of the zeta potential for each of the
samples was also attempted, but a stable reading could not
be obtained, further suggesting poor colloidal stability in
these samples and emphasising the need for a stabilising
agent or a solid support.
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Fig. 1 DLS measurements of a) NaBH, in AuCl,  model system, b)
free-base hydrazine in AuCl,;” model system, c) NaBH4 in Aul,” model
system, d) free-base hydrazine in Aul;” model system.
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Trisodium citrate was investigated for its ability to
stabilise the AuNPs formed from free-base hydrazine. When
sodium citrate was added at room temperature together with
hydrazine for the AuCl,” model system, the observed
hydrodynamic size was 10 to 500 nm (Fig. S1, ESI{). However,
the widely used Turkevich method involves addition of
trisodium citrate to the gold salt precursor solution at
>120 Qur attempts at AuNP formation at higher
temperatures resulted in the formation of much larger
AuNPs. For example, AuNP formation at 70 °C, with a
combination of trisodium citrate and free-base hydrazine
does have a stabilisation effect on the size of the AuNPs, but
forms much larger particles with a diameter of ~500 nm
(Fig. S2, ESI¥).

reflux.

Effect of solid supports

Following the observations of instability in the AuNP
colloidal solutions, various solid supports were investigated
in attempts to stabilise the generated AuNPs. Anchoring
metal nanoparticles onto metal oxide, carbon-based, zeolite
and polymer supports is a widely used method to stabilise
AuNPs for catalysis.'*" Cellulose, being the most abundant
biopolymer on earth, has widely been reported as a
support for AuNPs, and was of primary interest in our
studies.'® Chitin is the second most abundant biopolymer
and has been reported as a suitable AuNP support, and
was also investigated.'>*'**  Alternatively, polysulfide
materials were investigated due to its ability to be
produced from elemental sulfur, an abundant industrial
waste product.

Polysulfide  materials have gained traction in
environmental remediation for the removal of metals such
as Fe(m), Cr(m), Co(u), Ni(u), Cu(u), Al(m), Ga(m), Ag(1),
Cd(u), In(m), Ba(u), Hg(u), Pb(u), and Bi(m) from waste-
water streams.'®”'® The sorbent properties of polysulfide
polymers, along with the presence of sulfur, suggest that
they may serve as a viable support for AuNPs. Chalker
and coworkers have utilised recycled cooking oil, in the
presence of sodium chloride (NaCl) as a porogen, to
synthesise a highly effective polysulfide sorbent material
through inverse vulcanisation.'””'°® There are several
methods to further increase the surface area and improve

Environmental Science: Nano

metal sorption into polymers, with carbonisation being
the easiest and most scalable approach. This method has
been used for polysulfide materials to enhance mercury
sorption.’®” These polysulfide and carbonised polysulfide
materials were synthesised as previously reported by
Chalker and investigated as potential supports for AuNPs
due to their high porosity and large surface area, making
them suitable for gold deposition."*”'®

Complete deposition of the AuNPs onto the polysulfide
supports (10 g L") was achieved by hydrazine hydrate
(580 eq.) in AuCl, (20 ppm) model system (Table 1, entry
1). Similarly, 100% deposition was achieved with
carbonised polysulfide materials (Table 1, entry 2) using
10 g L™ of support with or without an external reductant,
as determined by measuring the gold concentration of the
solution by AAS. The ability to achieve less than 1% of
gold remaining in the solution in the absence of an
external reductant can be attributed to the polymer's
sorbent properties and the reductive characteristics of
sulfur-containing functional groups, particularly in the
carbonised  polysulfide material. Similarly, another
polysulfide material derived from sulfur and cooking oil,
using NaCl and urea as porogens, has been reported to
exhibit both sorbent and reductive properties."> The
sorbent nature of the resulting polymer was confirmed
using XPS, which revealed the presence of gold in both
metallic Au(0) and Au(m) salt forms on the support.'*®

Cellulose fibres were also investigated as an alternative
support for AuNPs, achieving a 100% deposition yield
(Table 1, entries 3 and 4). The highly crystalline structure
of cellulose, resulting from extensive intermolecular and
intramolecular hydrogen bonding, makes it insoluble in
water and resistant to enzymatic degradation, establishing
it as another viable support material.*****” Micronised
cellulose (MCC) also appeared to be as suitable support
(Table 1, entry 5). Carbonised cellulose fibres were also
investigated as a support (Table 1, entry 6). Similar to the
polysulfide and  carbonised  polysulfide  materials,
carbonised cellulose was able to remove all Au** salts
from solution without an external reductant, likely due to
the sorbent or self-reductive properties of the support.
Although  polysulfide, carbonised  polysulfide, and
carbonised cellulose fibres provide large surface areas for

Table 1 Deposition yields achieved with different supports and reductants. Deposition yields in parantheses were achieved with only the support

without the use of an external reductant

Entry Support Reductant Deposition yield (%)
1 Polysulfide Hydrazine hydrate 100 (99)
2 Carbonised polysulfide Hydrazine hydrate 100 (100)
3 Cellulose Hydrazine hydrate 100
4 Cellulose Ascorbic acid 100
5 Micronised cellulose Hydrazine hydrate 100
6 Carbonised in-house charcoal Hydrazine hydrate 100 (100)
7 Chitin Ascorbic acid 32
8 Chitosan Ascorbic acid 17
9 Starch Ascorbic acid 73
10 Lecithin Ascorbic acid 0

Environ. Sci.: Nano
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AuNP formation, their sorbent properties may leave salt
precursors unreduced, making them less suitable as AuNP
supports.

Chitin, in the form of microspheres, nanofibres, and
nanogels, has previously been reported as a suitable
support for AuNPs; therefore, it was also investigated as a
support in this study.'**'***' Unmodified chitin was
investigated as a potential support; however, it yielded a
low Au deposition rate of 32% (Table 1, entry 7). Chitin
is often further processed into nanocomposite materials,
such as nanofibrils, nanofibres, microspheres, and mixed-
ligand MOF nanosheets, which have been reported to
achieve deposition rates of up to 99%.!23129132
Unmodified chitin has been reported to achieve a poor
deposition ~ of  thiolate-capped Au  nanoclusters.'*?
Quantification of the residual gold in solution and the
resulting Au wt% on chitin were not reported; however,
the poor deposition was inferred from the observation of
the remaining yellow solution, characteristic of Au
chloride salt precursors.

Chitosan nanocomposite materials have been reported
to be suitable AuNP supports.'**"**13> In our study,
unmodified chitosan was found to be a poor support
material for AuNPs due to its solubility in acidic media
and poor filtration properties (entry 8). Similar to chitin,
chitosan requires pre-processing steps to become a viable
support for AuNPs. Comparable solubility issues were
observed with starch (Table 1, entry 9) and lecithin
(Table 1, entry 10). Only a 73% deposition yield was
achieved with starch, while lecithin showed a 0%
deposition yield. The solubility issues of chitosan, starch,
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and lecithin rendered these materials impractical as solid
supports.

Catalytic function

The catalytic performance of AuNPs loaded onto various
supports was evaluated by measuring the rate of
p-nitrophenol reduction. This reaction is notable for its
simple experimental procedure and the ability to track
progress using UV-vis spectroscopy, making it a common
method for assessing the catalytic performance of
nanoparticulate materials. Quantification is based on the
decrease in absorbance intensity of p-nitrophenolate at 400
nm and the increase in absorbance at 290 nm, corresponding
to the formation of p-aminophenolate. A typical procedure
involved adding NaBH, (7.4 equivalents) to a solution of 4-NP
in water, followed by the addition of AuNPs (20 mol%).
Cellulose fibres proved to be the optimal support for catalytic
activity, outperforming both polysulfide and carbonised
polysulfide materials, achieving 98-100% conversion of
p-nitrophenol within 90 minutes (Table 2, entry 1).
Micronised cellulose was also tested and achieved 83%
conversion within the same 90-minute timeframe (Table 2,
entry 2). AuNPs loaded onto polysulfide support with
hydrazine (Table 2, entry 3) and without hydrazine (Table 2,
entry 4) as an external reductant did not exhibit any catalytic
activity in the reduction of p-nitrophenol. The porous nature
of the support may have resulted in AuNPs being embedded
deep into the support, which is supported by the observation
that it was difficult to characterise AuNPs using surface
techniques such as SEM and XPS. Au(0) was confirmed by its

Table 2 Time-dependent reduction of p-nitrophenol by NaBH, using various supported AuNPs as catalysts. Yields in parentheses account for the
residual solution and support extraction concentrations. All yields are based on triplicate experiments

OH

Absorbance

OH

AuNPs

—_—

Wavelength(nm)

Entry Support 4-NP reduction conversion yield (%) Kapp (min™)
1 Cellulose 98-100 0.06

2 Micronised cellulose 83 0.01

3 Polysulfide (reductant used during catalyst synthesis) 0(7) —

4 Polysulfide (no reductant used during catalyst synthesis) 0 —

5 Carbonised polysulfide (reductant used during catalyst synthesis) 93 (50) 0.02

6 Carbonised polysulfide (no reductant used during catalyst synthesis) 81 0.04

7 Cellulose (trisodium citrate) 99 0.06

This journal is © The Royal Society of Chemistry 2025
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indicative XPS peaks at 84.6 eV and 88.1 eV, but the resulting
spectra had much lower intensity that the Au spectra of the
cellulose samples (S3, ESIT). With XPS, the path length of the
photons are in the order of a few micrometres, but electrons
are only in the order of tens of angstroms."*® Ionisation
occurs only at the depth of a few nm, and only these
photoelectrons derived within tens of angstroms below the
surface are able to exit the sample and contribute to the
characteristic XPS peaks."*® Thus, the surface limit of
detection in XPS is 10 nm, and combined with the low
spectral intensity of XPS and the inability to detect AuNPs
using SEM, this suggests that the Au(0) is likely embedded
deep within the polysulfide material.

The AuNPs stabilised on the carbonised polysulfide
materials in the presence of an external reductant
demonstrated the ability to reduce 4-NP (Table 2, entry 5).
However, the carbonised polysulfide material had previously
been shown to have sorbent properties for gold salt
precursors, suggesting the possibility of absorbing organic
compounds such as p-nitrophenolate. Control experiments
using p-nitrophenol, NaBH,, and polysulfide material in the
absence of AuNPs revealed the ability of this system to
absorb p-nitrophenolate from the solution. The catalytic
function is determined by the residual substrate
concentrations, which made assessing catalytic performance
challenging in this case. An ethanol extract was performed
on the material to determine the true conversion to
4-aminophenol. The polysulfide with AuNPs loaded with
hydrazine hydrate only achieved a 7% conversion yield of
p-nitrophenol when considering the residual concentration
in the solution and the concentration washed off the support
(Table 2, entry 3). Similarly, the carbonised polysulfide with
AuNPs achieved 50% conversion (Table 2, entry 5). Due to
the poor efficiency for the reduction of 4-NP using
polysulfide- and carbonised polysulfide-stabilised AuNPs,
combined with the uncertainty regarding whether the
absorbed gold was in the reduced or salt form, materials
synthesised without an external reductant were not pursued
further. The possibility of incomplete reduction of gold salt
precursors (Au(m) or Au(i)) to their nanoparticulate form
(Au(0)) without an external reductant during catalyst
synthesis was also the reason carbonised cellulose fibres
were not further pursued.

Previously, trisodium citrate was shown to help stabilise
the hydrodynamic size of generated AuNPs when using
hydrazine hydrate as the external reductant. However, using
trisodium citrate as the sole reductant was unsuccessful in
achieving a high yield of gold deposition onto cellulose,
reaching only a 20% yield. Therefore, it was not considered a
suitable reductant. A 100% deposition yield was successfully
achieved when a combination of trisodium citrate and
hydrazine hydrate was used. Interestingly, when loaded onto
cellulose, trisodium citrate combined with hydrazine hydrate
performed as effectively as hydrazine hydrate alone. Both
successfully reduced p-nitrophenol with a 98-99% yield, and
the apparent kinetic rates were nearly identical (Table S1,
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ESIt). As a result, trisodium citrate was deemed not necessary
to obtain stable AuNPs. Both unmodified and modified
cellulose have previously been reported to be able to stabilise
AuNPs. 7852137 A linear relationship between In(4/4,) and
time (min) was observed, suggesting that the reaction
followed pseudo-first-order kinetics. The pseudo-first-order
rate constant (k.pp) for the AuNP-cellulose catalysts was
calculated to be 3.52 h™ and 3.57 h™ respectively for the
AuCl,” and Aul,” model systems (Table S3, ESI}). Despite
these values not being as high as previously reported AuNPs
(Table S3, ESIT), significant excess of NaBH, (up to 1588 eq.)
and Au (up to 5000 mol%) are often used in these procedures
which impact the reported kinetic values. Our standardised
4-NP reduction procedure uses only 7.4 molar equivalents of
NaBH, and 20 mol% Au.

In addition to standardised 4-NP reduction comparison
experiments, turnover number (TON, eqn (1)) and turnover
frequency (TOF, eqn (2)) were also calculated using the
following equations. The amount of product was determined
based on the conversion of p-nitrophenolate at the end of the
reaction, relative to the initial stock concentrations. The wt%
of Au was measured by aqua regia digestion of the AuNP-
cellulose samples.

TON — Nproduct (1)
Ncatalyst
TON
TOF = — (2)
time

The TOF for the AuNP-cellulose catalysts were 795 h™" and
1023 h™' for the AuCl,” and Aul,” precursor solutions,
respectively, which outperforms or has similar efficiencies to
AuNP-cellulose catalysts reported in the literature, which
range from 0.1-1150 h™ (Table 3),¢:47-°2138:139

Table 3 TOF and TON from literature samples compared to this work

Entry Sample description TOF (h™") TON Ref.
1 AuNPs on cellulose 260 — 46
899 —
1198 —
2 AuNPs on cellulose column 137 — 47
3 AuNPs on cellulose film 1150 — 52
4 AuNPs incorporated into 0.619 18.3 138
cryogel walls 0.073 1.92
0.365 5.74
0.255 5.14
0.071 1.72
0.066 1.40
0.087 2.11
5 AuNPs stabilised by large-ring 17 — 139
cyclodextrins 29 —
34 —
43 —
6 AuCl; on cellulose 795 1330 This work
7 Aul, on cellulose 1023 1744 This work
8 PCB e-waste sample 2713 6145 This work

This journal is © The Royal Society of Chemistry 2025
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Characterisation of optimal AuNP catalysts

The final optimal catalysts for both the AuCl, or Aul, model
systems loaded onto cellulose were characterised using SEM,
TEM, and XPS. Using TEM, 60-70% of the AuNPs were shown
to be between the sizes of 0 to 10 nm for both model systems
(Fig. 2B and C). With 70-80% of all AuNPs below 30 nm.
Some larger clusters were also present.

All nanoparticles are in the form of Au(0), as the XPS
spectra of all gold-loaded cellulose samples show only one
species, with two spin-orbit split signals at 84.2 eV (4f;,) and
87.8 eV (4fs;,). The Au 4f;, binding energy reference is at
84.00 eV (A = 3.7 eV), as depicted in Fig. 2A. If Au(r) and
Au(m) salts were present, characteristic higher binding
energies at 85.0 eV and 86.0 eV, respectively, would be
observed.'*”'*! The presence of metallic Au in the optimised
catalyst is further confirmed by the absence of characteristic
chloride or iodide peaks from the AuCl, or Aul, source.

To further confirm the complete reduction of gold salts to
Au(0) NPs on cellulose, a 1 L scale catalyst synthesis was
performed using AuCl, . AAS analysis of the stock solutions
revealed a total of 19.51 mg of Au. A 100% deposition yield
was achieved, as indicated by the solution falling below the
detection limit. A sample of AuNPs on cellulose was digested
with aqua regia, revealing a total Au content of 19.50 mg, with
a +0.06% error margin from the expected amount. Based on
combined XPS and AAS analyses, it can be concluded that all
precursor gold salts were successfully reduced to the Au(0)
metallic state.

Effect of temperature during AuNP synthesis

The effect of temperature on nanoparticle (NP) formation
and the catalytic function of AuNPs was also investigated.
In the AuCl,” model system, catalytic activity decreased as
the synthesis temperature increased. TEM images revealed a
reduction in the proportion of AuNPs smaller than 20 nm

70
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Size (nm) % %
3.0-28.3 72 87
28.3-53.6 15 13
53.6-78.9 8 -
78.9-104.2 215 =
104.2 -129.5 2.5 .

Fig. 2 Characterisation of AuNPs on cellulose; (A) XPS spectra of
AuNPs on cellulose. (B) TEM image of AuNPs from Aul,” model
systems. (C) Size distribution of both Aul,” and AuCl,” model systems.
*Indistinguishable clusters present making it difficult to count (bottom).
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as the synthesis temperature rose. The optimal temperature
for obtaining the largest proportion of AuNPs, ranging from
0 to 28 nm, was found to be room temperature (Table S1,
ESIf). Given the importance of surface area in
heterogeneous catalysis, it is proposed that the increase in
particle size, caused by higher temperatures during catalyst
synthesis, likely led to the observed decrease in 4-NP
conversion (Fig. 3).

Interestingly, the Aul,” model system showed no
significant effects with changes in temperature (Fig. 3). This
is likely because the size distribution of the AuNPs remained
largely unchanged across the different temperatures used for
synthesis. Halide ions chemisorbed onto metal surfaces can
also interact with Au with varying relative binding
strengths."**™*® The relative strength of Au-halide complexes
decreases in the following order I > Br > CL'*7* Jodide
has been reported to greatly influence the resulting size and
shape during AuNPs formation, and often induce
aggregation.'**™*? However, both the AuCl,” and Aul,” model
systems have similar size and shape distribution factors. The
resulting chloride and iodide concentrations from the initial
20 ppm stock solutions are comparable. The main difference
between the two model systems lies in the initial pH and the
pH during the deposition-reduction process. The initial pH
of AuCl,” remains close to 1 after the addition of hydrazine
hydrate, while the pH of the Aul,” model system increases
from approximately 5 to 10 after the addition of hydrazine
hydrate. Various mechanistic and mathematical models have
been developed for the widely used Turkevich synthesis, and
there is a general consensus that the final size of the AuNPs
is primarily influenced by the pH and the ratio of [AuCl,] to
the less [AuCl;_(OH);.,] species. As the pH
increases, OH  ions progressively replace the Cl  ligands,
reducing the initial concentration of AuCl,” available for seed
particle formation.'”® However, the exact ratio of species can
be various combinations of species, including AuCl,"
AuCl;(OH)", AuCl,(OH)*", AuCIl(OH);", and Au(OH),”."”"

In the Turkevich model, temperature also influences the
final size of the AuNPs by affecting the ratio of gold

reactive

species, similarly to how changes in pH impact the
synthesis."®®  UV-vis spectra showed that higher
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Fig. 3 Effect of catalyst synthesis temperature on the catalytic
performance of AuNPs derived from the AuCl, (black) and Auls
(orange) model systems.
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temperatures favoured the formation of more hydroxylated
gold species, leading to a decrease in Au(0) and a reduction
in the number of particles.”®® Given the complexity of the
reaction media, it is difficult to pinpoint the exact reason
why the Aul, model system is not impacted by
temperature in the same way as the AuCl, system. This is
especially true considering that the shape and size
distributions are similar for both systems when synthesised
under ambient conditions. Temperature likely influenced
the ratio of Au-halide and Au(OH), species more in the
AuCl,” system than in the Aul, system, as the Au-I bond
is stronger than the Au-Cl bond. This may explain why the
AuCl,” system was more sensitive to the increase in
temperature during catalyst synthesis, leading to reduced
catalytic efficiency compared to the Aul,” model system.

Comparison to commercial AuNPs and real-world e-waste-
derived samples

Comparing catalytic activity with the existing literature is
challenging due to the wide variation in reported reaction
conditions. For example, the equivalents of NaBH, used vary
significantly, ranging from 2 to 1588 molar equivalents. To
benchmark our results, commercially available 30 nm
AuNPs (stabilised in citrate buffer) were purchased and
subjected to the same conditions to evaluate their catalytic
function. The concentration of these AuNPs was first
determined by digestion using aqua regia, giving a gold
concentration of 36 ppm. Using the same gold molar
equivalence of 0.2 and 7.4 molar equivalents of NaBH,,
identical to the SOP used for our model system, a
conversion of 46% was observed (Table 4, entry 1),
compared to the 98-100% conversion with the optimal
model systems (Table 4, entries 2 and 3).

Several protocols have been reported highlighting the
benefits of sodium citrate in the synthesis of monodisperse,
quasi-spherical particles ranging from 10 to 300 nm.'*>7'*®
However, while beneficial for the stability of the generated
AuNPs, the presence of citrate can negatively affect their
catalytic utility. Absorption studies of trisodium citrate on
AuNPs in water have shown that the particles are coated with at
least a monolayer of citrate molecules under both acidic and
basic conditions.'*® The layer is based on the coordination of
the absorbed citrate species to the AuNPs, and is almost
exclusive bidentate and controlled by its protonation
state.”>”"*® This could in part explain the lower catalytic activity
of the sample of commercially available AuNPs.

The stereoelectronic properties of the stabilising ligands
on AuNPs including trisodium citrate have been shown to
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greatly impact the catalytic efficiency of 4-NP reduction by
restructuring the AuNPs surface.’”'®' In the Langmuir-
Hinshelwood (LH) model, ligand displacement by substrates
on the AuNP surface is a dominant feature of the reaction
mechanism. Borohydride ions react with the AuNP surface,
leading to the formation of an AuNP-hydride species.””””® The
presence of a monolayer of citrate molecules on the AuNP
surface could have inhibited the adsorption of the reagents
(p-nitrophenolate and borohydride ions) required for the
reduction of p-nitrophenol. As a result, the commercially
purchased AuNPs exhibited inferior catalytic activity
compared to our cellulose-AuNPs synthesised from both
model systems. This observation underscores that the choice
of stabilising method—in our case, immobilising AuNPs onto
cellulose—can significantly influence their catalytic efficiency
and practical applicability.

The synthesis of AuNPs from PCB e-waste began with
the removal of base metals using a combination of sulfuric
acid and hydrogen peroxide, followed by a chloride-based
gold-leaching process, before depositing the Au onto
cellulose fibres.”*'?>1%271%¢ TCCA was investigated as a
gold-leaching reagent as it is a highly effective, low-cost,
green and low-toxic leaching agent for gold ore and e-
waste,'00101:104,105,167169 7CCA is also commonly used as a
bleaching agent, disinfectant, and bactericide due to its
oxidising and chlorinating properties, and is commercially
available in pool supply and hardware stores.'’®"’> It is
also used in organic synthesis for the chlorination of
aromatics, amines, amides, and carbonyls, as well as the
oxidation of various functional groups.'’®'”" The catalytic
activity of the AuNPs derived from PCB e-waste samples
using TCCA as a leachate was examined, and on all
occasions, it outperformed all model samples having a
significantly higher TOF and TON of 6145 and 2713 h™",
respectively (Table 3, entry 8).

To determine why the e-waste-derived system
outperformed the model systems, a full elemental analysis of
the aqua regia digest of the generated catalyst was analysed
using AAS and MP-AES (Table 5). The e-waste-derived sample
was primarily composed of Au and residual base metals,
including Fe, Mg, Al, and Pb. Corresponding XPS data also
revealed the presence of Ag and possible trace amounts of
Pd, which are likely responsible for the increased catalytic
activity (Fig. 4). Palladium and silver nanoparticles have also
been reported to be -catalytic active for p-nitrophenol
reduction.””®”"7® The small quantities of Ag and Pd may help
to explain the superior catalytic function of real-world e-waste
samples. Surface imaging techniques such as SEM and TEM
were also difficult when using materials derived from e-waste

Table 4 p-Nitrophenol yield reduction yield of our synthesised AuNPs from waste-derived concentrations compared to commercially available AuUNPs

Entry Sample description Reductant Temperature of catalyst synthesis 4-NP conversion yield (%)
1 Commercially available 30 nm AuNPs N/A N/A 46
2 AuCly on cellulose Hydrazine hydrate RT 100
3 Aul, on cellulose Hydrazine hydrate RT 100

Environ. Sci.: Nano
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Table 5 Metal compositions weight% of an e-waste-derived AuNP
material on a cellulose support

Metal wt%
Au 1.176
Pd 0.001
Al 0.049
Ca 0.000
Co 0.000
Cu 0.000
Fe 0.101
Mg 0.018
Mn 0.000
Ni 0.264
Pb 0.044
Sn 0.000
7n 0.000

due to plastic and metal impurities. The AuNPs from model
systems and e-waste-derived materials were also not
uniformly distributed on the support. Various concentrations
and surface screening were necessary for SEM and TEM
imaging purposes. The non-uniform distribution of gold and
impurities derived from e-waste also made XPS-surface-
based techniques difficult. High-resolution XPS spectra were
able to be obtained for C, O, and Au peaks of e-waste
derived and model systems (Fig. 4). The HR-Au scan
confirmed that Au existed solely as Au(0) as observed by
the characteristic binding energy at 84.2 eV (4f;,) and 87.8
eV (4f5/2),140’141

The HR-carbon scan of all the cellulose-based catalysts
indicates the presence of lignin and fatty substances in the
cellulose material, illustrated by the presence of C-C bond at
285 eV.'”” The e-waste-derived sample showed an additional
peak at 290 eV, likely attributable to the O-C=0 bond."”®
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This could be due to commonly used plasticisers such as
phthalate diesters, flame-retardants, and epoxy resin oxidised
decomposition components,’”®*% but likely emanates from
the oxidation of the primary alcohol of glucose to the
carboxylic acid during the oxidative gold leaching
conditions.

HR spectra of Ag 3d were obtained for e-waste-derived
AuNPs from a chloride leach. The characteristic asymmetric
signals for Ag 3d at 368.3 eV and 374.2 eV correspond to the
3ds, and 3dz, peaks, respectively. These values align with
the well-separated spin-orbital components, with A = 6.0 eV
and an observed spin-orbital splitting of 5.95 eV. However, it
is challenging to determine whether the Ag present is in the
form of metallic Ag(0) or Ag() (as AgCl). Typically, the
composition of Ag is determined by the width of the peak,
with Ag salts exhibiting broader peaks.'**'®* However, due to
the low concentration and the absence of high-resolution
chloride spectra, it is difficult to determine whether Ag is
present as metallic AgNPs or AgCl. Palladium HR spectra of
the e-waste-derived AuNPs were also obtained to provide
evidence of the presence of palladium on the cellulose.
Unfortunately, the characteristic asymmetric peak at 335 eV
with a spin-orbital splitting (A = 5.26 eV) was not obtained.
Due to the equivocal data derived from XPS to corroborate
the presence of Pd, a different analysis technique was
pursued. A PCB e-waste-derived cellulose-AuNP sample was
ashed to concentrate the gold from a 22 g to a 0.6 g sample.
The ashed material was then subjected to a fire assay
involving a fusion process at 1200 °C that resulted in the
formation of a lead-alloy bead that contains the desired
precious group metals (PGMs). The resulting Pb-alloy bead
was subjected to a cupellation at 900 °C to generate the final
PGM bead containing Au, Ag, and Pd (Fig. 4). The resulting
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bead was initially analysed using EDS, but surface analysis
was only able to determine the presence of Au and Ag, giving
similar results to those previously obtained using XPS (Fig.
S4, ESIf). Due to the heterogeneity of the sample and the
limitations of surface techniques, a digestion was performed.
The bead was rolled flat to facilitate three replicate digestions
using aqua regia. Pd concentrations were analysed using AAS,
revealing a Pd content of 0.13 wt% in the PGM alloy. The Pd
content was then back-calculated to 0.0015 wt% on the
cellulose support, approximately 950 times less than Au,
which would help to explain the higher catalytic function of
the e-waste-derived AuNPs. Other metals present on e-waste-
derived samples include Al, Fe, Mg, Ni, and Pb, present in
0.049 wt%, 0.101 wt%, 0.018 wt%, and 0.264 wt% and 0.044
wt%, respectively. Of the metals present, only Ni and Fe have
the potential to contribute to catalytic function, alongside
Pd."®*'% Given these trace quantities of catalytically active
metals, strict protocols for using acid-washed glassware and
equipment were followed to prevent contamination. Overall,
the PCB e-waste-derived sample outperformed both model
systems and commercially available AuNPs. This study
demonstrates the practical feasibility of producing
catalytically active AuNPs directly from waste-derived gold-
containing solutions in the range of 20 to 30 ppm.

Conclusions

In summary, highly catalytically active AuNPs derived from
PCB e-waste have been successfully reported. Through
utilisation of a waste product, cellulose and the green oxidant
TCCA, we have demonstrated the production of a high-value
catalyst that shows superior performance to analogous AuNPs
derived from stock gold solutions. Optimisation studies
revealed hydrazine hydrate as the reductant, cellulose fibres
as the support, and ambient conditions as best for for
catalyst generation. The resulting AuNPs ranged in size from
3 to 30 nm, with the deposited Au exclusively in the Au(0)
form, as determined by a combination of XPS and AAS. While
considerable progress has been made in developing green
methods for the production of AuNPs, most studies still rely
on precursors refined from gold ore. E-waste is a rapidly
growing global resource, and the ability to convert this waste
into a catalytically useful material offers a greener and more
sustainable alternative to traditional mining. However,
several challenges remain. First, the heterogeneity of e-waste,
typically classified into low, medium, and high grades, can
result in significant variation in base and precious metal
content. Second, the non-uniform distribution of gold and
impurities in e-waste complicates characterisation using
surface-based techniques. While these challenges exist, this
study demonstrates the possibility to form catalytically useful
AuNPs directly from leachate containing low concentrations
of Au. This supports a circular economy and waste-utilisation
of e-waste as a starting material, that will help minimise
e-waste going into landfills and reduce need for mined gold.
Often, e-waste is treated with pyrometallurgical involving
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incineration and further hydrometallurgical processes.®”'%?
E-waste that is not recycled is often exported overseas to
industrialised countries despite the Basel Ban.'”® An
estimated 50-80% of the collected e-waste in the USA is not
recycled domestically but shipped overseas.'”® Often, e-waste
is labelled as second-hand goods, but the EU Commission
estimates that 25-75% of these second-hand goods imported
into Africa are broken and cannot be reused.” China
processed 70% of the world's e-waste in 2012, with the
remaining processed by India and other countries in eastern
Asia and Africa.'®® By emphasising the value of e-waste
products, a value-added process incentivises proper
utilisation and recycling of e-waste. Future work will focus on
the utility of waste-derived gold catalysts for hydrogenation,
alkyne activation, oxidation and reductive coupling reactions.
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