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Efficient Recycling of Gold and Copper from Electronic Waste by

Selective Precipitation

Abhijit Nag, Mukesh K. Singh, Carole A. Morrison, and Jason B. Love*

Abstract: The recycling of metals from electronic waste
(e-waste) using efficient, selective, and sustainable
processes is integral to circular economy and net-zero
aspirations. Herein, we report a new method for the
selective precipitation of metals such as gold and copper
that offsets the use of organic solvents that are tradition-
ally employed in solvent extraction processes. We show
that gold can be selectively precipitated from a mixture
of metals in hydrochloric acid solution using triphenyl-
phosphine oxide (TPPO), as the complex [(TPPO),-
(Hs0,)][AuCl,]. By tuning the acid concentration, con-
trolled precipitation of gold, zinc and iron can be
achieved. We also show that copper can be selectively
precipitated using 2,3-pyrazinedicarboxylic acid (2,3-
PDCA), as the complex [Cu(2,3-PDCA-H),],-2n(H,0).
The combination of these two precipitation methods
resulted in the recovery of 99.5 % of the Au and 98.5 %
of the Cu present in the connector pins of an end-of-life
computer processing unit. The selectivity of these
precipitation processes, combined with their straightfor-
ward operation and the ability to recycle and reuse the
precipitants, suggests potential industrial uses in the
purification of gold and copper from e-waste. )

The recycling of metals from electronic waste (e-waste),
end-of-life industrial or automotive catalysts, fuel cells, and
batteries presents significant economic, environmental, and
net-zero opportunities.'! Currently, 93.5 million tons of e-
waste are generated globally each year, with waste printed
circuit boards (PCBs) accounting for approximately 50 mil-
lion tons.”! E-waste is a concentrated source of base metals
such as iron, nickel, copper, and zinc as well as many high-
value noble metals that include silver, gold, platinum, and
palladium.”! In particular, the Cu content of waste PCBs is
20% by weight, while the Au content of waste mobile
phones is up to 1200 g/t; these concentrations are far higher
than those found in natural Cu and Au minerals.”! As a
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result, the overall economic benefits of a single recycling
process for metal wastes will be greatly enhanced if noble
metals and other valuable metals like Cu, Zn, and Fe can be
selectively recovered and returned to active use.

While the sustainable recycling of these materials is
complex and often uses environmentally unsustainable
methods, the development of new hydrometallurgical proc-
esses for e-waste recycling has received recent attention
because of the potential reduction in environmental impact,
suitability for small scale applications, and low capital
cost.” In this context, highly selective, reusable precipita-
tion and adsorption methods are becoming popular as they
offer advantages over traditional, single-use precipitants and
avoid the use of organic solvents required in solvent
extraction technologies.""?"! These strategies rely on molec-
ular and supramolecular chemical recognition processes and
the propensity to form designed structural motifs. For
example, pre-organized cyclodextrin, cucurbituril, and mac-
rocyclic tetralactam receptors were shown to host selectively
Au or Pt anions within spontaneously assembled super-
structures  that  precipitate from aqueous acidic
solutions.?'?*! Simple biomolecules such as niacin forms an
extended supramolecular network with Au anions under
acidic conditions that allows its separation from base, alkali,
and alkaline-earth metals.”™ Similarly, Au precipitation as
extended networks resulting from supramolecular interac-
tions between acyclic durene diamides and HAuCl, was
seen, albeit with no selectivity reported.’ More recently,
the selective precipitation of Au from an aqueous mixed-
metal solution obtained from the aqua regia leaching of e-
waste was demonstrated using a simple tertiary diamide.””
In this example, protonating the diamide forms a cationic
receptor which assembles into supramolecular chains in the
solid state to form cavities ideal for the encapsulation of the
square-planar anion AuCl,". Furthermore, the uptake of
different metals such as Fe, Ga, Zn, and Pt was tuned by
varying the HCI concentration, making this system highly
versatile and applicable to a range of metal separation
scenarios.

Herein, we report the selective precipitation of Au and
Cu from metal mixtures in aqueous acid using very simple,
readily obtainable and recyclable precipitating reagents.
Selective uptake of Au by triphenylphosphine oxide
(TPPO) is seen, forming the ion pair [(TPPO),(Hs0,)]-
[AuCl,] 1 as characterised by single crystal X-ray diffraction
(SC-XRD), UV/Vis spectrophotometry, electrospray ionisa-
tion mass spectrometry (ESI-MS) and nuclear magnetic
resonance (NMR) spectroscopy. Furthermore, the selective
uptake of Cu by 2,3-pyrazinedicarboxylic acid (2,3-PDCA)
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as the polymeric complex [Cu(2,3-PDCA-H),],-2n(H,0) 2
is established from a mixture of metals in HCl. By
combining these two methods, a process is developed
through which 99.5% Au and 98.5% Cu are selectively
recycled in high purity from the connector pins of an end-of-
life central processing unit (CPU).

The addition of solid TPPO (0.28 mmol) to a stirred
solution of HAuCl, (SmL, 10 mM) in 2M HCI at room
temperature (RT) results in the immediate formation of a
yellow precipitate (Figure 1). Analysing the solution before
and after the addition of TPPO by ICP-OES showed that
99.5% of Au is precipitated, with this efficiency of
precipitation retained in water and 2, 4, and 6 M HCI
(Figure S1). The concentration threshold for gold precipita-
tion was explored by varying HAuCl, concentration (0.01 to

Distil !
MeCN>/ 2M Hel \

!

Srr——

Precipitate
[(TPPO)4( 502 I[AuCly]

TPPO
in MeCN

Au j—\ Filter
1 in MeCN McCh

NaBH,

Figure 1. Schematic representation of the recovery of Au by precip-
itation using TPPO (Ph;P=0) in 2 M HCl and reduction of Au(lll)
complex using NaBH, to form metallic Au and recycle TPPO.
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Figure 2. The X-ray crystal structure of 1, colour codes: C, grey; Au,
yellow; P, orange; O, red; Cl, green; and H, white. A) Expanded view
showing two pockets in which H;O," and AuCl,” reside. B) Aryl pocket
hosting AuCl,” anion. C) Classical hydrogen-bonding interactions
between H,O," and TPPO.
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50.0 ppm) with constant TPPO and showed a drop off in
gold uptake from 96.5 % (by ICP-MS) at 5.0 ppm HAuCl, to
83.3% at 1.0 ppm, with 24.7% uptake seen at 0.1 ppm
(Table S1, Figure S2). It is therefore evident that while this
method is effective for recovering low concentrations of
gold from solutions relevant to e-waste recycling it is not
usable for trace gold uptake. The gold-containing precipitate
was dissolved in acetonitrile and reduced using NaBH, to
release metallic Au from the complex and recycle the TPPO
which is retained in the organic solvent, as revealed by the
resonance at 28.5 ppm in the *'P{'H} NMR spectrum (Fig-
ure 1 and S3).

The Au-containing precipitate was crystallised by vapour
diffusion of diethyl ether into a dichloromethane solution
and the single-crystal X-ray structure determined (Figures 2
and S4, Table S2) as [(TPPO),(H;O,)][AuCl,], 1.** The
expanded structure (Figure 2A) shows that the TPPO
molecules pack to generate two types of pocket, one
containing the anion AuCl,” in an aryl pocket and the other
the (H;O,)* cation, bound through classical hydrogen
bonding with the phosphine oxide (O3—(H)—O3 =2.424
(2) A, 01-(H)-03=2.535(2) A and O2—(H)-03=2.584
(2) A, Figure 2C). The powder X-ray diffraction pattern of
the Au-containing precipitate was recorded and matches
that simulated from the single-crystal X-ray data, confirming
that the bulk and single-crystal materials are structurally
cohesive (Figure S5). The UV/Vis spectrum of 1 in
acetonitrile displays absorptions at 270 and 320 nm which
are attributed to those for TPPO and [AuCl,], respectively
(Figure S6A). The identity of 1 is further supported by a
resonance at 34.86 ppm in the *'P{"H} NMR spectrum which
is due to protonated TPPO (Figure S6B).”! Similarly, the
positive and negative-ion ESI-MS spectra (acetonitrile) of 1
show the presence of ions consistent with TPPO and AuCl,~
(Figure S7A and B).

The selectivity of TPPO for Au was evaluated from
equimolar mixtures of HAuCl,, ZnCl,, FeCl;, PdCl,, NiCl,,
H,PtCl; and CuCl, (10 mM each) in 2M and 6 M HCL
Stirring the mixed-metal solution with TPPO (0.36 mmol) in
2 M HCI for 1 h resulted in the precipitation of Au (99.5 %)
and Zn (94.5%) only (Figure S8A), which upon washing
with 6 M HCl resulted in the release of Zn into solution and
the retention of Au in the precipitate (Figure S§B). In
contrast, at 6 M HCI precipitation of Au (99.5%) and Fe
(70.5%) occurred (Figure S8C), which upon washing with
water released the Fe back into solution while retaining the
Au in the precipitate (Figure S8D). The uptake of Fe by
TPPO at 6 M HCI but not at 2M HCI is likely due to the
increased amount of FeCl,” present on increasing the HCI
concentration.””? Previous studies on the precipitation of
ZnCl, by TPPO from polar organic solvents show that
complexation of ZnCl, by TPPO occurred.” Crystals from
the precipitation of Fe by TPPO in 6 M HCI were also
obtained in this work, and the unit cell data match those of
the previously reported complex [FeCl,(TPPO),][FeCl,].>"
The identity of this complex is further supported by ESI-MS
of an acetonitrile solution of the Fe-containing precipitate
which shows the presence of [FeCL(TPPO),]™ in positive
ion mode and [FeCl,]” in negative ion mode (Figure S9A

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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and B). As such, through varying the acid concentration and
the stripping step, the selective recovery of Au, Zn and Fe
from a mixed-metal solution is achieved.

The separation and purification of Cu from e-waste is
highly important, as it typically is the major component of
any metallic component, accounting, for example, for
23.4 wt % of the metal present in PCBs.®! The precipitation
of Cu(Il) salts from industrial effluents through the
formation of insoluble sulfides and other complexes is long
recognised,” " and is complementary to the use of pyridine
carboxylates®™" or phenolic oxime reagents®®“" in the
selective recovery of Cu by solvent extraction. These studies
suggest that selective precipitation of Cu from acidic metal
solutions may be achieved using 2,3-pyrazinedicarboxylic
acid (2,3-PDCA, Figure3). It is known that reactions
between Cu(II) salts and 2,3-PDCA result in the formation
of polymeric materials such as [Cu(2,3-PDCA-H),],-2n-
(H,O0) and [Cu(2,3-PDCA)(OH,),], which exhibit both
coordination and supramolecular interactions in their
structures.!)

The addition of solutions of 2,3-PDCA (100 mM, in 2 M
or 6 M HCI) to solutions of CuCl, (10 mM, in 2M or 6 M
HCI) results in the complete precipitation of Cu as [Cu(2,3-
PDCA-H),],-2n(H,0) 2 from 2 M HCI but no precipitation
from 6 M HCI (Figure S10). Similarly, complete precipita-
tion of Cu is also observed using Na,(2,3-PDCA) from 2 M
HCI. Treatment of 2 with Na,S results in the formation of
CuS and the release of Na,(2,3-PDCA) into the aqueous
solution, as revealed by “C and 'HNMR spectroscopy
(Figures S11A and S11B). Alternatively, Cu deposits in its
metallic form by electrochemical reduction of a solution of 2
in 6 M HCI (Figure S12A and S12B). Analysis of crystals of
2 by X-ray crystallography reveals its identity to be [Cu(2,3-
PDCA-H),],-2n(H,0) through matching the unit cell pa-
rameters to the previously reported structure (see Fig-
ure S13 for the extended structure).!!

The selectivity of Cu precipitation by 2,3-PDCA
(100 mM, in 2M HCIl) was evaluated using an equimolar
mixture of HAuCl,, ZnCl,, FeCl;, PdCl,, NiCl,, H,PtCl; and
CuCl, (10 mM each) in 2 M HCI. Significantly, this results in
the selective precipitation of Cu (99.0 %) with only minimal

CucCl; in
2 M HCI

e

~
i

2,3-PDCA
in 2 M HCI

Copper 2,3-PDCA
Complex

?

Na,S or electrowinning

Figure 3. Schematic representation of precipitation of Cu using 2,3-
PDCA from 2 M HCl.
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uptake of Pd (5.8%), Pt (25%) and Au (2.4 %) (Fig-
ure S14). An advantage of using the 2,3-PDCA ligand is that
an extended supramolecular structure is formed which,
along with Irving—Williams stability considerations, likely
favours selective copper uptake.

Combining the two approaches described above for
acidic mixed-metal solutions allows a protocol for the
recovery of Au and Cu from e-waste to be devised
(Figure S15). To test this, the recovery of Au and Cu from
the connector pins of a waste CPU, comprising Ni, Cu and
Au was undertaken.”” The connector pins (ca. 88 mg) were
dissolved in 2 M HCI/H,O, (Figure 4A and B), resulting in a
solution of Ni (658 ppm), Cu (11190 ppm), and Au
(101 ppm). The addition of TPPO (0.18 mmol) to this
solution results in 99.5% precipitation of Au in 2h
(Figures 4C). This was recovered by filtration, dissolved in
acetonitrile (Figure 4D) which can be reduced using NaBH,
to create metallic Au and regenerate the TPPO. The
remaining filtrate was treated with 2,3-PDCA (200 mM) to
precipitate 98.5% of the Cu, with minimal precipitation of
Ni (1.0 %) (Figure 4E and 4F). Hence, it is clear that TPPO
and 2,3-PDCA are highly selective and efficient for the
recovery of Au and Cu, respectively, from this particular e-
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Figure 4. Separation of Au, Cu, and Ni from the connector pins of an
end-of-life CPU. A) Image of the CPU connector pins. B) Solution
obtained after dissolution into 2 M HCI/H,0,. C) Percentage of Au
recovery from the solution in B on addition of TPPO. D) Resulting
solution obtained upon dissolving the Au precipitate in acetonitrile.

E) Percentage of Cu recovery on addition of 2,3-PDCA. F) Image of the
resulting Cu-2,3-PDCA precipitate, with the Ni ions remaining in
solution.
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waste source. Using this method, about 99.5 % pure Au and
99.0 % pure Cu from e-waste can be achieved.

In summary, the separation of Au from mixed-metal
HCI solutions was achieved by selective precipitation on
addition of TPPO, to generate the complex [(TPPO),
(HsO,)[AuCl,], 1. By adjusting the concentration of HCI
other metal ions such as Zn’" and Fe’" can be separated
from co-existing metal ions found in leach solutions of e-
waste, such as Cu®", Ni*", Pt**, and Pd**. We have also
discovered that 2,3-PDCA can be used to selectively
precipitate Cu from a mixed-metal solution in 2 M HCI. This
has allowed a process to be developed for the selective
recovery of Au and Cu from e-waste via precipitation, which
negates the need for classical solvent extraction techniques
and their reliance on environmentally hazardous organic
solvents. Importantly, and unlike classical sulfidic precipita-
tion methods, the reagents used in this work are straightfor-
wardly recycled and reusable. Furthermore, these precipita-
tion protocols may potentially be exploited more widely to
recover Au and Cu from ores, spent catalysts, electronic
waste, and nano-waste in a sustainable manner.
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