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Abstract: This article presents the methods of processing gold-plated pins from,
among others, used computer equipment and discusses the research results on the
recovered metal. Due to the relatively small structure of the pins and the fact that
the gold layer is only a few microns thick, recovering gold from them constitutes
a significant challenge. On the other hand, gold is a precious metal which enables
the collective removal of other metals to obtain pure gold. The suggested method
involves compacting the gold-plated pins into an anode form and carrying out the
electro-refining process. Metals, such as copper, tin and iron, pass into the anode
sludge from which they can be extracted or serve as a commercial intermediate sold
to smelter plants. The anode sludge was melted in the flame of an oxy-acetylene
torch in a graphite crucible by adding borax. As a result of the melting, several
metallic precipitates were obtained. Then they were hot-incorporated into a sample
with a diameter of 30 mm and a height of 12 mm. Eventually, a pure gold alloy
sample was obtained, which contains Cu 40.69%, Sn 9.61% and Au 48.58%.

Keywords: gold electro-refining, e-waste, gold recovery

1. Introduction

Nowadays, nearly all of us possess at least one electronic device. It is difficult to
imagine our life without a computer, a TV or a washing machine (Burke 2007).
Moreover, manufacturers launch new software for their devices more and more
often, so the older devices need to be replaced with new ones, thus forcing users
to shorten the interval between device replacements. According to Germany’s
Digital Association (Marko 2022), the frequency of replacing electrical and elec-
tronic equipment has almost doubled in the last 20 years, which, combined with
the increase in the human population and improved quality of life, poses a severe
environmental threat due to the waste as well as the very industry participating in
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the production chain of the said devices (Lenort et al. 2019, Gabryelewicz et al.
2021, Wozniak et al. 2015).

Discarded electronic equipment includes many raw materials such as copper,
iron, nickel, lead, zinc and silver (Mehr et al. 2021). Some of those, such as gold,
palladium or platinum, are considered extremely rare, valuable and indispensable
to the development of human society (EYL Sum, 1991). Although the recovery
of these metals may make recycling more attractive and economically viable
(Chamier-Gliszczynski 2011, Chamier-Gliszczynski 2011a), the methods of their
processing must keep up with new challenges, such as the diversified composition
of such waste, as well as the fact that the valuable raw materials they contain
occur in trace amounts (up to 1%) (Syed 2012).

Since recycling electronic waste is very diverse and complex, the literature
on the subject includes several methods of its processing (Tuncuk et al. 2012).
Recently, much attention has been devoted to hydrometallurgical technologies
for recycling gold (Lei et al. 2020, Martinez-Ballesteros et al. 2021, Marsden
2006). Following appropriate disassembly, discarded electronic components are
rinsed to transform the metals into solution (Xiu et al. 2009). The gold in the
solution is reduced to metallic form using zinc or iron powder. The analysed pro-
cess depends on the comprehensive approach to the disassembly and the imple-
mentation of the process itself (Chamier-Gliszczynski 2011b). At this stage, it is
worth implementing the solutions from the recycling of end-of-life cars
(Chamier-Gliszcznski & Krzyzynski 2005, Chamier-Gliszezynski 2010). In pro-
cessing electronic components, solvent extraction methods can also be applied,
yet they generate significant amounts of waste (Petter 2014).

Despite testing several leaching solutions, i.e. cyanides, halides, and thiosul-
phates, which negatively affect the environment by volatilisation of organic sub-
stances containing chlorine and bromine into the atmosphere, leaching using
these methods must be preceded by a high-temperature gasification process in
order to eliminate the organic phases connecting the circuit board structure
printed with non-volatile metallic and mineral phases. In order to avoid the gasi-
fication process, a method of extracting gold from solid electronic components
using aqua regia, which eliminates organic substances, is applied (Chmielewski
et al. 1997). Within ten years, more than 40 publications discussing the use of
aqua regia emerged (Cyganowski et al. 2021). The process, however, has one
major drawback — it is not selective. In the aqua regia leaching process, many
other metallic components are recovered. Other approaches, such as the multi-
stage leaching of waste material, as put forward by Sheng (Sheng et al. 2007),
allow for the selective recovery of gold, simultaneously generating a significant
amount of excessive waste solvents. Similar conclusions were arrived at by (Park
et al. 2009), who used a mixture of a solvent that extracts tetraoctylammonium
bromide to recover gold from printed circuit boards selectively. Moreover, it al-
lows for some assumptions about the potential use of digital twins to better shape
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changes and improve the available methods (Kosacka-Olejnik et al. 2021). To
find out if such a solution is effective, however, it is worth subjecting it to anal-
yses using the design thinking method (Kostrzewski 2018).

2. Preparation of Cathodes from Waste Electrical and Electronic
Equipment for Testing

For this study, two types of scrap were collected:
a) discarded computer CPUs (Fig. 1),
b) gold-plated computer pins (Fig. 2).

Fig. 2. Pins obtained after dismantling a CPU a) light b) ceramic c¢) PCB (printed
circuit boards) subassembly
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The preparation of the collected electronic scrap started with manual
disassembly. First, CPUs were released from their sockets, and pins were
removed from the components they were attached to. Ceramic CPUs are a
rare raw material for gold recovery as their production stopped in 1999, and
no additives in the form of precious metals were used in their production.
Therefore, the pins from ceramic processors are expected to yield gold of
relatively high concentration. Pins are extensions of electronic components
that connect one element to another and are usually covered with a trace of
gold to improve their conductivity (Lee et al. 2011).

Combining many tiny pins into one compact electrode (Fig. 3A) can be
achieved in several ways: fusing the pins or pressing them (Vafaiee et al.
2019). In both the first and the second methods, fine copper powder or chips
can be added (Fig. 2B) (Talebi et al. 2022). The addition of copper in a fine
form fills the free spaces between the unevenly distributed pins and also
forms a matrix in which, as a result of melting, the pins will be found (see
Fig. 3C). Preferably, the copper used for compacting the anode is crude or
scrap copper, as it can be refined by electro-refining. As a result of electro-
refining, copper from raw copper and pins is transferred to the cathode. It is
also possible that gold in the form of tiny flakes will float on the free surface
of the electrolyte (yellow figures in Fig. 3).

A B C

Fig. 3. The process of compacting the pins used as the anode: A) compressing the gold
pins into a compact electrode, B) adding the copper powder to fill the existing gaps,
C) melting the pins and copper powder to form a uniform matrix

Compacted pins obtained after the dismantling of the CPU were oval, the
total area of which (calculated as the sum of the areas parallel to the cathodes)
was approx. 8 cm?. The crucible used to cast the anode is shown in Fig. 4.
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Fig. 4. Crucible for casting the anode
2.1. The Electro-refining Process and its Course

The electro-refining process was carried out in the configuration of one anode
— two cathodes. The cathodes were connected in series (Fig. 4).

Fig. S. Electrolyser in which the gold recovery process was carried out

In order to accelerate the electro-refining process, we used the electrolyte con-
taining copper ions in the amount of 40 g Cu?*/1, sulfuric acid (VI) in the amount
of 100 g H>SO4/1, and the following process parameters: 0.5 V and 0.5 A. The pro-
cess parameters and the anode mass balance are summarised in Table 1.

Table 1. Parameters of the electro-refining process

Electrorefining parameters
voltage 0.5V anode weight 23.545 ¢

current 0.5A anode slime mass | 0.981 g

anode surface 7.912 cm?




Recycling of Gold From Waste Electrical... 377

During the electro-refining, gentle shaking of the anode was required as the
anode got covered with anode sludge which would not fall off, effectively block-
ing the electrolysis process. Sludge was deposited at the bottom of the electro-
lyser. The entire process took five days. The anode did not completely dissolve
due to solder breakage (possibly due to the electrolyte action) that connected the
anode to the current source. Table 2 shows the chemical composition of the anode
pre-process, post-process and anode sludge from industrial tests for comparison
purposes.

Table 2. Chemical composition of the anode

Element anode befoore anode afteg anode sludgoe Slﬁl(;i;es'[(rflgi f;v;l_

process [wt%] | process [wt.%] | from test [wt.%] parison) [wt.%]
Ca 0,1 0,18 0,4 0,9
Mn 0,024 nd 0,031 nd
Fe 0,222 0,217 0,8 nd
Ni 1,54 2,59 6,18 0,3
Cu 38,1 88,69 11,4 3.4
Ag 0,41 0,15 1,2 37
Sn 4,84 6,24 30,5 nd
Au 5,2 1,7 29,8 0
S nd 0,22 nd 20
Si nd nd 0,6 nd
Pb 3 nd 19 36
Se nd nd nd 1,5

The anode contained 52% Au and approx. 40% Cu. As a result of the electro-
refining, there was far less copper in the anode sludge compared to the anode
composition, i.e. 11% Cu. Although unfortunately, other metals, such as nickel,
tin and lead, also passed into the anode sludge in significant amounts, they can
still be removed from the sludge in further steps of the gold recovery process.
The added values of the process are obtaining gold concentrate in the form of
anode sludge and recovering copper in metallic form as deposited on the cath-
odes. It is recommended that prior to remelting the pins, the tin, lead, iron and
nickel should first be removed from their composition, e.g. by oxidative leaching
in the NaOH-H,O,, then in diluted nitric acid (1 M) and/or in a mixture of sulfuric
acid (VI) and organic acid (leaching reducing oxidised iron and nickel). These
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steps lead to the removal of less valuable impurities without damaging the copper.

Due to the small amounts of anode sludge obtained, the above-mentioned
steps may be subsequent, i.e. follow the electro-refining process. The anode
sludge was melted in the flame of an oxy-acetylene torch in a graphite crucible
by adding borax. As a result of the melting, several metallic precipitates were
obtained, which were then hot-incorporated into a sample 30 mm in diameter and
12 mm high. The metallographic examination was then performed.

2.2. Gold Alloy Finishing

Grinding and polishing were performed on STRUERS ROTOPOL-11 device.
The process was carried out according to the following procedure:

Grinding:

- SiC sandpaper, grain size 320,
- SiC sandpaper, grain size 500,
- SiC sandpaper, grain size 800,
- SiC sandpaper, grain size 1200.

Polishing:

- MD-Largo disc using diamonds with a diameter of 9 um sprayed with an atomiser
bottle. STRUERS lubricant blue was used as the lubricant and coolant.

- MD-Mol disc using diamonds with a diameter of 3 um sprayed with an atomiser
bottle. STRUERS lubricant blue was used as the lubricant and coolant.

- MD-Mol disc using diamonds with a diameter of 1 um sprayed with an atomiser
bottle. STRUERS lubricant blue was used as the lubricant and coolant.

The last stage of preparation of the metallographic specimen was finishing
polishing on the MD-Chem disc using the OP-S suspension by STRUERS (pol-
ishing time 150 s). The combination of chemical action and gentle abrasion of the
material allows the samples obtained to be almost or entirely free of scratches and
deformations. The samples prepared this way were then observed on the mi-
croscale. Hitachi SU-70 scanning microscope was used for observations.

Figures 6-8 present microstructures in different places of the sample, with
magnification in the range from 500x to 5000x. A BSE detector was used for the
observation. Additionally, the point analysis of the chemical composition and the
map of the chemical decomposition were created to determine and confirm the
presence of Au in the analysed area.
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15.0kV 14.6mm x500 PDBSE(CP

Fig. 6. The microstructure of the gold sample following the melting process
(x500 magnification)

Y

15.0kV 14.6mm x2.00k PDBSE(CP)

Fig. 7. The microstructure of the gold sample following the melting process
(x2000 magnification)
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Fig. 8. Point analysis of the chemical composition
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Table 3. The results of the point analysis of the chemical composition carried out in the
places marked in Fig. 8 (wt.%)

Point number Ni [wt.%] Cu [wt.%] Sn [wt.%] Au [wt.%]
1 1.12 40.69 9.61 48.58
2 2.61 40.71 10.44 46.24
3 1.13 38.56 11.09 49.22
4 36.03 7.47 54.05 2.44
5 35.87 7.45 54.63 2.05
6 - 98.34 1.66 —

3. Summary and conclusions

An alloy with a high concentration of gold was obtained as a result of the electro-
refining process and melting of anode sludge,. The chemical analysis of the alloy
and the images from the scanning microscope show the heterogeneous nature of
the obtained alloy, revealing a thick, densely packed texture passing into a fine
and coarse-porous surface at places. During the sludge smelting, the structure is
transferred to the partially glassy phase, constituting a filling mass in which com-
ponents, such as nickel, are suspended. Copper and gold create irregular or spher-
ical forms up to several hundred micrometres in diameter, located within the
transparent minerals.

Based on the research, the following conclusions can be drawn:

methods of enriching electronic equipment waste by electro-refining lead to
the reduction in the formation of gold-free wastewater. The sludge formed as
a result of electro-treatment is easily separable from the solution, and after it
has been dried, it can be subject to melting in a resistance furnace,

the suggested method of compacting gold-plated pins from processors leads
to the minimisation of losses of coexisting metals,

in order to reduce the proportion of nickel in the alloy, it should be leached
in diluted nitric acid (1 M) and/or in a mixture of sulfuric acid (VI), and or-
ganic acid,

each type of electronic and electrical waste is structurally different, and its
chemical composition is very diverse. Therefore, suggesting a universal
method of processing it poses an extremely difficult challenge.

This research was supported by Polish National Centre for Research
and Development, grant number POIR.01.01.01-00-0362/19.
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