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Abstract: The importance of gold recovery from waste printed circuit boards is continuously in-
creasing due to raising gold prices and demand as well as the need for innovative and flexible
recycling methods for this complex waste stream. The state-of-the-art recycling process aims at the
pyrometallurgical recovery of noble metals, mainly using a copper collector. Different technical
limitations justify the application of a hydrometallurgical process alternative for recovering gold.
The direct application of gold lixiviants on comminuted PCBs is hardly possible due to the high
concentration of metal impurities. As a solution, most researchers propose hydrometallurgical
separation of disturbing base metals prior to gold extraction. For this, different leaching systems
with aggressive chemicals can be applied, often leaving residual base metal concentrations behind.
Within this study, two different leaching parameter sets were investigated to separate base metals
and determine the impact of residual base metals on subsequent gold recovery. The gold lixiviants
that were applied for comparison were thiosulfate, thiourea, iodine-iodide, NBS, and cyanide. It was
found that thiosulfate and thiourea are less sensitive than other lixiviants to metal impurities. When
base metals are separated completely, gold recovery is strongly improved, and cyanide also achieves
a good gold recovery.

Keywords: WEEE; PCB; hydrometallurgy; gold; cyanide alternatives; thiourea; thiosulfate; iodine; NBS

1. Introduction

Gold is a valuable element found in the earth’s crust at a low concentration of approx-
imately 4 mg/t (ppb) and is primarily used in the jewelry, investment, and technology
industries [1]. Gold’s chemical stability and outstanding physical properties, such as high
electrical conductivity and outstanding corrosion resistance, make it a commonly used ma-
terial in the manufacturing of electrical and electronic equipment (EEE). Due to increasing
demand and decreasing availability of easily extracted gold ores, challenges have arisen
in the leaching process, requiring more time and resources. As a result, there is growing
interest in using gold-bearing end-of-life products as an alternative resource [2,3].

Gold is used in a variety of applications in EEE, such as contact pins on printed circuit
boards (PCBs) [4]. The gold content in PCBs typically ranges from 300–500 ppm and can
even reach up to 1000 ppm in some cases, which is much higher than the concentration
of gold in natural ores [5]. Despite comprising a small proportion of the overall weight of
electronic waste, gold contributes to more than 90% of its total market value due to the
high market value of gold [6].

Recovering gold from waste electrical and electronic equipment (WEEE) is commonly
achieved by incorporating end-of-life (EoL) equipment into different stages of the copper
production process depending on the purity of the copper component in the material. This
process causes high energy consumption and CO2 emission and requires long process times.
As an alternative method, hydrometallurgy has gained attention due to its effectiveness, low
energy consumption, and low emissions during processing [7–9]. The hydrometallurgical
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method aims to extract gold from gold-bearing materials through leaching in an aqueous
solution using the fewest possible steps. Subsequently, the gold-bearing solutions are
treated to recover the dissolved gold [10].

Cyanidation has been the primary hydrometallurgical method for gold ore treatment
since 1887 [11,12]. Despite its low cost and the formation of stable gold complexes, the use
of cyanide can be problematic due to the formation of highly toxic hydrogen cyanide, which
has a fatal dose of 1.5 mg/kg body weight for an average adult and leads to environmental
concerns [11–14]. Additionally, cyanide is highly sensitive to base metals and prefers
to react with them instead of gold. Base metals refer to metals less noble than precious
or noble metals, such as copper, nickel, zinc, lead, etc. WEEE contains a high degree of
material heterogeneity of different base metals, including significant concentrations of
copper, which leads to high cyanide consumption [15,16]. As a result, research efforts have
been directed towards finding alternative, more environmentally friendly leaching agents
with improved yield [17].

Through previous investigations with various gold-bearing materials, leaching agents
such as thiosulfate, thiourea, and iodine–iodide have been found to have high stability of
formed gold complexes; some of them are listed in Table 1. They are utilized to extract
gold through dissolving gold into aqueous solution by building complexes and display
extraction yields greater than 90%—almost 100% in some cases [15,18–22]. Additionally,
N-Bromosuccinimide (NBS) is an organic leaching agent that has not yet been extensively
studied. However, it has been reported to have high gold selectivity over other metals in
the raw material (Table 1) [22,23]. Therefore, it is worth further investigation in order to
compare its performance to that of the other three intensively studied reagents.

Due to the high chemical resistance of gold and the complex nature of WEEE materials,
pretreatment steps such as mechanical, thermal, and chemical methods have been studied
to increase the reaction surface of the metal compounds and remove base metals prior to
gold leaching. The base metals can react with the leaching agent before gold, leading to
high lixiviant consumption and the formation of passivation layers, which inhibit gold
dissolution [24,25]. Various approaches have been undertaken to identify the most effective
pretreatment methods [20,21,26–28]. However, they typically focused on a single pretreat-
ment method and the subsequent use of one or two leaching agents. A comprehensive
investigation utilizing multiple pretreatment methods in combination with a wide range of
leaching agents has yet to be conducted.

In this study, gold leaching from waste printed circuit boards (WPCBs) was inves-
tigated, incorporating a series of pretreatment steps: pyrolysis of whole WPCBs, size
reduction, and multistep acid leaching for base metal removal with two different sets
of parameters. Pyrolysis is a thermal pretreatment method that aims to remove or sep-
arate non-metallic components, specifically organic compounds of PCBs, and to loosen
the layers of the board, hence facilitating the subsequent size reduction and liberation
of metals [29–31]. The proposed method avoids the use of sieving to prevent losses of
valuable metals, in particular precious metals (PM). A two-stage acid leaching process is
implemented to maximize base metal removal and accelerate the subsequent gold leaching.
The material will then be treated with various leaching agents and conditions to determine
the most efficient leaching agent for maximum gold recovery.

This study represents a novel approach in investigating the effect of temperature,
solvent composition, and base metal concentration on different leaching agents, including
the less studied NBS. By using the same input material, a comparison was possible between
the following systems: thiosulfate, thiourea, iodine-iodide, NBS, and a direct comparison
to cyanide at similar leaching conditions. This was further aided by the utilization of two
parameter sets in base metal leaching to provide input materials with varying degrees of
base metal concentration. This allowed exploration of the impact of base metal concentra-
tion on gold leaching. Additionally, the effect of a prior pyrolysis on gold recovery is not
sufficiently described in the literature. The comprehensive and broad scope of this study,
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combined with a multi-step pretreatment, presents a deeper understanding of the leaching
mechanism of diverse gold leaching agents under a comparable basis.

Table 1. Publications on WPCB recycling with focus on achieved gold leaching yields with respective
used lixiviant.

Leaching Agent Input Material Pretreatment Target Metal Gold Leaching
Yield Reference

0.12 M (NH4)2S2O3
20 mM CuSO4
0.2 M NH4OH

Scrap and PCBs of
waste mobile phones None Au 98% [19]

0.2 M (NH4)2S2O3
5 mM CuSO4

0.4 M NH4OH
RAM sticks None Au >98% [15]

60 g/L CH4N2S
4 g/L Fe2(SO4)3

0.1 M H2SO4

PCBs of spent
mobile phones

Crushed and
grounded

Sieving
Cu, Au 85.2 ± 0.8% [20]

24 g/L CH4N2S
0.6 wt.% Fe2(SO4)3

0.5 M H2SO4

PCB powder from waste
mobile phones None Au, Ag 90% [32]

2 g/L I2
12 g/L KI

WPCBs from
discarded computers

Shredded
Incineration

Pressure oxidative
acid leaching

Au >99% [21]

1.1% I2
10% KI

1.5% H2O2

PCB powder from
waste computers Acid leaching Au >95% [33]

3% I2
1% H2O2

WPCBs Acid leaching Au 99.98% [22]

70 mM C4H4BrNO2
100 mM C5H5N Pins of waste CPU None Au 60% [34]

2. Materials and Methods

A mixture of different types of random access memory (RAM) sticks was selected as
input material (Figure 1). In total, 4.26 kg of RAM sticks was pyrolyzed at 580 ◦C for 90 min
(14 L/min Argon flushing, 300 ◦C/h heating rate) in a static pyrolysis reactor. Afterwards,
the samples were cut manually and crushed to particle size <4 mm in a cutting mill and
then milled down to <0.75 mm in a rotary mill. The sample was homogenized with sample
divider prior to leaching.
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The base metals were separated in two successive steps using 1500 g of the pyrolyzed
and crushed material as input material. The input material was firstly leached with
sulfuric acid according to Equation (1). H2O2 was added as an oxidizing agent to improve
metal dissolution.

Me + H2SO4 + H2O2 = MeSO4 + 2H2O, (1)

Me stands for metal compounds.
The solid residue and solution were then separated via vacuum filtration. The solid

residue subsequently underwent a second leaching with hydrochloric acid. The leaching
mechanism is shown in Equation (2).

Me + 2HCl = MeCl2 + H2 (2)

The leaching parameters of the two-step base metal leaching are listed in Table 2. The
hydrogen peroxide was added at the start of the leaching process once the solution had
reached the desired temperature and after the material was added.

Table 2. The first set of experimental parameters for base metal leaching of pyrolyzed and commin-
uted RAMs.

Trial Reactant Temperature Time Pulp Density Stirring Rate

BM 1.1 2M H2SO4
0.8 M H2O2

68 ◦C 12 h 1:20 300 rpm

BM 1.2 2 M HCl 80 ◦C 6 h 1:20 400 rpm

A second set of parameters was applied in a follow-up attempt at base metal separa-
tion in order to optimize the process and enhance the yield of base metal removal. The
identification of the new parameters was based on the results achieved from trials BM 1.1
and BM 1.2. The corresponding reaction parameters are displayed in Table 3.

Table 3. The second set of experimental parameters for the optimized base metal leaching of pyrolyzed
and comminuted RAMs.

Trial Reactant Temperature Time Pulp Density Stirring Rate

BM 2.1 4 M H2SO4
2 M H2O2

35 ◦C 24 h 1:10 500 rpm

BM 2.2 5 M HCl 80 ◦C 6 h 1:10 500 rpm

A total of 1700 g of pyrolyzed and crushed WPCBs were treated with the second set of
parameters. Unlike the previous base metal leaching trials, hydrogen peroxide was added
at intervals of 40 min during the first 10 h of the sulfuric acid leaching process. The solid
residues from each leaching step were rinsed with deionized water. After the base metal
leaching, the samples were divided into homogeneous 20 g sample bags for subsequent
gold leaching experiments.

The pretreated and gold enriched samples were then leached separately, according
to the leaching mechanism listed in Table 4, with thiosulfate, thiourea, iodine–iodide, and
NBS following the leaching parameters listed in Table 5, denoted by TS 0, TU 0, I 0, NBS 0,
and C 0, respectively. The experiment parameters were chosen based on previous work
done by the other researchers. These trials are also referred to as standard trials in the
following text. Each trial was conducted twice to ensure reproducibility. A flow chart of the
whole process is illustrated in Figure 2. A list of the used chemicals can be found in Table 6.



Metals 2023, 13, 969 5 of 20

Table 4. Gold leaching mechanism of thiosulfate, thiourea, iodine-iodide, NBS and cyanide leachants.

Leaching System Reaction Mechanism Reference

Thiosulfate

Anodic half reaction:
Au + 2 S2O3

2− → Au(S2O3)2
3− + e−

Cathodic half reaction:
Cu(NH3)4

2+ + 3 S2O3
2− + e−→ Cu(S2O3)3

5− + 4 NH3

[35]

Thiourea

Anodic half reaction:
Au + 2 SC(NH2)2 → Au(SC(NH2)2)2

+ + e−

Cathodic half reaction:
Fe3+ + e− → Fe2+

[36]

Iodine–iodide

Dissolution of iodide:
I2 + I− → I3

−

Anodic half reaction:
2 Au + 4 I− = 2 AuI2

− + 2 e−

Cathodic half reaction:
I3
− + 2 e− → 3 I−

[37]

NBS Au NBS→ AuBr4
−

AuBr4
− + Py→ PyAuBr3 + Br−

[34]

Cyanide

Anodic half reaction:
Au + 2 CN− → Au(CN)2

− + e−

Cathodic half reaction:
O2 + 2 H2O + 4 e− → 4 OH−

[38]

Table 5. Experimental parameters of standard gold leaching trials for thiosulfate, thiourea, iodine-
iodine, NBS, and cyanide systems with pyrolyzed, crushed and chemically pretreated RAMs.

Trial Reactant Temperature Time Pulp
Density

Stirring
Rate Reference

TS 0
20 mM CuSO4

0.1 M (NH4)2S2O3
0.2 M NH4OH

RT 24 h 1:25 450 rpm [19]

TU 0
0.8 M CH4N2S

10 mM Fe2(SO4)3
0.1 M H2SO4

RT 2 h 1:25 450 rpm [20]

I 0 8 mM I2
70 mM KI RT 4 h 1:25 450 rpm [21]

NBS 0 20 mM C4H4BrNO2
0.2 M C5H5N RT 24 h 1:25 450 rpm [23,34]

C 0 30 mM KCN
1 mM NaOH RT 24 h 1:25 450 rpm [39,40]

The composition of the waste RAM sticks was determined after pyrolysis and com-
minution. A 10 g sample was taken from the material and was dissolved into solution at
room temperature with 50 mL aqua regia for 2 h at 200 rpm stirring speed, and the aqua
regia solution was analyzed using ICP-OES (5900 SVDS Agilent 2021) for determination
of composition. The procedure was repeated twice to minimize inaccuracies caused by
material inhomogeneity. The base metal leaching trials were conducted batchwise in 5 L
stirred bakers, whereas the gold leaching trials were conducted in 1 L stirred beakers.
Heating was provided through a heating plate (SI Analytics Laboratory Stirrer Xylem
Analytics 2018). The solid residue and pregnant leaching solutions (PLS) were separated
by vacuum filtration. For the determination of gold leaching efficiency, 5 mL samples were
taken from PLS, and 10 g samples were taken from the solid residue. The solid sample
was dissolved using aqua regia with the above-mentioned method. The PLS samples were
diluted 1:10 as were pregnant aqua regia solutions of the solid sample. All aqueous samples
were characterized via ICP-OES.
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Table 6. List of chemicals used in this work.

Chemicals Producer Chemicals Producer

Sulfuric acid 96% ITW Reagents Thiourea 99% Alfa Aesar

Hydrogen peroxide 35% Merck KGaA Iodine > 99.8% Sigma Aldrich

Hydrochloric acid fuming 37% Merck KGaA Potassium iodide > 99.5% Merck KGaA

Ammonium thiosulfate 98% Sigma Aldrich N-Bromosuccinimide 99% Sigma Aldrich

Copper(II) sulfate
pentahydrate 99% Alfa Aesar Pyridine > 99% Sigma Aldrich

Ammonia 30% ITW Reagents Sodium hydroxide 97% Sigma Aldrich

Iron(III) Sulfate
x-hydrate 75% ITW Reagents Potassium cyanide > 97% Alfa Aesar

The leaching yield is calculated according to Equation (3). QA stands for the isolated
quantity of the target fraction A, while (QA)0 stands for the initial quantity of fraction A in
the original material.

RA = 100% − [QA/(QA)0] (3)

The particle size distribution of the input material before and after the base metal leaching
was analyzed using dynamic image analysis equipment (Quick Pick Oasis SympaTech 2019).

3. Results and Discussion
3.1. Material Pretreatment and Characterization

The pyrolysis allowed a weight reduction of 581.6 g (corresponds to 13.64 wt. % of
initial mass), which was achieved through the thermal decomposition and evaporation of
organic matter. The pyrolyzed RAM sticks could be easily comminuted due to the absence
of organic components. A flowsheet of the pretreatment process and a mass balance are
illustrated in Figure 3.
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Pictures of the comminuted samples obtained via optical microscopy show a complex
composition of different materials and geometries (Figure 4). Based on the color, Cu and
Au agglomerates can be identified, as can gray shining particles, probably Fe. As an effect
of the thermal and mechanical pretreatment, metal components were successfully liberated,
which highly improves the contact surface to extractive solvents, thus enabling efficient
leaching. Short crushed glass fibers and fine carbon powder make up the nonmetallic
fraction of the material.
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Dynamic image analysis was used to study the size distribution and shape of particles
from pyrolyzed and crushed RAM sticks. A total of 122,090 particles were measured, and
their distribution sum, distribution density, and aspect ratio distribution were determined
and plotted in Figures 5 and 6. Some representative shapes of the detected particles are
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illustrated in Figure 7. About 60% of the particles fall in the range smaller than 10 µm
and are composed of fine carbonaceous particles and short glass fibers, identifiable by
the detected particles’ rod shape and increasing aspect ratio with decreasing size from
11 µm. This assumption is also supported by the microscopic images that were taken. The
agglomerates of glass fibers accounted for another extreme of the size distribution, up to
an EQPC (Diameter of a circle of equal projection area) of over 300 µm. This indicates
an agglomeration of the particles after comminution to grain sizes < 0.75 mm. The small
particle size would provide a larger reaction surface, thus accelerating the reaction between
material and solvent during leaching, which has been proven by Ficeriová et al. [26], who
managed to achieve an improvement of more than 80 % of the gold leaching yield with
ammonium thiosulfate solution by reducing the particle size to <800 µm.
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The composition of the waste RAM sticks was determined after pyrolysis and com-
minution, in which the aqua regia solution of its sample was analyzed using ICP-OES. The
procedure was repeated twice to minimize inaccuracies caused by material inhomogene-
ity. The derived arithmetic mean, which is presented in Table 7, was used as the initial
composition for evaluating base metal separation in the next subchapter.
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Table 7. Composition of RAM stick after pyrolysis determined by ICP-OES using aqua regia as
digestion media.

Au Ag Cu Fe Al Ni Zn Pb Sn

ppm ppm wt.% wt.% wt.% wt.% ppm wt.% wt.%
785 196 35.18 0.41 0.12 0.71 84.94 0.05 3.28

Notably, as reported by many other researchers, the concentration of silver in a RAM
stick should be several times higher than that of gold, which is not consistent with the
composition determined [15,21,41]. This discrepancy can be explained by the formation
of a silver chloride precipitation in the aqua regia solution. The silver composition was
neglected in this work, as the focus lies in the dissolution of gold [42].

3.2. Base Metal Separation

Table 8 displays the leaching yield of each metallic element during the base metal leach-
ing. Since gold is chemically stable against corrosion from sulfuric acid and hydrochloric
acid, its quantity remains unchanged during base metal leaching.

Table 8. Leaching yield of different metal elements achieved via two-step base metal leaching with
the first set of parameters: 2 M H2SO4, 0.8 M H2O2, 68 ◦C, 12 h, solid-to-liquid (s/l) ratio 1:20,
300 rpm stirring rate (1st step); 2 M HCl, 80 ◦C, 6 h, s/l ratio 1:20, 400 rpm stirring rate (2nd step).

Cu Fe Al Ni Zn

63.5% 100.0% 88.4% 88.0% 100.0%

In the first set of parameters, only 63.5 wt.% of copper was removed, which also could
be observed optically in the leaching residue. The insufficient copper dissolution can be
attributed to the fast decomposition of H2O2 to H2O and O2 under the elevated reaction
temperature as soon as it was introduced to the solution, which was observed as a sudden
formation of bubbles. Furthermore, an increase in reactant concentration and leaching
time is reported to have a positive impact on metal leaching yield [43,44]. Therefore,
parameter optimization was conducted, as shown in Table 2. As expected, the leaching
yield of copper increased significantly from 63.5 wt.% to 97.7 wt.%. The leaching yield of
all metallic elements is presented in Table 9. The composition of the material after the first
and second sets of base metal leaching parameters is listed in Table 10. The determination
of Sn content was only determined after the optimized base metal leaching with the second
set of parameters. The gold content increased after the base metal leaching since the
total mass of the material decreased due to the separation of base metals. Comparing
the metal composition after treatment with the second set of parameters to the first one,
a significant improvement of copper separation was achieved, which is expected to benefit
gold recovery afterwards.
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Table 9. Leaching yields of different metal elements achieved by two-step base metal leaching with
the second set of parameters: 4 M H2SO4, 2 M H2O2, 35 ◦C, 24 h, s/l ratio 1:10, 500 rpm stirring rate
(1st step); 5 M HCl, 80 ◦C, 6 h, s/l ratio 1:10, 500 rpm stirring rate (2nd step).

Cu Fe Al Ni Zn Sn

97.7% 77.2% 65.0% 88.3% 92.5% 98.0%

Table 10. Comparison of the material composition of pyrolyzed RAM after base metal leaching
with the first set of parameters and the optimized second set of parameters with more reactant
concentration and adapted temperature, pulp density, and stirring rate. a: relative composition of the
pretreated material based on the initial weight; b: absolute composition of the pretreated material
based on the actual weight after pretreatment.

Au Cu Fe Al Ni Zn Pb Sn
ppm wt.% wt.% wt.% wt.% ppm wt.% wt.%

After the first
set of parameters 1025 16.80 0.00 0.02 0.11 0.00 - -

After the second
set of parameters 1278 1.32 0.15 0.07 0.13 10 0.08 0.11

3.3. Gold Leaching

The leaching yields for gold using the parameters listed in Table 3 were as follows,
ranked from highest to lowest: 95.7%, 72.1%, 65.0%, 41.1%, and 21.5% for thiourea, thiosul-
fate, cyanide, NBS, and iodine–iodide leaching systems, respectively. The leaching yields
were calculated based on the composition of the material after base metal leaching.

The influence of temperature and reactant concentration and/or composition were
studied by adjusting the corresponding parameters. Base metal separation of the input ma-
terial for these gold leaching trials was conducted using the first set of parameters (Table 2).

3.3.1. Parameter Investigation of Lixiviants

Thiosulfate

The thiosulfate leaching trials were conducted under the same condition as TU 0 yet under
30 ◦C and 40 ◦C, reaching gold leaching yields of 53.1% and 48.5%, respectively (Figure 8). It
was observed that the gold leaching yield decreased with increasing temperature, which could
be due to the chemical instability of thiosulfate. The activation enthalpy of the oxidation reaction
of thiosulfate with cupric ion is 7.8 kJ mol−1, indicating that the reaction is endothermic [45].
According to Le Chatelier’s principle, an increase in temperature favors the endothermic
reaction [46]. Therefore, the decomposition of thiosulfate occurs more rapidly at elevated
temperatures. As a result, thiosulfate consumption increases, leading to less reactant available
for the anodic reaction with gold, resulting in a lower recovery.

The variations in reactant composition and corresponding gold leaching yields for thio-
sulfate trials are listed in Table 11. The gold leaching yield resulting from the standard pa-
rameters is also included as a reference, and the same applies to the other leaching agents.

For both scenarios of cupric ion concentration, 5 mM and 20 mM, an increase in the
concentration of ammonium thiosulfate and ammonia generally resulted in higher gold
recovery. When comparing the leaching trials conducted with 5 mM Cu(II) sulfate, the trial
with the lowest amounts of ammonium thiosulfate and ammonia, which were 0.1 M and
0.2 M, respectively, achieved the minimum gold recovery. The other two trials showed
comparable gold recoveries >85%. In the leaching trials with additional 20 mM Cu(II)
sulfate, only the trial with the highest ammonium thiosulfate and ammonia concentration
reached a leaching yield greater than 85%. With a lower concentration, the gold dissolution
was inefficient, especially in the case of 0.2 M (NH4)2S2O3 and 0.4 M NH4OH, achieving
an outlier of only 49% gold recovery. These results suggest that when more cupric ions
are present in the solution, higher ammonium thiosulfate and ammonia concentrations
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are required to achieve the same leaching yield than with fewer cupric ions. Since more
ammonia was present in the solution to consume the excess cupric ion, the oxidative
degradation of thiosulfate by cupric ion was reduced, allowing more thiosulfate to remain
for gold complexation.
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solvent systems from pyrolyzed and chemical-pretreated RAM.

Table 11. The gold leaching yield of thiosulfate with pyrolyzed and chemical-pretreated RAM
achieved by trials with different solvent compositions under room temperature (20 ◦C), 24 h, s/l 1:25,
450 rpm stirring rate.

5 mM CuSO4 20 mM CuSO4

0.1 M (NH4)2S2O3
0.2 M NH4OH 50.0% 72.1%

0.2 M (NH4)2S2O3
0.4 M NH4OH 89.4% 49.0%

0.3 M (NH4)2S2O3
0.6 M NH4OH 86.2% 85.5%

Thiourea

The same temperatures as thiosulfate were also tested in the thiourea leaching system,
and gold leaching yields of 67.9% and 39.2% were achieved at 30 ◦C and 40 ◦C, respectively
(Figure 8). Similarly to the thiosulfate system, a decreasing trend of gold recovery with
increasing temperature was observed. The increasing temperature enhanced the reaction of
thiourea with copper and nickel, which are also present in the solution and have a greater
affinity for complexation with thiourea, thus reducing the availability of thiourea for gold.
Furthermore, the thermal instability of thiourea was proposed by Li et al. [32], leading to
a reduction in gold leaching yield.

The influence of thiourea concentration was studied in the thiourea trials by reducing
and increasing the thiourea concentration to 0.32 M and 1.07 M, respectively. The achieved
gold leaching yields are listed in Table 12.
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Table 12. The gold leaching yield of thiourea gold leaching trials with pyrolyzed and chemical-
pretreated RAM achieved by trials with different solvent composition under room temperature (20
◦C), 2 h, s/l 1:25, 450 rpm stirring rate.

0.32 M CH4N2S
10 mM Fe2(SO4)3

0.1 M H2SO4

97.0%

0.8 M CH4N2S
10 mM Fe2(SO4)3

0.1 M H2SO4

95.7%

1.07 M CH4N2S
10 mM Fe2(SO4)3

0.1 M H2SO4

82.0%

As shown in Table 12, the gold leaching yield decreases with increasing thiourea
concentration. A reasonable explanation of this phenomenon is the more rapid formation
of sulfidic compounds and passivation layers caused by the oxidation decomposition of
thiourea under the presence of base metals due to the increased availability of thiourea.
The reaction surface of gold is thus covered, inhibiting its dissolution [47,48].

Iodine–Iodide

A proportional relationship between temperature and gold recovery yield in iodine–
iodide trials is not evident. A gold leaching yield of −3.5% was achieved at 40 ◦C, while
23.7% was achieved at 60 ◦C (Figure 8). The negative value occurs due to variation in
sample composition and actually suggests zero gold extraction during that trial. The highest
gold leaching yield among the three iodine–iodide trials is 23.7%, which is surprising given
that iodide forms the most stable complex with gold among all the halogens [18]. In the
presence of iodide I−, iodine dissolves in aqueous solution in the form of triiodide I3−. The
triiodide can further oxidize elementary gold to soluble gold-iodide complexes AuI2− and
AuI4−, whereas the first one predominates in the solution owing to the high formation
potential connected with the latter species and hence to be formed [37,49]. According
to other researchers, a gold leaching yield > 90% should be achievable in iodine–iodide
solvent [22,50]. The low gold recovery can be explained by the consumption of iodide
ions by copper. The I2 and KI were present in more than 100 times over-stoichiometric
compared to the amount of gold. Thus, a total consumption of these reagents by only gold
is not possible. An iodide solution normally shows violet, yellow, red, or brown color, yet
a colorless solution was obtained after all the leaching trials [51]. Copper, which is present
with the highest concentration among the metallic fraction in the input material, is less
noble compared to gold and more easily oxidized than gold. It can react with potassium
iodide, forming copper(I)-iodide. It is soluble in iodide solution and endows the solution
with no color [52]. This assumption is supported by the colorlessness of the taken liquid
samples. The content of copper in the solution amounts to 105.75 mM with a composition of
16.80 wt.% in 20 g input material. The concentration of available iodide ions is smaller than
that of copper, which suggests that the iodide ions were consumed by oxidation reaction
with copper, resulting in low gold recovery.

In iodine–iodide trials, attempts were also made to determine the most efficient solvent
composition. Xu et al. [50] and Sahin [22] replaced the oxidant potassium iodide with
hydrogen peroxide or added hydrogen peroxide as an additional oxidant, both achieving
excellent gold recoveries of >99.9% and 95%, respectively. To compare the effect of the
art and number of oxidation agents, trials with the following solvent compositions are
conducted. The achieved gold leaching yields are listed in Table 13.
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Table 13. The gold leaching yield of iodine–iodide gold leaching trials with pyrolyzed and chemical-
pretreated RAM achieved by trials with different solvent compositions under room temperature (20
◦C), 4 h, s/l 1:25, 450 rpm stirring rate.

8 mM I2
70 mM KI 21.5%

12 mM I2
30 mM H2O2

29.8%

8mM I2
70 mM KI

30 mM H2O2

31.5%

The highest leaching yield achieved by iodine–iodide system was 31.5%, which is
much lower than the expected value of >90%. The cause of this significant difference
is assumed to be the same as that presented in the section that studied the influence of
temperature factors.

NBS

In case of NBS, gold leaching yields of 58.2% and 53.4% were achieved in trials under
40 ◦C and 60 ◦C, respectively, which is higher than the gold recovery value of 21.5%
under room temperature (Figure 8). Despite the improvement, the gold recovery was still
inefficient since almost half of the gold still remained unsolved.

The amount of pyridine was also studied in NBS trials. The experiment parameters
and results are listed in Table 14.

Table 14. The gold leaching yield of NBS gold leaching trials with pyrolyzed and chemical pretreated
RAM achieved by trials with different solvent compositions under room temperature (20 ◦C), 24 h,
s/l 1:25, 450 rpm stirring rate.

20 mM C4H4BrNO2
20 mM C5H5N 45.3%

20 mM C4H4BrNO2
100 mM C5H5N 51.6%

20 mM C4H4BrNO2
200 mM C5H5N 41.1%

An explicit relationship between pyridine concentration and leaching yield cannot
be observed based on the results. None of the NBS leaching trials were able to achieve
sufficient gold recovery under the given conditions.

Cyanide

For the cyanide system, only the reagent concentration was investigated. An elevated
temperature would cause safety issues and would not primarily affect the gold dissolution,
so it was intentionally avoided. The studied parameters and the achieved gold leaching
yield are presented in Table 15:

Table 15. The gold leaching yield of cyanide gold leaching trials with pyrolyzed and chemical-
pretreated RAM achieved by trials with different solvent compositions under room temperature
(20 ◦C), 4 h, s/l 1:25, 450 rpm stirring rate.

30 mM KCN
1 mM NaOH 65.0%

80 mM KCN
1 mM NaOH 66.3%

150 mM KCN
1 mM NaOH 77.6%
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A clear increasing trend of gold leaching rate is observed with increasing potassium
cyanide addition. As mentioned above, the copper content in the input material amounts
to 105.75 mM. Potassium cyanide forms a CuCN compound with copper, which means the
same molar amount of KCN is required to react with the existing copper content. Due to
the favored cyanide consumption of base metals, an increase in the reactant concentration
leads to an increase in gold recovery since more cyanide remained available for the reaction
with gold.

3.3.2. Sensitivity of Gold Leaching Lixiviants to Base Metal Content

When comparing the products of the base metal leaching of both sets of parameters,
the second set of parameters provides a purer input material for gold leaching, as most base
metals could be separated. Existing research findings and observations from the above-
described experiment show that the presence of base metals negatively interferes with the
gold’s dissolution into the solution [19,53,54]. The solvent is sensitive to base metals such
as copper, nickel, and zinc and tends to react with them instead of gold, resulting in high
solvent consumption and inhibiting their complexation with gold. Thus, the leaching yield
can be increased by reduced base metals content. To prove this assumption, trials of each
leaching agent are listed in Table 16, which displays the maximum gold leaching yield
in the previous parameter investigation, were repeated with the new input material with
improved base metal separation.

Table 16. Experimental parameters of the most promising gold leaching trials, determined from the
previous parameter investigation, for thiosulfate, thiourea, iodine–iodine, NBS, and cyanide systems
with pyrolyzed, crushed RAM with improved chemical pretreatment.

Trial Reactant Temperature Time Pulp Density Stirring Rate

TS 1
5 mM CuSO4

0.2 M (NH4)2S2O3
0.4 M NH4OH

RT 24 h 1:25 450 rpm

TU 1
0.3 M CH4N2S

10 mM Fe2(SO4)3
0.1 M H2SO4

RT 2 h 1:25 450 rpm

I 1
8 mM I2

70 mM KI
60 mM H2O2

RT 4 h 1:25 450 rpm

NBS 1 20 mM C4H4BrNO2
0.2 M C5H5N 40 ◦C 24 h 1:25 450 rpm

C 1 150 mM KCN
1 mM NaOH RT 24 h 1:25 450 rpm

The observation of the color of the filtrate or PLS along already shows a change in
composition. In the case of thiosulfate, the color of PLS changed into a much lighter blue
shade. The PLS of NBS turned from blue to transparent, and that of iodine–iodide changed
from transparent to light yellow. This signifies many fewer Cu(II)-ions being dissolved
in the solution resulting from the improved base metal leaching and indicates reduced
consumption of reactant by base metals. For thiourea and cyanide, no change was observed.
Since copper exists in the form of cuprous ions in the formed complexes during dissolution
in these two solvents, which are characterized by no color in the aqueous solution, no
color changes are recognizable. The results of the gold leaching rate derived from chemical
analysis are presented in Table 17. It should be noted that since thiosulfate and thiourea
offered the best performance in the previous experiments, the reproducibility of the results
gained special interest. Thus, TS 1 and TU 1 were each repeated five times to mitigate
the chance variability of the outcomes. Only negligible differences were observed, with
relative standard deviations of 0.95% and 2.42% of gold leaching yield in TS 1 and TS 1
trials, respectively. Therefore, only the arithmetic means of TS 1 and TU 1 trials are listed in
Table 17, representing the repeated trials.
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Table 17. Comparison of gold leaching yield of the most promising gold leaching trials with py-
rolyzed, crushed RAM before and after improved base metal separation achieved by thiosulfate,
thiourea, iodine–iodine, NBS, and cyanide systems.

Trial Before Optimized
Base Metal Separation

After Optimized
Base Metal Separation

TS 1 89.4% 96.6%

TU 1 97.0% 96.4%

I 1 31.5% 78.9%

NBS 1 58.2% 55.1%

C 1 77.6% 95.0%

Almost all leaching agents showed a significant increase in gold leaching yield after
enhanced base metal separation, except for thiourea and NBS. The improvement was
particularly extreme for iodine–iodide gold leaching, revealing a high sensitivity of the
solvent to the presence of base metals. The assumption that the existence of base metals
has an inhibiting effect on gold leaching was proven to be correct, highlighting this as one
of the major challenges of precious metal extraction from complex input materials and
emphasizing the importance of sufficient pretreatment processes.

The leaching experiment using the thiourea leaching system achieved a gold leaching
yield of over 95% for both input materials, which were treated with the first and the second
set of parameters in the base metal leaching. The reduced amount of base metal did not
significantly affect the dissolution of gold in the thiourea leaching solution, indicating a low
sensitivity to base metals. On the contrary, despite the minimized amount of existing base
metal, NBS was still not able to extract gold sufficiently, showing that NBS is not a suitable
reactant for gold complexation and dissolution from the given input material.

Further Investigation of Thiosulfate and ThioureaGold Leaching

Since the thiosulfate and thiourea systems showed the most promising gold recovery,
the influence of reaction time and solvent composition was further investigated. The gold
leaching yield of these systems corresponding to reaction time is plotted in Figure 9.
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The gold dissolution in both solvents showed a steep ascent and then experienced
a small and steady increase. The rapid leaching rate at the beginning could be caused by
the small particle size of gold, and very soon, almost all the existing gold was already
dissolved into the solution. Looking at the development of the leaching rate of thiosulfate,
it almost approached zero after three hours of leaching, which means that most of the gold
dissolution had already occurred and terminated in the first three hours, suggesting that
a leaching time of three hours could already be sufficient to exhaust the dissolution capacity
of thiosulfate with the given parameters. Another reason for the reduced leaching rate
could be the formation of a passivation film covering the gold particles, which consists of
Cu sulfidic complexes originating from thiosulfate and thiourea decomposition [15]. This
formed passivation film inhibits the contact between gold and the leaching reactant so that
the reaction rate decreased rapidly. Moreover, the leaching yield drops slightly with time
from 12 h to 24 h, indicating the occurrence of reduction of already-dissolved gold with
prolonged reaction time, very likely through the presence of base metals. The approaching
trend to zero leaching rate in the thiourea trials is less prominent, which means the chosen
reaction time is relatively rational.

The solvent compositions of the thiourea and thiosulfate trials are presented in
Tables A1 and A2, respectively. The effect of higher and lower concentrations of iron(III)
sulfate, sulfuric acid, and thiourea—with TS 1 as reference trial—were investigated sepa-
rately (Figure 10).
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Figure 10. The influence of reactant concentration of thiourea gold leaching trials with pyrolyzed
and chemical-pretreated RAM under room temperature (20 ◦C), 2 h, s/l 1:25, 450 rpm stirring rate,
with the following parameters as reference: 0.3 M CH4N2S, 10 mM Fe2(SO4)3, 0.1 M H2SO4.

Varying the amount of added ferric sulfate led to less leaching efficiency compared
to the reference. The pH value of the leaching solution was measured before the input
material was charged. The pH value of the five TS 1 leaching solutions ranged from
0.92 to 0.99 (±0.01). The pH changed to 1.19 and 0.74 by reducing and increasing the
sulfuric acid concentration, respectively, and resulted in decreased gold leaching yield.
Thus, a pH of around 0.9–1 was shown to be most suitable for the given material. A slight
increase in gold leaching yield by increasing the thiourea concentration was observed. This
contradicts the conclusion reached in the first experimental phase, in which an increase
in thiourea concentration was not favored. That was caused by the higher availability
of thiourea for reaction with copper, thus more rapid passivation layer formation due
to thiourea decomposition. After the optimization of base metal leaching, concentration
of copper present in the input material of gold leaching was reduced, and so was the
passivation layer formation.

In the previous parameter investigation of solvent composition, the concentration of
ammonium thiosulfate and ammonium was varied, but the ratio between them was kept
constant at 1:2. Therefore, the influence of changing reactant ratio to 1:1 and 1:3 was further
analyzed, with TS 1 as a reference trial. For each of these trials, another comparison series
of experiments with 2 mM instead of 5 mM was also conducted because the optimum
copper(II) sulfate concentration may need to be adjusted due to a significant decrease in
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the copper concentration in the input material. Additionally, the possibility of shortening
the necessary reaction time by increasing the copper(II) sulfate concentration in TS 1 to
20 mM was also tested. The result is presented in Figure 11.
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Figure 11. The influence of reactant concentration of thiosulfate gold leaching trials with pyrolyzed
and chemical-pretreated RAM under room temperature (20 ◦C), 2 h, s/l 1:25, 450 rpm stirring rate,
with the following parameters as reference: 0.2 M (NH4)2S2O3, 5 mM CuSO4, 0.4 M NH4OH 3.

The maximum gold recovery of 97.2% among the parameter investigation trials was
achieved by the leaching solution consisting of 5 mM copper(II) sulfate, 0.2 M ammonia,
and 0.2 M ammonium thiosulfate (1:1 ratio). It can be observed from the two curves in
Figure 11 that a copper sulfate concentration of 5 mM is still favored for the gold extraction
despite the reduced copper content in the input material. The rising course of the 20 mM
copper(II) sulfate curve again proves the previous assumption that more ammonia is
needed to form a cupric tetra-amine complex when more cupric ions are present in the
solution. This complex accelerates the reaction of thiosulfate with gold and stabilizes
the gold thiosulfate complex [17]. By reducing the reaction time to 12 h, a higher gold
leaching yield of 93.3% was achieved compared to the 24 h trial with the same composition
containing 20 mM Cu(II) sulfate. This again proves the occurrence of gold reduction with
prolonged reaction time. However, the result is still not comparable to the gold recovery
of TS 1.

4. Conclusions

In the first stage of this research, the benefits of thermal and mechanical pretreatment
for subsequent hydrometallurgical metal recovery are shown. The crushed black mass
was leached by two different parameter sets with very different results. The first set of
parameters resulted in an insufficient metal, especially copper, extraction yield (63.5% Cu,
100% Fe, 88.4% Al, 88.0% Ni, 100% Zn). After a slight parameter adaptation (as reduced T
and continuous H2O2 addition, etc.), all base metals could be separated nearly completely.

Gold extraction by use of different lixiviants from the two leaching residues showed
interesting results in terms of reagent stability and co-dissolution of base metal impurities.
Despite their reported sensibility for the metal impurities such as Cu and Fe, thiosulfate and
thiourea maintained stable leaching conditions and extracted up to 97% gold from the input
material of the first set of parameters, which showed an insufficient base metal separation.
Other lixiviants achieved a gold recovery of less than 80% under similar conditions due to
high reagent consumption and complexation. Gold extraction from input material with
low base metal concentrations resulted in a reproducible recovery of more than 97% for
thiosulfate and thiourea, which were achieved using the following parameters: 0.3 M
thiourea, 10 mM iron(III) sulfate, and 0.1 M sulfuric acid for thiourea; 5 mM copper(II)
sulfate, 0.2 M ammonia, and 0.2 M ammonium thiosulfate for thiosulfate. At the same time,
gold recovery using cyanide and iodine-iodide also highly increased to up to 95% and 79%,
respectively, due to a significantly decreased concentration of copper.
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The results of this research disclose the potential for more efficient hydrometallurgical
gold recovery using thiosulfate or thiourea from PCBs with a significant base metal con-
tent. These reagents were capable of efficiently recovering gold despite a significant
impurity level of copper. More extensive mechanophysical processing could reduce
the base metal concentration to a level that allows direct gold leaching without prior
hydrometallurgical treatment.
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to the published version of the manuscript.
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Appendix A

Table A1. The experimental parameters for the study of the influence of reactant concentration of
thiourea gold leaching trials with pyrolyzed and chemical-pretreated RAM under room temperature
(20 ◦C), 2 h, s/l 1:25, 450 rpm stirring rate, with the following parameters as reference: 0.3 M CH4N2S,
10 mM Fe2(SO4)3, 0.1 M H2SO4.

0.2 M CH4N2S 0.3 M CH4N2S 0.3 M CH4N2S
10 mM Fe2(SO4)3 5 mM Fe2(SO4)3 10 mM Fe2(SO4)3

0.1 M H2SO4 0.1 M H2SO4 0.2 M H2SO4

0.4 M CH4N2S 0.3 M CH4N2S 0.3 M CH4N2S
10 mM Fe2(SO4)3 20 mM Fe2(SO4)3 10 mM Fe2(SO4)3

0.1 M H2SO4 0.1 M H2SO4 0.05 M H2SO4

Table A2. The experimental parameters for the study of the influence of reactant concentration of
thiosulfate gold leaching trials with pyrolyzed and chemical-pretreated RAM under room temperature
(20 ◦C), 2 h, s/l 1:25, 450 rpm stirring rate, with the following parameters as reference: 0.2 M
(NH4)2S2O3, 5 mM CuSO4, 0.4 M NH4OH.

5 mM CuSO4 20 mM CuSO4 20 mM CuSO4
0.2 M (NH4)2S2O3 0.2 M (NH4)2S2O3 0.2 M (NH4)2S2O3

0.2 M NH4OH 0.2 M NH4OH 0.4 M NH4OH

5 mM CuSO4
0.2 M (NH4)2S2O3

0.6 M NH4OH

20 mM CuSO4
0.2 M (NH4)2S2O3

0.6 M NH4OH

20 mM CuSO4
0.2 M (NH4)2S2O3

0.4 M NH4OH
Reaction time 12 h
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27. Kamberović, Ž.; Korac, M.S.; Ranitovic, M. Hydrometallurgical Process for Extraction of Metals from Electronic Waste-Part

II: Development of the Processes for the Recovery of Copper from Printed Circuit Boards (PCBs). Metalurgija-MJoM 2011,
17, 139–149.

28. Fritz, B.; Aichele, C.; Schmidt, M. Environmental Impact of High-Value Gold Scrap Recycling. Int. J. Life Cycle Assess. 2020,
25, 1930–1941. [CrossRef] [PubMed]

29. Diaz, F.; Flerus, B.; Nagraj, S.; Bokelmann, K.; Stauber, R.; Friedrich, B. Comparative Analysis about Degradation Mechanisms of
Printed Circuit Boards (PCBs) in Slow and Fast Pyrolysis. J. Sustain. Metall. 2018, 4, 205–221. [CrossRef]

30. Latacz, D.; Diaz, F.; Birich, A.; Flerus, B. WEEE Recycling at IME–RWTH Aachen: From Basic Metal Recovery to Resource
Efficiency. World Metall.–ERZMETALL 2020, 73, 155–162.
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