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Abstract: Electronic waste grows globally at a rate of 5% annually, which makes electronic waste
recycling (WEEE recycling) an urgent task aimed at achieving (i) environmental protection and (ii) the
preservation of mineral resources through the re-introduction of strategic metals into the market. As it
turns out, WEEE recycling produces further waste, called WEEE secondary waste, which still contains
valuable metals such as gold, silver, and copper. This study assessed the economic viability of
recovering these metals and identified the most promising targets and approaches. WEEE secondary
waste produced at a plant in southern Europe was sampled and examined for this purpose. The study
methods included an ANOVA (analysis of variance) and an OCCP (orthogonal central composition
plan). Over 90% gold, silver, and copper extraction was achieved with hydrochloric acid leaching
in sodium hypochlorite with sodium chlorite as an oxidizing agent at 60 °C. The significance of the
variation in the response for each factor, calculated using the Yates algorithm, demonstrates that by
excluding sodium chloride and optimizing the doses of hydrochloric acid and sodium hypochlorite,
gold can be selectively recovered through the leaching process. The scenario of HCI (2.5M)/NaClO
(5%) leaching results in the maximum extraction effect of Au (91.6%) at the lowest concentrations of
Ag and Cu (37-44%).

Keywords: waste electrical and electronic equipment; hydrometallurgy; statistical analysis; gold
recovery; waste-to-resource

1. Introduction

The recycling of waste electrical and electronic equipment is becoming a rapidly
growing sub-sector with an annual growth rate of e-waste generation of 3-5% [1]. Only
about 17% of the total waste is collected and recycled, with the rest ending up in landfills [2].
According to various data, the generation of e-waste globally ranges from 40 million
megatons (Mt) to 53.6 Mt [3,4].

Increasing the collection and recycling of WEEE (waste of electrical and electronic
equipment) has strategic importance from an environmental point of view. Still, it can
also bring about significant economic benefits and reduce the demand for raw materials.
There are about 49 chemical elements in WEEE, 18 of which are classified as critical raw
materials, whose supply chain is exposed to strategic risks and has recently been the focus
of a specific action plan of the European Commission [5].

Directive (EU) 2024 /884 amending Directive 2012/19/EU on Waste Electrical and
Electronic Equipment (also known as WEEE II) represents the EU’s latest effort to increase
the recycling of and reduce waste from electrical and electronic equipment. The WEEE
Directive is currently under revision to ensure it is fit for purpose. The final study report
will be available to the public by September 2024 [6].

The extraction of metals from WEEE has many advantages over the traditional extrac-
tion of primary metals from ore: it requires less energy and less CO, emissions. One ton of
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smartphones contains about 100 times more gold than one ton of gold ore [7]. In addition,
electronic devices, solar panels, etc., may contain other valuable metals such as copper,
nickel, indium, or palladium.

Waste electrical and electronic equipment contains some so-called “clean” materials,
non-harmful substances (Cu, Al, transparent glass, plastic, rubber, and ferrous metals), and
hazardous substances (As, Cr, Hg, Ni, Be, Se, and Cd). Finally, they contain precious (Au,
Ag, Pt, and Pd) and rare metals (Y and Eu).

Properly managing, recycling, and recovering valuable metals with the right tech-
niques not only generates income but also serves to achieve important environmental goals,
solve energy efficiency problems, conserve natural resources, and create jobs. At the end of
2021, the European Commission identified WEEE as one of the “key chains” in the Action
Plan for the New Circular Economy [8]. Circular e-waste reutilization can be divided into
four levels (Figure 1).

Remanufacture
Reuse W,
aste-to-products
Repair 3Re :

Circular E-Waste
Reutilization

Waste-to-ener
8y Waste-to-materials

Figure 1. Four levels of circular E -waste reutilization.

To varying degrees, repair, reuse, and remanufacturing involve the recovery of used
electronic parts to make new products. Material transformation is the process of converting
residual solid waste, such as WEEE, into different materials or products using physical,
chemical, microbiological, or other methods once 3Re and high-value resources have been
extracted. The process of energy recovery involves burning combustible materials to
produce heat energy [9].

There are significant health risks and environmental contamination due to the im-
proper disposal of used electrical equipment. An effective method for recycling e-waste
components is seen as a resource-efficient way to lessen pollution’s consequences and
encourage the equitable allocation of resources [10].

The first step in recycling electronic waste is its dismantling to remove minor and
non-recyclable fractions (Figure 2). The next step is separating them into metallic and
non-metallic fractions by means of magnetic, current-based, or density-based separation
techniques. After that, metals from the processed e-waste are recovered using pyrometal-
lurgical, electrodeposition, or hydrometallurgical methods [11-15].

Physical/Mechanical Chemical

- dismantling - pyrometallurgy
- fragmentation - hydrometallurgy
- separation (granulometric, - electrodeposition
magnetic, by gravity)

Figure 2. The methods applied to recover metals from WEEE.

Thermochemical decomposition methods are traditionally used to extract gold from
e-waste, for example, pyrolysis, during which the organic material contained in electronic
waste is broken down into molecular products that can be used, including fuel. However,
these processes require large amounts of energy and lead to waste formation and the release
of halogenated compounds such as dioxins. Pyrometallurgical plants require particular
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infrastructure to prevent the release of dioxins and brominated flame retardants into the
environment, which also increases the cost of the process [16-18].

In cases where the construction and operation of pyrometallurgical plants are problem-
atic for various reasons, such as high energy consumption, environmental concerns, and
regulatory issues, hydrometallurgy becomes a good alternative. Hydrometallurgical tech-
nologies require low working temperatures, high efficiency, availability, and minimal gas
emissions, in contrast to thermochemical processes [19,20]. Recently, the hydrometallurgical
process for extracting precious metals has been used more often than the pyrometallurgical
process. It is more accurate, predictable, and easy to control [21].

The leaching stage is crucial in hydrometallurgical processing, which entails removing
valuable metals from e-waste and delivering them in appropriate dissolved forms for
additional separation/purification procedures. Cyanidation has been the most widely
used technique for extracting gold for more than a century due to its reduced investment
requirements and superior chemical stability. Nevertheless, cyanide is known for being
hazardous, and its use raises several public health, safety, and environmental concerns,
which have restricted its use [22].

Possible cyanide alternatives include thiosulfate, thiourea, and chloride-hypochlorite
leaching. Every one of them has benefits and drawbacks. Because of its quick reaction
kinetics and less hazardous makeup, thiourea has drawn interest as a potential substitute
reagent for gold leaching. The main limitations are, in fact, the necessity for more costly
oxidants (ferric ions) and greater reagent use when compared to cyanide [23].

It is known that hypochlorite solution is a potent oxidizing reagent that may both
oxidize metal sulfides and leach gold at the same time [24]. According to some writers,
gold and silver can be dissolved using a solution of hydrochloric acid (HCI) and sodium
hypochlorite (NaClO), either by themselves or in conjunction with sodium chloride [25,26],
resulting in the formation of gaseous Cl,, which dissolves silver chloride complexes to yield
AgCl, AgCl3, and AgCly. Instead, the reaction between HCl and NaClO in the presence of
NaCl results in HAuCly formation. The following reactions can explain the effectiveness of
gold extraction in the last case:

4Au + 16NaClO + 10H,0 — 4HAuCly + 16NaOH + 50,1 (1)
HAuCly + NaCl — NaAuCly + HCI )
NaOH + HCl — NaCl + H,O 3)

The reaction between sodium hypochlorite and NaCl generates Cl,, which leads to
the formation of an Au chloride complex:

2HCI + NaClO — Clyt + HyO + NaCl (4)

2Au + Cl, + 2HCl — 2HAuCly )

Both hydrochloric acid and sodium chloride affect the dissolution of gold in a hypochlo-
rite solution.

However, the low gold content of e-waste compared to other non-ferrous metals makes
it difficult to extract pure gold efficiently. It is necessary to find optimal conditions for
leaching gold compared to other metals. Therefore, many studies focus on the optimization
of gold-leaching processes [20]. The objective of this study was to optimize the experimental
conditions for the maximum recovery of gold not from e-waste themselves but from
secondary waste generated during e-waste recycling.

WEEE recycling has proven to be a stable source of recycled metals for the so-called
“urban mining” industry and contributes significantly to the idea of developing “zero
waste cities” [27]. Despite a wide range of studies on the extraction of precious metals
from e-waste, not so many authors have paid attention to the problem of the generation of
secondary waste during its recycling. This study aims to establish a connection between
various parameters of the process of extracting valuable metals from a waste fraction of an
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industrial plant operating for recycling WEEE through physical and mechanical methods.
Such a relationship in the form of an adequate functional dependence will make it possible
to evaluate the effectiveness of the process and find optimal parameters for its management
without resorting to additional laboratory measurements.

2. Experimental
2.1. Materials and Methods

The waste samples used in the present study come from one lot of industrial plant
recycling waste from electrical and electronic equipment, as well as electric cables. Ex-

periments were carried out with secondary waste generated in air purification during the
processing of WEEE (Table 1).

Table 1. Samples of secondary e-waste studied.

Granulometry Distribution, %
Acronym Source Sample Images
<2 mm >2 mm

F1 Filter 93.1 6.9

C1 Cyclone 89.3 10.7
Filter

F2 output 84.8 15.2
cables

Cyclone

c2 output 85.1 14.9

cables

All chemicals were used as received and without any further purification: HCI, 37%
w/w (VWR Chemicals, Atlanta, GA, USA); HNO3, 65% w/w (VWR Chemicals); H,SOy,
96% w/w (Merck, Rahway, NJ, USA); NaClO (Merck); NaCl; and distilled water.

A quantitative analysis was carried out with an Agilent Technologies 5100 ICP-OES
(Santa Clara, CA, USA) atomic absorption after acid attack to evaluate the percentages
of metals.

2.2. Experimental Procedures
2.2.1. Acid Attack

The acid attack to determine the samples’ compositions was performed in a 250 mL
closed flask as follows: The initial material was submerged in a 50 mL solution with a
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1:3 ratio of nitric acid (65% w/w) to hydrochloric acid (37% w/w) at 150 °C for 3 h. After
digestion, the suspension was filtered by using a vacuum pump system and nitrocellulose
filter with a 0.45 um pore size. The filtered solution was brought to a known volume by
adding distilled water and then subjected to indium and tin quantitative analyses.

2.2.2. Leaching Test

The chemical leaching tests of the waste samples were carried out on a lab scale in an
open glass vessel system. Hydrochloric acid was used as a complexing agent and sodium
hypochlorite with sodium chlorite as an oxidizing agent under different conditions. For all
experiments, the L/S ratio was kept constant at 10/1.

The study consisted of two sets of experiments (Figure 3).

NaClO
(\I/.I LS1
Waste material HCI >
oo
/
NaCl NaClO
<O f-r) | ¥
L= LS2
5 —>
o0

Figure 3. The procedure of secondary e-waste leaching.
Metal leaching efficiency (E%) was calculated according to Equation (6):
E=[M/M + M,;)]100% (6)

where M is the amount of metal dissolved (g) and Mr is the amount of metal in the sample
after leaching and acid attack (g).

The contents of metals in the solid residue after leaching and the subsequent acid
attack were measured to eliminate the effect of sample variability on the results of the
leaching experiments.

2.3. Experimental Design and Data Analysis

A factorial design was set up for the leaching tests to investigate and optimize the
effects of the reagent concentration, oxidant concentration, and solid /liquid ratio on metal
extraction. An analysis of variance (ANOVA) was used to define the interaction between
the process variables [28]. A 2* factorial design with replicated central-point tests was
chosen to conduct the leaching tests (Table 2).

Table 2. Factors and levels investigated for the leaching tests.

Levels
Factors
-1 0 +1
A HCl, mol/L 1 2.5 4
B NaClO, % 5 10 15
C NaCl, % 0 1 2
D Temperature, °C 20 40 60
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An orthogonal central composition plan (OCCP) [29] was applied to optimize two
variable factors, the HCl concentration (X;) and the NaClO dosage (X;). Metal recovery
yield and weight loss were chosen as output variables (Y;) (Table 3).

Table 3. The matrix of the orthogonal central composition plan (OCCP) for two variable factors.

Levels
Factors
-1 0 +1
X1 HCl, mol/L 1 2,5 4
Xs NaClO, % 0 2,5 5

The objective was to establish functional dependence, which allows for predicting the
main output characteristic in the following form:

Y =401 X1 + 0 Xo + 012 X1 X + 011Xy + b Xo (7)

where by is the initial coefficient of the regression equation and by, by, b11, by, and by, are
the linear and nonlinear coefficients of the regression equation.

3. Results and Discussion
3.1. Sample Characterization

To study their chemical compositions, the samples were sieved. The experiments were
carried out with the waste fraction passed through a sieve (< 2 mm) rich in metals. The
fraction with a particle size > 2 mm, consisting mainly of aluminum, plastic, and rubber
sheets, was of no economic value.

The characterization study was repeated over time (four replicates for each sampling
group) to evaluate the variability in the samples. Based on the results obtained from the
chemical characterization of the studied samples (Table 4) and the metal quotation on the
market, the intrinsic economic values [30] of each of them were as follows:

o  F1 (filter): 4494 EUR/t;

e (1 (cyclone): 3517 EUR/t;

e P2 (filter output cables): 2243 EUR/t;

o (2 (cyclone output cables): 2429 EUR/t.

Table 4. Chemical compositions of the samples investigated.

Au, g/t Ag, glt Pd, g/t Pt, g/t Li, g/t Sn, g/t Cu, %
F1 71.6 £ 16.7 84.6 + 20.0 47 +£20 69+48 2574 +£693  623.3 +138.4 0.40 + 0.17
C1 354+ 14.6 85.3 +49.9 16.8 £13.2 <5 37.7£17.1 1529 £ 994 4.82 £3.53
F2 <3 28.0 +23.5 22.8 £10.1 <3 11.8 £5.2 1076 £ 572 8.65 + 5.84
C2 <3 59.2 £106.7 253+172 <3 56+13 661.9 £ 267.2 8.77 + 4.98

Sample F1 was found to be the most promising in terms of gold recovery due to its
high content of gold (Figure 4). A series of tests were carried out to evaluate the recovery
of economic values present in the F1 (<2 mm) filter fraction, with particular attention
being paid to gold recovery since its contribution to the total intrinsic economic value
exceeded 86%.
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Figure 4. Distribution of intrinsic economic value of the waste fraction filter (F1) based on the content
of different metals (London Metal Exchange).

3.2. Optimizing the Leaching of Gold Recovery

The low gold content of e-waste compared to other non-ferrous metals makes it diffi-
cult to obtain pure gold as a final product. This problem can be solved by mathematical
planning experiments to optimize processes. The study aimed to find the optimal techno-
logical conditions with a maximum effect of gold extraction and a minimum effect of silver
and copper that would facilitate the subsequent extraction process.

Table 5 shows the 2* full factorial design of the experimental conditions using the
Yates algorithm for gold, silver, and copper extraction carried out after leaching. In the
significance tests, interval values with >95% confidence levels were considered. The
reliability of the regression model was investigated by an analysis of variance (ANOVA)
with the help of JMP 16 Statistical Software [31].

Table 5. Data obtained according to the ANOVA for leaching tests.

- %

Testn Factors with Actual Levels Me Recovery, % Weight

: A B C D Au Ag Cu Loss, %

HCl, mol/L  NaClO, % NaCl, % t,°C

1 1 5 0 20 57.78 17.59 66.02 21.6
2 4 5 0 20 7217 80.41 69.40 21.6
3 1 15 0 20 52.99 49.60 59.63 21.6
4 4 15 0 20 55.96 86.21 81.36 232
5 1 5 2 20 56.50 36.46 47.99 20.6
6 4 5 2 20 70.29 80.79 67.41 224
7 1 15 2 20 49.52 57.24 66.39 21.0
8 4 15 2 20 52.29 91.42 66.02 20.4
9 1 5 0 60 61.08 66.78 50.98 26.4
10 4 5 0 60 94.32 95.35 87.96 32.6
11 1 15 0 60 49.07 77.88 84.94 22.6
12 4 15 0 60 87.73 94.56 83.83 30.0
13 1 5 2 60 55.68 72.68 68.63 23.0
14 4 5 2 60 87.63 94.75 90.45 34.8
15 1 15 2 60 49.08 85.65 83.71 23.8
16 4 15 2 60 54.30 94.33 90.97 26.8
17 2,5 10 1 40 43.32 77.64 73.83 24.0
18 2,5 10 1 40 50.58 77.34 78.90 23.6
19 2,5 10 1 40 50.27 74.78 71.05 26.4

The significance of the variation in the response for each factor and each interaction
was calculated using the Yates algorithm. The main effects and interactions affecting the
metals’ extraction yields are shown in Figure 5. HCI (A) and temperature (D) were found to
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be effective in the case of gold extraction, whereas NaClO (B) and NaCl (C) had a negative

effect (Figure 5a).
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Figure 5. Main factors and their interaction effects on Au (a), Ag (b), and Cu (c) extraction in the

leaching process.

A completely different picture was observed in the case of silver extraction (Figure 5b).
All studied factors were found to be effective, and they positively affected silver extraction.
Instead, their interactions did not demonstrate much influence on Ag extraction. In the case



Minerals 2024, 14, 518

9 of 14

of copper extraction, the main factors, such as the HCI (A) and NaClO (B) concentrations
and t (D), had a positive effect, while NaCl (C) caused a negative impact.

The data presented in Table 5 demonstrate that the maximum extractions (94.3, 95.3,
and 87.9%, respectively) were obtained under experimental conditions n.10 (highlighted
in red). As can be seen, NaCl negatively affects the extraction of gold and, vice versa,
increases the degree of extraction of silver and copper.

An analysis of variance (ANOVA) was applied to define the interaction between the
process variables to optimize and determine the main effects and their interactions in the
metal leaching process. The significance tests considered interval values that had a more
than 95% confidence level (Table 6).

Table 6. The Yates algorithm for the 24 full factorial plan, with a confidence level of 95%.

Terms Effect SS=MS F-Value P-Value Significance %
intercept 63.59 - - - -

A 16.50 1088.8 64.6 0.015 98.49
B —14.44 833.9 49.5 0.020 98.04
AB —4.09 67.0 4.0 0.184 81.57
C —5.60 125.5 7.4 0.112 88.79
AC —5.82 135.3 8.0 0.105 89.48
BC —4.54 824 49 0.158 84.25
ABC —2.59 26.9 1.6 0.334 66.63
D 10.30 424.3 25.2 0.037 96.25
AD 8.02 257.2 15.3 0.060 94.03
BD —2.94 34.7 2.1 0.288 71.21
ABD 1.52 9.2 0.5 0.537 46.30
CD -3.03 36.6 2.2 0.278 7217
ACD —5.62 126.2 7.5 0.112 88.84
BCD —3.54 50.2 3.0 0.226 77.36
ABCD —2.69 29.0 1.7 0.320 68.02

Based on the results obtained by the plan, the following gold extraction model
was determined:

AU gissolution (%) = 63.59 +8.25 X1 — 7.22 X, + 5.15 X4

where X;, Xy, and Xy are the coded factors, respectively, for the HCl, NaClO, and NaCl
dosage. The model’s goodness was confirmed by the strong correlation between the
experimental and theoretical data (R? = 0.97).

A one-way analysis of variance (ANOVA) (Figure 6) was carried out comparing pooled
gold dissolution and including all experimental points (represented by closed squares). A
statistically significant difference in the average gold dissolution yield according to reagent
type and temperature was found. The individual value plots (Figure 6) illustrate the mean
with a 95% confidence interval. Furthermore, the horizontal line extending from the y-axis
to the right margin of the graph is the mean response across the parameters.
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Figure 6. One-way ANOVA for gold dissolution depends on HCI (a), NaClO (b), NaCl (c), and
temperature (d) values in the leaching process.

An analysis of the pattern allows for narrowing the dosing intervals for the reagents.
Several statements can be made: the concentration of hydrochloric acid at 4 mol/L is
optimal, as shown in Figure 6a; increasing the dosage of sodium hypochlorite by over 5%
harms gold dissolution (Figure 6b); adding NaCl negatively affects the process (Figure 6c¢);
and a temperature of 60 °C is optimal for all three metals studied (Figure 6d).

Further experiments were carried out to guarantee the maximum dissolution of gold
and, at the same time, optimize the operating conditions to reduce energy and reagent
consumption. Table 7 shows the matrix of the orthogonal central composition plan (OCCP)
for two variable factors (the HCI concentration and the NaClO dosage) and the results
of the experiments with the corresponding sets of values for these factors. Numerical
optimization was performed using JMP 16 Statistical Software [31].

Table 7. The OCCP matrix and the extraction yields of Au, Ag, and Cu.

Factors with Actual Levels Me Recovery, %
Test n. Weight Loss
A B Au Ag Cu %
HCl, mol/L NaClO, %
1 1 0 67.4 0.0 1.0 22.1
2 2.5 0 77.5 8.2 12.2 25.0
3 4 0 92.1 27.0 38.2 27.8
4 1 2.5 64.8 15 1.4 22.1
5 2.5 2.5 80.2 21.3 25.5 25.3
6 4 2.5 80.5 35.3 36.3 26.3
7 1 5 65.5 9.3 15.2 22.7
8 2.5 5 91.6 37.8 44.0 28.1
9 4 5 90.9 60.1 61.0 28.3

As can be seen from the results presented in Table 7, the maximum effect of gold
recovery (more than 90%) with minimal degrees of silver and copper recovery (about
27-44%) is achieved in two cases: when leaching with 4M hydrochloric acid and when
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leaching with 2.5M hydrochloric acid in the presence of 5% sodium hypochlorite. Consid-
ering the consumption of reagents and their costs, the most preferable from an economic
point of view is the process of gold extraction, using 2.5M HCl as a leaching solution in
the presence of 5% sodium hypochlorite, which made it possible to achieve 91.6% gold
recovery, 37.8% silver recovery, and 44% copper recovery.

The effect summary table (Figure 7) allows us to evaluate the significance of the factors,
showing them in ascending order of p-value. As can be seen, the response (Au extraction
efficiency) is most influenced by hydrochloric acid. Instead, the interaction between HCI
and NaOCl has a negligible impact on Au leaching.

Source LogWorth PValue
HCI, mol/L(1,4) ACGARN g | ¢ ¢ ¢ ¢ ¢ [0.00009
N20Cl, %(0,5) 3] ;¢ ¢ i i i |0.00060
HCI, mol/L*Na0Cl, % 1551l ! ¢ f i b i i | 0.02814

Figure 7. An effect summary table for gold leaching.

The same procedure was applied to evaluate the Cu and Ag extraction and weight
loss effect summary table. Figure 8 plots the actual response against the predicted response
for these parameters.

70 q "
@ 60
50 50
T 40 p T 40
2 * <
= 30 R < 30
< 20 3 20
10 10
0 ) 0 o =
-10 -10
10 0 10 20 30 40 50 60 70 10 0 10 20 30 40 50 60 70
Ag, % Predicted RMSE=3.9723 RSq=0.98 Cu, % Predicted RMSE=6.6299 RSq=0.94
PValue=0.0002 PValue=0.0019
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29
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E 24
=
8
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22 >

21
21 22 23 24 25 26 27 28 29
Weight loss, % Predicted RMSE=0.8372 RSq=0.92
PValue=0.0034

(c)
Figure 8. Actual response vs. predicted response plot for Ag (a), Cu (b), and weight loss (c), %.

The predicted vs. practical plot for the leaching efficiencies is shown in Figure 8. As
can be seen, there is a good linear relationship between the predicted values and the actual
values. This result shows that the regression model is consistent with the experimental
results and can be used to optimize the experimental parameters.

The scatter diagram presented in Figure 8 highlights the comparison between the
experimental Au, Ag, and Cu yields and the estimated yields. This figure shows a good
agreement between the predicted and experimental yields, which confirms that empirical
equations are suitable for predicting leaching behavior in a range of experimental conditions
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for process optimization. The results show that the regression model is consistent with the
experimental results and can be used to optimize the experimental parameters.

The contour plot in Figure 9a demonstrates two optimal conditions for gold extraction.
On the one hand, the first maximum of gold dissolution was 92.1%, obtained in the absence
of sodium hypochlorite with 4 mol/L of hydrochloric acid. On the other hand, adding 5%
of sodium hypochlorite can reduce hydrochloric acid consumption by up to 2.5 mol/L,
resulting in 91.6% gold dissolution.
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Figure 9. The contour plot of the extraction of Au (a), Ag (b), and Cu (c) as a function of HCI and
NaClO concentration.

In the case of silver and copper dissolution (Figure 9b,c), the need for an oxidizing
agent is evident to increase their dissolution yields, with a maximum extraction value at
higher dosages of both HCl and NaClO.

4. Conclusions

Factorial experiments were conducted to identify the factors that allow maximizing
the recovery of the metals that have the greatest impact on the intrinsic economic value
of the materials. It was established that HCI concentration and temperature are the most
significant factors influencing Au extraction, and both factors had a positive effect on the
leaching process. However, all four studied factors were significant and had a positive
effect on Ag recovery.

For the treatment of the studied samples, a process was developed that involves acid
leaching, which allows reaching over 90% of the gold dissolution. Based on the statistical
model, two gold recovery optima were obtained. The first (92.1%) was obtained in the
absence of sodium hypochlorite at a concentration of 4 mol/L hydrochloric acid, and the
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second (91.6%) was obtained with the addition of 5% sodium hypochlorite and 2.5 mol/L
hydrochloric acid.

The resulting mathematical models can be used in the form of recommendations that
allow for assessing the relationship between the desired effects of metal extraction and the
optimal conditions for the process.
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