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Abstract

Copper anode slime (CAS), obtained from non-standard anodes by pyro-hydrometallurgical
electronic waste (e-waste) processing, contains high concentrations of lead, tin (as metas-
tannic acid), and base (Cu, Fe, Zn), precious (Au, Ag), and technological metals (In, Ga, Ge),
which limit the efficiency of conventional valorization methods. In this study, an integrated
alkali fusion–leaching process was applied to non-standard CAS. Thermodynamic mod-
eling defined the key parameters for selective phase transformations and efficient metal
separation. These parameters were experimentally investigated, and the optimized fusion
conditions (CAS:NaOH = 40:60, 600 ◦C, 60 min), followed by water leaching (200 g/dm3,
80 ◦C, 60 min, 250 rpm), resulted in >97% Sn removal efficiency. Simultaneously, Au and
Ag losses were negligible, resulting in solid residue enrichment. Oxidant addition (NaNO3)
did not improve Sn removal but increased Fe, Pb, and Ag solubility, reducing selectivity.
The scaled-up test confirmed process reproducibility, achieving 97.75% Sn dissolution and
retention of precious metals in the PbO-based residue (99.99% Au, 99.78% Ag). Applica-
tion of an integrated thermodynamic modeling, laboratory optimization, and scaled-up
validation approach to non-standard CAS provides a relevant framework for a selective,
efficient, and scalable method addressing industrial needs driven by increased e-waste
co-processing, contributing to sustainable metal recovery.

Keywords: non-standard CAS; alkali fusion; leaching; thermodynamic modeling; tin removal;
precious metal recovery

1. Introduction
The growing demand for base, precious, and technological metals necessitates the

exploration of alternative sources in addition to conventional primary exploitation. These
alternative sources, although commonly considered as waste, possess compositions rich
in metals that make them valuable secondary raw materials. In addition to serving as a
source of essential and economically significant metals, this approach is consistent with the
principles of cleaner production, environmental protection, and the objectives of a circular
economy [1,2].
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In the field of primary metallurgy, numerous studies have been devoted to the op-
timization of leaching and extraction processes to enhance metal recovery efficiencies
and reduce environmental impact [3,4]. Careful control of process parameters is essen-
tial to achieve high metal yields, and the same principle applies to the valorization of
secondary materials.

One of the valuable secondary sources is anode slime, a by-product generated during
the electro-hydrometallurgical refining stage of copper production (copper anode slime—
CAS). Given that global copper production in 2024 reached approximately 23 million tons,
of which nearly 80% was produced via pyrometallurgical routes, the associated generation
of CAS is estimated at approximately 2–20 kg per ton of refined Cu [5,6]. More than 70% of
its total composition consists of base metals such as Cu, Ni, Sb, Sn, and Pb [7–9]. Although
it also contains hazardous elements such as As and Cd, which classify CAS as hazardous
waste, its significant content of precious and platinum group metals makes it an attractive
material for further processing and valorization [10–12]. Considering that global copper
demand continues to outpace supply and that only about 20% of total copper production
originates from secondary sources, the need to enhance recycling and recovery efforts is
becoming increasingly urgent [13].

The composition of CAS, particularly the ratios of metals it contains, is largely deter-
mined by the nature of the input material for copper refining, specifically whether and
to what extent secondary raw materials such as electronic waste (e-waste) are introduced
alongside primary copper ores. With the continuous increase in global e-waste generation,
recognized as an important carrier of valuable metals, its integration into copper smelting
has become significant. Although the proportion of e-waste varies considerably among
refineries, major operators are gradually adopting mixed-feed smelting (co-processing),
combining 60–40% copper concentrate with 40–60% e-waste, instead of the typical <20%
of e-waste addition [14]. Thus, CAS generated from co-processing routes, referred to as
non-standard anode slime, exhibits a far more heterogeneous, inherited, chemical com-
position compared to conventional CAS generated by refining of anodes made solely
from copper concentrate. These non-standard CAS materials generally contain elevated
levels of lead and tin (predominantly as metastannic acid, H2SnO5 × 9H2O), along with
increased fractions of precious and technological metals [15,16]. The comprehensive review
of Moosavi-Khoonsari [5] provides an extensive summary of CAS compositions collected
from over 100 smelters worldwide, presenting the characteristic features and processing
approaches for this material; however, it does not clearly distinguish between standard and
non-standard anode slimes. Although comprehensive studies addressing the composition
and behavior of non-standard CAS remain scarce, their pronounced heterogeneity—both
in elemental diversity and concentration—is evident, reflecting the inherited composition
of input materials and the specific pyrometallurgical and electrorefining processes from
which the CAS originates.

CAS valorization has been the subject of numerous studies, yet the optimal processing
strategy is defined by its physicochemical characteristics [11,17]. Processing methods
are generally categorized into traditional hybrid routes, integrating hydro-, pyro-, and
electrometallurgical refining stages and purely hydrometallurgical approaches [10,18–20].
However, recovery of its metallic constituents remains a considerable challenge, primarily
due to the strong chemical interactions among base metals (e.g., adhesion, encapsulation),
which hinder efficient metal recovery [21–23]. A particular challenge arises from the
complex phase composition of the CAS, characterized by stable and insoluble compounds
such as metastannic acid [24]. This insoluble hydrated tin oxide forms under the anode
refining process conditions and is especially prominent in non-standard copper anode
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slimes due to the increased tin input resulting from e-waste co-processing. These inert
phases further complicate the already demanding treatment process [25,26].

To overcome these limitations, the alkali fusion–leaching approach was selected in
this study as it enables the transformation of metastannic acid into soluble species, thus
improving selectivity and overall recovery efficiency.

Alkali fusion has emerged as an effective method for the treatment of various met-
allurgical wastes and by-products, particularly in cases where traditional approaches are
insufficient to meet the requirements of sustainable and environmentally responsible pro-
cessing. This method is frequently applied to CAS to alter its phase composition, thereby
facilitating subsequent processing, i.e., leaching [27,28]. Its primary applications include
the removal of base metals, enrichment of CAS with precious metals by concentrating them,
and the recovery of Pb and Sn. The core of the process involves the reaction of PbSO4 and
SnO2 in alkaline medium, possibly with additives such as nitrates, at elevated tempera-
tures, leading to the formation of soluble salts—plumbates and stannates [29,30]. Leaching
procedures involve water, acid, or sulfide media, depending on the target metals [31]. A
combination of NaOH fusion (1:1 CAS mass ratio; 700 ◦C, 2 h), water leaching, and syner-
gistic acid leaching with H2SO4, H2O2, and tartaric acid has been shown to remove Pb, Sn,
S, As, Cu, Ni, and Sb (76.39, 79.29, 87.72, 95.20, 99.68, 81.99, and 99.94%, respectively) while
enriching the residue with precious metals [32]. A fusion system consisting of NaOH and
Na2CO3 as the alkaline medium and NaNO3 as the oxidizing agent, in a mass ratio of 1:3:3
relative to the sample, was employed at 600 ◦C for 40 min to induce phase transformation
of Sn, Pb, Al, and Zn with efficiencies of 84.5, 73.97, 95.22, and 78.87%, respectively. After
leaching, Cu and precious metals remained concentrated in the residue and were further
separated by selective acid leaching [33]. However, most studies have focused on standard
CAS, but the efficiency of suggested processes on non-standard ones remain unknown.

Accordingly, the objective of this study is to optimize the alkali fusion–leaching pro-
cess for non-standard CAS, characterized by elevated contents of lead, tin (present as
metastannic acid), and precious metals. The research integrates thermodynamic modeling,
experimental investigation, and scaled-up validation to establish the correlation between
fusion parameters, type and dosage of additives, phase transformations, dissolution behav-
ior, and leaching efficiency to achieve selective tin separation into leachate and enrichment
of precious metals in the lead phase (solid residue), suitable for further valorization. By
optimizing the process, this study can provide a framework for enhancing metal recovery
efficiency from non-standard CAS, addressing industrial needs driven by increased e-
waste co-processing, which aligns with the principles of cleaner production, environmental
protection, and the objectives of a circular economy.

2. Materials and Methods
2.1. CAS Physico-Chemical Properties

A real sample of copper anode slime (CAS), generated during the electrorefining
of non-standard copper anodes originating from sole e-waste pyro-electrometallurgical
recycling, was obtained from a local supplier. The general methodology for the production
of such non-standard anodes and the corresponding CAS has been described in detail
elsewhere [25]. Its physico-chemical characterization included the determination of the
particle size distribution (in accordance with [34]) and moisture content [35] and detailed
chemical and phase composition analyses. The chemical composition was determined
using a combination of Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP–
OES, Thermo Scientific iCAP 6000, Waltham, MA, USA, iTEVA data processing software,
version 1.2.0.34.), X-ray fluorescence (XRF, Olympus Vanta C Series, Tokyo, Japan), and
elemental composition (Vario EL III, Elementar, Hanau, Germany) analyses. Phase com-
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position was analyzed by X-ray diffraction (XRD) using a Philips PW 1710 X-Pert Pro
diffractometer (Malvern Panalytical, Eindhoven, The Netherlands), with CoKα radiation at
40 kV and 30 mA, within the angular range of 10◦ < 2θ < 120◦, and with a step size of 0.017◦.
The instrumental accuracy of the applied methods was within certified ranges: ±2–3%
for ICP–OES and XRF (major elements), ±0.1 wt.% for elemental (CHNS) analysis, and
±0.2◦ 2θ for XRD peak positions.

Prior to analysis and experiments, the bulk sample was homogenized, and a repre-
sentative portion was obtained by quartering in accordance with [36]. It was determined
that 95 wt.% of the sample had a particle size below 500 µm, with more than 40 wt.%
below 125 µm, indicating a particle size distribution favorable for further experimental
investigation. The moisture content was 9 wt.%, and this value was accounted for in the
experimental setup. The chemical composition of the sample is presented in Table 1. The
sample contained 23.65 wt.% Pb, 28.36 wt.% Sn, 6.86 wt.% Ag, and 0.86 wt.% Au. These
values, particularly the high Pb and Sn contents, indicate a non-standard CAS composition.
In addition, elements such Cu, Fe, Zn, Sb, and Cl were also detected in amounts below
1 wt.%, along with traces of technological metals. The tabulated composition includes the
major elements and those relevant for further investigation, while trace and accompanying
constituents are not presented.

Table 1. Chemical composition of the non-standard CAS sample.

Elements Content, wt.%

Pb 23.65
Sn 1 28.36
Cu 0.40
Fe 0.76
Zn 0.17
Sb 0.58
Si 9.02

Au 0.86
Ag 6.86
S 3.79

1 Recalculated as metastannic acid (H2SnO5 × 9H2O).

The phase composition (Figure 1, Table 2) indicates a significant presence of lead,
primarily in the form of sulfate (JCPDS/ICDD no. 36-1461) and oxide (JCPDS/ICDD no.
05-0561). Tin was identified as a hydrated oxide (JCPDS/ICDD no. 04-003-63991), corre-
sponding to stable metastannic acid, which represents the dominant phase in the sample.
Both the lead and tin concentrations and their corresponding phases reflect the inherited
composition of the input feed and upstream processing conditions. Accompanying metals
such as Cu, Ag, and Au were detected in the form of sulfates, sulfides, chlorides, or ox-
ides. These characterization results provide the basis for the subsequent step: theoretical
modeling of the alkali fusion–leaching system.

Table 2. Phase composition of the non-standard CAS sample.

Phase Content, wt.%

PbSO4 30.00
PbO 3.40

SnO2
1 36.00

FeS 1.20
AgO 2.70
Ag 3.00

AgCl 2.00
Au 0.70

AuCl3 0.25
CuSO4 0.5

ZnS 0.25
Sb2O3 0.70
SiO2 19.30

1 Representing metastannic acid (H2SnO5 × 9H2O).
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2.2. Modeling Methods

For the thermodynamic modeling of the non-standard CAS alkali fusion process,
the HSC Chemistry software (v. 9.9.2.3) [37] was employed. The Reaction Equations
module was used to determine the thermodynamic parameters (∆Hθ, ∆Sθ, ∆Gθ, and
log K) of the main chemical reactions for the CAS–NaOH and CAS–NaOH–NaNO3 sys-
tems under various fusion temperatures (0–1000 ◦C). The Equilibrium Compositions
module, based on the principle of Gibbs free energy (∆Gθ), was applied to calculate
and evaluate the equilibrium states of the alkali fusion products. Possible uncertainties
in thermodynamic constants may slightly shift the calculated equilibrium boundaries
but do not affect the overall reaction trends or phase stability relationships discussed
herein. All calculations were performed using input data corresponding to 100.00 kg
of CAS at a pressure of 1.0 atm.

Figure 1. X-ray diffraction patterns of the non-standard CAS sample.

A theoretical analysis of the thermodynamic properties of selected leaching reactions
was conducted to provide deeper insight into the complex reaction system, to define the
optimal process parameters, and to design the experimental setup. Phase stability of the
metals in the specified water leaching system was assessed using the Hydra/Medusa
software (version 2010) [38]. This systematic modeling approach reduces the number of
required experimental trials, resulting in savings in reagents, generated wastes, and time.

2.3. Experimental Process

The process was conducted in two stages. In the first step, CAS was fused with
additives (NaOH, NaNO3, Fisher Chemical, p.a. grade) at a temperature defined by
thermodynamic modeling to selectively transform insoluble Sn (metastannic acid) into
water-soluble salts. In the second step, the resulting fusion products were subjected to
hot water leaching, aiming to remove soluble species while simultaneously concentrating
precious metals in the solid residue.

Alkali fusion: Optimization of the alkali fusion process was conducted in two
test series, examining the influence of flux composition—the amount of alkali (NaOH,
20–70 wt.% stoichiometric excess relative to Pb and Sn) and oxidant (NaNO3,
2.5 to 20 wt.% relative to CAS). Each test was conducted with 30 g of CAS mixed with
the specified additives and fused for 60 min in a 200 cm3 SiC crucible coated with an
inert aluminized lining using a laboratory electric resistance furnace. Additionally, the
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influence of time was examined within the 30–120 min interval to determine the optimal
fusion duration.

Leaching: The fusion products were subjected to leaching with distilled water
in a 0.5 dm3 glass reactor equipped with a heating mantle, reflux condenser, stirrer,
pH/temperature control system, and sample dosing system. The experiments were con-
ducted under constant process parameters: 200 g/dm3 solid-to-liquid ratio (S/L), 250 rpm,
80 ◦C, and 60 min leaching time. After leaching, separation of the phases and residue
drying were followed by mass balance and chemical analysis.

Scaled-up test: Based on the optimized laboratory-scale results, a scaled-up experiment
was conducted using 1 kg of the non-standard CAS sample. Fusion was performed in an
electric resistance furnace using a chemically resistant steel crucible. The resulting fusion
product was subsequently subjected to water leaching in a glass reactor equipped with
a mechanical stirrer, temperature control, and a reflux condenser connected to an off-gas
washing system. Prior to fusion, the charge was dry-homogenized to ensure uniform
distribution of components. Also, to minimize potential losses of metals into the liquid
phase through suspended particles, two-step phase separation was applied after leaching.
This included vacuum filtration and washing of the solid residue using a cellulose filter
cloth (Grade 4, pore size 20–25 µm), coagulation of suspended particles in the filtrate
and wash solution with 0.1 vol.% of CIBA Magnafloc of a wide pH range, concentration
2 g/dm3, followed by a second filtration (cellulose filter cloth, Grade 4, pore size 4–6 µm).
The solid residue and recovered suspended particles were dried at 105 ◦C for 24 h (to
constant mass) prior to weighing and analysis. The objective of the scaled-up test was to
validate the process parameters under semi-industrial conditions.

The overall methodology of the integrated process is presented in Figure 2.

Figure 2. Process development methodology.

3. Results and Discussion
3.1. Thermodynamic Modeling

Thermodynamic modeling was employed to define possible chemical reactions within
the fusing system, the stability regions of key compounds, and the distribution of elements
throughout leaching.

3.1.1. Influence of NaOH

Figure 3 presents the equilibrium phase diagrams based on the initial composition
containing PbSO4, PbO, SnO2, FeS, AgO, Ag, AgCl, Au, and AuCl3, illustrating the
temperature-dependent transformations of major and minor components during alkali
fusion. Although calculations were conducted for various NaOH excess ratios, only the
equilibrium results corresponding to the optimal NaOH addition (50% stoich. excess rel-
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ative to Sn and Pb content) are presented. These calculations simulate the alkali fusion
process, predicting the formation and stability of individual solid and gaseous phases as a
function of temperature and NaOH influence.

 
(a) (b) 

Figure 3. Equilibrium composition of the CAS–NaOH system as a function of temperature
(0–1000 ◦C): (a) major components and (b) minor components.

The modeling results show a progressive conversion of SnO2 into Na2SnO3 with
increasing temperature, whereas lead phases remain predominantly in the form of stable
PbO, reflecting the low reactivity of lead oxides under the considered temperature range.
Iron stabilizes as FeO, while AgO and AgCl decompose to metallic Ag, and AuCl3 is
reduced to metallic Au. At around 400 ◦C, SnO2 starts converting to Na2SnO3, with
maximal conversion achieved just above 600 ◦C. With further temperature increase, Pb
(as a major component) dominates in the form of PbO, while minor elements (Sb, Fe, Zn,
Cu, Au, Ag) stabilize as NaSbO2, FeO, ZnO, Cu2O, and metallic Au and Ag. These results
confirm the thermodynamic tendency toward the formation of stable oxide-type phases at
elevated temperatures and the retention of noble metals in their metallic form (Table 3).

PbSO4 + 2NaOH(l) = PbO + Na2SO4 + H2O(g) (1)

PbO + 2NaOH(l) = Na2PbO2 + H2O(g) (2)

SnO2 + 2NaOH(l) = Na2SnO3 + H2O(g) (3)

CuSO4 + Cu + 2NaOH(l) = Cu2O + Na2SO4 + H2O (g) (4)

FeS + 2NaOH(l) = FeO + Na2S + H2O(g) (5)

ZnS + 2NaOH(l) = ZnO + Na2S + H2O(g) (6)

4AgCl + 4NaOH(l) = 4Ag + 4NaCl + 2H2O(g) + O2(g) (7)

1.333AuCl3 + 4NaOH(l) = 1.333Au + 4NaCl + 2 H2O(g) + O2(g) (8)

Sb2O3 + 2NaOH(l) = 2NaSbO2 + H2O(g) (9)

SiO2 + 2NaOH(l) = Na2O × SiO2 + H2O(g) (10)
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Table 3. Calculated thermodynamic parameters (∆Hθ, ∆Sθ, ∆Gθ, and log K) for reactions of CAS
phases with NaOH (graphical representation shown in Supplementary Figure S1).

Temperature,
◦C Parameters 1 Equation

(1)
Equation

(2)
Equation

(3)
Equation

(4)
Equation

(5)
Equation

(6)
Equation

(7)
Equation

(8)
Equation

(9)
Equation

(10)

400
∆Hθ (kJ) −101.46 −72.35 −90.48 −206.90 27.23 56.08 −14.50 −357.99 −199.21 −74.56
∆Sθ (J/K) 86.49 −186.10 −60.78 107.32 60.75 71.38 219.52 291.64 79.05 58.69
∆Gθ (kJ) −159.68 52.92 −49.56 −279.15 −13.67 8.03 −162.27 −554.30 −252.43 −114.07

log K 12.39 −4.11 3.85 21.66 1.06 −0.62 12.59 43.02 19.59 8.85

500
∆Hθ (kJ) −105.48 −91.01 −95.04 −211.44 22.35 51.26 −81.63 −370.64 −205.07 −79.33
∆Sθ (J/K) 80.93 −211.94 −67.11 101.03 53.98 64.71 127.06 274.10 20.00 52.08
∆Gθ (kJ) −168.05 72.85 −43.16 −289.55 −19.39 1.23 −179.87 −582.56 −259.91 −119.59

log K 11.36 −4.92 2.92 19.56 1.31 −0.08 12.15 39.36 17.56 8.08

600
∆Hθ (kJ) −109.57 −109.62 −99.21 −215.34 18.14 46.92 −92.86 −382.49 −210.66 −84.31
∆Sθ (J/K) 75.96 −234.57 −72.18 96.27 48.85 59.42 113.37 259.68 64.13 46.03
∆Gθ (kJ) −175.89 95.20 −36.18 −299.40 −24.52 −4.96 −191.85 −609.23 −266.66 −124.50

log K 10.52 −5.70 2.17 17.91 1.47 0.30 11.48 36.45 15.95 7.45

700
∆Hθ (kJ) −113.51 −128.19 −103.02 −218.26 14.65 43.20 −102.00 −393.52 −286.64 −87.44
∆Sθ (J/K) 71.68 −254.71 −76.32 93.10 45.07 55.38 103.44 247.71 −18.62 42.63
∆Gθ (kJ) −183.27 119.68 −28.75 −308.86 −29.20 −10.69 −202.66 −634.58 −268.53 −128.92

log K 9.84 −6.43 1.54 16.58 1.57 0.57 10.88 34.06 14.42 6.92

800
∆Hθ (kJ) −117.05 −146.74 −106.53 −219.91 11.97 40.30 −109.00 −403.65 −295.48 −90.05
∆Sθ (J/K) 68.21 −272.86 −79.75 91.47 42.43 52.53 96.57 237.79 −27.26 40.07
∆Gθ (kJ) −190.25 146.07 −20.94 −318.07 −33.57 −16.08 −212.64 −658.84 −266.22 −133.05

log K 9.26 −7.11 1.02 15.48 1.63 0.78 10.35 32.07 12.96 6.48

1 ∆Hθ—enthalpy change; ∆Sθ—entropy change; ∆Gθ—Gibbs free energy change; log K—equilibrium constant.

Thermodynamic modeling conducted in the temperature range of 400–800 ◦C showed
that Reactions (1), (4), and (7)–(10) are highly spontaneous within the examined interval
(∆Gθ < 0, log K > 0). Increasing the temperature further enhances their thermodynamic
favorability, representing a characteristic trend for most reactions in the CAS–NaOH sys-
tem. Such behavior corresponds to the nature of exothermic processes accompanied by
positive entropy changes (∆Sθ > 0), where the release of gaseous products (H2O(g), O2(g))
contributes to an overall increase in system entropy.

In contrast, certain reactions deviate from this general trend and exhibit specific
temperature-dependent behavior. Reaction (3) (SnO2 + 2NaOH = Na2SnO3 + H2O(g)) re-
mains spontaneous throughout the examined interval but shows a negative entropy change
(∆Sθ < 0), resulting in decreased thermodynamic favorability with increasing temperature.
Reaction (6) (ZnS + 2NaOH = ZnO + Na2S + H2O(g)) changes from non-spontaneous to
spontaneous near 600 ◦C (∆Hθ > 0, ∆Sθ > 0), indicating that at this temperature the process
is thermodynamically driven by the entropic factor.

Reaction (2) (PbO + 2NaOH = Na2PbO2 + H2O(g)) exhibits the opposite behavior and
remains unfavorable throughout the considered temperature range due to the negative
entropy change (∆Sθ < 0).

However, thermodynamic parameters suggest that under locally oxidizing conditions
and altered phase stability, equilibrium may be established that enables partial formation
of Na2PbO2, while a significant part of lead remains in the stable PbO form. This indi-
cates that, within the considered temperature range, PbO represents the dominant and
thermodynamically most stable lead phase in the CAS–NaOH system. This finding is
favorable for the subsequent leaching step, as PbO is characterized by very low solubility
(Ksp = 1.43 × 10−13 at 25 ◦C; [39]), suggesting that lead will remain predominantly in the
solid phase during leaching.

At 600 ◦C, the highest log K values were obtained for Reactions (4) and (8), followed
by (1), (7), and (9), while Reaction (6) only reaches positive log K values. Although ∆Gθ

and log K values were also calculated for temperatures below 400 ◦C and above 800 ◦C (up
to 1000 ◦C), these results are not relevant for the interpretation of the process, as they fall
outside the practical temperature range in which the alkali fusion occurs. Overall, the results
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indicate that approximately 600 ◦C represents the optimal temperature for simultaneous
conversion of major phases, noting that the formation of Na2PbO2 requires more oxidizing
conditions and slightly higher temperatures than those assumed in the model.

According to the Gibbs free energy values presented in Table 3, all fusion reactions
exhibit a progressive decrease in ∆Gθ with increasing temperature, indicating that higher
temperatures favor the formation of sodium stannate, antimonate, and plumbite phases.
The reactions become thermodynamically spontaneous (∆Gθ < 0) above approximately
500 ◦C, while at 600 ◦C, all systems exhibit negative Gibbs energies. Therefore, considering
the thermodynamic parameters of the system, it can be concluded that 600 ◦C represents the
optimal temperature that enables complete phase conversion without excessive volatiliza-
tion or sintering that may occur at higher temperatures.

3.1.2. Influence of NaNO3

The introduction of NaNO3 into the system (Table 4) significantly increases the oxida-
tion potential and enhances the thermodynamic favorability of most reactions, as confirmed
by strongly negative ∆Gθ and high log K values. Nevertheless, this effect is not advanta-
geous for practical application, since oxidation promoted by NaNO3 leads to the formation
of insoluble oxide and sulfate phases (PbO2, Fe2O3, and Na2SO4), which inhibit metal
recovery and complicate phase separation. In contrast, the use of NaOH alone favors
the formation of soluble Na2SnO3, NaSbO2, and Na2ZnO2 phases, enabling more effi-
cient dissolution and selective phase conversion during the water leaching step following
alkali fusion.

2SnO2 + 2NaOH + 2NaNO3 = 2Na2SnO3 + H2O(g) + N2(g) + 2.5O2(g) (11)

6PbSO4 + 10NaOH + 2NaNO3 = PbO + 5PbO2 + 6Na2SO4 + 5H2O(g) + N2(g) (12)

2CuSO4 + 2NaOH + 2NaNO3 + 5Cu = 7CuO + 2Na2SO4 + H2O(g) + N2(g) (13)

10FeS + 2NaOH + 18NaNO3 = 5Fe2O3 + 10Na2SO4 + H2O(g) + 9N2(g) (14)

5ZnS + 2NaOH + 8NaNO3 = 5ZnO + 5Na2SO4 + H2O(g) + 4N2(g) (15)

8.221AgCl + 6.221NaOH + 2NaNO3 =
8.221Ag + 8.221NaCl + 3.111H2O(g) + N2(g) + 4.555O2(g)

(16)

1.575AuCl3 + 2.725NaOH + 2NaNO3 =
1.575Au + 4.725NaCl + 1.362H2O(g) + N2(g) + 3.681O2(g)

(17)

2.5Sb2O3 + 3NaOH + 2NaNO3 = 5NaSbO3 + 1.5H2O(g) + N2(g) (18)

3.1.3. Leaching Modeling

Thermodynamic analysis based on Pourbaix diagrams (Eh–pH), previously devel-
oped for the metals of interest (Pb, Sn, Fe, Zn, Cu, and Sb) and discussed in detail in [40],
is presented in Figure 4. The diagrams illustrate the dominant phases and solubility
boundaries under alkaline conditions, where the blue region indicates the pH 11–13 and
Eh = −0.8 to −0.4 V range corresponding to the optimal conditions to achieve efficient sep-
aration. Eh–pH diagrams were modeled for various temperatures, and it was determined
that 80 ◦C provides the most thermodynamically favorable conditions. Diagrams for Au
and Ag were not included due to the absence of the formation of stable aqueous complexes
and their insolubility in aqueous media.

Thermodynamic stability analysis revealed that Sn and Sb predominantly form soluble
stannate and antimonate species (Sn(OH)6

2−, Sb(OH)4
2−, Figure 4a,e), whereas Zn exhibits

only limited solubility as Zn(OH)4
2− near pH ≈ 13 (Figure 4d); in contrast, Pb, Cu, and Fe

remain mainly in stable, insoluble solid phases (Pb/PbO, Cu/Cu2O, Fe/Fe3O4,) under the
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examined alkaline-reducing conditions (Figure 4b,c,f). The correspondence between the
fusion and leaching modeling results indicates the overall process selectivity.

Table 4. Calculated thermodynamic parameters (∆Hθ, ∆Sθ, ∆Gθ, and log K) for reactions of CAS–
NaOH–NaNO3 (graphical representation shown in Supplementary Figure S2).

Temperature,
◦C Parameter 1 Equation

(11)
Equation

(12)
Equation

(13)
Equation

(14)
Equation

(15)
Equation

(16)
Equation

(17)
Equation

(18)

400
∆Hθ (kJ) −10.58 −590.26 −836.44 −8470.98 −3513.53 276.19 −116.63 −854.81
∆Sθ (J/K) 161.30 398.05 124.78 19.94 203.63 825.25 718.29 −325.15
∆Gθ (kJ) −119.15 −858.21 −920.44 −8484.40 −3650.61 −279.34 −600.15 −635.93

log K 9.25 66.60 71.43 308.00 283.30 21.68 46.57 49.35

500
∆Hθ (kJ) −30.11 −614.86 −844.04 −8512.87 −3537.26 134.67 −135.13 −931.91
∆Sθ (J/K) 134.22 363.99 114.24 −38.28 170.71 630.31 692.65 −431.93
∆Gθ (kJ) −133.88 −896.28 −932.36 −8483.27 −3669.24 −352.66 −670.65 −597.96

log K 9.05 60.56 63.00 308.00 247.92 23.83 45.31 40.40

600
∆Hθ (kJ) −48.18 −640.09 −850.32 −8540.58 −3556.77 108.08 −152.64 −1009.95
∆Sθ (J/K) 112.22 333.31 106.58 −72.19 146.92 597.92 671.34 −526.84
∆Gθ (kJ) −146.17 −931.12 −943.38 −8477.55 −3685.05 −413.99 −738.82 −549.94

log K 8.75 55.71 56.44 308.00 220.47 24.77 44.20 32.90

700
∆Hθ (kJ) −64.98 −664.73 −854.64 −8551.77 −3570.81 85.84 −169.12 −1265.43
∆Sθ (J/K) 93.99 306.58 101.87 −84.43 131.63 573.76 653.46 −804.75
∆Gθ (kJ) −156.45 −963.08 −953.78 −8469.60 −3698.91 −472.51 −805.04 −482.29

log K 8.40 51.70 51.20 308.00 198.56 25.37 43.22 25.89

800
∆Hθ (kJ) −80.68 −687.50 −856.49 −8563.79 −3578.09 68.03 −184.52 −1354.47
∆Sθ (J/K) 78.63 284.28 100.04 −96.26 124.46 556.30 638.38 −891.84
∆Gθ (kJ) −165.06 −992.58 −963.85 −8460.49 −3711.65 −528.97 −869.61 −397.39

log K 8.04 48.32 46.92 308.00 180.68 25.75 42.33 19.34

1 ∆Hθ—enthalpy change; ∆Sθ—entropy change; ∆Gθ—Gibbs free energy change; log K—equilibrium constant.

Thermodynamic analysis of the selected leaching reactions (Equations (19)–(21)) was
conducted to complement the Eh–pH stability results obtained at the same temperatures,
and the corresponding parameters are summarized in Table 5.

Na2SnO3 + 3OH− + 3H+ = 2Na+ + Sn(OH)6
2− (19)

NaSbO2 + 2OH− + 2H+ = Sb(OH)4
− + Na+ (20)

ZnO + 3OH− + H+ = Zn(OH)4
2− (21)

Table 5. Thermodynamic parameters (∆Hθ, ∆Sθ, ∆Gθ, and log K) for reactions at 25, 50, and 80 ◦C.

Temperature, ◦C Parameter 1 Equation (19) Equation (20) Equation (21)

25

∆Hθ (kJ) −136.98 −28.65 −87.29
∆Sθ (J/K) 380.75 162.03 −3.12
∆Gθ (kJ) −250.51 −76.96 −86.36

log K 43.89 13.49 15.13

50

∆Hθ (kJ) −111.27 −9.807 −81.00
∆Sθ (J/K) 463.57 222.72 17.17
∆Gθ (kJ) −261.07 −81.78 −86.55

log K 42.20 13.22 13.99

80

∆Hθ (kJ) −79.65 13.49 −74.99
∆Sθ (J/K) 557.10 291.64 34.97
∆Gθ (kJ) −276.39 −89.50 −87.34

log K 40.88 13.24 12.92
1 ∆Hθ—enthalpy change; ∆Sθ—entropy change; ∆Gθ—Gibbs free energy change; log K—equilibrium constant.
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Figure 4. Eh–pH diagrams for the metal systems in aqueous media at 80 ◦C: (a) Sn, (b) Pb, (c) Cu,
(d) Zn, (e) Sb, and (f) Fe.
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According to Table 5, the thermodynamic data indicate that the dissolution of Sn
and Zn compounds is thermodynamically favorable, whereas Sb is expected to remain
in the solid phase. However, when these results are interpreted in conjunction with the
Eh–pH diagrams (Figure 4d,e), thus accounting for the redox conditions of the system
rather than isolated equilibrium reactions, it becomes evident that Zn and Sb are located
near the boundary between the stability fields of solid and soluble species. As a result, their
dissolution is expected to be only partial, occurring concurrently with Sn under the defined
leaching conditions.

3.2. Alkali Fusion–Leaching Optimization
3.2.1. Influence of NaOH

In the first test series, the effect of NaOH addition (stoich. excess 20–70 wt.%) on the
efficiency of compound transformation and the selective removal of metals, primarily tin,
from CAS through leaching was investigated. The analysis of mass loss after alkali fusion
indicated that this step did not cause significant mass loss. The observed reduction, ranging
from 6.29% to 12.74%, can be attributed to the release of crystalline water and partial sulfur
removal from the CAS matrix at elevated temperatures. To assess the influence of fusion
time, experiments were conducted at a constant NaOH ratio within the 30–120 min interval.
A mass change between 7.22% and 11.50% was recorded, and a plateau was observed
between 50 and 60 min, after which variations became negligible. The stabilization of
mass change after 50–60 min indicates that the dominant reactions approach equilibrium
within this period, implying that kinetic constraints are minimal under the selected fusion
parameters. Accordingly, a fusion time of 60 min was selected as optimal for subsequent
experiments.

The dependence of the mass change after leaching of the fusion products on the NaOH
dosage is shown in Figure 5.

Figure 5. Mass loss after leaching of alkali fusion products as a function of NaOH addition (fusion:
60 min, 600 ◦C; leaching: 60 min, 80 ◦C) relative to total charge and relative to CAS content.

The mass loss after leaching of the fusion products showed a clear dependence on the
amount of NaOH added. Within the CAS–NaOH system, increasing the NaOH content
led to a substantial rise in mass loss, ranging from 31.97% to 83.90% relative to the total
fusion charge. When calculated in relation to the CAS content alone, this corresponds to
a reduction of 20.31% to 53.17%. Furthermore, it was observed that mass loss increased
proportionally with NaOH addition up to a stoichiometric excess of 50%, beyond which
no significant changes were recorded. This trend aligns well with the predictions of
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thermodynamic modeling and confirms the expected behavior of the system under the
given conditions.

The chemical composition of the solid residues obtained after leaching of the fusion
products, as a function of NaOH addition, was determined by XRF analysis and is presented
in Table 6. The corresponding metal mass balance and leaching efficiencies, calculated
based on the chemical composition and known residue masses, are shown in Figure 6 (trace
and accompanying elements are not presented).

Figure 6. Metal content in the CAS and solid residue as a function of NaOH addition: (a) Sn, (b) Pb,
(c) Cu, (d) Zn, (e) Sb, (f) Fe, (g) Ag, and (h) Au.

Composition analysis of the solid residues after leaching confirmed that mass losses
correlated with a decrease in tin content, indicating that increasing the NaOH in the fusion
system enhanced the conversion of tin from stable hydrate oxide (metastannic acid) into
water-soluble salts, primarily sodium hexahydroxostannate (Na2Sn(OH)6). This reduc-
tion in Sn content was accompanied by a relative increase in the concentration of other
metals due to their low solubility. According to the results, the highest tin removal was
achieved at CAS:NaOH = 40:60, were the Sn content (as metastannic acid) was reduced
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to 2.57 wt.% (Table 6). The leaching efficiency for Sn (recalculated according to metastannic
acid) reached 97.58% (Figure 6a). A further increase in NaOH content (70 wt.%) resulted in
only a marginal improvement in Sn removal (97.99%) but negatively affected the selectivity
of the process (Figure 6b–h). Under optimal conditions (fusion at 600 ◦C for 60 min,
CAS:NaOH = 40:60; leaching at 80 ◦C for 60 min, 250 rpm, solid-to-liquid ratio of
200 g/dm3), high selectivity toward tin was achieved. Except for Zn and Sb (Figure 6d,e),
the solubility of other metals remained below 10%, with a Pb dissolution of only 0.14%
(Figure 6b), indicating effective retention of accompanying metals in the solid residue
and enrichment of precious metals (Figure 6g,h). These results are in accordance with the
thermodynamic modeling indications.

Table 6. Chemical composition of solid residue, CAS–NaOH system.

Element, % 1
NaOH (Stoich. Excess), %

20 30 40 50 60 70

Sn 47.04 38.08 20.11 8.61 2.57 2.24
Sb 0.80 0.83 0.71 0.58 0.54 0.52
Pb 38.09 45.01 59.31 66.70 70.80 71.65
Ag 11.45 13.01 16.06 19.65 19.60 19.84
Au 0.68 0.75 0.96 1.15 1.12 1.18
Cu 0.72 0.86 1.04 1.21 1.25 1.18
Fe 0.98 1.12 1.39 1.73 1.64 1.58
Zn 0.21 0.26 0.32 0.35 0.37 0.36

1 Sn as H2SnO5 × 9H2O/SnO2; Pb as PbSO4/PbO; Cu, Fe, and Zn as Cux(Fe,Zn)ySnzOδ.

It should be noted that while thermodynamic modeling predicts sufficient transforma-
tion with a stoichiometric excess of NaOH of 50% (relative to Sn and Pb content), it does
not account for kinetic limitations, diffusion barriers, the presence of competing metal ions,
phase heterogeneity, local interactions, and the presence of inert materials/impurities in
real samples. These factors contribute to the experimentally observed requirement for a 60%
NaOH excess. Generally, the leaching modeling and experimental data were in accordance.

3.2.2. Influence of NaNO3

In the second series, the effect of NaNO3 addition (2.5 to 20 wt.% relative to CAS) on
the efficiency of compound transformation and the selective removal of metals, primarily
tin, from CAS through leaching was investigated. The conditions for fusion and leaching
were identical, following the same procedure described earlier. The charge composition
of CAS:NaOH = 40:60, previously determined as optimal, was kept constant. The results
showing the mass change after leaching as a function of NaNO3 dosage are presented
in Figure 7.

In contrast to the CAS–NaOH system, the mass loss after alkali fusion with NaNO3

in the system was higher, ranging from 12.3% to 31.75%, and this can be attributed not
only to the crystalline water and partial sulfur loss but also to nitrate decomposition at
elevated temperature (results not presented). However, the analysis of solid residues
revealed that NaNO3 addition had no significant effect on the overall mass loss after
leaching. Within the investigated range, total mass reduction compared to the total fusion
charge remained relatively uniform (78–86%), and it was 51–59.5% when calculated per CAS
content, indicating a slight increase compared to the NaOH-only system (77.92% and 50.81%
for CAS:NaOH = 40:60 and CAS, respectively). These results suggest that the influence of
oxidant does not significantly enhance the transformation of stable compounds, primarily
metastannic acid, into water-soluble species. This aligns well with the thermodynamic
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modeling results and with the expected behavior of accompanying metals under the given
process parameters.

Figure 7. Mass loss after leaching of alkali fusion products as a function of NaNO3 addition
(fusion: 60 min, 600 ◦C; leaching: 60 min, 80 ◦C) relative to total charge and relative to CAS content.

The chemical composition of the solid residues (trace and accompanying elements
are not presented) obtained after the leaching of fusion products as a function of NaNO3

addition (Table 7), along with the metal mass balance and leaching efficiency (Figure 8),
confirms that the observed mass losses result from the formation of water-soluble com-
pounds of base metals and their co-leaching with tin. In addition, partial decomposition of
NaNO3 at elevated temperatures likely generated NO2 and O2. These oxidizing species
imply potential NOx emissions under industrial conditions, requiring off-gas treatment.
This represents an additional negative aspect of NaNO3 use in the alkali fusion process.

Table 7. Chemical composition of solid residue, CAS:NaOH–NaNO3 system.

Element, %
1

NaNO3 (Relative to CAS), %

2.5 5 10 15 20

Sn 3.20 3.40 3.91 4.07 4.15
Sb 0.59 0.58 0.52 0.51 0.53
Pb 63.04 62.74 58.41 55.69 52.17
Ag 28.89 28.77 32.14 34.51 36.54
Au 2.08 2.24 2.73 2.91 2.64
Cu 0.70 0.69 0.71 0.70 0.72
Fe 1.38 1.40 1.41 1.38 1.29
Zn 0.11 0.15 0.15 0.14 0.14

1 Sn as H2SnO5 × 9H2O/SnO2; Pb as PbSO4/PbO; Cu, Fe, and Zn as Cux(Fe,Zn)ySnzOδ.

Based on the calculated mass balance and leaching efficiencies, dissolution was partic-
ularly prominent for Cu, Zn, and Fe (Figure 8c,d,f), with solubility exceeding 85%, 72%, and
58%, respectively. However, given that these metals accounted for less than 3 wt.% of the
non-standard CAS sample, the most significant losses occurred for Pb and Ag (Figure 8b,g),
whose contents were considerably higher. Specifically, over 40% of Pb and more than 25% of
Ag were converted into soluble species and leached. These results confirm that the addition
of NaNO3 to the alkali fusion system does not significantly enhance tin transformation into
water-soluble salts (Figure 6a vs. Figure 8a), yet it promotes the formation of soluble nitrate
species of accompanying metals, which negatively affects process selectivity and further
complicates downstream valorization and overall economic efficiency.
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Figure 8. Metal content in the CAS and solid residue as a function of NaNO3 addition: (a) Sn, (b) Pb,
(c) Cu, (d) Zn, (e) Sb, (f) Fe, (g) Ag, and (h) Au.

Comparative leaching efficiency for the two tested systems (NaOH in stoichiometric
excess relative to Sn and Pb content and NaNO3 addition at the optimal NaOH ratio) is
presented for all targeted metals (Figure 9). The results show that Sn removal is highly
efficient when NaOH is used as the sole additive (Figure 9a), while the presence of the
oxidant (NaNO3) during fusion significantly increases the solubility of base metals in the
subsequent leaching step, thus reducing the overall selectivity of the process (Figure 9b).

3.3. Scaled-Up Test

In accordance with the previously described procedures and optimized process pa-
rameters (Section 3.2.1), a scaled-up experiment was carried out. The mass loss during
alkali fusion was determined to be 8.96%, slightly lower compared to the laboratory-scale
optimization test (10.88%). The mass loss after leaching reached 85.33% relative to the
total charge or 77.74% relative to the CAS content only. These values indicate slightly
higher efficiency compared to the optimization test, where the corresponding losses were
77.92% and 50.81%, respectively (Figure 5). A mass balance for the scaled-up test, including
chemical composition and metal distribution (trace and accompanying elements are not
presented), was established to illustrate the overall process efficiencies (Table 8, Figure 10,
and Supplementary Files Table S1). The overall material balance was calculated based on
chemical analysis and the measured masses of the process products. The results confirm
process closure within analytical limits and are consistent with the previously reported
efficiencies and elemental distributions among the alkali fusion–leaching products.
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(a) (b) 

Figure 9. Comparative leaching efficiency for (a) CAS–NaOH and (b) CAS:NaOH–NaNO3 alkali
fusion systems.

Table 8. Elemental distribution, mass balance, and efficiency of the scaled-up alkali fusion–leaching
process.

Product
Element, %

Sn Pb Sb Cu Fe Zn Ag Au

Leaching solution % 93.34 1 5.69 1 0.56 0.02 0.08 0.03 0.02 n.d. 3

g 230.16 27.08 3.10 0.11 0.44 0.17 0.14 n.d. 3

Leaching efficiency % 97.75 11.57 39.74 4.56 5.97 11.81 0.2 n.d. 3

Solid residue
% 3.56 2 66.87 2 1.41 0.69 2.08 0.38 18.70 2.89
g 11.89 207.34 4.71 2.30 6.93 1.27 32.47 9.68

Retention efficiency % 2.24 88.43 60.26 95.44 94.03 88.19 99.78 99.99
1 As Na2Sn(OH)6 and Pb(OH)2. 2 As H2SnO5 × 9H2O and PbO. 3 n.d. - below detection limit (0.01–0.1 ppm) of
applied method.

The scaled-up test confirmed the high selectivity of the applied process, with 97.75%
of Sn (as metastannic acid) converted into water-soluble stannate concentrated in the liquid
phase. Simultaneously, more than 88.43 wt.% of Pb, 99.99 wt.% of Au, and 99.78 wt.% of
Ag remained concentrated in the solid phase. Apart from Sb, which was relatively evenly
distributed among the phases, all other base metals were predominantly retained in the
solid residue.

Phase composition analysis of the solid residue (Figure 11) confirmed the pres-
ence of PbO, PbO2, Ag, and SnO2 (JCPDS/ICDD no.05-0561, 04-019-9071/04-019-9072,
04-0783, and 04-003-3991, respectively). The dominant phases were lead oxides and metal-
lic Ag, while SnO2 was at the detection limit (~3%). Tin was also partially identified as
FeSn2 and Fe2.8Sn0.2O4 (Figure 11b); however, their presence remains uncertain due to
overlapping diffraction peaks with Ag. Nevertheless, the detection of such phases is con-
sistent with the assumption that residual Fe and Zn may be present as complex minerals
(Cux(Fe, Zn)ySnzOδ), either formed during processing or inherited from heterogeneous
input materials and upstream processing. Based on these findings, the solid residue can be
considered as a precious metal concentrate in a PbO matrix, making it highly suitable for
further valorization.
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Figure 10. Metal distribution among the products of the scaled-up alkali fusion–leaching process.

 
(a) (b) 

Figure 11. X-ray diffraction patterns of the solid residue after scaled-up alkali fusion–leaching process:
(a) full-scale and (b) enlarged view of low-intensity range.

The presented results, based on thermodynamic modeling, laboratory-scale opti-
mization, and scaled-up validation, do not explicitly account for kinetic factors such as
diffusion resistance, sintering, local heterogeneity, or leaching kinetics. However, these
effects were experimentally mitigated through system control. The consistency and repro-
ducibility of the results indicate that kinetic limitations were not rate-determining under
the applied parameters.

Compared to previously reported alkali fusion and multi-step treatment systems
(e.g., 700 ◦C for 2 h [32], hydroxy–carbonate–nitrate mixtures [33], or oxidative roasting +
acid–chloride + soda-roasting [41]), which require higher reagent consumption, prolonged
treatment times, or additional acid leaching steps (e.g., H2SO4–H2O2–tartaric acid or acid–
sulfide [31]), the NaOH-based process presented here operates under milder conditions
(600 ◦C, 60 min) and employs a single fusion reagent (NaOH) without oxidants or acids for
leaching. In contrast to complex routes, the proposed two-step process achieves comparable
Sn transformation and dissolution (97.75%) with >99% retention of precious metals in the
solid residue, demonstrating high selectivity while requiring no extensive pre-treatment,
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multiple fusion additives, or secondary leaching steps. The simplified chemical inven-
tory, lower reagent and thermal input, and validated scale-up performance underline the
quantitative and operational advantages of this optimized route.

3.4. Downstream Valorization and Environmental Considerations

Following the alkali fusion–leaching step, the sodium-stannate-rich solution may be
further processed to produce marketable tin products. Although detailed quantification
of these downstream steps is beyond the present scope, the considerations discussed are
based on available literature data. It has been demonstrated that precipitation with CaO can
convert soluble Na2SnO3 into solid CaSnO3 with an efficiency exceeding 99% [42], offering
a low-cost and low-pollution route for producing tin compounds while simultaneously
neutralizing the alkaline solution. Electrochemical processes, including electrolysis and
sponge-tin extraction in alkaline media, further support the feasibility of tin recovery from
stannate solutions [43]. In their study, Zhu et al. [32] proposed tin recovery by neutralization
to pH 1.82, achieving 99.9% efficiency. It is important to note that the leaching solution
could be recirculated, leading to an increased concentration of dissolved elements, primarily
tin, which would facilitate and potentially improve the economic efficiency of downstream
valorization steps.

The PbO-based solid residue enriched in precious metals could be further treated by
conventional cupellation to recover noble metals, representing an efficient and established
metallurgical route for downstream valorization [44]. Another possibility is acid leaching
followed by precious metal precipitation and reduction to the metallic form [24].

In line with recent comparative reviews and LCA insights on CAS processing [45], the
avoidance of nitrates/chlorination and the use of moderate operating conditions support a
lower hazard potential. The cited study demonstrated that reagent and energy intensities,
as well as waste streams, can substantially influence environmental impacts. In this
context, for the optimized oxidant-free alkali fusion and water leaching route proposed
in the present study, NaOH consumption equals 1.5 kg per 1.0 kg of non-standard CAS.
The absence of supplemental additives and minimal number of process steps with a
simple apparatus configuration suggest reduced secondary emissions (e.g., NOx emission
occurring if NaNO3 is used as an oxidant) and lower material throughput compared to
multi-step hybrid flowsheets. A compact comparison of operating conditions and reagent
intensity is provided in the Supplementary Files (Table S2).

Although a full LCA was not executed to benchmark this route against established
processes, the simplified material balance, metal distribution, and high recoveries position
the proposed route favorably from a preliminary sustainability perspective. However,
conducting a comprehensive life-cycle assessment for such a complex and compositionally
heterogeneous secondary material remains methodologically challenging, as variability in
composition and undefined system boundaries hinder direct comparison with standardized
processing routes. Considering that non-standard CAS contains substantial metal value,
with significant amounts of both base and precious metals, even small quantities of this
material represent considerable worth. Therefore, each improvement in recovery efficiency
provides measurable resource and environmental benefits.

Based on the proposed integrated process for alkali fusion–leaching of non-standard
copper anode slime (CAS) and the obtained results, a process flow sheet with overall
efficiencies was developed (Figure 12). The proposed process resulted in the distribution of
metals into two distinct phases: (i) a tin-rich liquid phase and (ii) a solid PbO concentrate
enriched with precious metals.
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Figure 12. Alkali fusion–leaching process flow sheet with overall mass balance and efficiencies.

4. Conclusions
In this study, a clear correlation between alkali fusion parameters, phase transforma-

tions, and leaching efficiency for a non-standard CAS with a complex chemical and phase
composition that challenges conventional recovery routes has been established. The appli-
cation of an integrated thermodynamic modeling, laboratory optimization, and scaled-up
validation approach to non-standard CAS enabled a distinct separation of metals, where
tin was selectively dissolved into the liquid phase, while lead and precious metals were
concentrated in the solid product, demonstrating validated scalability.

Thermodynamic modeling provided insight into the transformation behavior of key
components and the optimal conditions for both the fusion and leaching steps. The corre-
spondence between the modeling and experimental results confirms the overall process
selectivity and supports the experimental observation. Minor deviations between the
modeling and experimental results are attributed to the complexity of the system and the
use of a real sample in the laboratory tests.

The optimized two-step process involved fusion at 600 ◦C for 60 min with a
CAS:NaOH ratio of 40:60, followed by leaching at 80 ◦C for 60 min at 250 rpm, with
a solid-to-liquid ratio of 200 g/dm3. High metal separation efficiency was achieved, with
97.58% of Sn leached, while Pb and precious metals remained in the solid residue. Ad-
ditionally, accompanying base metals (Cu, Fe, Zn, and Sb) showed low solubility under
optimal conditions, contributing to process selectivity.

The addition of NaNO3 as an oxidant negatively affected the process by increasing the
dissolution of base metals, promoting partial dissolution of Ag and Pb, and hindering the
transformation of tin into soluble species. These results are in accordance with thermody-
namic modeling, confirming reduced process efficiency and low selectivity in the presence
of nitrate within the fusion system.

The proposed process was successfully validated through a scaled-up laboratory test,
achieving 97.78% Sn dissolution and more than 99.99% of Au and 99.78% of Ag retention in
the PbO-based solid residue, confirming the feasibility and reproducibility of the method.
These findings define a selective, efficient, and scalable pyro-hydrometallurgical route for
the recovery of tin and precious metals from non-standard CAS, addressing industrial
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needs related to increased e-waste co-processing and providing a framework which aligns
with sustainable resource utilization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/met15121308/s1, Figure S1: Calculated thermodynamic parameters
for reactions of CAS phases with NaOH: (a) ∆Hθ, (b) ∆Sθ, and (c) ∆Gθ; Figure S2: Calculated
thermodynamic parameters for reactions of CAS–NaOH–NaNO3: (a) ∆Hθ, (b) ∆Sθ, and (c) ∆Gθ;
Table S1: General mass balance of scaled-up test; Table S2: Comparative overview of the proposed
alkali fusion–leaching process versus benchmark CAS treatment routes, including a preliminary
environmental indicator 1.
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