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ARTICLE INFO ABSTRACT

Keywords: The rapid advancement of technology and the shortened lifespan of electronic devices have intensified the global
Tantalum capacitors e-waste crisis, leading to a growing accumulation of waste tantalum capacitors (TC). Due to their high capaci-
Hydrometallurgy

tance and reliability, TC are widely used from smartphones to aerospace systems. Ta, the key component in waste
TG, is classified as a critical raw material by the European Union; yet less than 1% is recovered from end-of-life
devices. This study proposes a complete hydrometallurgical flowsheet that looks beyond conventional Ta-centric
approaches to the recovery of all metallic constituents from TC. The process intentionally retains Ta in the solid
phase as TayOs, eliminating energy-intensive reduction steps and allowing its direct reuse in industrial appli-
cations. Optimized sulfuric-acid leaching selectively dissolves Mn, Ni, Cu, and Zn, while retaining Ta and Ag in
the solid residue. The leachate undergoes Mn precipitation and sequential solvent extraction with CYANEX®
272, yielding metal salts with industrially relevant purities (93% Zn; 98% Cu and Ni) and high overall recoveries
(91% Zn; 91% Cu; 84% Ni). Subsequent nitric acid leaching dissolves Ag, later precipitated via chloride addition,
leaving Ta in the solid fraction with 85% purity. Life-cycle assessment results show substantial impact reduction
across all categories compared to primary production, with Ta and Ag recovery as the main contributors to
sustainability gains. A preliminary cost analysis further confirms the economic viability of the process. These
findings demonstrate its potential as a sustainable route for recovering critical and valuable metals while
advancing circular-economy in the electronics sector.

Metal recovery

Selective leaching
Solvent extraction
Circular economy

1. Introduction playing a critical role in the functionality of modern electronics [4].

Tantalum capacitors (TC) stand out among the various types of capaci-

The rapid development of technology and the growing demand for
electronic devices have led to a significant increase in the Waste Elec-
trical and Electronic Equipment (WEEE), commonly known as e-waste,
worldwide. As consumers upgrade to newer gadgets and manufacturers
release innovative products at an unprecedented pace, discarded elec-
tronics have become the fastest-growing waste stream. The Global E-
Waste Monitor reports that annual e-waste generation increased from 34
Mt. in 2010 to 62 Mt. in 2022, and projections indicate this trend will
continue to rise to 82 Mt. by 2030 [1].

Capacitors, essential components of electronic circuits, significantly
contribute to the e-waste generated annually [2]. The global capacitor
market was valued at USD 38.91 billion in 2024 and is projected to
exceed USD 69.42 billion by 2034 [3]. These passive electrical devices
feature two terminals that enable energy storage within an electric field,
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tors due to their exceptional volumetric efficiency, which enables highly
compact designs while delivering outstanding performance [5-7]. The
main components that constitute TC are Ta, Si, Mn, Fe, Ni, Cu, Ag, and
Sn [2]. In these devices, Ta accounts for 30-50% [8,9] and is the most
valuable metal due to its superior characteristics, which suit most high-
tech applications. Ta is valued for its unique combination of properties,
including exceptional acid corrosion resistance, high ductility, superior
wear resistance, biocompatibility, high melting point, excellent strength
at elevated temperatures, and the ability to efficiently store and release
electrical charge. These attributes make it the material of choice for a
wide range of specialized applications across industries, including
automotive, aerospace, chemical processing, defense, electronics, med-
ical devices, and metallurgy [10,11].

The recognition of tantalum as a critical raw material by the
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European Union [12] highlights growing concerns regarding its secure
supply. This classification is primarily driven by the limited geograph-
ical availability of primary resources and the socio-environmental risks
associated with its extraction, which is largely concentrated in the Great
Lakes region of Africa. There, production is dominated by artisanal and
small-scale mining, frequently linked to inadequate labor conditions,
regulatory instability, and conflict financing [13]. These factors not only
compromise supply chain transparency but also expose global markets
to price volatility and geopolitical risks, reinforcing the urgency of
developing alternative sourcing strategies.

The use of Ta in capacitors accounts for 34% of the annual demand
[5] but the recycling rate of this metal from current end-of-life products
is still less than 1% [6]. In response to this low rate, several recovery
strategies were developed to specifically address waste tantalum ca-
pacitors (WTC). The recycling chain of WTC begins with the identifi-
cation, disassembling, and crushing of the devices, followed by
extraction and refining to enhance the purity of the recovered Ta.
Further pre-treatment steps can be applied to isolate Ta from contami-
nants, such as thermal, physical, and mechanical treatments. Thermal
treatments typically involve the application of high temperatures or the
combustion of TC to extract the metal. On the other hand, physical or
mechanical separation processes rely on the distinct physical properties
of the constituent materials, such as density, weight, or size, to achieve
separation and recovery [2].

Although WTC contain several valuable metals, such as Mn, Ni, Cu,
Ag, Fe and Zn, most reported recovery processes remain heavily focused
on Ta. Most studies and patents aim at obtaining either tantalum oxide
or high-purity metallic Ta, often through chloride metallurgy [14-16],
magnesiothermal reduction [17,18], electron beam melting [18,19],
high-temperature roasting [20,21], or solvent-based hydrometallurgy
[14,19,22-27]. In these approaches, coexisting metals are either
removed as impurities, lost during leaching, or entirely disregarded.
Even when other metals are partially recovered [8,13,28], processes are
still optimized primarily for the extraction and purification of Ta. This
systematic neglect of secondary metals limits the sustainability of
existing approaches and underscores the need for more integrated
flowsheets that valorize the full metal content of WTCs.

The most reported method for extracting Ta is hydrometallurgy.
Within this approach, Ta extraction typically relies on aggressive
chemical media, particularly hydrofluoric acid (HF) [23]. While highly
effective for Ta extraction, HF-based leaching presents several issues due
to its corrosivity, its volatility that can lead to atmospheric pollution,
and the process produces fluorine-containing wastewater and solid
residues, posing significant environmental risks [29]. Furthermore, in
HF-based hydrometallurgical extraction, Ta is recovered in the form of
complex compounds or soluble species, which require further conver-
sion steps—such as precipitation, roasting, or reduction—to obtain Ta in
its usable metallic or oxide form [23]. These additional transformations
contribute to increased process complexity, cost, and energy demand.
Although alternative systems based on highly concentrated alkaline
solutions, such as potassium hydroxide (KOH), were proposed as less
hazardous substitutes for Ta dissolution, they generally exhibit lower
extraction efficiencies (~70%) [27].

To mitigate these issues, alternative hydrometallurgical strategies
were explored to employ milder leaching agents that selectively dissolve
base and transition metals, while retaining Ta in the solid residue [2].
Agrawal et al. [28] applied a leaching step using HCI to extract Mn and
Ni, while Xia et al. [8] combined cryogenic grinding, alkaline calcina-
tion and HNOg leaching to solubilize Fe, Ni, and Ag. Niu et al. [16]
applied magnetics separation to recover Ni—Fe terminals and chloride
metallurgy to isolate Ta in the solid. Although these strategies demon-
strate promising steps toward Ta recovery, none of them achieve the full
recovery of all valuable metals present in TC. Within this context, an
underexplored opportunity lies in the use of H2SOs, which is widely
applied in the mineral ore industry [30,31] but has not yet been
explored for TC recovery. Compared to HCl, H2SO. offers several
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advantages: it is significantly less volatile, sulphate ions are generally
less corrosive and less disruptive to downstream processes than chloride
ions, and it is often more cost-effective.

In this study, we propose a novel hydrometallurgical strategy that
departs from the Ta-centric approach commonly found in literature. By
employing a two-step leaching process using H2SO4 followed by HNOs,
our method enables the selective dissolution and recovery of multiple
metals with industrially relevant purities, namely Mn, Ni, Cu, Zn, and
Ag, while intentionally retaining Ta in the solid phase. Unlike conven-
tional approaches that prioritize Ta and treat other metals as secondary
or incidental, our method is conceived from the outset as a complete
recovery platform. The resulting Ta-rich residue corresponds directly to
Ta0s, which can be readily used in industrial applications. Meanwhile,
the coexisting metals are recovered in sulfuric solutions that are
compatible with downstream processing. This approach eliminates un-
necessary purification steps for Ta recovery, thereby enhancing the
overall sustainability and practicality of WTC valorization.

2. Materials and methods
2.1. Materials

Tantalum capacitors were purchased from the Chinese Super Elec-
tronic Market via Aliexpress. The TC used in this study were SMD-type
components with 470 pF/6.3 V nominal ratings and 7343 (EIA D-case)
encapsulation, corresponding to dimensions of 7.3 x 4.3 mm. A scheme
of the capacitor is present in Fig. 1a. Hydrochloric acid (37 wt%) was
purchased from Honeywell. Nitric acid (65 wt%) and potassium per-
manganate (99 wt%) were acquired from Merck. Yttrium standard (983
mg-kg’1 of Y(III) in 2% nitric acid), Triton® X-100, poly(vinyl alcohol)
(87-90 wt%), dodecane (99 wt%) and ammonia solution (28-30 wt%)
were purchased from Sigma-Aldrich. SERVA was the supplier of silicone
solution SERVA in isopropanol. Sodium chloride (extra pure) was ac-
quired from LabKem, sulfuric acid (95%) from Fisher Chemical, and
CYANEX® 272 (bis(2,4,4-trimethylpentyl)phosphinic acid — 90 wt%)
from BLDpharm. All chemicals were used as received without further
purification.

2.2. Sample preparation and characterization

New TC were obtained and carefully cracked open using a bench vice
(Fig. 1b). The material in the interior was subsequently ground into finer
particles using a Fritsch Pulverisette 23 ball mill, equipped with a zir-
conium oxide chamber and five zirconium oxide grinding balls. The
milling process was carried out at a frequency of 50 s~* for a total
duration of 60 min, with alternating cycles of 10 min of operation fol-
lowed by a 3 min pause.

The characterization of the TC was conducted using different
analytical techniques. The solid in powder form was analyzed using both
scanning electron microscopy with energy dispersive spectroscopy
(SEM-EDS), conducted with a Bruker Nano GmbH microscope, and X-ray
diffraction (XRD), using a Bruker AXS instrument with Cu Ka radiation
at 45 kV. The XRD diffractograms were analyzed with the X'pert High-
score Plus software package, and the resulting patterns were compared
to the International Center for Diffraction Data (ICDD) database for
identification. The particle size distribution of the milled TC powder was
measured by laser diffraction using a Coulter LS 230 Particle Size
Analyzer. Measurements were performed in duplicates, and the results
were expressed as d10, d50, and d90 particle diameters.

2.3. Metal quantification

Metal quantification was performed using Total Reflection X-ray
Fluorescence (TXRF) spectrometry, specifically the Picofox S2 model
(Bruker Nano), which features a molybdenum X-ray source. The mea-
surements were conducted under operating conditions of 50 kV voltage
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Fig. 1. Structure and pretreatment of solid Ta capacitors: a) internal components and construction; b) pretreatment steps for resin removal and powder preparation.

and 600 pA current. Quartz glass carriers were pre-coated with 10 pL of a
silicon-in-isopropanol solution (SERVA) and dried at 323 K. The liquid
samples were prepared by diluting them in a 1 wt% polyvinyl alcohol in
2% nitric acid solution and spiked with a known concentration of an
yttrium standard, tailored to the metal content of the samples. The solid
samples were prepared by adding 1 wt% Triton® X-100 to facilitate the
formation of a stable suspension. TXRF analysis of solid residues was
used only for qualitative monitoring of the persistence of elements such
as Sn and Zr in the solid phase throughout the process. In both cases, a
10 pL aliquot of the prepared solution was deposited onto the pre-
treated quartz carrier and dried at 353 K prior to analysis. Analyses
were performed for 240 s of exposure of each quartz carrier. The results
are expressed in milligrams of metal per kilogram of solution.

2.4. Leaching

Leaching experiments were performed using a Radleys Tech Carousel
apparatus, unless otherwise specified, with temperature regulation
provided by a circulating water bath and constant agitation maintained
at 600 rpm. The initial conditions evaluated focused on the type of acid
used, specifically 2 M HNOs, 2 M HySO4, and 2 M HCI for 2 h. The
leaching extraction (LE) of metals is represented in the form of grams of
metal leached per 100 g of TC powder as calculated by Eq. (1):

X ——=2x 100 (@]

#(i005) == () “ e 9

where C,, is the concentration of metal obtained in TXRF, my is the
mass of leaching solution and myc is the mass of TC used in the leaching
process.

The representation of the leaching results as grams of metal leached
per 100 g of TC rather than as extraction percentages was selected
because the total metal inventory of the feed material was not deter-
mined by complete digestion. Accurate quantification of the absolute
metal content would require HF-based digestion of the Ta-containing
phases, which was not pursued due to the associated safety concerns
and because it was not essential for the objectives of this study. There-
fore, this metric provides a direct measure of metal dissolution based
exclusively on experimentally determined leachate concentrations.

To explore potential synergies or antagonisms in the extraction
process under varying conditions, response surface methodology (RSM,

myg (kg)

see section 2.5.) was used. After determining the optimal conditions for
the best-performing acid (H2SO4), a kinetic study was conducted to
ascertain the time required for the leaching of Mn, Ni, Cu, and Zn and to
understand the mechanisms of metal extraction. The optimized leaching
process was then conducted in a round-bottom flask immersed in a
temperature-controlled paraffin bath. This setup facilitated the pro-
duction of a substantial volume of leaching solution, enabling further
exploration of subsequent steps.

Following the leaching process, the mixture was subjected to
centrifugation in a Falcon tube for 40 min at 6000 rpm using a NEYA
16R centrifuge (REMI), with an acceleration time of 1 min and a
deceleration time of 1 min. Subsequently, the phases were separated.
The solid phase was washed three times with the leaching solution and
dried overnight at 50 °C in an oven to prepare for TXRF analysis.
Meanwhile, the liquid phase was diluted and analyzed by TXRF.

2.5. Optimization using RSM

Response Surface Methodology (RSM) combines mathematical and
statistical techniques to model relationships between experimental
variables and responses, facilitating process understanding and optimi-
zation [32]. In this approach, a response (y) is typically described by a
second-order polynomial model, as expressed in Eq. (2):

y =B+ Z piXi + Z BX; + Zﬁinin 2
i<j

where, Bo, Bj, Bii, and P are the regression coefficients for the
intercept, linear, quadratic, and interaction terms, respectively, and X;
and X; represent the coded levels of the independent variables.

In factorial experimental designs, a 2k design explores all possible
combinations of k variables at two levels (typically coded as —1 and +
1), allowing the estimation of main effects and two-way interactions.
When complemented with axial points and center-point replicates, it
forms a central composite rotatable design (CCRD), which supports the
fitting of quadratic models within the RSM framework.

In this study, two RSM-based CCRDs were implemented. The first
design was a 23 CCRD, applied to optimize the leaching of Mn, Ni, Cu,
and Zn with H2SO4, while minimizing the co-extraction of Ta and Ag.
The independent variables were temperature (61-95 °C), HoSO4 con-
centration (0.5-3.5 M), and solid-to-liquid ratio (1/101 to 1/11 w/w),
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with a fixed contact time of 2 h. A total of 20 experiments were con-
ducted as detailed in Tables S1 and S2 (Supplementary Material).

The second design followed a 22 CCRD, focused on the subsequent
leaching of the solid residue using HNOs, with the goal of maximizing Ag
recovery and minimizing Ta extraction. The variables studied were
HNOs concentration (0.6-3.4 M) and temperature (49-95 °C), while the
S/L ratio (1/10 w/w) and contact time (2 h) were kept constant. A total
of 11 experiments were performed, as detailed in Tables S3 and S4
(Supplementary Material).

All statistical analyses were performed using Statistica 10.0 software
(StatSoft Inc., Tulsa, OK, USA), with a 95% confidence level. Model
adequacy was assessed by analysis of variance (ANOVA), regression
coefficients (Rz), and lack-of-fit tests. Response surface and contour
plots were used to visualize variable interactions and to identify the
optimal leaching conditions in this study.

2.6. Metal separation

After leaching with sulfuric acid under optimized conditions, the
obtained leachate was subjected to a series of procedures to separate the
remaining metals. The first target was Mn, which was selectively
removed by adding potassium permanganate (KMnOy) in the stoichio-
metric ratio defined by the overall reaction (BMn?t + 2MnO, =5MnO; +
4H"). This addition prompted the precipitation of Mn. The solid was
separated from the liquid phase by centrifugation (30 min at 7000 rpm).
The liquid phase was analyzed in TXRF.

The subsequent steps involved metal extraction using a 0.4 M solu-
tion of CYANEX® 272 in n-dodecane, a concentration previously re-
ported to be sufficient for achieving complete extraction of the target
metals from sulfuric media [33]. A range of pH values, from the original
0.2 to 8.5, was tested to determine the optimal conditions for extracting
each metal. The pH was adjusted using ammonia to ensure the formation
of stable complexes of Zn and Cu in the respective extraction pHs [34],
and was measured with a SevenExcellence pH meter (Mettler Toledo).

Each extraction experiment was conducted individually in 2 mL
Eppendorf tubes at room temperature, maintaining a 1:1 w/w between
the leachate and the organic mixture. The phase ratios were controlled
using an analytical balance. All extraction experiments were performed
in duplicate, and each sample was analyzed twice. The contact time for
each test was set to 30 min, which was deemed sufficient to achieve
equilibrium between the aqueous and organic phases. This duration was
based on prior studies demonstrating that equilibrium could be attained
in similar systems within 5 min [35]. After that, the vials were centri-
fuged (5 min at 3000 rpm) and the aqueous and organic phases were
separated. The aqueous phases were analyzed by TXRF. The metals were
stripped from the organic phases using HySOj4 at different concentrations
(0.01, 0.05, 0.1, 0.5, 1, and 2 M).

Metal purities in each phase were determined based on TXRF anal-
ysis. The phase containing the extracted metal was analyzed, and the
masses of all detected metals were quantified. The purity of the target
metal was subsequently calculated by dividing its mass by the total mass
of metals present in that phase.

Regarding the second leaching step, following dissolution with HNO3
under optimized conditions, the resulting leachate was submitted to a
precipitation process by the addition of NaCl, resulting in a final salt
concentration of 3 wt%.

2.7. Life cycle assessment

A life cycle assessment (LCA) was performed to evaluate the envi-
ronmental impacts of the innovative hydrometallurgical process pro-
posed in this study for metal recovery from TC, following the guidelines
established by the ISO 14040 [36] and ISO 14044 [37] standards. The
system boundaries include the proposed process, as well as the pro-
duction of all inputs (chemicals, water, and electricity). The functional
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unit was the processing of 1 kg of TC.

The inventory data regarding the inputs and outputs from the process
are presented in Table S5 (Supplementary Material). Data on chemical
and water consumption were derived from the laboratory-scale experi-
ments. CYANEX® 272 and dodecane were assumed to be reused with an
estimated loss of 5% [38]. Accordingly, only the make-up quantities
required to compensate for these losses were considered as inputs in the
life cycle inventory. Electricity is consumed in several process opera-
tions, including milling, heating, mixing and filtration. Given that
laboratory-scale electricity consumption typically overestimates
industrial-scale values, electricity consumption was estimated based on
thermodynamic calculations for heating, while literature data were used
for the remaining operations. For milling, a consumption of 0.01 kWh/
kg of material was adopted [39]. For mixing, the power was estimated
based on the type of mixture (2 kW/L for slurry suspension, 0.1 kW/L for
simple mixing, 1.5 kW/L for liquid-liquid mixing) and the volume,
combined with the duration of the operation [40]. For filtration, a
consumption of 0.005 kWh/L of filtrate was considered [41]. Data on
the production of the inputs were sourced from the ecoinvent database
version 3.11 [42]. The impact assessment was conducted using the
Environmental Footprint 3.1 method [43] as recommended by the Eu-
ropean Commission.

3. Results and discussion
3.1. Leaching

To develop an efficient process for Ta recovery from TC, it is essential
to first understand the structure and composition of the material. The
standard architecture of the SMD TC used includes a porous Ta anode, a
Tay0s dielectric layer, and a MnO; cathode (Fig. 1a). Conductive coat-
ings usually comprise graphite and Ag, while the external terminals are
commonly coated with Sn and may include underlying layers of Cu, Zn,
Ni, and/or Fe, depending on the specific metallization used by the
manufacturer [6,17]. This configuration was validated by the charac-
terization results, which revealed the elemental composition and dis-
tribution within the capacitor, as shown in Fig. 2 and Fig. S1. Prior to
leaching, the capacitors were milled and the particle size distribution of
the resulting powder was determined by laser diffraction. The milled
powder exhibited a mean particle size of 20.1 pm, with d10, d50, and
d90 values of 2.56, 13.95, and 48.47 pm, respectively.

As illustrated in Fig. 2¢-d, Ta and Mn are the dominant components
in the solid fraction. This aligns with their structural roles as the anode
and cathodic layers, further supported by the EDS mapping (Fig. 2a-b
and Fig. S1). The XRD analysis (Fig. 2d) confirms the presence of Ta3Os
and MnO; phases, although the tantalum peaks suggest a potential
mixture of metallic and oxidized forms. Sn and Ag were also detected -
Sn originating from external solder contacts, and Ag from conductive
pastes or terminations, as evidenced by its spatial distribution near the
Mn-rich layer (Fig. 2b). Zr, which is not typically found in TC compo-
nents [2], is attributed to contamination introduced during the milling
process, likely from abrasion of ZrOs-based components of the ball mill.
Although its detected amount is non-negligible, this impurity was not
further considered in the process assessment, as improved selection of
milling materials should readily eliminate this source of contamination.
Moreover, Zr remains confined to the solid residue and does not inter-
fere with the leaching or subsequent separation steps.

Zn can be identified in the plated terminal but other metals such as Ni
and Cu are present in the solid in lower concentrations, below the EDS
detection threshold in the powder, and can only be reliably quantified
after leaching, when their concentration in solution becomes detectable
by TXRF (Fig. 2e). Considering the presence of these elements, three
inorganic acids — HNOs, HySO4, and HCI — were initially evaluated for
their leaching performance at a concentration of 2 M. These acids were
selected based on their known effectiveness in dissolving a wide range of
metals commonly found in electronic waste, their industrial maturity,
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and affordability [22,24,27,30,31,44]. The results are shown in Fig. 2e.
The leaching efficiencies observed are closely related to the redox po-
tential of the target metals relative to the leaching system, as well as to
the solubility of the compounds formed. For reference, the standard
electrode potential (EO) for the elements/compounds of interest is pre-
sented in Table S6 [45].

Zn and Ni, with standard potentials of —0.762 and — 0.257 V,
respectively (both lower than that of the H"/Hz couple) undergo spon-
taneous oxidation in acidic media, which explains their consistent
dissolution across all tested acids. Cu, with a higher potential of 4+0.342
V, is harder to extract and necessarily requires an auxiliary oxidant:
dissolved oxygen in H2SO4 and HCl enables moderate extraction, while
HNO:s achieves higher extraction of Cu, as well as Zn and Ni, due to the
strong oxidizing capacity of nitrate ions.

Ag, with an even higher reduction potential of +0.8 V, is not dis-
solved in HySQy, partly because any Ag™ formed has a limited solubility
in sulfate media and Ag>SO4 tends to precipitate and thereby restrict
further dissolution [46]. The formation of Ag,SO4 was later confirmed
with the XRD analysis of the solid after HoSO4 leaching (Fig. S14). When

nitric acid is used, the strongly oxidizing nitrate ion enables the effective
oxidation and dissolution of Ag, in addition to the metals already
leached by H2S04.

Mn is present as MnO,, which dissolution requires reduction to Mn**
(Table S6). HCI provides slightly higher Mn extraction, likely due to
chloride-assisted redox reactions and complexation that facilitate MnO4
reduction, producing soluble Mn-chloride species [47].

(MHOZ(S) + 4Hcl(aq):MTlClg(aq) + 2H20(1) + Clz(g))

Ta remains in the solid phase under the investigated leaching con-
ditions due to its exceptional chemical inertness. Metallic Ta rapidly
forms a nanometric TapOs passivation layer when exposed to oxygen-
ated or aqueous environments, which is highly stable and insoluble in
common mineral acids (H2SO4, HCl, HNO3) [48,49]. Industrial and
laboratory studies have consistently shown that efficient Ta dissolution
requires fluoride-based media, typically concentrated hydrofluoric acid
(40-48%) or HF- HySO,4 mixtures, which form stable fluor-complexes
[501.

The potential of HyO, as an oxidizing agent in HaSO4 leaching was
also evaluated; however, no significant improvement in metal extraction
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was observed for Mn, Ni, Cu, and Zn, while the undesired Ta dissolution
increased (Fig. S2). As a result, its implementation was not carried out.

Based on these observations, a two-step leaching strategy can be
proposed — Fig. 3. The first step involves using H2SO4 to the selective
leaching of Mn, Ni, Cu, and Zn, while retaining Ag and Ta in the solid
phase. The dissolution of the base-metal-containing phases during this
stage can be generally represented by Eq. (3):

where M represents Mn, Ni, Cu, or Zn. The second step uses HNOs to
dissolve Ag from the remaining solid of the first leaching stage, leaving
Ta in the solid phase. The dissolution of Ag in dilute nitric acid can be
generally represented by Eq. (4):

3Ag + 4HNO3;=3AgNO,; + NO + 2H,0 4

Although both HCI and H2SO4 show similar inefficiency toward Ag
and Ta extraction, HySO4 was selected as the leaching agent in the first
step due to its operational and environmental advantages. It is consid-
erably less volatile and less corrosive to common process equipment,
reducing safety concerns and material degradation. Unlike HC, it does
not release chlorine-containing gaseous emissions such as Cly or HCI
vapors, simplifying gas treatment and minimizing environmental
impact. Furthermore, HySOy4 is a lower-cost and more widely available
reagent, making it the preferred option for scaling up the process [51].

3.1.1. 1" (H,S04) leaching step optimization

Response Surface Methodology was applied to optimize the leaching
step with HSOy4, allowing the identification of the most significant
variables and their interactions. The independent variables considered
were temperature (61-95 °C), HySO4 concentration (0.5-3.5 M), and
solid-to-liquid ratio (S/L, 1/101 to 1/11 w/w). The response variables
were the extraction yields of Mn, Ni, Cu, and Zn (to be maximized), and
Ta and Ag (to be minimized). All experiments were performed with a
fixed contact time of 2 h. The detailed results are presented in the
Supplementary Material (Tables S7-S17, Figs. S3-S12). Model fitting
was evaluated using analysis of variance (ANOVA), with all models
demonstrating good predictive accuracy, as evidenced by coefficients of
determination (R%) ranging from 0.85 to 0.93 and F-calculated > F-
tabulated, confirming the reliability of the models in describing the
experimental data. In all cases, the interpretation of the effects of the
operational variables was based on the response surface analysis, which
accounts simultaneously for the linear, quadratic, and interaction terms
of the fitted models. The influence of the independent variables on metal
extraction is illustrated in Fig. 4, which presents response surface plots
for Mn, Zn, and Ta; the corresponding plots for Ni and Cu, which
exhibited similar trends to Mn, are provided in the Supplementary
Material (Fig. S13) to improve clarity and avoid redundancy. Note that
Ag was not detected under any of the experimental conditions
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Fig. 3. Schematic representation of the proposed two-step leaching process
using H,SO4 and HNOj for metals recovery from TC. The dissolved metals are
processed in subsequent metal recovery steps.
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evaluated.

The influence of the operational variables on metal extraction is
illustrated in the response surface plots (Fig. 4 and Fig. S13) and
corroborated by the Pareto charts (Figs. S3, S5, S7, S9, and S11, Sup-
plementary Material).

From the analysis, Mn, Ni, Cu and Zn had a similar behavior: S/L
ratio and temperature had a significant effect, and the quadratic effects
of all three variables (S/L ratio, temperature, and acid concentration)
were also significant and negative, indicating the presence of optimal
values beyond which extraction efficiency declined, consistent with the
appearance of maxima in the response surfaces.

In the case of Ta, the most critical effect was observed for the
interaction between temperature and S/L ratio, followed by the indi-
vidual effects of acid concentration, temperature, and S/L ratio. How-
ever, the observed trends were opposite to those of the other metals:
higher temperature and S/L ratio had a negative effect on Ta extraction,
while acid concentration had a positive effect, i.e., higher acid concen-
trations promoted increased Ta dissolution. These distinct trends high-
light the different extraction mechanisms involved and guide the
selection of leaching conditions.

Since the objective was to maximize the extraction of Mn, Ni, Cu, and
Zn while minimizing Ta solubilization, response surface analysis indi-
cated that optimal extraction occurs within a region defined by high
temperatures (85-95 °C), elevated S/L (0.09-0.11 g/mL), and moderate
H,S04 concentrations (0.9-1.5 M). Based on this, the optimal conditions
were defined as 90 °C, 1.4 M acid concentration, and a solid-to-liquid
ratio of 1/10 (w/w). Under optimal conditions, the experimental
leaching extraction of metals values are presented in Table 1 and showed
good agreement with the model predictions, with relative errors below
14%. Ta extraction remained very low (0.032 + 0.005) g/100 g, and Ag
was not detected.

The residual solid obtained after HoSO4 leaching was characterized
by SEM-EDS (Table S18, Fig. S14) and XRD (Fig. S15). Overall, the
compositional changes observed in the EDS mapping (Fig. S14) and
quantification (Table S18) confirm that HySO4 effectively dissolves Mn-
based and other soluble components, while Ta and Ag are largely un-
dissolved. The XRD pattern supports these findings, with Ta as the
dominant phase. The coexistence of silver oxide and sulfate indicates
that part of the silver as leached and reprecipitated as poorly soluble
AgoSO4, while a fraction remained as oxide; this reprecipitation
pathway rationalizes the limited Ag extraction observed in H,SO4 when
compared with HNOs.

It should also be noted that Sn was not detected in quantifiable
concentrations in the HySO4 leachate under the optimized conditions.
SEM-EDS analysis of the leaching residue (Fig. S14, Table S18)
confirmed that Sn remained in the solid phase after this step.

The time of extraction is also an important variable to consider.
Therefore, a kinetics analysis was performed and is presented in Fig. 5.
Although slight increases in metal extraction were observed at longer
leaching times, particularly for Cu, most of the extraction of Mn, Cu, Ni,
and Zn was achieved within the first 120 min. Therefore, 120 min (2 h)
was selected as the operating time as a balance between metal recovery,
energy consumption, and process throughput. Ag and Ta extraction
remained negligible throughout the studied period.

To better understand the leaching mechanism involved in metal
extraction, the widely applied shrinking core kinetic model was
employed and adjusted to describe the process. In the shrinking core
model, it is assumed that an intermediate layer forms between the
unreacted core and the leaching medium. As leaching occurs, the
unreacted core recedes toward the center of the particle, resulting in a
decrease in the particle's radius. Different linear adjustments can be
used, based on the rate-limiting step in the dissolution process: the layer
mass transfer control model (Eq. (5)), the surface chemical reaction
model (Eq. (6)), and the residual layer diffusion model (Eq. (7)) [52,53].

x =Kkt 5)
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Fig. 4. Response surface plots of H,SO, extraction for Mn (a;-c1), Zn (ax-3), and Ta (az-c3), illustrating the combined effects of acid concentration and solid-to-liquid
(S/L) ratio (aj,an,as), temperature and acid concentration (by,bs,b3), and temperature and S/L ratio (c1,co,c3). Mn is presented as a representative example of the
extraction behavior also observed for Ni and Cu, whose corresponding plots are provided in Fig. S13 (Supplementary Material).
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. . . . Fig. 5. Effect of time on the leaching extraction of metals from TC using HySO4
where x is the fraction reacted, ki, k2, and k3 are the fitting line at the optimized conditions ([H2SO4] = 1.4 M, S/L ratio = 1/10 (w/w) and T

slopes, and t is the leaching time (min). =90 °C).
The kinetics data were fitted to the shrinking core linear models
assuming no initial extraction (t = 0, x = 0). The parameters were coefficients obtained for each model are shown in Table 2 and Fig. S16.
estimated using the leaching obtained up to 120 min, before the leaching
efficiency plateau was reached. The constant values and correlation Although different linearizations of the shrinking core model were
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Table 2

Experimental shrinking core model constant values and their respective corre-
lation coefficients for HoSO4 leaching of TC ([H>SO4] = 1.4 M, S/L ratio = 1/10
(w/w), T=90 °C, t =2 h).

Layer mass transfer Surface chemical Residual layer

reaction diffusion
Element  k; (min) ! R? ko (min) ! R? k3 (min) ! R?
Mn ?'03*63 x 0.661 f'oéjs % 0.715 1'05,23 % 0.900
Ni ‘1‘63,73 x 0.764 166,93 x 0.800 sz, x 0.922
Cu ?07*93 x 0.698 i';,zs x 0.716 ;‘fi x 0.875
Zn ?3,13 x 0.757 %)i x 0.800 ?:,04 x 0.971

tested, the fits obtained for the residual layer diffusion model were
consistently superior, with R? values of 0.875-0.971, compared to
0.661-0.757 for layer mass transfer and 0.715-0.800 for surface
chemical reaction. This indicates that, while the other models can
approximate the data to some extent, residual layer diffusion provides
the most accurate description of the leaching kinetics of Mn, Ni, Cu, and
Zn. However, the poorer agreement at short times (Fig. S16) suggests a
transient stage where the assumptions of the model are not yet valid,
since, as Levenspiel (1999) [54] noted, the resistance of the residual
layer is absent at the beginning of the reaction but becomes progres-
sively more important as dissolution proceeds. Once the product layer is
developed, the residual layer diffusion model accounts well for the
experimental data, in line with the response surface results, which also
point to diffusion limitations as the dominant factor.

The strong influence of both the solid-to-liquid ratio and temperature
observed in the response surfaces is consistent with this kinetic inter-
pretation. In a diffusion-controlled regime, the availability of reactive
surface area and the development of a product layer govern the overall
rate. At moderate S/L ratios, the higher amount of solid increases con-
tact with the lixiviant, facilitating dissolution. However, the excessive
loadings lead to thicker product layers and mass-transfer limitations,
which explain the appearance of optimal values rather than continuous
improvement. In addition, it cannot be excluded that at very high S/L
ratios the decrease in extraction is partly related to acid depletion, since
the relative amount of lixiviant per mass of solid becomes insufficient to
sustain complete dissolution. A similar trend is observed for tempera-
ture: although higher values enhance ion transport and accelerate the
initial stages of dissolution, the thickening of the product layer pro-
gressively counterbalances this effect, so that the overall rate no longer
increases beyond a certain range [54]. This reasoning also explains the
role of acid concentration. Increasing the acid concentration does not
overcome the diffusional barrier; rather, higher proton availability ac-
celerates the initial dissolution, which promotes a faster build-up and
thickening of the product layer. In concentrated sulfuric media, this
effect may be reinforced by passivation phenomena, further hindering
metal leaching and accounting for the decrease in extraction efficiency
observed in the response surfaces [55].

Similar kinetic behaviors were reported in the literature, where the
shrinking core model identified residual layer diffusion as the dominant
mechanism. Most of these studies concern primary resources, such as the
leaching of nickel from low-nickel matte in sulfuric acid [56], the
dissolution of copper from molybdenite concentrates in sodium di-
chromate solution [57], and the leaching of low-grade zinc silicate ore
[58]. In addition to primary ores, evidence from recycling processes also
points to residual layer diffusion mechanisms. Examples include the
oxidative leaching of copper smelting slag in the HySO4-H30, system
[59] and sulfuric acid leaching of Zn from waste metal oxide varistors
[60]. These studies confirm that diffusion through the product layer is
not only common in mineral systems but also governs the kinetics of
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several secondary resources, reinforcing the conclusion that the same
mechanism controls the leaching of Mn, Ni, Cu, and Zn from TC in this
work.

3.1.2. 2" (HNOs) leaching step optimization

RSM was also applied to optimize the second leaching step, aiming to
selectively extract Ag from the solid residue obtained after HSO4
treatment while minimizing the co-dissolution of Ta. A 22 CCRD was
used to evaluate the effects and interaction of two independent vari-
ables, i.e., HNOs concentration (0.6-3.4 M) and temperature (49-95 °C).
The solid-to-liquid ratio (1/10 w/w) and contact time (2 h) were
maintained constant. The complete experimental matrix and responses
are provided in the Supplementary Material (Tables S19-S23, Figs. S17-
$20). Model fitting was evaluated using analysis of variance (ANOVA),
with both models demonstrating satisfactory predictive accuracy at the
95% confidence level, as indicated by coefficients of determination of
R? = 0.96 for Ta and R? = 0.87 for Ag, and by F-calculated > F-tabu-
lated. These results confirm the reliability of the models in describing
the experimental data.

The influence of the operational variables on Ag and Ta extraction is
illustrated in the response surface plots Fig. 6 and corroborated by the
Pareto charts (Figs. S17 and S19). For Ag, both HNOs concentration and
temperature had a positive effect on extraction, with both variables
showing a similar level of significance. However, the quadratic terms for
both factors were also significant and negative, indicating the existence
of an optimal region beyond which extraction yields declined, consistent
with the presence of a maximum in the response surface. The interaction
term also exhibited a negative effect, indicating that the simultaneous
increase in both variables resulted in a reduction in extraction effi-
ciency. Overall, Ag extraction was favored under intermediate-to-high
acid concentrations and temperatures, particularly in the range of
2.0-2.5 M HNOs and 70-90 °C.

These contrasting behaviors enabled the identification of a selective
leaching window, in line with the objective of maximizing Ag extraction
while minimizing Ta dissolution. Moderate leaching conditions proved
sufficient to enhance Ag recovery while maintaining minimal Ta solu-
bilization. Based on these trends, the optimal conditions for the selective
leaching of Ag from the solid residue were determined to be 72 °C and
2.0 M HNOs. Under these conditions, the experimental extraction of (1.1
=+ 0.2) g/100 g for Ag and (0.159 £ 0.009) g/100 g for Ta was in good
agreement with the predicted trends, supporting the suitability of the
selected leaching parameters.

The extraction behavior of Ag is consistent with what is expected in
nitrate media. Nitric acid is a strong oxidizing lixiviant that converts
metallic oxide or sulfide Ag into soluble Ag" (as AgNO3), so increasing
HNOj3 concentration initially promotes dissolution. At higher concen-
trations, however, the efficiency of Ag extraction decreases, as also
observed in previous kinetic studies of silver dissolution in nitric acid
[61,62]. This decline was attributed to the formation of a saturated
AgNOs film at the solid-liquid interface and the reduced availability of
catalytic HNO, formed in the reaction. These phenomena account for
the negative quadratic effect of acid concentration and explain the
presence of an optimum region in the response surfaces. Previous studies
on silver dissolution in nitric acid generally reported exclusively positive
effects of temperature on extraction; however, these investigations were
restricted to lower temperature ranges (25-65 °C) [61-63], which
makes the comparison with the present results less direct. Different ki-
netic regimes were also identified depending on the experimental con-
ditions: at high acid concentrations, the process was associated with
mass-transfer limitations [62], whereas in others, surface chemical re-
action was identified as the controlling step [61]. Additionally, silver
recovery from spent silver oxide button cells was described as an
intermediate-controlled mechanism, with both nitric acid concentration
and temperature exerting a positive effect on the dissolution process
[63]. Taken together, these studies demonstrate that the rate-controlling
step in silver dissolution is not universal but highly dependent on the
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Fig. 6. Response surface plots of HNO3 extraction of Ag (a) and Ta (b) with the combined effects of concentration of acid and temperature.

leaching window and the material investigated.

In contrast, Ta remains largely solid in nitrate media, since HNO3
provides no strong complexation pathway for Ta in the absence of
fluoride; as a result, increasing HNO3 concentration or temperature
within the studied range does not meaningfully promote Ta dissolution.
These contrasting behaviors define a selective window — intermediate-
to-high acid concentration (~2.0-2.5 M) and elevated temperature
(~70-90 °C) — that maximizes Ag recovery while keeping Ta in the
solid, matching the experimentally validated optimum.

The residual solid after HNO3 leaching was analyzed by SEM-EDS
(Fig. S21, Table S24) and XRD (Fig. S22). SEM-EDS analysis confirms
that Ag was effectively removed by HNO3 leaching, while Ta remained
as the main component. The final solid residue contains (79 + 2) wt% of
Ta, which increases to (85 + 3) wt% when Zr is excluded, since this
element can be removed from the process by optimizing the milling step.
The reported purity values were estimated from multiple SEM-EDS
measurements performed at different regions of the sample to mini-
mize local heterogeneity effects.

Considering the estimated Ta content of the initial material obtained
by SEM-EDS analysis (~42 wt%), the combined Ta loss during the
H,S04 and HNOj3 leaching steps was approximately 0.191 g/100 g TC,
corresponding to less than 0.5 wt% of the initial Ta content. These re-
sults confirms that Ta was effectively retained in the solid phase
throughout the process. Likewise, Sn was not leached in quantifiable
amounts during the HNOj3 leaching step. SEM-EDS analysis of the final
residue (Fig. S21, Table S24) confirmed its presence, indicating that Sn
remained associated with the Ta-rich solid throughout the process. If
higher Ta purities are required, additional purification steps targeting
Sn-containing phases could be implemented after the leaching process.
For example, sequential HCl and NaOH treatments have been reported
as an effective approach for Sn removal during the upgrading of Ta- and
Nb-rich materials from tin slag [64]. However, the development and
optimization of an additional Sn-removal step was beyond the scope of
the present work, which focused on the selective recovery of metals and
the production of a Ta-rich solid.

The XRD pattern supports these results, showing Ta as the dominant
crystalline phase and the continued presence of Sn and ZrO, (contami-
nant from the milling process). It is important to highlight that Zr was
not detected in the leachate during any of the leaching steps. This is
consistent with its known resistance to leaching, as Zr requires either a
large excess of concentrated sulfuric acid or the presence of toxic fluo-
ride ions to be effectively solubilized [51]. Therefore, while Zr acts as a
contaminant introduced during sample preparation, it remains inert
under the conditions applied in this process. The absence of detection of
Ag-containing phases further confirms the success of the second leaching

step of the TC.

Although the recovered tantalum-containing solid does not corre-
spond to high-purity tantalum, it can be directly used as a feedstock for
downstream tantalum processing routes. In contrast to primary
tantalum concentrates, which typically contain around 30 wt% Tas0s5
[65] and require extensive chemical upgrading, the proposed process
delivers a highly enriched oxide-based material, substantially reducing
the need for further beneficiation.

3.2. Selective recovery of leached metals

3.2.1. Mn, Zn, Cu and Ni recovery from H,SO4 solution

The final HoSO4-leachate (composition in Table S25) was subjected
to a sequence of separation steps to recover the metals individually as
shown in Fig. 7.

Initially, KMnO4 was added to promote the precipitation of Mn. This
treatment oxidized Mn to insoluble MnO, and can be generally repre-
sented by Eq. (8):

3Mn?" + 2MnO;, + 2H,0=5MnO, + 4H" ®

KMnO4 was selected because it provides direct, rapid, and efficient
separation under acidic conditions, eliminating the need for pH
adjustment (original pH of 0.15) [66]. Mn was almost completely
recovered (97.29 + 0.03) % while the other metals remained in the
liquid phase (Fig. S23). Based on the variation of metal concentrations in
the liquid phase before and after precipitation, Mn corresponded to
approximately 98 wt% of the metals recovered in the brown solid
obtained.

Next, 0.4 M of CYANEX® 272 dissolved in n-dodecane was used to

METAL RECOVERY
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KMnO,
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H,S0,

Y

Zn stripping

Fig. 7. Schematic representation of the metal recovery steps following the two-
step leaching process (Fig. 3) for metals recovery from TC.
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extract the remaining metals from the aqueous phase. CYANEX® 272 is
an acidic organophosphorus extractant whose active component is a
dialkyl phosphinic acid, and metal ions are recovered through a cation-
exchange mechanism. CYANEX® 272 is reported to be fully miscible
with both aliphatic and aromatic diluents and to display excellent
thermal and hydrolytic stability. CYANEX® 272 was selected as an
extractant due to its well-established efficiency in separating base metals
from sulfate media through a pH-dependent cation-exchange mecha-
nism. Building on this known behavior, the present work applies CYA-
NEX® 272 and explores its selective extraction performance for Zn, Cu,
and Ni under controlled and optimized conditions [33]. The extraction
of divalent cations with CYANEX® 272 follows a cation-exchange
mechanism that can be expressed as in Eq. (9):

M2+ 2(RH) g = M(Rz) g + 2H;

(aq)

(org) (org (C))

where M?* represents the metal ion in the aqueous phase, RH is the
phosphinic acid extractant, and the subscripts “aq” and “org” refer to the
aqueous and organic phases, respectively. In this equilibrium, metal ions
are transferred into the organic phase by displacing protons originally
bound to the extractant [67]. Consequently, the distribution of metals is
strongly governed by the proton concentration of the solution: at low pH
values, the high concentration of H* suppresses metal uptake, while
increasing the pH reduces proton competition and promotes the for-
mation of stable metal-extractant complexes in the organic phase [33].

Different pH values were evaluated to determine the best conditions
for extracting each metal, from 0.15 (original) to 8.5. The pH was
adjusted using a 14 M NHj solution, which was selected because
ammonia both prevents precipitation by increasing the solubility of the
corresponding metal sulphates at higher pH and promotes selective
separation through the formation of aqueous metal-ammonia complexes
that influence the distribution of each cation between phases [68]. The
pH dependency behavior is illustrated in Fig. 8a. At low pH values (< 3),
there is negligible transfer to the organic phase. With increasing pH,
competition from protons decreases, and Zn is the first to be efficiently
extracted, reaching almost complete transfer at pH 5. This agrees with
its higher affinity for the phosphinic acid extractant compared with Cu
and Ni [33,69]. At intermediate pH values (= 6), Cu extraction increases
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sharply, while Ni remains largely in the aqueous phase. Only at higher
pH values (> 8) does Ni show substantial extraction, consistent with
literature reports [33,70]. This sequential shift demonstrates the feasi-
bility of stepwise separation, where Zn can be selectively recovered at
lower pH, Cu at intermediate pH, and Ni at higher pH. Therefore, two
solvent extraction steps were performed in the process (Fig. 7), and the
results are shown in Fig. 8b-c.

The first solvent extraction step, aimed at extracting Zn, was per-
formed at pH 5. The result is shown in Fig. 8b, and (94.33 + 0.06) % of
Zn was extracted to the organic phase, while the other metals remained
in the aqueous phase. Following this, Zn was stripped into a solution of
H2S04, and the different concentrations were analyzed (Fig. 8c). A
concentration of 0.1 M H2SO4 was able to strip 100% of the Zn with a
purity of 93 wt%. Sulfuric acid was selected as the stripping agent
because it is the most widely applied acid in hydrometallurgy and the
acid of choice in electrolytes for the electrowinning and electrorefining
of several base metals, thereby facilitating integration with downstream
recovery steps [71].

Another extraction with the mixture of 0.4 M CYANEX® 272 in
dodecane was done at pH 7. The result is shown in Fig. 8b. 100% of Cu
was extracted to the organic phase while Ni remained in the aqueous
phase with a purity of 99 wt%. In the sequence, Cu was stripped to a
solution of H,SO4. Different concentrations were analyzed (Fig. 8c), and
a purity of 94 wt% Cu in the aqueous phase was achieved with 0.5 M
H,S04.

While previous studies [69] reported the recovery of Zn and Cu from
CYANEX® 272 using sulfuric acid, these processes typically require
multiple stripping stages and/or higher acid concentrations under
different operating conditions, including lower extractant concentra-
tions and continuous multistage configurations. In contrast, the present
work demonstrated efficient stripping behavior, achieving complete Zn
recovery and high Cu recovery in a single stripping stage using
comparatively diluted H2SO4 solutions under the investigated batch
conditions.

3.2.2. Agrecovery from HNOj3 solution
Following the HNOg leaching step, NaCl was added to the leachate
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concentration in aqueous solution of Zn and Cu (c). Ratio between organic and aqueous solution is 1/1 w/w in all cases.
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(molar ratio of 1.1 NaCl: 1 Ag) to induce the precipitation of AgCl, as can
be seen in Fig. 7. Upon NaCl addition, Ag precipitation occurs according
to Eq. (10):

Ag" +Cl =AgCl (10)

Sodium chloride was selected as a precipitating agent because it
provides a readily available and inexpensive source of chloride ions, and
AgCl is extremely insoluble in aqueous media (0.00019 g/100 g at 25 °C)
[72]. The formation of AgCl was confirmed by XRD analysis (Fig. S24),
which showed only the characteristic diffraction peaks of AgCl and no
detectable secondary crystalline phases. The precipitate exhibited an Ag
recovery of (96.2 + 0.4) wt% with a purity of (98 + 6) wt%, demon-
strating the high selectivity of the precipitation step (Table S26). The
small fraction of unrecovered Ag is likely associated with residual dis-
solved Ag species remaining in solution after precipitation. The
remaining impurities were mainly Ni and Mn, which are expected to
remain soluble as chloride species under the investigated conditions.
Therefore, their presence is likely related to entrainment of the mother
liquor and could be further reduced through additional washing steps if
higher AgCl purities are required.

4. Conceptual process and economic/life cycle assessments

The results obtained led to the conceptual development of a process
that enables the extraction and recovery of metals from TC, illustrated in
Fig. 9.

The process consists of three main stages: (1) pretreatment, (2)
extraction, and (3) purification. In the extraction stage, two steps are
present: HpSO4 and HNOg leaching. The purification step includes Mn
and Ag precipitation, as well as Zn and Cu solvent extraction leaving Ni
in the aqueous phase. In Fig. 9, the black continuous arrows represent
the steps developed in this work, while the black dashed lines (i.e. the
organic phase recycling) represent conceptual steps that were consid-
ered for the LCA but not tested. Moreover, in each stage, the inlets and
outlets are described in terms of their composition, purity, and global
metal recovery. The overall recoveries achieved were 97% for Mn, 84%
for Ni, 91% for Cu, 91% for Zn, 96% for Ag, and 99.6% for Ta. A detailed
material balance for all process streams, normalized to the treatment of
1 kg of TG, is provided in the Supplementary Information (Table S27).

Regarding industrial implementation, additional process engineer-
ing considerations, including reagent handling and pH-control strate-
gies, should be evaluated in future scale-up studies. In particular, the use
of 14 M NHj; in the present work was selected to minimize dilution
during laboratory-scale pH adjustment and is not an intrinsic require-
ment of the process. Under the investigated conditions, the required NHs
solution corresponds to less than 5% of the leachate mass. Therefore,
more dilute ammonia solutions could be employed at industrial scale
with only a limited increase in process volume, while potentially
improving operational safety. Ammonia-containing process streams
should also be considered during future process engineering studies,
including the implementation of wastewater treatment integration and
ammonium sulphate recovery strategies according to the final process
configuration. The presence of ammonia-containing streams was
already considered in the LCA inventory and therefore contributes to the
environmental impact assessment of the proposed process.

Furthermore, although new capacitors were used in this study, end-
of-life capacitors from real waste streams may exhibit different degrees
of oxidation, contamination, or degradation, which could influence
process performance and warrant further investigation.

To evaluate the environmental benefits of the proposed recovery
process, a LCA was performed. The results obtained for the processing of
1 kg of TC were compared with those of producing the same quantities of
metals from primary sources (Table S28). Inventory data for primary
metal production was sourced from the ecoinvent database version 3.11
[42].
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The LCA results show that the proposed recovery process offers sig-
nificant environmental advantages compared to primary metal pro-
duction. Across all impact categories evaluated, the recovery process
leads to substantial reductions. Climate change and acidification are
reduced by approximately 86% and photochemical ozone formation by
94%. Eutrophication impacts are also notably lower, with reductions of
around 97% for marine ecosystems and 96% for freshwater. In terms of
resource consumption, the recovery process reduces fossil resource use
by approximately 78%, while the impact on mineral and metal resource
use is reduced by more than 99.9%. These results underscore the sig-
nificant environmental benefits of the recovery approach, rendering it a
more sustainable alternative to conventional primary metal production
and supporting the development of circular economy strategies in the
electronics sector.

When analyzing the environmental impacts associated with each
step of TC recycling, the purification stage clearly stands out as the
primary contributor (Fig. 10a). Zn and Ni/Cu solvent extraction steps
account for a substantial share of the total impact, contributing
approximately 20-47%, and 39-49%, respectively. The solvent extrac-
tion step for Ni and Cu recovery emerges as the major hotspot in all
environmental impact categories, largely driven by the production of
CYANEX® 272, as well as HoSO4 production in the case of the acidifi-
cation category. The production of CYANEX® 272 is also the main cause
of impacts in the Zn solvent extraction.

Fig. 10b highlights the contributions of individual metal productions
in the primary production route. Ta is the dominant contributor across
most impact categories. However, in mineral and metal resources use,
AgCl production takes the lead, indicating a relatively higher environ-
mental burden in this category. Since Ta dominates the environmental
footprint of the primary route, its recovery from waste effectively offsets
these impacts, turning a critical waste stream into a sustainable sec-
ondary source. This not only eliminates the need for high-impact pri-
mary extraction but also closes the loop for one of the most critical
elements in modern electronics, reinforcing the circularity and overall
sustainability of the proposed process.

To assess the economic feasibility, a preliminary cost-benefit anal-
ysis was performed, focusing specifically on the reagent costs incurred in
processing 1 kg of TC as shown in Fig. 9. The costs and returns consid-
ered are shown in Table S29 and Table S30, respectively. Considering
average values for the last years, the process costs €6.99 and returns
€84.36, yielding a gross margin of €77.37 per kg of TC. When individual
process outputs are considered, the solid Ta oxide stream obtained is
economically decisive since it accounts for approximately 99% of the
total revenue. A stepwise breakdown (Table S31) indicates that most
auxiliary recovery steps, namely MnOj precipitation and solvent
extraction stages, introduce additional operating costs that are higher
than their respective returns. In contrast, Ag recovery via AgCl precip-
itation is economically self-sustaining, as the associated operating cost is
fully compensated by the value of the recovered product.

Given that tantalum oxide accounts for approximately 99% of the
total process revenue, the economic robustness was assessed as a func-
tion of TayOs market variability. Using the minimum and maximum
Tay0s prices reported over the past five years (Table S30), the process
remains profitable across the entire price range, with estimated gross
margins between €71.29 and €89.92 per kg of TC. This sensitivity
analysis demonstrates that the economic performance of the proposed
process is largely insensitive to short-term market fluctuations, sup-
porting its robustness and potential applicability under realistic oper-
ating conditions.

Building on the techno-economic assessment, which identified TaOs
and AgCl recovery as the only economically viable stages of the process,
a scenario-based LCA was carried out to investigate the environmental
implications of restricting the flowsheet to these steps. This approach
enables a direct evaluation of how process simplification, guided by
economic feasibility, affects the overall environmental performance,
while maintaining a consistent system boundary definition across
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Fig. 9. Process diagram for the recycling of TC.

scenarios.

Three LCA scenarios were therefore evaluated, including the full
process with all separation and purification stages (1), a reduced
configuration limited to TayOs recovery up to the HNOj3 leaching step
(2), and a streamlined route combining Ta;Os5 recovery with AgCl pre-
cipitation (3). The results comparing the relative environmental impacts
of the proposed scenarios compared with the conventional primary
metal production (100%) are shown in Fig. 11.

The results reveal that the scenario considering only tantalum re-
covery exhibits slightly higher relative environmental impacts
compared with primary metal production across most impact categories
when compared to the scenario that includes silver recovery. Although
this outcome may appear counterintuitive at first glance, it can be
rationalised by examining the distribution of environmental burdens
across recovered products (Fig. 10b). When silver is not recovered, the
impacts associated with reagent consumption, energy use, and upstream
processing remain entirely attributed to tantalum, resulting in higher
impacts per functional unit. In contrast, including silver recovery allows
these burdens to be shared between two valuable products, thereby
improving overall resource efficiency. Moreover, the AgCl precipitation
step introduces only a limited marginal environmental burden, mainly
associated with NaCl consumption and minor additional processing re-
quirements. This additional impact is largely outweighed by the
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environmental benefit of recovering silver, a high-value metal whose
extraction from primary resources is associated with significant envi-
ronmental pressures.

This observation does not undermine the environmental relevance of
the full process; rather, it highlights the role of scenario-based allocation
in shaping impact interpretation and demonstrates how selective re-
covery strategies can enhance overall process efficiency. The complete
flowsheet remains a necessary reference case, as it captures the cumu-
lative environmental burdens associated with all recovery and purifi-
cation stages and provides a comprehensive baseline for comparison. In
this context, the reduced and streamlined scenarios should be regarded
not as alternative process proposals, but as analytical tools that help
identify where environmental and economic performance can be most
effectively improved through process intensification and targeted opti-
misation. Further improvements could be achieved by reusing and
recirculating the aqueous phases containing Zn, Cu, and Ni, allowing
these metals to be progressively concentrated into more defined outlet
streams without modifying the overall process configuration. Such an
approach would increase the effective metal concentration in the final
aqueous products while reducing dilution, reagent consumption, and
downstream treatment requirements. This perspective reinforces that
the complete flowsheet remains a viable and promising framework, with
clear opportunities for optimisation through internal stream



F.N. Braga et al.

Sustainable Materials and Technologies 49 (2026) 02136

Resource use -

minerals and
metals

Resource use -
fossils

Eutrophication -
freshwater

Eutrophication -
marine

Photochemical
ozone formation

Acidification

Climate change -
fossil

20

O

40 60 80 100

Relative contribution of process steps (%)

3 Milling

= H,SO, leaching

3 HNO; leaching [ Mn precipitation

3 Ag precipitation 3 Zn solvent extraction 2 Cu solvent extraction

Resource use -
minerals and
metals

b)

Resource use -
fossils

Eutrophication -
freshwater

Eutrophication -
marine

Photochemical
ozone formation

Acidification

Climate change -
fossil

20

o

40

T T T

60 80 100

Relative contributions of each metal (%)
[ Ta,05 3 AgCl 3 MnO, 1 ZnSO, 3 CuSO, 1 NiSO,,

Fig. 10. Relative contributions to the LCA results for (a) each step of the metal recovery process from TC, and (b) each metal in the primary production route, across

seven environmental impact categories.

—

30%

25% 4

20%

15% -

10%

5% -

Recycling relative environmental impact (%

0% -

Scenario 1 - Full process [ | Scenario 2 - Tarecovery || Scenario 3 - Ta ang Ag recovery

| .

B

Climate
change - ozone
fossil formation

Acidification Photochemical Eutrophication Eutrophication Resource use Resource use
- marine

- minerals and
metals

- freshwater - fossil

Fig. 11. Relative environmental impacts of the three different scenarios compared with the conventional primary metal production (100%).

management rather than fundamental process redesign.
Beyond economic considerations, the proposed process presents
several operational advantages, including direct recovery of TapOs as a

solid at the leaching stage, a fluoride-free flowsheet based on readily
available reagents, and the use of a recyclable organic phase in solvent
extraction. In addition, aqueous side streams containing Ag, Mn, Zn, and
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Cu can be reused and progressively concentrated according to market
requirements, offering flexibility for process operation and scale-up.
Compared to primary tantalum mining, which typically yields concen-
trates containing less than 30 wt% TaOs [65], the process produces a
highly enriched tantalum-containing solid (~85 wt% Ta), reducing
downstream purification needs. Consistent with these features, the LCA
confirms significant environmental benefits relative to primary pro-
duction. Overall, while some by-product recovery steps are not
economically attractive when considered individually, the process re-
mains economically viable as a whole and environmentally favourable
within a circular-economy framework.

The favourable technical, economic, and environmental outcomes
obtained in this study suggest that the proposed approach may have
relevance beyond the specific capacitor type investigated. While this
study focused on a commercial 470 pF, 6.3 V D-case tantalum capacitor,
the recovery strategy is based on the chemical behavior of the constit-
uent metals and is expected to be applicable to tantalum capacitors with
similar compositions. Future work should evaluate the performance of
the process using capacitors from different manufacturers and with
different specifications.

5. Conclusion

This study presents a hydrometallurgical process for the selective
recovery of Ta, Ag, and remaining transition metals from TC. By
avoiding the dissolution of Ta, the proposed method enables the efficient
separation and purification of this metal, as well as Ag, Mn, Ni, Cu, and
Zn, through a combination of acid leaching, precipitation, and solvent
extraction steps. Optimization through response surface methodology
ensured high recovery efficiencies, with purities above 93% for all
recovered metals.

The sequential leaching approach, employing sulfuric acid for base
metal extraction and nitric acid for selective silver recovery, proved
effective in maximizing metal yields while maintaining Ta oxide in the
solid residue. Mn was nearly completely precipitated using KMnOj,
while Zn and Cu were successfully separated by pH-controlled solvent
extraction using CYANEX® 272 in dodecane. Silver was recovered as
AgCL

The process was consolidated into a conceptual flowsheet and eval-
uated through LCA. LCA results demonstrated that the proposed recy-
cling route offers substantial environmental advantages over primary
metal production, reducing impacts by up to 99.9% across key cate-
gories. The purification stage was identified as the primary contributor
to residual impacts, primarily due to the production of chemical re-
agents. Nonetheless, the overall process supports circular economy
strategies by enabling the recovery of critical and valuable metals from
e-waste, thereby reducing the environmental burden. A preliminary cost
analysis confirms the economic feasibility of the proposed process.

These results validate the technical feasibility and sustainability of
the proposed process, offering a viable solution for addressing the
growing e-waste challenge while safeguarding critical material supply
chains.
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