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1. Introduction

This Special Issue focuses on innovative approaches and methodologies for valorizing
waste, including mineral waste and end-of-life (EoL) products, through the recycling
and recovery of critical and strategic metals, including, but not limited to, rare earth
elements, cobalt, copper, nickel, lithium, silver, aluminum, titanium, and silicon. Given the
growing demand for these metals in high-tech and green energy industries, sustainable
waste management practices are imperative. Key topics include, but are not limited to,
the following:

Extraction and Purification processes: Hydrometallurgical techniques for recov-
ering critical and strategic metals from industrial by-products, mineral residues, and
EoL products.

Recycling Technologies: Cutting-edge approaches to enhance the efficiency and cost-
effectiveness of recycling critical and strategic metals from waste streams such as sludge,
red mud, tailings, slag, and EoL products, utilizing pyrometallurgical, hydrometallurgical,
and electrometallurgical methods.

Thermodynamical Modeling and Process Simulation: In-depth studies on the ther-
modynamical aspects of metal extraction processes, including modeling and simulation
techniques, to optimize and tailor the recycling techniques.

Economic and Environmental benefits: Comprehensive assessments of the potential
economic gains and environmental impacts of critical /strategic metal recovery, fostering a
circular economy and sustainability.

Case studies: Practical applications in the valorization of mineral waste and the
extraction of critical and strategic raw materials.

Our text provides advances in the understanding of waste valorization. In particular,
recycling and the recovery of critical and strategic metals were performed from different
materials, such as red mud, using a combined pyrometallurgical and hydrometallurgical
strategy. The hydrogen reduction of iron oxides from bauxite residue before a leaching
process now offers a chance for an environmentally friendly technology.

2. Contents of This Special Issue

The Special Issues contain eight papers, which are mentioned in our list of contribu-
tions. Challenges and opportunities for the development of urban mining in Brazil are
reported about the state of the art for these important activities (Contribution 1). This
article highlights its unique context compared to other regions. While the European Union
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focuses on critical metal supply and advanced Waste Electrical and Electronic Equipment
(WEEE) legislation and the circular economy, Brazil’s urban mining is primarily driven by
waste management and social inclusion. The current investigation was underpinned by the
PRISMA extension for Scoping Reviews (PRISMA-ScR framework) using targeted searches
on the Web of Science platform for technological processes and the Brazilian scenario,
complemented by an analysis of legislative evolution and a Critical Discourse Analysis of
national policies. The results indicate that, despite advanced legislation, significant gaps
exist between discourse and practice, highlighting the need for technological appropriation,
specific public policies that incentivize reverse logistics, and the integration of the informal
sector, and overcoming infrastructural challenges. It concludes that Brazil has a unique
opportunity to develop an urban mining model that pioneeringly integrates environmen-
tal sustainability, technological innovation, and social inclusion, demanding coordinated
efforts to overcome existing barriers.

Copper and cobalt are critically important metals for the transition to renewable
energy and various aspects of modern life. Their production from primary sources, ores,
necessitates metallurgical separation from the unwanted host materials, resulting in the
generation of a huge amount of waste. Copper smelting slag is one of these metallurgical
wastes, with 39 million tonnes of slag generated and discarded globally each year. These
massive amounts of slag occupy a considerable and growing land footprint, often close
to residential areas, and present a hazard that potentially releases contaminants into the
environment. On the other hand, they also represent a material that often contains a
significant residual amount of valuable copper and cobalt. To better understand and
address the challenge of reducing the adverse impacts of the waste, as well as the possible
commercial opportunity the contained critical metals present, this study reviews global
smelting slag production over the last 25 years, its composition, and technical reprocessing
options. A summary of the chemical and mineralogical characterization of the copper
slag from diverse research is thus provided, as well as a comprehensive overview of the
processing strategies for metal recovery from copper slag, such as flotation, pyrometallurgy,
and hydrometallurgy. The study demonstrates that a huge amount of smelting slag has
been produced, with great variation and complexity, which represents a major potential
resource for cobalt and copper metals (Contribution 2). The chemical and mineralogical
composition of smelting slag varies from location to location, depending on the properties
of the feed concentrate, type of fluxes, furnace type, and cooling rates employed during
and after the smelting processes. The overview of the production trends and reprocessing
techniques shows that while some notable effective options exist or are emerging, further
research is needed into the reprocessing of smelting slag waste in order to create economic
value, improve energy efficiency in metal production, increase critical metal supply, and
reduce negative environmental impacts.

Municipal solid waste (MSW) is incinerated to reduce the volume and recover energy
and materials. The generation of MSW has been increasing over the past few decades due
to the increase in population and changing consumption habits. Rising environmental
and economic concerns have increased the importance of waste treatment and recovery.
Currently, MSW may take three alternate or parallel routes: direct recycling, incineration,
or landfill, depending on the country and location. MSW incineration has three products in
addition to energy: bottom ash, fly ash, and off-gas. After incineration, bottom ash usually
still contains many materials to be recovered, such as glass, ceramics, and metals with a
degree of oxidation. This study focuses on aluminum recovery from MSW incineration
bottom ash from two different countries. The 2-30 mm fraction of aluminum particles was
characterized in terms of its size, shape, and oxide thickness, and its effects on aluminum
recovery were investigated. In addition, the ability of mechanical pre-treatment to remove
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oxides prior to melting was studied. The results were compared with the analytical
modeling developed in this study. An increasing particle size and surface area resulted in
an increase in aluminum recovery. Mechanical pre-treatment increased the yield for smaller
particles to a larger extent than for larger particles due to the difference in the oxide/metal
ratio (Contribution 3).

Red mud is a byproduct of alumina production, which is largely stored in landfills
that can endanger the environment. Red mud, or bauxite residue, is a mixture of inorganic
compounds of iron, aluminum, sodium, titanium, calcium, and silicon, mostly, as well as
a large number of rare earth elements in small quantities. Although certain methods of
using red mud already exist, none of them have been widely implemented on a large scale.
This paper proposes a combination of two methods for the utilization of red mud, first by
carbothermic reduction and then by leaching under high pressure in an autoclave, in order
to extract useful components from it with a focus on titanium. In the first part of the work,
the red mud was reduced with carbon at 1600 °C in an electric arc furnace, with the aim
of removing as much iron as possible using magnetic separation (Contribution 4). After
separation, the slag is leached in an autoclave at different parameters in order to obtain
the highest possible yield of titanium, aiming for the formation of titanium oxysulfate and
avoiding silica gel formation. A maximal leaching efficiency of titanium of 95% was reached
at 150 °C using 5 mol /L sulfuric acid with 9 bar oxygen in 2 h. We found that high-pressure
conditions enabled avoiding the formation of silica gel during the leaching of the slag using
5 mol/L sulfuric acid, which is a big problem at atmospheric pressure. Previously, silica
gel formation was prevented using the dry digestion process with 12 mol/L sulfuric acid
under atmospheric pressure (Contribution 4).

Lithium-ion batteries (LiBs) are utilized in numerous applications due to advance-
ments in technology, and the recovery of end-of-life (EoL) LiBs is imperative for environ-
mental and economic reasons. Pyrometallurgical and hydrometallurgical methods have
been used in the recovery of metals such as Li, Co, and Ni in the EoL LiBs. Hydromet-
allurgical methods, which have been demonstrated to exhibit higher recovery efficiency
and reduced energy consumption, have garnered increased attention in recent research.
Inorganic acids, including HCI, HNO3, and H;SO4, as well as organic acids such as acetic
acid and citric acid, are employed in the hydrometallurgical recovery of these metals. It is
imperative to acknowledge the environmental hazards posed by these acids. Consequently,
solvometallurgical processes, which involve the use of organic solvents with minimal or
no water, are gaining increasing attention as alternative or complementary techniques to
conventional hydrometallurgical processes. In the context of solvent systems that have
been examined for a range of solvometallurgical methods, deep eutectic solvents (DESs)
have garnered particular interest due to their low toxicity, biodegradable nature, tunable
properties, and efficient metal recovery potential. In this study, the leaching process of black
mass containing graphite, LCO, NMC, and LMO was carried out in a short time using the
ternary DES system. The ternary DES system consists of choline chloride (ChCl), glycolic
acid (GLY), and ascorbic acid (AA). As a result of the leaching process of cathode pow-
ders in the black mass without any pre-enrichment process, Li, Co, Ni, and Mn elements
passed into solution with an efficiency of over 95% at 60 °C and within 1 h. Moreover, the
kinetics of the leaching process were investigated, and Density Functional Theory (DFT)
calculations were used to explain the leaching mechanism (Contribution 5).

Significant chromite losses to tailings in gravity separation plants arise from both
suboptimal separator design and inefficient beneficiation processes, posing major chal-
lenges to resource utilization, energy efficiency, and environmental sustainability. These
losses are particularly critical because the material, already comminuted to liberation size,
is discarded, leading to reduced concentrate yield, wasted energy input, and increased
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environmental pollution. To address this issue, an industrial-scale custom-designed shak-
ing table was developed and tested to recover marketable-grade chromite concentrate
(>42% Cry0O3) from processing plant tailings containing 3.25%—4.25% CrO3, which had
accumulated over years of chromite beneficiation. Experimental results showed that, under
optimized operating parameters (320 rpm stroke frequency, 13 mm stroke length, 1° deck
slope, 1300 g/L pulp density, 800 kg/h feed rate, and 7 tph wash water flow rate), Cr,O3
recovery increased from 8% to 27% for the first and second floor operations and from
approximately 17% to 41% for the third and fourth floor operations compared with existing
plant performance (Contribution 6) The results revealed a strong interdependence between
Cr,O3 recovery and concentrate grade, both of which are critical indicators of process
efficiency. Intermediate particle sizes (—0.250 + 0.150 mm) provided the most favorable
balance, yielding high recovery rates without substantially compromising the concentrated
grade (Contribution 6).

Waste printed circuit boards (WPCBs) are one of the fastest-growing waste streams and
pose a significant environmental challenge while also representing a valuable secondary
resource due to their rich metal content, particularly copper (Cu). Since effective recovery
of metals requires mechanical pre-treatment and advanced characterization, WPCBs were
subjected to size reduction and then characterized through X-ray fluorescence (XRF),
inductively coupled plasma optical emission spectroscopy (ICP-OES), scanning electron
microscopy (SEM-EDS), and mineral liberation analysis (MLA). Results indicated that
copper is predominantly found in coarser particle sizes due to its ductility, while glass fibers
and ceramics dominate finer fractions. Liberation studies revealed that Cu is essentially
free in fine particles (<100 um) but tends to remain locked in coarser fractions. Based
on these results, gravity separation methods were employed to concentrate the copper:
coarse particles (>300 um) were treated on a shaking table, achieving a Cu recovery of
95%, while fine particles (<300 pm) were processed using a multi-gravity separator (MGS),
with recoveries of 94% for 100 x 300 pm and 81.5% for <100 um size fractions. This study
presents a gravity-based separation strategy that combines shaking tables and MGS to
optimize Cu recovery from automotive WPCBs (Contribution 7). To the authors” knowledge,
the MGS application for WPCBs has received little attention, despite its strong potential
for separating this type of waste. The proposed methodology enhances the concentration
and purity of the metallic fraction (in this case, Cu), especially in fine particles, which
are challenging to work with, while reducing environmental impacts through minimal
chemical use, thereby contributing to sustainable e-waste recycling.

Samples of flotation tailings generated during the exploitation and processing of Zn—
Pb—Cu-Ag ore from the Rudnik mine (Serbia) were investigated for their mineralogical,
geochemical, and magnetic susceptibility properties. The flotation tailings consist of a com-
plex mineral assemblage, including silicates, carbonates, sulfides, phosphates, sulfates, ox-
ides, hydroxides, and native elements. Quartz, calcite, and orthoclase dominate the coarse
fraction (>400 pm), accompanied by epidote, Ca-garnet, and Ca-clinopyroxene. Sulfide
minerals are concentrated in finer fractions (<400 pm), with pyrite and arsenopyrite being
the most abundant, followed by pyrrhotite, sphalerite, galena, and chalcopyrite. These
sulfides occur as dispersed grains within a silicate—carbonate matrix. Post-depositional
oxidative alteration is moderately developed, with pyrite replaced by hematite, galena
by cerussite, and chalcopyrite by malachite. Geochemical analyses reveal that SiO; (avg.
38.98 wt%), Fe,Os (avg. 23.68 wt%), Al,O3 (avg. 8.95 wt%), CaO (avg. 9.03 wt%), and
MgO (avg. 1.50 wt%) dominate the composition. Economically significant metals include
Zn (avg. 0.47 wt%), Pb (avg. 0.20 wt%), Cu (avg. 0.11 wt%), Ag (max. 19 ug/g), and Bi
(max. 130 ng/g). Mass magnetic susceptibility shows a strong correlation with S (r = 0.92),
Co (r=0.90), and Bi (r = 0.87); moderate correlation with Fe,O3, Al,O3, and As; and

https://doi.org/10.3390 /min16040386


https://doi.org/10.3390/min16040386

Minerals 2026, 16, 386

50f6

negative correlation with Mn, TiOy, Zn, and Pb. The ferromagnetic phase most likely origi-
nates from pyrrhotite, as well as hematite formed during pyrite alteration, and goethite
(Contribution 8).

3. Conclusions

Special Issue “Waste valorization: Recycling and Recovery of Critical and Strategic
Metals” is a very important book that collected eight important papers based on copper,
aluminum, titanium, lithium, chromium and other valuable metals, which offer new results
needed for their recovery from bauxite residue from Bosnia and Herzegoviina, flotating
tailings from preparation of Zn-Fe-Cu-Ag concentrates from Serbia, chromite tailings, spent
lithium-ion batteries and waste printed circuit boards. Urban mining with metallurgical and
mining activities in Brazil is mentioned in order to offer new possibilities for metal recovery.
Unfortunately, the editors do not have high expectations regarding the implementation of
the results, because all planned actions are always related to large costs and securing the
necessary funding.
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