Special Issue Reprint

Waste Valorization

Recycling and Recovery of Critical and
Strategic Metals

Edited by
Elif Emil Kaya, Srecko Stopic and Duygu Yilmaz

mdpi.com/journal/minerals

'MDPI

F



Waste Valorization: Recycling and
Recovery of Critical and Strategic

Metals






Waste Valorization: Recycling and

Recovery of Critical and Strategic
Metals

Guest Editors

Elif Emil Kaya
Srecko Stopic
Duygu Yilmaz

/
rM\D\Py Basel o Beijing ® Wuhan e Barcelona e Belgrade e Novi Sad e Cluj ¢ Manchester
/



Guest Editors

Elif Emil Kaya

IME Process Metallurgy and
Metal Recycling Department

Srecko Stopic
IME Process Metallurgy and
Metal Recycling Department

Duygu Yilmaz
Environmental Industrial

Processes

RWTH Aachen University RWTH Aachen University IFE, Institute for Energy
Aachen Aachen Technology
Germany Germany Kjeller
Norway
Editorial Office
MDPI AG

Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Minerals (ISSN 2075-163X),
freely accessible at: https://www.mdpi.com/journal/minerals/special_issues/T53K8Q1YYO.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-8659-3 (Hbk)
ISBN 978-3-7258-8660-9 (PDF)
https://doi.org/10.3390/books978-3-7258-8660-9

© 2026 by the authors. Articles in this reprint are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The reprint as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).



Contents

Srecko Stopi¢, Elif Emil-Kaya and Duygu Yilmaz
Waste Valorization: Recycling and Recovery of Critical and Strategic Metals
Reprinted from: Minerals 2026, 16, 386, https:/ /doi.org/10.3390/min1640386 . . ... ... ...

José Machado Moita Neto, Régis Casimiro Leal, Nivianne Lima dos Santos Aratdjo and
Elaine Aparecida da Silva

Challenges and Opportunities for the Development of Urban Mining in Brazil

Reprinted from: Minerals 2025, 15, 593, https:/ /doi.org/10.3390/min1560593 . . ... ... ...

Aleksandar N. Nikoloski, Pritam Singh and Tina Chanda Phiri

From Waste to Resource: Critical Mineral Recovery and Environmental Impact Mitigation in
Copper Smelting Slag

Reprinted from: Minerals 2026, 16, 206, https:/ /doi.org/10.3390/min1620206 . . .. .. ... ..

Mertol Gokelma, Utku Hatipoglu, Alicia Vallejo-Olivares, Rabia Onen Tiizgel, Olcay Kivrak,
Elif Bazoglu, et al.

Effects of Size and Mechanical Pre-Treatment on Aluminium Recovery from Municipal Solid
Waste Incineration Bottom Ash

Reprinted from: Minerals 2024, 14, 1006, https:/ /doi.org/10.3390/min14101006 . . . . ... ...

Srecko Stopic, Dusko Kosti¢, Richard Schneider, Magnus Sievers, Florian Wegmann,

Elif Emil Kaya, et al.

Recovery of Titanium from Red Mud Using Carbothermic Reduction and High Pressure Leaching
of the Slag in an Autoclave

Reprinted from: Minerals 2024, 14, 1151, https:/ /doi.org/10.3390/min14111151 . . . . . ... ..

Furkan Nazli, Is1l Hasdemir, Emircan Uysal, Halide Nur Dursun, Utku Orcun Gezici,
Duygu Yesiltepe Ozcelik, et al.

Eco-Friendly Leaching of Spent Lithium-Ion Battery Black Mass Using a Ternary Deep Eutectic
Solvent System Based on Choline Chloride, Glycolic Acid, and Ascorbic Acid

Reprinted from: Minerals 2025, 15, 782, https:/ /doi.org/10.3390/min1580782 . . . . ... .. ..

Savas Ozun and Ahmet Kerim Guraslan

Enhanced Chromite Recovery from Tailings via a Custom-Designed Shaking Table: Optimization
and Performance

Reprinted from: Minerals 2025, 15, 1100, https:/ /doi.org/10.3390/min15111100 . . . . . ... ..

Mahsa Pourmohammad, Josep Oliva, Hernan Anticoi, Carlos Hoffmann Sampaio,

Pura Alfonso, César Valderrama, et al.

Recycling Copper (Cu) from Waste Automotive Printed Circuit Boards (WPCBs) After
Characterization and Liberation Study by Mineral Processing Techniques

Reprinted from: Minerals 2025, 15, 1259, https:/ /doi.org/10.3390/min15121259 . . . . . ... ..

Stefan Petrovi¢, Nenad Nikoli¢, Jovica Stojanovié, Vesna Cvetkov, Vladimir Simi¢,

Jovana Malbasig, et al.

Preliminary Study of Geochemical, Mineralogical and Magnetic Susceptibility Properties of
Flotation Tailings from the Pb-Zn-Cu-Ag Rudnik Mine, Serbia

Reprinted from: Minerals 2025, 15, 1287, https:/ /doi.org/10.3390/min15121287 . . . . . . . . ..






minerals ﬁVI\D\Py

Editorial
Waste Valorization: Recycling and Recovery of Critical and
Strategic Metals

Srecko Stopié¢ 1'%, Elif Emil-Kaya ? and Duygu Yilmaz 3

IME Process Metallurgy and Metal Recycling, RWTH Aachen University, Intzestrasse 3,

52056 Aachen, Germany

Department of Materials Science and Engineering, Norwegian University of Science and Technology,

7034 Trondheim, Norway

Environmental Industrial Processes, Institute for Energy Technology, Instituttveien 18, 2007 Kjeller, Norway
Correspondence: sstopic@metallurgie.rwth-aachen.de

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 HCl, HNOs3, and H>SOy4, 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% Crp0O3) from processing plant tailings containing 3.25%—4.25% Cr,O3, 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,0O3 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 um and 81.5% for <100 pum 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 um), accompanied by epidote, Ca-garnet, and Ca-clinopyroxene. Sulfide
minerals are concentrated in finer fractions (<400 um), 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,O3 (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 ug/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
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negative correlation with Mn, TiO,, 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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Abstract: This article examines urban mining in Brazil, highlighting its unique context
compared to other regions. While European Union focuses on critical metal supply and
advanced Waste Electrical and Electronic Equipment (WEEE) legislation and circular econ-
omy, 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 tech-
nological 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, high-
lighting 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 environmental sustainability, technological innovation,
and social inclusion, demanding coordinated efforts to overcome existing barriers.

Keywords: circular economy; e-waste; construction and demolition waste; urban solid
waste; secondary raw materials; national solid waste policy; reverse logistics

1. Introduction

Urban mining, conceived as a circular economy strategy, encompasses various con-
cepts that complement each other by aiming to transform waste into valuable secondary
resources. Attention towards this type of mining has been growing in discussions about
secondary raw materials, although its application in developing countries is often limited
by local resources, technology, and ineffective legislation on electronic waste (e-waste) [1].

Kazangoglu et al. [2] describe urban mining as a management approach that aids the
supply of secondary raw materials through the recycling of precious metals, contributing to
improved consumption patterns and decreased resource use. Ghisellini et al. [3] expand on
this idea, defining urban mining as a process (encompassing collection, separation, sorting,
and processing) at the city level for waste streams such as Construction and Demolition

Minerals 2025, 15, 593
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Waste (CDW) and Waste Electrical and Electronic Equipment (WEEE), aiming for their
return to a new production cycle.

These concepts complement each other by highlighting that urban mining is an activity
embedded within the context of the circular economy, with the main objective of recovering
resources from waste, thereby decreasing the reliance on virgin raw materials. They differ,
on the other hand, in the scope of the waste considered and the level of detail of the process.
While some authors focus primarily on e-waste, others include a broader range of urban
waste, such as CDW. Although considered for the development of urban mining, CDW is
not included in the discussions in the discussions of this article.

In the context of the circular economy, urban mining operationalizes the principle
of material circulation, transforming what would be discarded into a new source of re-
sources. Fatimah et al. [4] state that efforts to overcome the e-waste problem exist, and
urban mining is an essential component of these efforts. Ouro-Salim [5] also emphasizes
the synergy between urban mining and the circular economy, highlighting that the for-
mer serves as a critical mechanism to realize the principles of the latter and minimize
environmental impacts.

In the realm of sustainability, urban mining presents itself as a practice with the po-
tential to generate positive impacts in various dimensions. Environmentally, it contributes
to the reduction of pollution associated with the inadequate disposal of hazardous waste,
such as those present in e-waste [1,5-8]. Economically, it can generate new business oppor-
tunities and green jobs, in addition to reducing costs for industries by providing secondary
raw materials [1,9,10]. Socially, it can promote the formalization of the informal recycling
sector and improve the working conditions of those involved [3,10].

Urban mining of e-waste is a new frontier to be explored in Brazil, with the potential
for economic valorization and waste minimization [9]. Its successful implementation
can play important roles in promoting several Sustainable Development Goals (SDGs),
including sustainable cities and communities (SDG 11) and responsible consumption and
production (SDG 12) [4].

When contrasting the approaches to urban mining in different global regions, such as
Brazil and the European continent, it is noticeable that, although a common goal of sustain-
ability may be shared, the urgency and motivators manifest in distinct ways. Specifically,
the European Union (EU) presents a case of advanced regulatory development for WEEE
and circular economy, though implementation and focus can vary.

The European Union (EU), in particular, driven by concerns over resource scarcity
and a commitment to environmental leadership, has developed strong environmental
regulations and ambitions to lead the transition to a circular economy. This positions urban
mining as a central strategy to ensure access to essential materials and reduce import
dependency. Baldé et al. [11] highlight that European countries, especially those within
the EU, are often cited as examples in legislating and managing e-waste. The growing
consumer awareness and the pressure for responsible business practices also drive this
activity as a strategic priority for industrial competitiveness and security of supply within
this bloc and other developed European nations.

On the other hand, Brazil, possessing vast mineral reserves, faces the challenge of
reconciling economic development with the effective application of its environmental
legislation, which often presents gaps and enforcement challenges. Although the country
has abundant mineral resources, the uncontrolled exploitation and environmental impacts
associated with conventional mining generate considerable social and environmental costs.
In this context, urban mining in Brazil reveals itself as a necessity to promote sustainable
development, reduce social inequalities, and protect its vast natural heritage.
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A critical analysis reveals that the different socioeconomic and regulatory contexts
shape the implementation of urban mining in Europe and Brazil. While Europe invests in
advanced recycling technologies and the creation of value chains for recovered materials,
aiming to strengthen its strategic autonomy and reduce its ecological footprint, Brazil still
faces significant challenges. Among these challenges are the public’s lack of knowledge
about the correct destination of WEEE, the informality in the recycling chain, the lack of an
official database on the generation and flows of WEEE, and the difficulties related to the
traceability of this waste [10].

Additionally, Brazil’s continental dimensions and the concentration of recyclers in the
South and Southeast regions of the country, coupled with the scarcity of processing units
for precious metals, increase logistical costs and may increase greenhouse gas emissions
resulting from transportation, including for export. The lack of a specific and unified taxa-
tion policy for the sector also generates legal uncertainty and can discourage urban mining
entrepreneurs. In contrast, the European Union, with its more developed infrastructure
and cohesive policies regarding the circular economy and waste management, presents a
more favorable scenario for the expansion of urban mining on a large scale. However, it is
important to note that even within the EU, the effectiveness and implementation of these
policies can vary, with challenges in meeting collection and recycling targets remaining [11].

Considering the presented panorama, this article proposes to analyze the challenges
and opportunities for the development of urban mining in Brazil, focusing on the di-
mensions of knowledge production, technological appropriation, and the effectiveness of
current and necessary legislation to drive this activity. Through the investigation of these
pillars, this analysis seeks to contribute scientifically to a deeper understanding of Brazil’s
specific conditions, offering subsidies for future research and for the formulation of public
policies that can effectively promote urban mining as a strategy for sustainability and the
utilization of secondary resources in the country.

Despite growing global attention to urban mining, a comprehensive understanding of
its development within the unique Brazilian context—marked by distinct socioeconomic
drivers, technological capacities, and regulatory challenges compared to scenarios like
the European one—remains limited. Specifically, while extensive research exists on urban
mining in developed nations, there is a notable gap in the literature concerning its specific
challenges and opportunities in developing countries such as Brazil, which possesses
vast mineral reserves but faces significant hurdles in reconciling economic development
with effective environmental legislation. This study addresses this critical research gap
by systematically analyzing the dimensions of knowledge production, technological ap-
propriation, and legislative effectiveness in Brazil, moving beyond the implied need for
urban mining to a direct examination of its operationalization and support systems within
a unique national context.

Therefore, this scoping review seeks to bridge this understanding gap by systemat-
ically investigating the current state and future perspectives of urban mining in Brazil
through a multi-dimensional lens. Specifically, this study is guided by the following
research questions:

1. What is the current state of knowledge production regarding urban mining in Brazil,
and how does it compare with international trends?

2. What are the main technological routes being explored or required for urban min-
ing in Brazil, and what are the challenges for their effective appropriation in the
national context?

3.  To what extent is the current Brazilian legislation effective in driving urban mining,
and what are the main legal and regulatory obstacles that need to be overcome?
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4. How do the challenges and opportunities for urban mining in Brazil compare with
those observed in the European context, considering their distinct socioeconomic and
environmental drivers?

2. Methodology

This study was conducted as a comprehensive scoping review to analyze the chal-
lenges and opportunities for the development of urban mining in Brazil, focusing on the
dimensions of knowledge production, technological appropriation, and the effectiveness
of legislation. The reporting of this review was guided by the principles outlined in the
Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) extension
for Scoping Reviews (PRISMA-ScR) Checklist [12].

2.1. Eligibility Criteria (PRISMA Item 6)

Sources of evidence included original research articles and review articles. Priority was
given to publications from the last five years (approximately 2020-2025), with consideration
for seminal works up to 10 years old to ensure a robust overview of the current panorama
while also identifying research gaps and avoiding duplications. Articles were primarily
sought in English and Portuguese. The focus was on studies directly addressing urban
mining concepts, processes, challenges, opportunities, and legislative aspects pertinent to
Brazil or offering comparative insights. Studies that did not clearly align with these themes
were excluded.

2.2. Information Sources and Search Strategy (PRISMA Items 7 and 8)

The primary information source for scientific literature was the Web of Science (WoS)
platform. The most recent search was conducted in March 2025. The search strategy
involved specific term combinations designed to capture different facets of urban mining
relevant to the study objectives.

For the analysis of processes and technologies employed in urban mining (Section 4),
combined searches were performed for the term “urban mining” with the main chemical
recovery processes: “hydrometallurgy”, “pyrometallurgy”, and “biohydrometallurgy”. To
examine knowledge production and technological appropriation in Brazil (Section 6), the
term “urban mining” was used, filtering the results by Countries/Regions: “Brazil”. For all
situations, we apply the filter by document type in order to obtain only original research
articles and review articles. Table 1 summarizes the results for the main searches used:

Table 1. Quantification of searches versus keywords used.

Keywords Records Obtained !
“urban mining” and “hydrometallurgy” 27
“urban mining” and “pyrometallurgy” 9
“urban mining” and “biohydrometallurgy” 10

“urban mining” and filtering the results by

Countries/Regions: “Brazil” 4

1 Search Period = the last search was conducted in March 2025.

Additionally, the methodological approach for the analysis of the legal dimension
(Section 7) involved a review of legislative documents and policies pertinent to Brazil and
the European Union. This analysis focused on providing an overview of the evolution of
legislation on solid waste, with a comparison between Brazil [13-16] and the European
Union [17-21], dedicating special attention to Waste Electrical and Electronic Equipment
(WEEE) as a central raw material for urban mining. The National Solid Waste Policy [22]
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and its subsequent decrees [23-26] were detailed, explaining concepts such as shared
responsibility and reverse logistics.

Further relevant sources, in addition to those initially identified by the term combina-
tions (Extra sources), were included whenever they were considered relevant to enrich the
discussion and provide a more comprehensive understanding of the theme.

2.3. Selection of Sources of Evidence (PRISMA Item 9)

The selection process involved an initial screening of titles and abstracts of the articles
retrieved from the database searches based on their relevance to the review’s objectives
and the eligibility criteria. Articles clearly outside the scope were excluded during this
initial phase. Full-text articles deemed potentially relevant were then assessed for eligibility
through a critical reading based on the criteria outlined above. This assessment focused
on confirming the direct relevance and contribution to the specific analytical dimensions
of this review (knowledge production, technological appropriation, legislative aspects,
processes, and the Brazilian context). Articles that did not meet the inclusion criteria after
full-text review were excluded, and the reasons for exclusion were noted.

To transparently illustrate the systematic selection of studies included in this review, a
PRISMA flow diagram (Figure 1) has been rigorously adapted and presented. This diagram
meticulously details the number of records identified from databases and other sources,
the quantity screened, those assessed for eligibility, and ultimately, the total number of
studies included. Furthermore, the diagram explicitly outlines the reasons for exclusion
at each stage of the review process, thereby enhancing the reproducibility and clarity of
our methodology in accordance with PRISMA-SCR guidelines. This comprehensive visual
representation ensures a thorough understanding of the evidence selection process and
addresses the need for adequate presentation and discussion of the flow of information
through the different phases of this scoping review.

‘ Identification of studies via databases and registers Identification of studies via other

Figure 1. PRISMA flow diagram (adapted).

2.4. Data Charting and Synthesis of Results (PRISMA Items 10, 11, 13)
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Data charting focused on identifying key information from the included studies rele-
vant to the review questions and objectives. Variables for which data were sought included
the study’s focus (e.g., specific urban mining process, type of waste, geographical scope,
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policy analysis), methodology of the primary study, key findings related to challenges and
opportunities, technological approaches discussed, and legislative aspects analyzed.

The data were synthesized narratively and thematically, rather than through a quanti-
tative meta-analysis, which is characteristic of scoping reviews. The findings were grouped
and presented within the corresponding sections of this review, addressing the dimensions
of knowledge production, technological appropriation, and the legal framework for urban
mining in Brazil, often contrasting with the European context.

For the legal dimension (Section 7), a qualitative Critical Discourse Analysis (CDA),
based mainly on the theoretical-methodological proposal of Norman Fairclough [27], was
employed to analyze Brazilian policies related to WEEE. This analysis sought to identify the
existing gaps between the official discourse and the operational reality, the lack of clarity
and ambiguities in the definition of responsibilities, as well as the practical difficulties in
the implementation of legal guidelines. The application of CDA allowed a more in-depth
evaluation of the effectiveness of the current legislation, highlighting challenges such as
the informality of the sector, the insufficient awareness of the population, and the need for
investment in infrastructure, contributing directly to the analysis proposed in the article.

Extra sources, although not strictly part of a systematic database search, were included
when they provided important context or complementary information not found in a
systematic way within the search results. Information from these sources was integrated
into the narrative synthesis where relevant.

3. Fundamentals of Urban Mining

Urban mining, which consists of the recovery of valuable materials and the coordina-
tion of materials, information, and services that enable the recovery of value from industrial
and urban activities, can be understood as the set of processes and activities related to
the production of secondary raw materials from Urban Solid Waste (USW) [28]. The term
is applied exclusively to the recovery of secondary raw materials from waste under the
concept of the 3Rs (reduce, reuse, and recycle), with the premise that valuable materials
can be recovered from waste in a manner analogous to traditional mining, producing
high-value and sustainable secondary raw materials [9].

The main components of urban mining (Figure 2) involve the collection and dis-
mantling of waste; pre-treatment, which includes steps such as size reduction, grinding,
and separation of metallic and non-metallic fractions; and processing for the recovery of
valuable materials, using physical, chemical, or biological methods [29].

Urban Mining Process Overview

Pre-treatment ? -~

Size Reduction -1: - Physical Methods

Urban
Mining

Grinding - - - Chemical Methods

e —— -

~- Biological Methods

v

Separation of
fractions °~ I

ﬁgﬂ Collection and Dismantling
Figure 2. Main components of urban mining.

Various types of urban waste can be used as raw materials in urban mining, including;:
Waste Electrical and Electronic Equipment (WEEE) or e-waste, which has high potential
due to its diversity and concentration of metals—this waste contains precious metals (Au,
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Ag), base metals (Cu, Al), and critical metals (Li, Co); Construction and Demolition Waste
(CDW), from which recycled aggregates and other materials can be recovered; Urban Solid
Waste (USW), including plastics, metals, and even incineration ash; industrial waste, such
as electrical and non-electrical equipment, and infrastructure waste, such as pavement,
end-of-life vehicles (ELV), and landfill mining waste, with the potential for the recovery of
plastics and metals [29].

Urban mining presents significant pros, encompassing the conservation of natural
resources through the use of secondary sources [10], the mitigation of environmental
impacts associated with traditional mining, such as lower energy and water consumption,
and a reduction in waste generation and pollution [9,10]. This activity also promotes
the economic valorization of waste, transforming discarded materials into valuable raw
materials, and drives the circular economy, reintegrating materials into the production cycle
and extending the lifespan of resources [9,10]. Other advantages include the reduction of
dependence on primary raw materials and the risks in their supply chain, as well as the
potential for job creation in the sectors of collection, processing, and material recovery [9,29].

However, there are challenges associated with urban mining that need to be rec-
ognized: the complexity of reverse logistics due to the variety of waste with different
compositions, which hinders collection, transportation, and sorting; the costs involved
in reverse logistics and recovery processes are also a challenge, which may question the
economic viability of the activity in the context of the circular economy, with viability
dependent on the quality and volume of the material; the need for specific technologies
and technical knowledge for the processing and recovery of materials can be a barrier due
to their limited availability or accessibility [10,29].

In addition, the presence of hazardous substances in some waste, such as in WEEE, re-
quires special care in handling and processing to avoid contamination and health risks [29].
The informal recycling market, operating without adequate standards, hinders the formal-
ization and control of the value chain [10]. The lack of specific regulations and economic
incentives for the formal chain discourages urban mining compared to virgin raw materials,
with the taxation of WEEE being a possible disincentive [10,29]. The need for correct waste
disposal by consumers is essential to feed the chain, just as the scale of production and the
diversity of electronic products impact the generation and treatment of WEEE [10].

4. Processes Used in Urban Mining

This section presents the main processes (Figure 3) employed in the recovery of
valuable metals from urban waste: Hydrometallurgy (processing in aqueous solutions),
Pyrometallurgy (processing at high temperatures), and Biometallurgy (use of microor-
ganisms). Various technologies, both traditional and emerging such as electrochemistry
and supercritical fluids, can be applied in the scenario of Rare and Precious Metal (RPM)
recovery as presented by Wang et al. [30], while Xavier et al. [29] offer a comprehensive
review on key concepts and treatment methods for materials in urban waste. Additionally,
Firmansyah et al. [31] reviews technological advances focused on the recycling potential of
electronic waste.

Recently, Kankanamge et al. [6] investigated the factors that influence the design
and adoption of technologies to make urban mining of electronic waste more sustainable,
proposing a taxonomy that groups these factors into four categories: the device cluster,
referring to the intrinsic characteristics of the technologies; the process cluster, which
encompasses variables such as efficiency and cost; the organizational cluster, relating to
the structure and policies of the entities involved; and the macro cluster, which includes
external influences such as data security and intellectual property. In the following subsec-
tions, we will assess the efficiency, environmental impact, and economic viability of each
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process, conducting a comparative analysis of their advantages and disadvantages, aiming
to identify future perspectives for metal recovery in the context of a circular economy.

/—9 érﬁ Hydrometallurgy

Challenges in logistics and use
of chemicals, but effective for

certain materials.
%) Pyrometallurgy

Which urban mining %
process should be High energy consumption and
implemented? emissions, but suitable for large

. volumes.
~— €S Biometallurgy

Low reaction rates and
potential toxicity, yet
environmentally friendly.

Figure 3. Main aspects of urban mining processes.

4.1. Hydrometallurgy

Hydrometallurgy, which extracts metals through chemical reactions with acidic or
basic solutions, typically comprises steps such as leaching, precipitation, solvent extraction,
and electrodeposition. According to Tunsu et al. [32], the advantages of applying hydromet-
allurgical methods for the urban mining of Rare Earth Elements (REEs) include the ability to
process low-quality and complex materials, obtain products of higher purity, generate less
gaseous pollution compared to pyrometallurgy, reduce dependence on primary mining,
and enable the recycling of materials. However, it faces significant challenges such as
the complex logistics of collection and sorting, the heterogeneity of materials that require
flexible processes, the need for efficient separation methods for materials with low REE
content, the intensive use of chemicals with the potential generation of secondary waste,
and the costs of development and industrial implementation.

4.1.1. Leaching

Leaching consists of the selective dissolution of metals from solid waste using acidic
or alkaline solutions, being applied in the recovery of valuable metals from electronic waste
and spent catalysts. Gomes et al. [33] reviewed the acid leaching of REEs from WEEE,
pointing to urban mining as a promising strategy. Anwer et al. [34] compared different
acids in the extraction of metals from printed circuit boards (PCBs), highlighting organic
acids (such as citric acid) as a more sustainable alternative. Alternatively to the traditional
process, Prodius et al. [35] demonstrated a hydrometallurgical route using copper salts to
recover REEs and cobalt from magnetic and electronic waste, with subsequent precipitation
of the REEs for reuse as oxides.

Arya et al. [36] used chemical leaching to recover copper (Cu) and lead (Pb) from
WPCBs (Waste Printed Circuit Boards), warning about the need for proper management of
the waste generated. Acid leaching is also fundamental in the recovery of cobalt in lithium-
ion batteries, using acids such as hydrochloric and sulfuric acid, to dissolve the components,
followed by techniques such as solvent extraction, ion exchange, or precipitation to separate
the cobalt, as highlighted by Botelho Jtnior et al. [37]. Rocchetti et al. [38] proposed multi-
stage countercurrent leaching as an innovative solution to recover indium from discarded
Liquid Crystal Display (LCD) screens. This approach consists of using the same acid
solution to treat several stages of LCD waste, concentrating the metal in the leaching
solution. Oliveira et al. [39] suggested acid leaching as the most suitable method for
recovering gallium and REEs from LEDs (Light Emitting Diodes).

Martins et al. [40] explored a three-stage sulfuric leaching to recover metals from
WPCBs, especially in motherboard and memory board: the first stage focuses on the
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recovery of iron (Fe), aluminum (Al), and tin (Sn); the second, in an oxidizing medium,
selectively recovers copper (Cu), silver (Ag), nickel (Ni), and zinc (Zn); and the third, with
nitric acid, solubilizes the remaining metals, with the extraction efficiency dependent on
the metal/acid ratio. Agrawal et al. [41] developed an eco-friendly hydrometallurgical
route to recover manganese (Mn) and nickel (Ni) from discarded tantalum capacitors, using
selective leaching with hydrochloric acid that dissolves Mn (99.9%) and Ni (98.9%) while
isolating tantalum (Ta), followed by solvent extraction. Finally, Tran et al. [42] reviewed
leaching with thiosulfate as a benign alternative to cyanidation for recovering gold (Au)
and silver (Ag) from WPCBs, addressing the specific challenges of its application in urban
mining, such as reagent consumption and reaction complexity.

4.1.2. Precipitation

Precipitation separates dissolved metals by adding reagents that form poorly solu-
ble compounds. In contrast to traditional and energy-intensive thermal treatments for
dismantling PCBs, Yang et al. [43] proposed a green alternative that involves immersing
PCBs in spent tin stripping solution (TSS) at room temperature, followed by the recovery of
leached metals by chemical precipitation by adjusting the pH in different stages, achieving
approximately 99% recovery of Sn, Pb, Fe, Cu, and Zn. This process offers advantages such
as energy efficiency, waste reuse, and efficient metal recovery.

Caldas et al. [44] explored methods for selective silver recovery, proposing an effective
route with two stages of sulfuric leaching, with 100% of the silver recovered, followed
by silver purification by precipitation as AgCl with NaCl and the production of silver
nanoparticles (AgNPs) by the Turkevich method. Lima et al. [45] used chemical precipita-
tion as an initial step to recover aluminum from NCA (Nickel-Cobalt-Aluminum) batteries,
a challenge due to the presence of aluminum in the cathode, then proceeding with the
recovery of cobalt by solvent extraction and nickel/lithium by precipitation.

4.1.3. Solvent Extraction

This process involves the selective transfer of metals from an aqueous solution to
an organic solvent, being applied in the recovery of precious metals and REEs from elec-
tronic waste. Tunsu et al. [46] tested different extractants (acidic, solvating and mixed
extractant systems) for REEs in simulated acidic solutions and identified that the blended
DEHPA—-Cyanex 923 is effective in minimizing the co-extraction of iron. The use of Ionic
Liquids (ILs) and Deep Eutectic Solvents (DESs) as alternatives to conventional REE re-
covery processes was explored by Quijada-Maldonado et al. [47] and Arrachart et al. [48],
respectively. Alguacil e Robla [49] conducted a comprehensive review showing the po-
tential of solvent extraction to recover various metals (rare earths, copper, lithium, gold,
silver, palladium, platinum, etc.) from various sources using different types of extractants,
discussing challenges and the future of the technique.

Zhang et al. [50] employed supercritical fluid extraction (SCFE) using supercritical
carbon dioxide and a tributylphosphate—nitric acid adduct (TBP-HNO3) to recover REEs,
such as terbium (Tb), europium (Eu) and yttrium (Y), from fluorescent lamp waste, achiev-
ing extraction rates greater than 70% for yttrium and europium, and 50% for terbium.
Castillo-Ramirez and Janssen [51] explored Pseudo-Protic Ionic Liquids (PPILs) for the
extraction of metals relevant in urban mining. The authors tested four different PPILs for
the extraction of indium, neodymium, yttrium, and lanthanum, with tri-hexylammonium
octanoate showing high efficiency for all. And that indium was particularly well extracted
by all PPILs tested. The authors reported the recyclability of most of the PPILs tested and
the relative ease of yttrium and neodymium recovery.
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4.1.4. Electrodeposition

Electrodeposition recovers metals in elemental form by applying electric current to
an ionic solution, being used to obtain high-purity metals, such as copper, gold, and
silver. Reyes-Valderrama et al. [52] combined acid leaching with selective electrochemical
recovery, demonstrating the recovery of Cu by electrodeposition at pH 1.5 and of Zn
at pH 5, although nickel did not show relevant deposition under the tested conditions.
Recently, Son et al. [53] developed a gold electrodeposition process using a thiourea-based
electrolyte, a less toxic alternative to cyanide, achieving 97% gold recovery with drastically
reduced energy consumption (0.129 kWh/kg Au), attributed to the oxidation of thiourea
at the anode. Although thiourea decomposes, electrodeposition slightly slows down
this degradation compared to chemical deposition, possibly due to its regeneration at
the cathode.

4.2. Pyrometallurgy

Pyrometallurgy [54-58] is a non-ferrous metal extraction process that uses high temper-
atures and consumes a lot of energy. It involves enrichment steps by smelting, conversion,
and refining, being considered the most traditional and industrially used treatment. Its
advantages include the ability to treat large volumes of waste, recover metals in high con-
centration, and process complex materials [59]. Application examples include the recovery
of copper (Cu) [54], gold (Au) [60], zinc (Zn) and indium (In) [61], gallium (Ga) [62], among
others. The key step is smelting (melting to separate metals by melting points), which
can be performed by flash smelting processes, which use oxygenated gas for autogenous
conditions, or by bath smelting, where the reaction occurs in a melt pool.

However, pyrometallurgy inevitably generates slag, soot, and toxic gases, requiring
strict environmental controls, such as filters and gas treatment, to minimize pollution and
ensure sustainability. The equipment is expensive, and energy consumption is high, making
it unsuitable for small and medium-sized enterprises. Furthermore, it lacks selectivity for
rare and precious metals and presents complexity in the recovery of pure metals [59]. The
choice between hydrometallurgy and pyrometallurgy depends on the characteristics of
the waste, the target metals, and environmental and economic factors, and in many cases,
the combination of both may be the most efficient and sustainable solution. Therefore,
future research is needed to optimize pyrometallurgical processes, reduce their impacts,
and develop integrated technologies.

4.3. Biohydrometallurqgy

Emerging as a promising, ecological, and economic alternative for the treatment of
electronic waste, biohydrometallurgy uses microorganisms to extract and recover metals.
Its main process, bioleaching, employs microorganisms such as bacteria (Acidithiobacillus
ferrooxidans and Thiooxidans), fungi (Penicillium, Aspergillus, Fusarium, Alternaria, Candida),
and their metabolites. Efficiency is demonstrated by works such as that of Madhavan
et al. [63], who recovered copper (Cu) and gold (Au) from PCBs using Alcaligenes aquatilis;
Rodrigues et al. [64] who demonstrated high efficiency of the fungus Aspergillus niger in
the bioleaching of copper and gold and Thakur e Kumar [65] who used the bacterial strain
Bacillus sporothermodurans ISO1 for copper and silver recovery. Other biohydrometallurgi-
cal processes include bioaccumulation (adsorption of metals in microbial cells) [66] and
bioreduction (reduction of metal ions to the elemental form) [67]. The biorecovery of critical
metals, such as from lamp phosphor powder, exemplifies the transition to a biologically
based circular economy [68].

The advantages of biohydrometallurgy include being a sustainable process (mini-
mizes hazardous waste and emissions, reduces energy/chemical consumption), efficient
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(selective recovery even at low concentrations), and flexible (adaptable and integrable with
other technologies) [54]. Despite this, it has limitations such as low reaction rates, the
possibility of metal precipitation, long process times, and potential toxicity of metals to mi-
croorganisms. Factors such as microorganism choice, surface area, pulp density, precursor,
temperature, and pH are essential for success [54]. Although it still faces optimization and
industrial scalability challenges, continuous development indicates a promising future for
its application in waste recovery, contributing to sustainability and the circular economy:.

4.4. Comparative Analysis Between the Processes

The economic viability of recovering metals from WEEE is multifaceted. Figure 4
presents an overview of the main aspects of each method, focusing on efficiency, scalability,
economic viability, and environmental impact.

Hydrometallurgy

- Low cost
- Low environmental
impact (absence or low
levels of toxic gases
released, little to no dust Biohydrometallurgy

Pyrometallurgy generated)

- Low energy - Low investment cost
- High efficiency consumption - Green and economical
- High cost = ngh recovery rate alternative
- High energy demand - Simple working - Low leaching rate
- Environmental impact COnd_mons - High selectivity
(release of toxic gases ~ Low equipment cost - Possibility of
into the atmosphere) contamination

Figure 4. Comparative analysis (efficiency, scalability, economic viability, and environmental impact)
of the main methods used in urban mining.

The purity of the recovered metals is generally high in formal processes (hydro and
pyro), with pyrometallurgy being capable of achieving very high purity on a large scale,
and hydrometallurgy proving effective for high purities in specific cases. Transportation
costs and the absence of specific tax incentives in Brazil are significant economic barriers
that negatively affect the viability of all formal methods. Furthermore, each method has its
own cost/benefit factors: pyrometallurgy requires high capital investment and consumes a
lot of energy, being mainly viable on an integrated large scale; hydrometallurgy has lower
energy costs and is suitable for a smaller scale, but faces costs with chemical reagents and
effluent disposal; biohydrometallurgy is promising due to its low cost and minimal use of
chemicals, but still lacks economic feasibility studies on an industrial scale.

5. Perspectives of Urban Mining: A Comparison Between Brazil and the
European Union Context

Since the main objective of urban mining is to extract precious metals, base metals,
plastics, glass, and other reusable components, transforming what was previously con-
sidered waste into economic resources for some productive chain, the inputs produced
compete with the extraction of virgin natural resources, and may, in principle, reduce the
environmental impacts associated with conventional mining.

16



Minerals 2025, 15, 593

Many studies address the opportunities offered for the recycling of composite materials
from different waste streams [69] and few contemplate the barriers and challenges faced by
urban mining [1,2]. Its development faces challenges as complex as those of conventional
mining, although of different natures.

While traditional mining deals with resource depletion, large-scale environmental
impacts, and social conflicts related to land ownership [70], urban mining stumbles upon
issues such as the complexity of waste composition, the presence of hazardous substances,
the lack of adequate collection and processing infrastructure, the informality of the sector,
the need for efficient and economically viable separation technologies, and the implemen-
tation of public policies that encourage recycling and extended producer responsibility.
Table 2 presents a comparison between conventional and urban mining.

Table 2. Characteristics of Conventional and Urban Mining.

Characteristic Conventional Mining

Urban Mining

Mineral deposits (ores) located in the Earth’s

Source of Resources . .
crust, generally in remote and specific areas.

Waste and discarded products in urban areas,
including electronic waste, construction and
demolition waste, end-of-life vehicles, and
urban solid waste.

Destruction of ecosystems, deforestation, soil
and water pollution, waste generation (tailings
and sterile material), landscape alteration.

Environmental Impact

Reduced pressure on natural resources,
decreased pollution, lower energy
consumption, reduced volume of waste sent to
landfills, recovery of degraded areas.

Generally in rural or remote areas, often in

Predominantly in urban and peri-urban areas,

Location regions of great biodiversity or close to consumption and waste
environmental importance. generation centers.
Complex processes of collection, sorting,
Complex extraction, beneficiation, and refining dismantling, separation, and refining, which
Complexity processes, which require large investments in ~ require cutting-edge technologies and efficient
infrastructure and technology. logistics. The heterogeneous composition of
waste is a major challenge.
Rigorous environmental legislation, complex Legislation under development, need for
Regulation environmental licensing, requirements for the  specific regulation for the sector, definition of
recovery of degraded areas, need for responsibilities, incentives for recycling and
constant monitoring. reverse logistics, combating informality.
Traditional sector, with a large impact onthe =~ Growing sector, with the potential to generate
Economy global economy, job creation, z‘md foreign green jobs, redgce dependence on imports,
exchange earnings, but also with negative boost technological innovation, and promote
externalities (environmental and social costs). the circular economy.
Efficient selective collection, separation
Resource depletion, social conflicts, technologies, reverse logistics, traceability of
Challenges environmental impacts, increasing extraction materials, economies of scale, public
costs, rigorous environmental regulations. awareness, specific regulations,
combating informality.
D . .. Expansion of selective collection, development
evelopment of more sustainable mining . : .
Perspectives technologies, recovery of degraded areas of advanced recycling technologies, promotion
p g1es, Yy g ,

corporate social responsibility.

of the circular economy, creation of markets for
recycled materials, public awareness.

In the global scenario, Brazil and Europe contrast in their approaches to mining, both

conventional and urban. Brazil, possessing vast mineral reserves and marked by social
inequalities that have historically sustained the workforce in conventional mining, faces
the challenge of reconciling economic development with the effective application of its
environmental legislation, often permeated by gaps and enforcement challenges [70]. The
European Union (EU), on the other hand, driven by resource scarcity and growing environ-
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mental awareness, as evidenced by its policies on critical raw materials, directs its efforts
toward urban mining as a central strategy to ensure access to essential materials, reduce
dependence on imports, and promote a circular economy [11,71,72]. This is reflected in
its comprehensive legislative framework for WEEE, such as the WEEE and RoHS Direc-
tives [11]. In addition, the mastery of specific technologies applicable in urban mining
within developed European nations allows for the establishment of virtuous partnerships
to the capital and geopolitics of selling technologies or services and acquiring products
thus mined at a low price and without pollution in European countries.

In view of this, while Brazil seeks to optimize the management of its natural resources
and mitigate the socio-environmental impacts of traditional mining, many European countries,
particularly within the EU, invest in advanced recycling technologies and in the creation of
value chains for recovered materials. This aims to strengthen their strategic autonomy and
reduce their ecological footprint [1,5], although Baldé et al. [11] note that even EU Member
States face challenges in meeting legally binding collection targets for e-waste.

The fundamental distinctions in urban mining approach and infrastructure between
Brazil and the European context, particularly the European Union, are multifaceted and
reflect their different socioeconomic, environmental and regulatory landscapes. Table 3
summarizes the main structural and focus differences that shape urban mining develop-
ment in each region.

Table 3. Structural and approach differences in urban mining—Brazil vs. Europe/European Union.

Characteristic

Brazil

Europe/European Union

Main Drivers and Primary Focus

Reduction of waste volume in
landfills; social inclusion of the
informal workforce.

Resource scarcity; circular economy
goals; security of critical metals

supply.

Legislative Framework

National Solid Waste Policy (PNRS)
and decrees: legal framework under
development, with gaps in
implementation, enforcement, and
clarity of responsibilities.

More advanced and harmonized
legislative framework (WEEE, RoHS
Directives, Circular Economy
Package), focusing on Extended
Producer Responsibility; Variation in
effectiveness among member states.

Infrastructure

Lack of adequate selective collection
and processing infrastructure;
logistics challenges
(continental dimensions).

More developed and formalized
collection and recycling
infrastructure, despite challenges in
meeting collection targets.

Technology and Innovation

Significant technological barriers;
initial processing primarily local,
export of noble-metal-rich
components; growing research and
development phase.

Investment in advanced recycling
technologies and value chain
creation; technological mastery and
pursuit of strategic autonomy.

Informal Sector Integration

Prominent presence of informal
collectors; need for inclusive
approaches and formalization.

Predominantly formalized sector;
challenges in uniform policy
implementation.

Public Awareness

Low public awareness regarding
correct WEEE disposal.

Growing consumer awareness and
pressure for responsible practices.

Economic and Fiscal Incentives

Logistics costs and lack of specific
fiscal incentives as barriers.

Pursuit of strengthening economic
autonomy and reducing ecological
footprint; creation of markets for
recycled materials.
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In contrast to the challenges observed in Brazil, European countries, guided by the
WEEE Directive and national regulations, have developed relatively consolidated WEEE
management systems, characterized by established collection schemes and formal recycling
infrastructure [73]. Extended Producer Responsibility (EPR) plays a central role, assigning
responsibility for end-of-life management to producers, who often operate or finance
collective take-back schemes. These systems aim to maximize collection rates and channel
WEEE towards appropriate treatment facilities to recover valuable materials and minimize
environmental impacts [73,74].

Beyond basic recycling, there is a growing emphasis on higher tiers of the waste hierar-
chy, such as preparation for re-use. Experiences from several EU member states, including
the UK, Belgium, France, Austria, and Spain, demonstrate that successful preparation for re-
use is enabled by factors such as clear targets, adequate funding mechanisms, collaboration
among stakeholders (including social enterprises), and infrastructure that facilitates collec-
tion and assessment of WEEE suitability for re-use [75]. Furthermore, analyses focusing on
specific product streams, like small WEEE in Germany, highlight how manufacturer take-
back systems and the implementation of tailored end-of-life strategies such as component
reuse and remanufacturing can significantly improve resource recovery and potentially
offer economic and environmental benefits compared to conventional recycling [76].

Despite these advancements and consolidated systems, challenges persist in Europe,
including issues related to unreported WEEE flows through scavenging, mixing with other
waste streams, and illegal exports [74]. Nevertheless, the European experience, particularly
in developing formal collection networks, implementing EPR effectively, and promoting
higher-value recovery strategies like re-use and remanufacturing, offers valuable insights
and potential models for countries like Brazil seeking to enhance their urban mining
capabilities within a framework of circular economy.

Therefore, the transposition of models observed in European countries, especially
those from the European Union with advanced legislative frameworks, to Brazil requires a
critical analysis, considering the distinct socioeconomic, environmental, technological, and
regulatory specificities of the country. The rationale for focusing comparative legislative
analysis on the EU lies in its harmonized and advanced directives on WEEE and circular
economy, which serve as a significant international benchmark, despite variations in
national implementation [11].

The direct application of European models to the Brazilian context ignores the pro-
found existing differences. Brazil, although a country rich in mineral resources, faces
complex challenges to ensure that conventional mining is conducted sustainably. Insti-
tutional fragility, precarious enforcement, and the prevalence of negligent practices have
resulted in serious environmental and social disasters, such as the collapse of the Barragem
do Fundao em Mariana (Minas Gerais) [77], a tragic landmark that exposed the flaws in the
licensing system and the lack of socio-environmental responsibility of mining companies
in this country.

The Mariana disaster, a tragic landmark of Brazilian conventional mining, serves as a
stark warning: negligence and precarious enforcement cannot be repeated in the imple-
mentation of urban mining. Although promising, this modality, if conducted improperly,
can replicate negative environmental and social impacts [78,79], such as soil and water
contamination by heavy metals present in electronic waste, the exposure of workers to toxic
substances during sorting and processing, and the creation of environmental liabilities
resulting from the inadequate disposal of non-recoverable waste.

To avoid repeating the mistakes of conventional mining, urban mining must be guided
by rigorous control and prevention measures. This includes conducting detailed and
comprehensive environmental impact studies, adopting clean and innovative technologies
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for the separation and processing of materials, and guaranteeing the active participation
of civil society in the planning and oversight of activities. Furthermore, it is essential that
mining companies assume extended responsibility [80-82] for the management of waste
generated at all stages of the process, from selective collection to environmentally sound
final disposal, prioritizing the traceability of materials and the implementation of circular
economy practices.

Even so, the urgency of urban mining manifests itself differently in the Brazilian
context compared to the European one, although they may share common sustainability
goals. Within Europe, and particularly in the European Union, the perception of natural
resource scarcity, the existence of strong environmental regulations (such as the EU WEEE
Directive), and the ambition to lead the transition to a circular economy drive a pressing
need to implement urban mining on a large scale [11]. Dependence on imports of critical
raw materials, coupled with growing consumer awareness and pressure for responsible
business practices, makes urban mining a strategic priority to ensure the competitiveness
of European industry and security of supply.

From a geopolitical and economic point of view, security of supply for items that
Europe does not produce can be achieved through diversified partnerships in Asia, Africa,
and Latin America with contributions of technology and capital sufficient to transform
their strategic needs into commodities. This strategy has been used by several economic
and technological powers throughout recent history, marking a kind of neocolonialism.

Furthermore, while Europe stands out for its selective collection and recycling in-
frastructure, Brazil still faces significant challenges in the management of urban solid
waste. Informality in collection, lack of adequate infrastructure, and low public awareness
hinder the separation and routing of waste to urban mining. Also, some situations related
to conventional mining demonstrate that Brazilian environmental legislation, although
advanced in some aspects, lacks effective mechanisms to guarantee the accountability of
companies and the reparation of damages caused by their activities [70,83,84]. Therefore,
urban mining in Brazil cannot be presented as an environmental merit in itself without a
set of guarantees of its efficacy, efficiency, and effectiveness.

Another point that deserves highlighting is the social issue. The experience of the city
of Trento, in Italy, illustrates the implementation of a program coordinated by local recycling
companies. Collaboration with entities specialized in waste management suggests a more
formalized approach through selective collection [82,85,86]. In Brazil, informality and
the presence of recyclable material collectors in situations of social vulnerability require
a differentiated approach, which promotes social inclusion and income generation for
this population.

In Brazil, the urgency of urban mining is revealed in a less immediate, but equally
relevant way. Although the country has abundant mineral resources, conventional mining is
only considered an effective social function at the beginning of the undertaking, after which
it responds to the demands of the national and international market by lowering its costs,
increasing its production without assuming all the environmental and social externalities it
generates in the process and in the increase in the scale of production [70,83,84]. Therefore,
unbridled conventional mining brings significant environmental impacts and social and
environmental costs. Urban mining emerges as an alternative to diversify sources of raw
materials, reduce pressure on fragile ecosystems, and promote social inclusion through the
generation of green jobs and the formalization of the sector [87-89].

In addition, the increasing production of electronic waste and other complex waste
streams requires urgent solutions to prevent soil and water contamination, protect public
health, and recover valuable materials that can be reintroduced into the production chain.
Thus, while Europe sees urban mining as a matter of economic security and environmental
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leadership, Brazil needs to adopt it as a strategy to promote sustainable development,
reduce social inequalities, and protect its vast natural heritage.

The news from the National Electric Energy Agency [90] about the expressive growth
of 8.84 GW in micro- and mini-distributed generation of electricity, in 2024, highlights a
critical point for the sustainability of the Brazilian energy sector: the urgent need to prepare
the country for the management of the life cycle of the equipment used in these facilities.
As in the case of large solar plants, the expansion of micro and mini-distributed generation,
driven by photovoltaic solar panels installed in homes, businesses, and rural properties,
will inevitably lead to a significant increase in the volume of electronic waste (e-waste)
containing valuable and potentially hazardous materials [91].

In this scenario, urban mining becomes a key piece to ensure the environmental and
economic sustainability of micro and mini-distributed generation. By recovering materials
such as silicon, silver, copper, and aluminum present in end-of-life solar panels, urban
mining can reduce the demand for virgin raw materials, reduce the environmental impacts
of ore extraction and processing, and create new business opportunities and green jobs.
However, the implementation of urban mining on a large scale in the context of micro
and mini-distributed generation presents specific challenges. The geographical dispersion
of facilities, the lack of adequate collection and sorting infrastructure, and the absence of
specific regulations for the management of solar panel waste hinder reverse logistics and
efficient material recovery.

To overcome these challenges, it is essential that the Brazilian government, in part-
nership with the private sector and civil society, develops public policies that encourage
selective collection, the creation of specialized recycling centers, the promotion of extended
producer responsibility, and the awareness of consumers about the importance of the
correct disposal of end-of-life solar panels. In addition, it is necessary to invest in research
and development of innovative recycling technologies, which allow the efficient recovery
of materials present in solar panels, minimizing the costs and environmental impacts of
the process.

By embracing urban mining as an integral part of the strategy to expand micro and
mini-distributed generation, Brazil will be able to ensure that the energy sector becomes
not only cleaner and more decentralized, but also more circular and sustainable. Thus,
the role of the government is, first and foremost, to regulate the market so that it is
virtuous by imposing on the private sector and, indirectly, on photovoltaic generators, the
environmental costs of this technology. In this way, whoever profits and whoever benefits
must internalize the environmental costs of the activity within a long-term vision that goes
from production to decommissioning.

6. Knowledge Production and Technological Appropriation on Urban
Mining in Brazil

The mapping of Brazilian scientific production on urban mining reveals a field of
investigation that, although it demonstrates a recent growing interest, is still in a phase
of development compared to other environmental areas or international production, es-
pecially European. A search carried out in March /2025 on the Web of Science resulted in
633 documents found for the term “urban mining” (all fields), of which 573 are articles,
with 75 being reviews. Brazil ranks 6th among the countries that have produced the most
articles on the topic, Figure 5.
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Figure 5. Top 10 producers of articles on urban mining.

The existing literature, dispersed in journals of various areas (engineering, chemistry,
environmental sciences, management), conference proceedings, and, expressively, in theses
and dissertations, tends to concentrate on specific thematic niches. Studies dedicated to
the quantitative and qualitative characterization of flows such as Waste Electrical and
Electronic Equipment (WEEE), in which it seeks to identify precious and critical metals,
and Construction and Demolition Waste (CDW), whose focus lies on the potential for reuse
of aggregates, predominate.

Investigations on technological routes for the processing of these wastes were also
recovered, ranging from physical pre-treatments to metallurgical processes on a laboratory
or pilot scale, often adapting technologies or seeking lower-cost alternatives. An analysis of
this corpus suggests a preference for applied technical approaches, whose central objective
seems to be the establishment of the technical-economic feasibility of material recovery,
precluding discussions about the social, political contexts and the broader implications of
urban mining in Brazil to a secondary plane.

Considering the growing challenge of managing WEEE in Brazil, whose generation
exceeds population growth and which stand out for their complexity, potential hazard,
and for containing valuable materials, the National Solid Waste Policy instituted Reverse
Logistics Systems (RLS) as fundamental instruments for the transition to the circular
economy [10,22]. In this context, urban mining emerges as a strategy fostered by RLS,
although the effectiveness of both approaches faces significant paradoxes. High costs,
logistical challenges, the informality of the recycling chain, public ignorance, the lack
of adequate infrastructure and specific tax policies are bottlenecks that question the real
contribution of these approaches to sustainability and emissions reduction, demanding the
recognition of these obstacles to drive technological and regulatory solutions [10]. The lack
of formal RLS, especially in metropolitan regions, contributes to a recycling rate estimated
at only 2%, also influenced by the lack of reliable data, the significant role of the informal
sector, and the continental dimensions of the country [92].

Aiming to improve urban mining, studies have focused on the detailed characteriza-
tion of waste and the development of processing routes. Castro e Pereira-Filho [93], for
example, carried out an exploratory study of the chemical composition of Printed Circuit
Boards (PCBs) from hard drives, where it was possible to identify about twenty chemical
elements through Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
and Flame Atomic Absorption Spectrometry (FAAS). Using exploratory data analyses such
as Principal Component Analysis (PCA) and correlation maps, it was also possible to make
significant associations, demonstrating that the direct analysis of fragments combined with
chemometrics is promising for the characterization and planning of recycling routes.
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In a complementary way, Castro et al. [94] proposed the combined use of Laser-
Induced Breakdown Spectroscopy (LIBS) and Parallel Factor Analysis (PARAFAC) to
characterize PCBs, improving the identification of interferents and the accuracy in the
classification of elements such as Au and Ag. The characterization of other WEEE, such
as Light-Emitting Diodes (LEDs) and lithium-ion batteries, reveals not only the presence
of valuable and critical materials (Cu, Ga, Y, In, Au, Ag in LEDs and Co, Nji, Li in lithium-
ion batteries), but also toxic elements (such as Pb and As in LEDs) and a compositional
heterogeneity that challenges recycling processes [95,96].

Overcoming technological barriers is identified as a critical factor in Brazil, which,
despite being the largest generator of e-waste in South America, only performs the initial
processing stage locally [97]. Using the DEMATEL (Decision Making Trial and Evaluation
Laboratory) method based on expert opinion, the authors pointed out technology as the
only primary and causal barrier, directly influencing others such as technical knowledge,
pollution control, costs, and consumer. This lack of advanced technologies and special-
ized knowledge, added to the low collection flow (~2%), makes it impossible to install
sophisticated recovery plants in the country, resulting in the export of components rich in
noble materials [97]. In view of this, several processing approaches have been investigated.
Hydrometallurgy is frequently cited as a promising route [29,45,55], with studies focusing
on the optimization of parameters such as acid leaching (e.g., H,SO4, HNOj3, aqua regia),
solid /liquid ratio, pH, and redox potential to recover metals such as Cu, Ag, Fe, Au, Ga
and Rare Earth Elements (REE) from PCBs, LEDs, and other sources. Separation techniques
such as selective precipitation, solvent extraction, ion exchange, and membrane separation
(nanofiltration, reverse osmosis) are explored for the purification and concentration of
metals and recovery of reactants [45,98].

Alternatives and emerging technologies are also highlighted in the search for sus-
tainability. Bioleaching using fungi such as Aspergillus niger has proven efficient in the
recovery of Cu and Au from PCBs, also enabling the synthesis of metallic nanoparticles [64].
Bio-hydrometallurgy in general is pointed out as a promising innovation, especially for
critical raw materials [29,37,68]. Biphasic Aqueous Systems (BAS) emerge as a “green”
alternative for the recovery of bismuth and gold, minimizing the use of organic solvents
and operating under mild conditions [99,100]. Magnetic Nanohydrometallurgy (MNHM)
is presented as an innovative nanotechnological approach for the selective separation of
lanthanides [101].

Other techniques such as gravity concentration [102], hybrid (mechanical-thermal)
approaches for photovoltaic panels [103] and supercritical water (SCW) technology for
simultaneous recycling of solar panels and effluent treatment [104] are also investigated.
The recovery of REE, given their technological importance and supply risk, is a particular
focus, although acid leaching still predominates and recovery from PCBs remains a chal-
lenge [33,105]. Similarly, the recovery of indium from LCDs faces analytical and market
challenges in Brazil [106].

As already mentioned, urban mining is not restricted to WEEE, also covering CDW,
where the concept of buildings as material banks proposes to treat buildings as recoverable
sources [107]. Although Brazil has research in the area, it contrasts with European countries
due to the lack of robust public policies, with systematized data and incentive policies being
necessary to overcome the competitiveness of virgin materials. The incorporation of waste
such as milled asphalt pavement [108] and polyethylene [109] in asphalt mixtures also
demonstrates potential, although the environmental benefits depend on the technologies
and energy matrices employed and more Life Cycle Assessment (LCA) studies are needed.
The recovery of lead from motorcycle batteries also presents economic and environmental
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relevance, with significant forecasts of obtaining it via urban mining, but faces capacity
and illegal recycling challenges [110].

The spatial and social perspective of urban mining reveals additional complexities. A
study in the Metropolitan Region of Rio de Janeiro (MRR]) identified significant potential,
but also a concentration of recyclers that leaves areas of high generation isolated, reinforcing
the need to optimize routes and improve data management and collection [81]. Universities
emerge as promising sources of WEEE (“urban mines”), however, even in higher education
communities, there is ignorance about proper disposal and reverse logistics, with the
lack of infrastructure and information being significant barriers [111]. Urban mining is
strongly connected to Sustainable Development Goals (SDGs) such as industry /innovation
(SDG 9) and responsible consumption/production (SDG 12), but presents social trade-
offs, especially linked to informality and precarious working conditions of waste pickers,
demanding ethical and inclusive approaches [28].

The geography of urban mining is uneven, shaped by the local political economy,
resulting in disparities in practices and technologies between different urban contexts. For
example, while the London Larger Urban Zone (LLUZ) and Sao Paulo Macrometropolis
(SPMM) stand out for the predominance of formal companies and advanced recycling
technologies, the Greater Accra Region (GAR) faces significant challenges with informal
collection and rudimentary techniques that generate environmental and health impacts [82].
In addition, the mining activity itself, even urban, can entail socio-environmental risks, such
as subsidence in Macei6, requiring tools such as Geographic Information System (GIS) and
Multi-Criteria Decision Aid (MCDA) for mapping vulnerabilities and supporting urban
planning [112]. The lack of standardization in sustainability reports on waste management
also hinders a complete view of flows and the advancement of the circular economy [113].

In summary, urban mining, aligned with the principles of the circular economy, is pre-
sented as an important strategy in the face of pressure on primary resources and the increase
in waste generation in Brazil. Although it represents an opportunity to recover valuable
and critical materials from various anthropogenic sources, such as WEEE and CDW, its
consolidation depends on overcoming technological, logistical, economic, informational,
and socio-political barriers. The development and implementation of characterization
and processing technologies, combined with effective public policies, functional reverse
logistics systems, greater public awareness, and socially inclusive approaches, are fun-
damental for urban mining to reach its potential to contribute to sustainability and the
efficient management of resources in the country.

7. Legal Dimension of Urban Mining: Effectiveness of Brazilian
Legislation and Obstacles to Overcome

Regarding the legal dimension, urban mining, particularly with regard to the uti-
lization of WEEE, is intrinsically linked to the normative framework that regulates the
management of solid waste in the country. The evolution of this legislation, from the
establishment of the National Solid Waste Policy (NSWP) [22], in 2010 to the most recent
decrees [23-26] that improve the regulation of WEEE management, demonstrates a nor-
mative progress towards shared responsibility and reverse logistics. However, the mere
existence of a set of laws and regulations does not guarantee its effectiveness.

This section proposes to deepen the critical analysis of Brazilian legislation applicable
to urban mining, examining to what extent the current legal framework is effective in driv-
ing this activity, as well as the main persistent challenges in its practical implementation
and enforcement. From an assessment of the normative scenario and the obstacles encoun-
tered in its application, it will be possible to identify the gaps and the needs for legislative
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improvement for the full development of urban mining as a strategy for sustainability and
the utilization of secondary resources in Brazil.

The trajectory of waste management in the European Union [17-21], with its pro-
gressive legislative sophistication guided by the search for sustainable practices and the
principles of the circular economy, serves as an important benchmark for the analysis of
policies in other regions. Although Brazil has its particularities and challenges inherent to
international experiences, such as the European one, often influence the adoption of models
and the normative evolution in developing countries. In this context, the understanding of
international approaches and the principles that govern the management of WEEE helps to
examine the effectiveness of Brazilian legislation applicable to urban mining.

The evolution of waste management in the European Union (Table 2) demonstrates
a progressive legislative sophistication, guided by the search for sustainable practices.
The Table 4 shows that, in the 1970s, Europe adopted Directive 75/442/CEE [17], which
prioritized the elimination of waste, with the aim of mitigating the environmental impacts
associated with final disposal. Although this approach was fundamental, it focused on
solving the problem in a reactive way, that is, after the generation of waste.

Table 4. Waste legislation in Europe.

Year Approach

Europe: Directive 75/442 /CEE—prioritization of

1970 waste elimination
Directive 91/156 / CEE—introduction of the paradigm of
1990 . .
integrated management and prevention at the source
Directive 94/62/CE—specific directives for packaging
2006-2008 Consolidation and improvement of the legal framework
(Directive 2006/12/CE and Waste Framework Directive
2008/98/CE)
2008 Incorporation of the principles of the circular economy

Directive 91/156/CEE [18], in the 1990s, introduced the paradigm of integrated man-
agement, shifting the focus to prevention at the source and the valorization of waste.
This change represented a significant conceptual advance, promoting the hierarchization
of management strategies. Concomitantly, specific directives for waste streams, such as
94/62/CE for packaging, were promulgated, complementing the framework legislation
and establishing specific requirements for each type of waste.

The period between 2006 and 2008 was characterized by the consolidation and im-
provement of the legal framework. Directive 2006/12/CE [19] codified the pre-existing
legislation, while the Waste Framework Directive (2008/98/CE) [20] consolidated the man-
agement hierarchy, with emphasis on prevention, reuse, recycling, and valorization, and
strengthened producer responsibility.

From 2008 onwards, the legislation incorporated the principles of the circular econ-
omy. The 2018 Circular Economy Package, for example, established ambitious targets
for recycling and reducing final disposal, aiming for a transition to a more sustainable
production and consumption model. This trajectory demonstrates the EU’s commitment
to sustainability in waste management, continuously seeking to optimize policies and
internalize the principles of circularity.

The European directives on WEEE are well formulated, with a focus on Extended
Producer Responsibility, which seeks to involve manufacturers in the product life cycle. The
EU WEEE Directive, for example, sets criteria for collection, treatment, and recovery [11].
However, its effectiveness across Member States varies; efficient enforcement, public
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awareness, and adequate infrastructure for collection and recycling are crucial. Baldé
etal. [11] report that while Europe (as a region) documents a formal collection and recycling
rate of 42.8% for e-waste, many EU Member States struggle to meet their specific, legally
binding collection targets, with only a few achieving them by 2022. For WEEE policies
to be successful, it is necessary to invest in these areas and ensure coordination between
legislation, companies, consumers, and government agencies.

Although Brazil is independent, some practices of European companies (and those
of other countries) influence the use of some models already adopted by other countries.
The search for sustainable practices in waste management has driven legislative evolution
in various regions of the world, Brazil has demonstrated a progressive development of
its normative structure for the governance of WEEE, consolidating a comprehensive legal
framework that encompasses laws, decrees, normative instructions, and technical standards.
This normative set aims not only to minimize the negative impacts of improper disposal but
also to promote the transition to a circular economy model, promoting the use of resources
present in WEEE.

The National Solid Waste Policy (Law n° 12.305/2010) [22] bases the management
of Waste Electrical and Electronic Equipment (WEEE) on shared responsibility and re-
verse logistics. Distributing responsibilities among manufacturers, importers, distributors,
merchants, consumers, and the government, the NSWP integrates management, aiming
at proper disposal. The policy aims to assign manufacturers the responsibility for the
environmental costs of the production, use, and disposal of WEEE (such as pollution and
resource depletion), encouraging these costs to be reflected in the final price of the products.
This encourages the prevention of waste generation, through the development of more
durable and less polluting products.

In addition, the NSWP prioritizes the reuse of equipment, the recycling of its com-
ponents, and the recovery of valuable materials, thus minimizing the amount of waste
that reaches landfills and the associated environmental impact. Co-responsibility encour-
ages sustainable practices, from product design to its disposal, closing the life cycle and
promoting the circular economy. The aforementioned Policy thus seeks to mitigate waste
generation, conserve natural resources, and reduce pollution, contributing to sustainable
development. Reverse logistics operationalizes the manufacturer’s responsibility, ensuring
the collection and proper processing of WEEE, while consumer participation is fundamental
for the success of the system.

Complementing the NSWP, recent decrees have improved the regulation of WEEE
management, with emphasis on Decree n°® 10.240/2020 [23], which establishes goals and
deadlines for the implementation of reverse logistics; Decree n® 10.657 /2021 [24], which, by
promoting the Pro-minerals Policy and defining criteria for strategic minerals, indirectly
drives urban mining of WEEE; and Decrees n° 10.936/2022 [25] and n° 11.413/2023 [26],
which promote improvements in the regulation of the PNRS and institute the Reverse
Logistics Recycling Credit Certificate, the Structuring and Recycling Certificate of General
Packaging, and the Future Mass Credit Certificate, within the scope of reverse logistics
systems, respectively. The convergence of these legal instruments strengthens the regulatory
structure and creates an environment conducive to the development of urban mining, a
practice that aims at the recovery of metals and other valuable materials from WEEE,
aligning with the principles of the circular economy.

The standardization of processes and the guarantee of safety and efficiency in the
management of WEEE are ensured by technical standards of the Brazilian Association of
Technical Standards. Brazilian Standard—NBR 10.004:2004 [13] establishes the classification
of solid waste according to its risks, providing guidelines for the proper handling of WEEE.
Standards NBR 16.156:2013 [14] and NBR 15.833:2018 [15] specify the requirements for
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the reverse manufacturing of electro-electronics and refrigeration appliances, respectively,
promoting recycling and material recovery. Additionally, NBR IEC 63.000:2019 [16], harmo-
nized with the European RoHS (Restriction of Hazardous Substances) Directive, regulates
the restriction of hazardous substances in electrical and electronic equipment, contributing
to the protection of human health and the environment.

Although the normative advance is remarkable, the full implementation of WEEE
management in Brazil still faces significant challenges. The complexity of the production
chain, the high informality in the recycling sector, the insufficient awareness of the popu-
lation about the correct disposal, and the need for greater investments in collection and
processing infrastructure represent obstacles to be overcome.

To achieve the sustainability objectives outlined in the NSWP, the intensification of
enforcement of compliance with the legislation, the stimulation of technological innovation
in recycling processes, the strengthening of articulation between the different levels of
government (municipal, state, and federal), and the promotion of environmental education
campaigns become essential. Future research should prioritize the evaluation of the impact
of current legislation, the identification of bottlenecks in the implementation, and the
proposition of solutions for the improvement of the system, aiming at a more efficient and
fully aligned WEEE management with the principles of the circular economy.

In Brazil, many practices are still in initial stages or are adopted incompletely. This
difference can be explained by the variation in environmental regulations and the level of
social and economic pressure that motivates companies to adopt more sustainable practices.
In developed countries, stricter environmental legislation and the growing consumer
demand for sustainable practices contribute to greater adherence to these initiatives.

Critical Discourse Analysis

Critical Discourse Analysis (CDA) is a valuable theoretical-methodological approach
for critical organizational studies, as it contributes to the reflection on contemporary social
issues and seeks to denaturalize beliefs that sustain structures of domination. Although the
use of CDA in Administration is not recent, its application is still limited, and the analysis of
the textual dimension is not always explored in depth. Our article relies on the theoretical
and methodological assumptions of CDA, as proposed by Norman Fairclough (2010) [27],
and we offer subsidies for the analysis of the representational dimension, illustrating its
operationalization. Our objective is to clarify aspects related to the linguistic analysis of
normative texts between Brazil and Europe.

The analysis of the National Solid Waste Policy (NSWP) from the perspective of Critical
Discourse Analysis (CDA) reveals a discrepancy between its normative discourse and prac-
tical application. Textually, the technical language present in Law n°. 12.305/2010 [22], such
as in Article 9 when defining the waste management hierarchy, hinders comprehension by
the lay public and limits citizen participation in social control and guideline implementa-
tion. Furthermore, the legislation presents ambiguities in the definition of responsibilities.
Article 18 attributes waste management to municipalities, while Articles 16 and 17 stipulate
that states complement the guidelines, leading to an overlap of competencies and hindering
the efficient execution of actions.

Another critical aspect is the emphasis on sanctions rather than incentives. Article 3 of
Decree n°. 12.189, enacted in 2024, prescribes penalties for non-compliance with regulations,
which may generate resistance among the involved stakeholders. To foster voluntary
adherence to sustainable practices, it is imperative to combine punitive mechanisms with
incentive and engagement strategies.

Discursively, the adoption of the formal and impersonal language characteristic of legal
norms can distance official discourse from the needs of the population. The legal language
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of the NSWP, specifically in Article 3, paragraph XVII, defines “shared responsibility for
the life cycle of products”, but without clarifying practical means of implementation. This
lack of clarity impedes effective application of the norm. The interconnection between laws
also complicates understanding of the policy. Article 51 of Law n°. 12.305/2010 [22] refers
to Law n°. 9.605/1998 [114], which addresses environmental sanctions, thereby requiring
knowledge of various norms for a comprehensive interpretation.

Waste generators are depicted solely as passive agents, subject to legal obligations
without incentives for active participation. Article 33 of Law n°. 12.305/2010 [22] imposes
upon manufacturers, distributors, and retailers the creation of reverse logistics systems, yet
lacks clear guidelines for engagement and awareness, thereby limiting their effectiveness
in promoting sustainable practices.

Socio-historically, the NSWP reflects the ideology of ecological modernization, which
seeks to balance economic development and sustainability. Article 7, item II, stipulates
that waste management should “stimulate sustainable development through the use of
environmentally sound technologies”. This modernization is further underscored by Article
44, which provides for incentives for sustainable practices, thus combining regulation with
economic stimuli.

However, this ideology can justify greenwashing practices, masking unsustainable pro-
duction and consumption models. Article 33 of Law n°. 12.305/2010 [22] mandates reverse
logistics systems, but without efficient oversight, this allows for merely formal compliance.
Power dynamics in the formulation and implementation of public policies frequently result
in the marginalization of vulnerable groups. Although Decree n°. 10.936/2022 [24] recog-
nizes the participation of recyclable and reusable waste pickers, legitimizing their inclusion
in the production chain through Article 36, the normative text does not specifically detail
their rights and duties. This lack of detailed specification can limit their effective integration
and protection within the formal waste management system.

Despite its robust structure, the legislation often fails in practice, rendering shared
responsibility fragile and leading to problems in waste disposal. Consequently, the lack of
planning adapted to the reality of each municipality exacerbates environmental challenges.
Article 54 of Law n°. 12.305/2010 [22] mandates the elimination of open dumps and the
implementation of sanitary landfills, but without considering local specificities, which
hinders its application. For cities with fewer than 50,000 inhabitants, the deadline for
compliance was set for 2 August 2024, however, many municipalities have yet to meet
this requirement, highlighting implementation difficulties and the need for solutions more
tailored to regional conditions.

The effective adoption of circular business models, the strategic use of technology, and
the strengthening of Extended Producer Responsibility are fundamental elements for a
more efficient and equitable waste management system. In this context, CDA is an essential
tool for highlighting hegemonic discourses and revealing the power relations underlying
environmental policies, thereby contributing to the improvement of regulatory frameworks
and the inclusion of historically marginalized actors.

8. Conclusions

Urban mining in Brazil is distinct from models in other regions, like the EU, primarily
focusing on waste reduction and integrating the informal workforce rather than critical
metal scarcity. Significant gaps exist in Brazil regarding knowledge production and techno-
logical appropriation for critical metal recovery from WEEE, which requires sophisticated
technologies and greater incentives for research and development. The Brazilian legal
framework, despite evolving, faces challenges in practical implementation due to a lack
of clarity, ambiguities, and enforcement difficulties. The informal recycling sector and
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low public awareness further contrast with the more consolidated infrastructure in many
European countries.

To advance this sector, policy recommendations include implementing fiscal incentives
such as tax exemptions and credits for companies investing in advanced recycling tech-
nologies and formalizing informal workers. Crucially, technical and professional training
programs are needed to empower workers for efficient and safer recycling technologies,
fostering better working conditions and integration into industrial processes. Establishing
quality standards for recovered metals is also vital to encourage their reinsertion into the
productive chain.

Future research should prioritize developing efficient and sustainable recycling tech-
nologies adapted to Brazil’s heterogeneous waste. Detailed analyses of the social and
environmental impacts of urban mining in various national contexts are necessary, along-
side evaluating the economic viability of different business models. Further investigations
should focus on technological solutions tailored to the Brazilian reality, identifying bottle-
necks in reverse logistics, and exploring social inclusion models that ensure fair working
conditions. Assessing the real impact of current legislation and identifying obstacles to its
practical application are also critical research areas.

9. On the Use of Artificial Intelligence

In accordance with the guidelines for the ethical and responsible use of Generative
Artificial Intelligence (Al), the production of this article was aided by Al tools at various
stages of the research, writing and image production process. It is essential to emphasize
that all outputs generated by Al tools were subjected to rigorous curation and validation
by the authors, ensuring the scientific accuracy and integrity of the final content.
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The following abbreviations are used in this manuscript:

AgNPs Silver Nanoparticles

ATPS Aqueous Two-Phase Systems

CDA Critical Discourse Analysis

CDW Construction and Demolition Waste

CE European Conformity

DEMATEL  Decision Making Trial and Evaluation Laboratory
DESs Deep Eutectic Solvents

EEC European Economic Community

ELV End-of-Life Vehicles

EU European Union

FAAS Flame Atomic Absorption Spectroscopy
GIS Geographic Information System

ICP-OES Inductively Coupled Plasma-Optical Emission Spectroscopy

29



Minerals 2025, 15, 593

IEC International Electrotechnical Commission
ILs Ionic Liquids

LCA Life Cycle Assessment

LCD Liquid Crystal Display

LEDs Light Emitting Diodes

LIBS Laser-Induced Breakdown Spectroscopy
MCDA Multi-Criteria Decision Aid

MNHM Magnetic Nanohydrometallurgy

MRRJ Metropolitan Region of Rio de Janeiro
NCA Nickel-Cobalt-Aluminum

PARAFAC  Parallel Factor Analysis

PCBs Printed Circuit Boards

NSWP National Solid Waste Policy

PPILs Pseudo-Protic Ionic Liquids

REEs Rare Earth Elements

RLSs Reverse Logistics Systems

RoHS Restriction of Hazardous Substances
RPMs Rare and Precious Metals

SCFE Supercritical Fluid Extraction

SDGs Sustainable Development Goals

SWT Supercritical Water Technology

TSS Tin Stripping Solution

USW Urban Solid Waste

WEEE Waste Electrical and Electronic Equipment
WPCBs Waste Printed Circuit Boards
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Abstract

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. 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.

Keywords: copper; cobalt; waste valorisation; smelting slag; environmental impact;
sustainability

1. Introduction

Copper smelting slag is a waste product generated during the pyrometallurgical
processing of copper concentrates. Global production of smelting slag is estimated at
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37.7 million tons per year [1]. A considerable amount of smelting slag containing hazardous
elements is often dumped in a slag disposal pit, and most of it is not fully utilized [1-6].
These hazardous substances are toxic and can accumulate in organisms, causing serious
health risks to all organisms [7,8]. With fewer available sites for dumping smelting slag
and stricter environmental regulations, the copper smelting industry faces an enormous
challenge in managing the slag waste. As a result, it is becoming increasingly important
to reduce waste disposal by making better use of copper slag as a valuable resource of
critical minerals.

Copper slag contains significant amounts of essential metals such as (Cu), cobalt (Co),
silver (Ag), nickel (Ni), zinc (Zn), lead (Pb), cadmium (Cd), and iron (Fe) in oxide, sulphide,
and/or metallic forms [1]. This has sparked increased interest in recovering these valuable
metals from copper slag using various techniques, including flotation, hydrometallurgy,
pyrometallurgy, and a combination of pyrometallurgy and hydrometallurgy. The flotation
process employs various collectors, modifiers, frothers, and depressants to extract entrained
metal compounds from copper slag [9-12]. The hydrometallurgy technique for leaching
copper slag with various lixiviants has been widely exploited [12-18]. The pyrometal-
lurgical approach includes calcination, carbothermic reduction/smelting reduction, and
reduction roasting, followed by magnetic separation. This technique has mostly been used
to extract metals from copper slag via carbothermic reduction at temperatures ranging from
1400 to 1800 °C [19]. An integration of pyrometallurgy and hydrometallurgy for processing
copper smelter slag that involves roasting the smelting slag followed by water or acid
leaching has also been suggested [16,20-22]. However, no commercial application has been
found for the extraction of valuable metals from smelting slag using these techniques.

Copper slag exhibits pronounced chemical and mineralogical heterogeneity, result-
ing in wide compositional variability. Consequently, comprehensive characterisation of
copper slag is essential for selecting appropriate metal recovery techniques, conducting
robust environmental impact assessments, and developing effective utilisation strategies.
Gorai et al. [2] presented a comprehensive review of copper slag characterisation, with par-
ticular emphasis on metal recovery and utilisation technologies. Piatak et al. [23] examined
the properties of ferrous and non-ferrous slags, highlighting their environmental impacts
and potential as valuable secondary resources for reuse and recycling. Potysz et al. [6]
synthesised existing knowledge on metallurgical slags, focusing on chemical and phase
compositions, metal recovery potential, environmental risks, and long-term fate. More
recently, Phiri et al. [24] provided an in-depth review of the chemical and mineralogical
characteristics of copper slag, together with processing methodologies and utilisation
pathways for copper smelting slags. Tian et al. [25] systematically evaluated metallurgical
techniques for recycling and further purification of copper slag. Additionally, Phiri et al. [1]
assessed global copper smelting slag generation as a potential secondary source of copper
and cobalt within a circular economy framework. Collectively, these studies establish a
comprehensive understanding of copper slag as both a metallurgical by-product and a
valuable secondary resource. Early reviews by Gorai et al. [2] and Piatak et al. [23] provided
foundational insights into slag characterization, environmental implications, and reuse
potential, while Potysz et al. [6] deepened this knowledge by integrating chemical, miner-
alogical, and ecological aspects. More recent works by Phiri et al. [1,24] and Tian et al. [25]
extend this framework by highlighting modern recovery techniques, circular-economy
perspectives, and the emerging strategic importance of copper and cobalt in green-energy
transitions. Together, these contributions underscore copper slag’s dual role as an envi-
ronmental liability and a critical resource reservoir, emphasizing the need for innovative,
sustainable recovery technologies to transform it into a viable resource for future metal
supply chains.
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Metallurgical recycling and processing solutions for copper smelting slag are still at
the development stage, despite intensive research over the last several decades. Therefore,
a review of current knowledge is required to guide the further development of techniques
capable of leveraging the resource potential of copper smelting slag for the extraction of
critical metals. The primary objective of this study is to present a comprehensive review
of global copper smelting slag generation, as well as the various proposed approaches
tested to date for extracting critical metals from copper smelting slag. Finally, the technical
challenges and development bottlenecks of copper slag metallurgical processes, as well as
potential measures to overcome these barriers, are summarized in order to provide useful
and significant guidance for efficient copper slag processing and utilization.

2. World Overview of Copper Smelting Slag

The global copper slag production is estimated at 966 million tons for the period
between 2000 and 2024 from the 13 main producing countries (Figure 1). Copper smelting
slag is considered a potential world resource owing to the huge amounts being produced
worldwide, which contain substantial amounts of valuable metals [24]. The production
figures for the period between 2000 and 2024 serve as evidence that huge amounts of copper
slag waste are generated every year, and the upward trend in these figures is expected to
continue in the coming decade due to the increase in global population, economic growth,
and technological advancement. The average annual production is estimated at 38.6 million
tons (Figure 1).
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Figure 1. Global copper smelting slag production for the period 2000 to 2024 from the 13 main
producing countries. Approximately 966 million tons of copper slag waste has been produced in the
last 25 years. Data Source: [26].

3. Furnace Technologies Producing Copper Slag

Copper slag generation is inherently linked to the type of furnace and the thermo-
chemical processing route used in pyrometallurgical copper production. Each furnace
design exhibits unique operational characteristics, reaction environments, and matte—slag
separation efficiencies, resulting in significant variation in slag composition and copper
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losses. The following section reviews the principal furnace types, including reverberatory,
electric, flash smelting, top-submerged lance (TSL), Peirce-Smith converter, and Teniente
converter systems, and synthesizes key findings from the metallurgical literature.

3.1. Reverberatory Furnace

Reverberatory furnaces once formed the backbone of global copper smelting, operating
at temperatures of approximately 1100-1300 °C. Their broad, pool-type bath geometry
provides limited turbulence and slow matte-slag separation, conditions that inherently
promote high copper losses to slag. Resulting slags typically contain 1.5-4.5 wt.% Cu, with
levels reaching ~6 wt.% under sub-optimal operating conditions [27]. Copper reporting to
the slag is predominantly associated with mechanically entrained matte droplets, dissolved
Cuy0, and Cu-Fe-O spinel phases. Although central to early industrial copper production,
reverberatory furnaces have been largely phased out due to their low thermal efficiency,
high fuel consumption, and the large slag volumes they generate, which diminish overall
metal recovery [28].

3.2. Electric Furnace (Electric Settling Furnaces)

Electric furnaces play a critical role in modern copper smelting flowsheets, primarily
as slag-cleaning units that enhance matte-slag separation through high-intensity resistive
heating. Operating at temperatures typically exceeding 1200-1500 °C [29], these furnaces
generate strong convective currents and provide extended residence times, both of which
promote the reduction and settling of entrained matte droplets. As a result, electric furnace
slags usually contain only 0.5-1.5 wt.% Cu, ranking among the cleanest slags produced
in pyrometallurgical copper processing [30]. Their ability to recover copper and other
valuable metals from both primary smelting slags and converter slags makes electric
furnaces indispensable components of contemporary, high-efficiency smelting operations.

3.3. Flash Smelting Furnace Slags (Outokumpu/INCO)

Flash smelting is the leading primary copper smelting technology worldwide and
accounts for over half of global matte production [27]. In this process, finely ground copper
concentrate is oxidized in suspension using oxygen-enriched air, enabling extremely rapid
reaction kinetics, high heat generation, and autogenous smelting. Sulfide minerals such
as chalcopyrite (CuFeS;) react almost instantaneously with the oxidant stream, producing
sufficient exothermic heat to melt the feed and yielding a stable operating environment
characterized by automatic temperature and composition control. Flash smelting has been
widely adopted due to its high energy efficiency, effective sulfur capture, and elevated
copper throughput [27,31]. The process typically produces a Cu-Fe-S matte containing
60-75% Cu alongside an iron-silicate slag with 0.8-2 wt.% Cu, depending on furnace
conditions and feed characteristics [27]. Copper losses mainly arise from fine matte droplet
entrainment and the formation of magnetite-rich slag phases [31] Importantly, flash fur-
naces generate significantly lower slag volumes than reverberatory furnaces due to reduced
flux demand and more complete oxidation. Overall, flash smelting is considered the most
economical and environmentally favorable industrial route for copper concentrate smelting
and is central to achieving more sustainable metallurgical operations.

3.4. Top-Submerged Lance (TSL) Furnaces (Isasmelt/Ausmelt)

The Top-Submerged Lance (TSL) reactor is a highly adaptable, intensively mixed
smelting technology whose efficiency is largely dictated by lance configuration and opera-
tion. The lance serves as the central functional element of the system, delivering oxidant
gas, auxiliary fuels, and fine or dried concentrates directly into the molten bath, while
additional feed can be supplied through overhead ports. Through the controlled delivery
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of these streams, the lance effectively regulates the oxygen partial pressure (pO;) within
the furnace,a key variable influencing reaction pathways, matte and slag formation, and
overall process thermodynamics [32]. Slags produced in TSL operations typically contain
0.8-1.5 wt.% Cu, with further reductions commonly achieved via electric furnace settling
downstream of the main reactor [27,28]. Although the intrinsic turbulence of TSL opera-
tion can increase matte entrainment, modern monitoring and process control strategies
significantly limit this effect. Owing to its compact design, lower operating and capital
requirements, and strong environmental performance, TSL technology has become an
increasingly preferred alternative to traditional smelting methods in both primary and
secondary copper processing.

3.5. Peirce—Smith Converter

The Peirce-Smith Converter (PSC) is a batch oxidative smelting vessel widely used
in copper production to convert copper matte (typically 65-75% Cu) into blister copper
(98-99% Cuy). Air or oxygen-enriched air is blown through tuyeres located along the con-
verter barrel, oxidizing iron sulfide to form an FeO-5iO, slag and driving the evolution of
SO, gas. The process proceeds in two main stages: the slag-forming (iron blow) stage, dur-
ing which FeS is preferentially oxidized and removed as slag, followed by the copper blow,
where remaining copper sulfide is oxidized to blister copper. Peirce-Smith Converter oper-
ation is influenced by high magnetite (Fe304) formation, which increases slag viscosity and
contributes to copper losses through matte entrainment and Cu-Fe-O spinel formation [33].
Typical converter slags contain 1-2 wt.% Cu [34,35]. Despite drawbacks such as noise, high
energy use, and discontinuous operation, PSCs remain dominant globally due to their
robustness, operational simplicity, and compatibility with existing smelting flowsheets.

3.6. Teniente Converter

The Teniente converter is a continuous conversion reactor widely used in Chile and the
United States. It uses a large cylindrical furnace with submerged tuyeres (35 to 50 tuyeres)
of approximately 4 to 5 m and blows oxygen-enriched air through the tuyeres into molten
matte. The dried concentrate, flux, reverts, coal/coke, recycle materials, and scrap are
blown into the furnace through 3 or 4 dedicated tuyeres. The concentrate oxidation is
achieved by blowing oxygen-enriched air through tuyeres into the furnace. Teniente
converter typically contains 1-2 wt.% Cu, with losses influenced by blowing intensity,
slag viscosity, and magnetite formation [27,30]. Thermodynamic studies have clarified the
behavior of Cu-Fe-O-5iO; phases in this system, highlighting the importance of oxygen
potential control [27]. Teniente converters allow smoother operation and reduced fugitive
emissions relative to Peirce-Smith Converters.

The variation in copper content among slags reflects the efficiency and operating
philosophy of different furnaces. Reverberatory systems exhibit the highest copper losses
due to slow settling, while electric furnaces provide the cleanest slags. Flash smelting
and TSL furnaces represent modern high-efficiency technologies that balance productivity
with low copper losses. Converter slags, particularly from PSC and Teniente systems,
remain important targets for secondary recovery. Understanding these furnace-dependent
slag characteristics is essential for optimizing copper extraction, minimizing losses, and
designing effective slag treatment strategies.

4. Characterization of Smelting Slag
4.1. Chemical Composition

The bulk chemical composition of copper smelting slags is largely governed by the
metallurgical conditions under which they are generated, including the mineralogy of
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the feed concentrate, furnace type, flux addition, and cooling regime [2,6,23,36]. Major
constituents of copper smelter slags typically include silica (5iO,), ferrous oxide (FeO),
ferric oxide (Fe;O3), calcium oxide (CaO), and alumina (Al,O3), which together define
the physicochemical behavior of the slag during solidification and subsequent weathering.
Copper smelter slags exhibit pronounced chemical and mineralogical heterogeneity, as
reflected in the wide compositional ranges reported in Table 1. This variability is strongly
influenced by cooling mechanisms, with air-cooled and water-quenched slags displaying
markedly different phase assemblages. Cooling rate plays a critical role in controlling
crystallization processes and phase diversity within the slag matrix. Ravindra et al. [37])
reported that fayalite (Fe;SiOy) is the dominant mineral phase in copper slags, constituting
up to 57% of air-cooled slags compared to approximately 15% in quenched slags. Consistent
with these observations, Potysz et al. [6] found that rapidly quenched slags are characterized
by reduced crystalline phase diversity relative to slowly cooled slags. During slow cooling,
crystallization occurs under conditions closer to thermodynamic equilibrium, promoting
the development of multiple, well-defined mineral phases [38]. In contrast, rapid quenching
suppresses extensive crystallization, resulting in a predominantly glassy matrix with
limited crystalline content. These differences in cooling history have important implications
for the physicochemical properties, environmental behavior, and potential secondary
utilization of copper smelting slags.

Table 1. Average chemical composition of copper smelter slag for minor elements from over
80 studies globally [24].

Component Ca Al Zn Ag Mg Cu Pb Co As Ti Ni Mn Sb Mo

Content
(wt.%)

305 259 183 167 136 119 094 048 038 028 024 022 010 0.06

These findings are consistent with previous observations that rapid cooling causes the
formation of amorphous phases and metal oxide segregation, whereas slow cooling leads
to the formation of vitreous and crystalline components [2,6,23,37]. This demonstrates
that the cooling rate of the slag has a significant impact on phase composition. Table 1
summarises the average chemical composition of copper smelter slags derived from over
80 studies across 21 different countries. The average chemical composition of copper slag
was calculated by considering studies conducted in each country at various copper smelting
locations. The studies demonstrate substantial amounts of metals and metalloids, with
an average of 3.05 wt.% Ca and 2.59 wt.% Al, 1.83 wt.% Zn, 1.67 wt.% Ag, 1.36 wt.% Mg,
1.19 wt.% Cu, 0.94 wt.% Pb, and 0.48 wt.% Co (Table 1). Other metals and metalloids such
as As, Ti, Ni, Mn, Sb, and Mo were also detected but in much lesser amounts (lower than
0.4 wt.%).

The grade of Co and Cu in the slag exceeds the average ore grade for most mines
due to the depletion of high- grade deposits in recent years. These minor elements exist
in the slag as entrained sulfides, oxides, and metallic elements. Under high-temperature
conditions, elements such as Cu, Co, and Ni preferentially form sulfide droplets that may
become mechanically trapped within the silicate melt. Simultaneously, more oxidized con-
ditions promote the formation of oxide and spinel phases (Fe304, Fe;SiOy) that incorporate
trace metals through solid solution. During cooling, varying redox potentials and melt
viscosities prevent full phase segregation, causing metallic copper and sulfide particles to
remain dispersed within the glassy matrix. Consequently, the coexistence of these phases
reflects non-equilibrium solidification, variable oxidation states, and mechanical entrap-
ment of metal-rich phases, which together govern the mineralogical complexity and metal
recoverability of copper slags.
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4.2. Mineralogy of Copper Slag

Copper slag is primarily composed of fayalite (Fe;SiO4) and silicate glassy matrices,
with crystalline oxides, sulfides, metallic elements, alloys, and intermetallic compounds
as minor constituents [16,23,39—42]. The fayalite structure in copper slags is formed when
pyrite is oxidized to iron oxide in the presence of silica and may contain minor amorphous
silica phases [24,43]. In our recent study, the silicate phase was described as principally
fayalite and kirschsteinite from the olivine group, while the copper phase was made up
of copper matte and metallic copper [42]. Meanwhile, the magnetite phase was primarily
found interbedded with the fayalite and kirschsteinite phases, forming a coherent structure
with iron and other metallic components. Other research discovered certain common
silicates with compositions equivalent to Melilite ((Ca, Na),(Al, Mg, Fe?*)(Si, Al),Oy) and
willemite (Zn,SiOy) [7,36,44]. Granulated slags were discovered to contain a significant
amount of calcium and chloride, as well as iron in the form of magnetite, fayalite, and
ferrosilite. The other sulfide phases that have been found to be present within the copper
slags are pyrite (FeS;), galena (PbS), sphalerite ((Zn,Fe)S), pyrrhotite (Fe(1-X)S) and wurtzite
((Zn,Fe)S) whereas covellite (CuS), cubanite (CuFe;S3), digenite (CugSs), troilite (FeS), and
pentlandite ((Fe,Ni)9Sg) are rarely observed [23,36,45].

Potysz et al. [6] discovered that copper slags comprised several synthetic forms of
naturally occurring mineral phases. Copper slags commonly contain sulfide minerals such
as bornite (CusFeS,), chalcocite (Cu;S), and chalcopyrite (CuFeSy) [21,46,47]. The principal
iron oxide minerals found in copper slag are fayalite (Fe;SiO4), spinels (MgAl,Oy), hematite
(FepO3), magnetite (Fe3O4) and wustite (FeO) 1 [23,36,37]. Copper slags can contain trace
amounts of oxides, including leucite (K(AlSi;Og)), hercynite (FeAl,Oy) [38,48,49]. Pyroxene
group minerals like diopside (FeCaSi;Og) and hedenbergite (CaFeSi,Og), as well as the
olivine group minerals like kirschsteinite (CaFe?*SiO,) and forsterite (MgSiOy) are also
found in copper slags 1 [23,42,44,46].

5. Embedment of Critical Metals in the Smelting Slag

To show the embedment of critical metals in copper slag, backscattered electron
(BSE) imaging was used to examine the polished surface of the smelting slag sample [42].
Figure 2 depicts the BSE images and mapping results for all the detectable metals in the
smelting slag.

The distribution of copper in the mapped area (Figure 2b) is not uniform, and a signif-
icant concentration of copper can only be observed in Area 1 (Figure 2c). The considerable
overlap between copper and sulfur at point 1 in the mapping area shows that this region is
made up of CuS or Cu,S [42]. The principal types of copper metal were copper matte and
metallic copper, which were interbedded with the silicate matrix. Also embedded were
relatively small amounts of Co, Fe, Si, O, Ca, Al, and K, which were evenly distributed
throughout the copper slag. This is consistent with earlier research findings that show
copper is lost to the slag in the form of copper matte [2,23,46]. Highly oxidized slags from
converting and/or direct-to-blister smelting methods contain copper in the form of iron
and copper-bearing oxides such as delafossite [50].

In the study by Phiri et al. [42], the area labelled 2 in Figure 2a exhibited a perfect
euhedpral structure typical of iron oxide spinels. This area showed Co overlapping with
other metallic elements, including Fe, Ti, and O as depicted in Figure 2f-h. Si was not
detected in this area, suggesting the presence of magnetite containing embedded Co and
Ti metals. The mapping area labelled 3 revealed identical features for Co, Fe, Si, Ti, K,
Mg, Ca, and O, suggesting the presence of a complex silicate matrix with multiple metal
encapsulations. The distribution of Co in the copper slag in the area labelled 4 matched
the distribution of Fe and Ti, implying the presence of a Co-Ti-Fe alloy. The images also
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showed that copper was primarily dispersed as copper sulfide, but it was also found in
an alloy with Fe. Overall, the mapping results show that substantial amounts of cobalt
and other valuable metals (such as Cu, Tj, Fe, Si, K, Mg, and Ca) were embedded in the
complex silicate matrix and magnetite phase, making extraction challenging.

Figure 2. Backscattered electron images of the polished surface of copper slag (a), mapping images
overview (b), and mapping images for Cu (c), S (d), Co (e), Fe (f), Ti (g), O (h), Si (i), Ca (j), K (k) [42].
Numbers 1-5 in (a) indicate distinct Areas of the sample discussed in the text.

5.1. Copper Embedment in the Smelting Slag

To further illustrate mineral embedment in the smelting slag, Figure 3a presents an
additional BSE image showing multiple interconnected mineral phases within the copper
slag. To get comprehensive BSE microstructure information, the highlighted areas X, Y,
and Z in Figure 3a were deconvoluted, and the results are presented in Figure 3b, ¢, and d,
respectively. Tables 2 and 3 display the corresponding compositions at various points in
Figure 3b, c, respectively.
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Figure 3. Backscattered electron micrograph of the polished surface in copper slag (a) and deconvo-

luted images of areas marked X (b), Y (c), and Z (d) [42]. The numbers in Figure 3b and c correspond

to the points in Tables 2 and 3, respectively.

Table 2. Elemental composition (wt.%) of the main phases in the copper slag in Figure 3b [42].

Mineral Point Co Cu s Fe Si o Ca Al Mg Ti K
Phase
Crggggr 1 0.38 57.56 20.8 11.01 234 476 0.6 0.64 0.46
Magnetite 2 1.85 51.33 3.94 24.87 1.43 2.49 0.34 1.14 1.08
Silicate 3 1.3 5.08 2.04 2491 14.07 24.81 471 2.29 0.76 0.12 1.49
Silicate 4 1.25 31.11 16.29 28.37 2.51 3.9 0.39 0.14 3.52
Silicate 5 1.44 25.24 12.26 25.9 6 2.07 1.8 0.43 091
Silicate 6 1.32 20.9 19.44 31.46 7.98 3.43 241 0.16 1.18
Table 3. Elemental composition (wt.%) of the main phases in the copper slag in Figure 3c [42].
Mineral Point Co Cu s Fe Si o Ca Al M Ti K
Phase 8
Copper
PPe 1 0.11 73.52 18.36 2.5 0.08 0.67
Copper 014 8962 012 3.17 037 1.38 0.08
metallic
Silicate 1.05 0.54 224 23.25 40.9 1.73 5.17 2.25 0.45 2.82

44
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Backscattered electron (BSE) imaging (Figure 3b,c), together with the quantitative data
presented in Tables 2 and 3, indicates that copper is predominantly distributed among
silicate phases, copper matte, and metallic copper phases. The corresponding Cu contents
reach up to 5.08 wt.% in silicate phases, 73.52 wt.% in copper matte, and 89.62 wt.% in
metallic copper. Consistent with these observations, Zhang et al. [51] reported that although
copper metal occurs at higher weight percentages within iron-bearing phases compared
to fayalite (Fe;SiO4) and magnetite (Fe30y), fayalite exhibits a stronger affinity for heavy
metal incorporation. The study demonstrated that 89.7% of As, 85.0% of Pb, and 76.9%
of Cu were preferentially embedded within the fayalite phase [51]. Previous studies have
similarly shown that Cu can be structurally incorporated into fayalite through substitution
at Fe lattice sites [43,51,52]. Furthermore, Zhou et al. [53], through analysis of Cu-Fe binary
phase diagrams, demonstrated that Cu and Fe exhibit extensive mutual solid solubility, a
behaviour attributed to their comparable chemical characteristics and crystal chemistry.
This miscibility provides a mechanistic explanation for the observed incorporation of Cu
into Fe-bearing silicate phases.

5.2. Cobalt Embedment in Mineral Phases of the Copper Slag

In the study by Phiri et al. [42], cobalt in copper smelting slag was mostly discovered
embedded in the silicate and magnetite phases (Tables 2 and 3). Cobalt was also consistently
found in various phases of copper slag, interspersed with other metals such as Cu, Fe,
Ca, K, Al, Ti, and S. According to the backscattered electron (BSE) images in Figure 3b
and Table 2, the Co content was uniformly distributed in the magnetite, silicate, and
copper matte phases, with up to 1.85 wt.%, 1.44 wt.%, and 0.38 wt.%, respectively. This
finding is consistent with the research undertaken by Yang et al. [17], who found that Co
predominantly occurs in the fayalite phase, specifically in the form of silicate and ferrite.
Vitkova, et al. [46] report that Co substitutes for Fe in olivine-group silicates (such as
fayalite) up to 7.15 wt.% CoO, and also occurs in oxide/spinel phases. This aligns with the
idea that Co is stabilized in silicate phases due to substitution for iron.

6. Critical Metal Processing Strategies for Smelting Slag
6.1. Recovery of Copper from Smelting Slag Using Flotation

The froth flotation technique has been found to be an essential operation in the
recovery of copper from smelting slag [5,9-11,54,55]. The copper values in the smelting
slag that are present either as independent metallic particles or in the form of sulfides can
be floated effectively. Flotation has been studied for the recovery of metals from copper
slag employing various collectors, frothers, modifiers, and depressants. Froth flotation uses
the differences in surface characteristics of minerals to separate valuable minerals from
unwanted gangue minerals. The process produces an enriched concentrate, and the gangue
or unwanted material reports to the tailings. Middlings are a third product composed of
valuable and gangue minerals that have remained locked together. This material is typically
reground to liberate the valuable mineral particles. Copper slag flotation resembles sulfide
ore flotation [20]. The main parameters investigated for the flotation technique are particle
size, collector dosage, and pH. The copper slag is fed into the flotation unit, where the
sulfide minerals (CuyS, CusFeSy) are floated using collector and frother reagents to produce
a concentrate.

6.1.1. Recovery of Copper from Smelting Slag Using Xanthate Collectors

Xanthates are one of the most common commercial collectors used in copper sulfide
flotation and are known to be strongly chemisorbed on the surfaces of many valuable
minerals [56]. Sarrafi et al. [9] explored copper recovery from reverberatory furnace slag
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using flotation. The following parameters were investigated: cooling rate, particle size,
collector dosage, pH, and flotation time. The results demonstrated that for an air-cooled
slag at optimum conditions of pH 11.5, R407 collector dosage of 30 g/t., solid in pulp of 30%
and flotation time of 12.5 min, a copper recovery of 72% was obtained in one-stage flotation
with a copper concentrate grade of 12.6%. In a similar work, Das et al. [10] investigated the
recovery of copper values from an Indian smelter slag through flotation using conventional
sodium isopropyl xanthate (SIPX) as the collector. The effects of flotation parameters
like pH and collector concentration were studied. The results under optimum flotation
conditions showed a copper grade of approximately 21% with copper recovery of more
than 80% at xanthate concentration of 600 g/ton and slightly alkaline pH of 9. Copper
recovery from smelting slag employing butyl xanthate as the collector was investigated [11].
The copper slag sample was primarily composed of bornite (CusFeS;) as the major Cu-
bearing mineral. The sample was ground to a particle size of 80% passing 74 um and
floated at pH 10 with sodium carbonate as a pH modifier and 50 g/t butyl xanthate [11].
The results showed a 14.47% concentrate copper grade with copper recovery of around
79.66%. The authors reported that reagent type, reagent dosage, particle size, and pH were
the significant operating parameters governing the flotation process. Similarly, Li et al. [57]
investigated the recovery of metals from copper slag waste using butyl xanthate collectors.
The results indicated that using flotation butyl xanthate as the collector and terpene oil as
the frother resulted in a flotation concentrate copper grade of 21.50% with a recovery rate
of 77.78%. Meanwhile, Roy et al. [5] examined the flotation of copper sulfide from copper
smelter slag using mixtures of several collectors containing sodium isopropyl xanthate
(SIPX), sodium di-ethyl dithiophosphate (DTP), and alkyl hydroxamate at different dosages.
The results demonstrated that using a 40:160 g/t mixture of sodium isopropyl xanthate
and di-ethyl dithiophosphate resulted in a greater copper recovery of 84.82%, compared to
78.11% when using the best performing single collector at pH 9 [5]. Similarly, a 160:40 g/t
mixture of sodium isopropyl xanthate and alkyl hydroxamate resulted in a relatively high
copper recovery of 83.07%. The influence of grinding duration on flotation recovery of
copper smelter slags in the Bardaskan district of Iran was studied by Shamsi et al. [55].
After grinding the material for 85 min to a particle size of 80% passing 48 pm, copper
recovery of 79.89% was achieved.

6.1.2. Recovery of Copper from Smelting Slag Using Thionocarbamate Collectors

Several attempts have been made to identify alternatives to xanthates. to improve
metal recovery. Thionocarbamate collectors, for example, have been reported in the liter-
ature primarily for the flotation of copper-bearing minerals such as chalcocite, covellite,
chalcopyrite, and bornite, either in combination with xanthates or alone [58-60]. Thiono-
carbamates can form stable chelating complexes with metal ions on the surface of particles
containing copper by using C=S and N-H bonds [60]. Stirbanovi¢ et al. [61] examined the
use of thionocarbamates in copper slag flotation. The results showed a 22.34% enrichment
in copper content at a recovery of 83-87% from a 3.56% feed at pH 9. Thionocarbamates’
selective nature, which makes them suitable for adsorption on copper-bearing sulfide
minerals, aids in their separation from other sulfides, such as pyrite, arsenopyrite, galena,

and sphalerite.

6.1.3. Recovery of Copper from Smelting Slag Using Xanthate with Secondary Collectors

Several research studies have shown that combining xanthates with some secondary
collectors can improve Cu recovery [13,55,62]. Mixed collectors appear to have a synergistic
effect, which reduces reagent usage, improves selectivity, and increases coarse particle
recovery [63]. Roy et al. [5] evaluated the efficacy of a mixed collector system using sodium
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isopropyl xanthate (SIPX) and di-ethyl dithiophosphate (DTP) for recovering copper values
from smelting slag, versus SIPX alone. The copper in the smelting slag took the form of
CusFeS,. The combination of collectors, when used in the ratio of 40:160 g/t, resulted
in a greater copper recovery of 84.82%, compared to the best recovery values of a single
collector system (78.11% Cu). The research also investigated a combination of SIPX and
alkyl hydroxamate at a ratio of 160:40 g/t, which resulted in an 83.07% copper recovery. The
primary collector SIPX was effective at adsorbing fines, while DTP and alkyl hydroxamates
interacted with SIPX to efficiently recover unliberated coarse copper-bearing particles.
These findings were consistent with the experimental results reported by Shamsi et al. [55]
who conducted flotation experiments using a single collector system of potassium amyl
xanthate (PAX), resulting in a copper recovery of 62.23%, then repeated the experiments in
a mixed collector system containing PAX and sodium isopropyl xanthate (SIPX), resulting
in a substantially increased recovery of 80.27% at pH of 11.

6.1.4. Disadvantages of the Flotation Method on the Recovery of Copper and Cobalt from
Smelting Slag

Studies have indicated that the majority of the copper and cobalt in the slag are in the
oxide phase, which cannot be treated directly using the flotation process [21]. Conversely,
Hara and Jha [64] made similar observations, stating that most of the copper in the slag is
in the oxide phase, and virtually all the cobalt is chemically bound with silica, iron, calcium,
and/or aluminum oxides, making flotation extremely difficult. A study on the surface
modification of oxide minerals using ethanediamine [65] found that oxide minerals are more
difficult to float than sulfide minerals due to their higher solubility and extensive hydration.
The direct flotation of copper oxides using collectors such as fatty acids, hydroxamates,
and petroleum sulfonates has been extensively studied. Despite promising performance
at a laboratory scale, these collectors have so far not been successful in plant-scale trials.
Moreover, these collectors have been used for copper oxide minerals only. Their application
for Cu slag flotation has not been reported.

A more recent study found that difficulties using the flotation technique for the
recovery of copper oxides may be ascribed to the presence of dangling ionic bonds, which
enable water molecule adsorption on oxide surfaces via polarization [63]. As a result of
electrostatic attraction, a thick and stable layer of hydrophilic hydration film forms on
the oxide mineral surface, preventing the collector from penetrating and then adsorbing
onto it. Kundu et al. [63] suggested investigating the possibility of improving the flotation
performance of copper-bearing oxides by employing sulphidation reagents, such as sodium
sulfide. Sulphidation treatment alters the surface of Cu bearing oxides by adsorbing S?~
and HS™ ions, resulting in a metal sulfide coating that promotes collector adsorption [66].
Extensive study on the flotation of Cu slag, using xanthates with sulphidation reagents,
has been conducted.

6.1.5. Economic Viability of the Flotation Approach for Reprocessing of Copper Slag

The froth flotation process remains one of the most economically viable and opera-
tionally established techniques for the recovery of copper from smelting slags. Its economic
appeal lies in its low energy requirement, moderate reagent cost, and compatibility with
existing flotation circuits used in sulfide ore processing. The technique effectively recovers
metallic and sulphidic copper species, which commonly occur in slag as discrete metallic
particles or as sulfide minerals such as bornite (CusFeS,) and chalcocite (Cu,S). Numerous
studies [5,9-11,48,54,55] have demonstrated that flotation under optimized conditions can
achieve 70-85% Cu recovery with concentrate grades ranging between 12% and 23% Cu,
depending on slag mineralogy, particle size, and reagent system.
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Economically, flotation benefits from low operating and reagent costs compared
with hydrometallurgical approaches. Collectors such as xanthates (sodium isopropyl
xanthate, butyl xanthate) are inexpensive and widely available, while mixed collector
systems—combining xanthates with diethyl dithiophosphate (DTP) or alkyl
hydroxamates—have exhibited synergistic improvements in selectivity and coarse par-
ticle recovery, yielding 84-86% copper recovery with limited reagent dosages [5]. Moreover,
the process can be readily implemented within existing concentrator infrastructure, thereby
reducing capital investment and promoting near-plant slag valorization.

Nevertheless, the economic feasibility of flotation diminishes when copper is predom-
inantly present in oxide or silicate-bound phases. As reported by Dimitrijevic et al. [21]
and Hara and Jha [64], the flotation of oxidized slags is challenging due to the hydrophilic
nature of oxide minerals and the strong bonding of copper with iron and silica matrices,
which leads to poor recovery and high reagent consumption. To address this, sulphidation
pretreatment using sodium sulfide (Na,S) has been proposed to convert oxides into sul-
fides, enhancing collector adsorption and improving overall flotation performance [63,66].
Although this additional step increases reagent costs, the corresponding rise in copper
recovery can restore process profitability and enhance overall metal yield.

In summary, the flotation approach is economically viable for slags containing signifi-
cant sulphidic or metallic copper, offering low-cost, high-throughput recovery with rapid
payback potential. Its advantages—namely, scalability, operational simplicity, and low
energy input—make it a preferred first-stage beneficiation process. However, for highly
oxidized slags, the integration of flotation with sulphidation or subsequent hydrometal-
lurgical treatment is essential to maintain economic efficiency and ensure comprehensive
metal recovery. When combined with mechanical activation or selective acid leaching,
flotation can serve as a cost-effective and sustainable component of an integrated copper
slag valorization strategy.

6.2. Copper and Cobalt Recovery from Smelting Slag Using Hydrometallurgy

The hydrometallurgical route via leaching is the most common approach for recovering
metals from low-grade materials like smelting slag. Because of its economic benefits
and relatively minimal environmental impact, the hydrometallurgical technique offers a
high potential for effective metal extraction. The hydrometallurgical technique for metal
extraction from smelting slag has been examined using various parameters such as leaching
system, extractant concentration, temperature, solid /liquid ratio, and leaching period. The
emphasis has been on atmospheric leaching using lixiviants such as acids, bases, and
salts. Many of these lixiviants form aqueous solutions that can dissolve metals from ores,
concentrates, and slag.

6.2.1. Recovery of Copper and Cobalt Using Sulfuric Acid

Sulfuric acid (H»SOy) is the most widely employed lixiviant for metal recovery from
copper slags due to its low cost, high reactivity, and widespread availability. It is particularly
effective for the leaching of metal oxides and is one of the strongest inorganic acids, being
completely miscible with water at all concentrations. Sulfuric acid may be applied in
dilute or concentrated form, or in combination with oxidising agents such as oxygen to
enhance leaching kinetics. Its suitability for on-site application is further supported by its
availability as a common by-product of copper smelting operations. Numerous studies have
demonstrated the effectiveness of sulfuric acid as a leaching agent for copper slags, reporting
high metal extraction efficiencies [13,16,17,67-71]. For example, Yang et al. [17] achieved
metal recoveries of 98% for cobalt, 97% for zinc, and 89% for copper using sulfuric acid
leaching. In addition to high extraction efficiencies, the process enabled faster solid-liquid
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separation and significantly mitigated the adverse effects of silica and ferric oxides on
target metal recovery. Despite these advantages, challenges remain, particularly the high
consumption of acid and neutralising agents such as lime. Further research is therefore
required to optimise reagent usage, improve process economics, and enhance the overall
sustainability of sulfuric acid leaching for copper slag treatment.

Mussapyrova et al. [72] investigate how mechanical activation (high-energy milling)
alters the structure of copper smelter slag and enables selective, high-efficiency copper
leaching at room temperature, without the need for high-temperature or aggressive chemi-
cal conditions. Mechanical activation produces dramatic changes in reactivity, allowing
copper to be leached using dilute sulfuric acid (0.1 M H,;SO;) at 25 °C, which is nor-
mally ineffective for untreated slag. Subsequent Taguchi-designed leaching tests identified
distinctly different optimal leaching conditions for maximizing copper recovery depend-
ing on the milling device. For attritor-activated slag, the optimum was 0.15 M K,Cr,Oy,
0.5 M H;SOy, 120 min, L:S = 75:1, yielding a copper recovery of 87.31% and Cu selectivity
of 95.44%. Planetary-activated slag achieved optimum recovery under 0.03 M K,Cr,Oy,
0.1 M HpSOy, 120 min, L:S = 200:1, producing 84.63% Cu recovery and 97.87% selectiv-
ity [72]. These results show that planetary milling induces higher amorphization and
requires lower oxidant concentrations for similar or improved performance.

Autoclaves have been employed to examine oxidative high-pressure sulfuric acid
leaching by Baghalha et al. [71]. Leaching with sulfuric acid at increased pressure resulted
in improved leaching extraction and solid-liquid separation [67]. Bese [70] explored how
ultrasonic energy affects the solubility of copper from copper converter slag during sulfuric
acid leaching. The effects of temperature, acid concentration, ferric sulphate concentra-
tion, and time were investigated. The results showed that copper, zinc, cobalt, and iron
extraction efficiencies were 89.28%, 51.32%, 69.87%, and 13.73%, respectively, whereas in
the absence of ultrasound, the efficiencies were lower, 80.41%, 48.28%, 64.52%, and 12.16%,
respectively [70]. The amorphous structure of copper slags has a variety of negative effects
on sulfuric acid leaching, increasing the viscosity of the leach liquor by forming silica gel,
as illustrated in Equation (1).

2FeOS102 + 2H2804 — ZFQSO4 + H4SiO4 (1)

Overall, acid leaching studies have consistently demonstrated a positive correlation
between acid concentration and metal extraction efficiency across a range of leaching
conditions [14,16,17,49,67,69,71]. However, several investigations have reported that, despite
high extraction efficiencies, the treatment of slags with elevated silica contents is associated
with excessive sulfuric acid consumption and the formation of silica gel [16,17,49,64,67].
This behaviour arises from the occurrence of metals such as cobalt and copper within
spinel oxides, ferrites, and silicate phases, which require aggressive leaching conditions
for dissolution. The resulting high consumption of sulfuric acid and neutralising agents
(e.g., lime), together with poor solid-liquid separation caused by the formation of iron
hydroxide precipitates and silica gel, significantly constrains the practical applicability of
conventional acid leaching processes [17,64]. In response to these limitations, alternative
approaches have been explored, including the use of combined acid—oxidant systems to
enhance metal recovery from copper slags while mitigating reagent consumption and
process inefficiencies [24].

6.2.2. Recovery of Copper and Cobalt Using Citric Acid

Citric acid, an r-hydroxyl tricarboxylic acid, is widely known for its chemical adapt-
ability in leaching transition metal ions. Citric acid leaching of Cu, Co, Ni, and Fe from
copper granulated slag was investigated by Meshram et al. [41]. The process involves
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leaching the copper slag with 2 N citric acid to extract Co, Ni, and Fe, followed by leaching
the residual with a high copper content with 2 M sulfuric acid. The study found that the
first stage of leaching with citric acid at room temperature and 10% pulp density resulted
in maximum extractions of 4.47% Cu, 88.3% Co, 95% Ni, and 93.8% Fe, whereas the second

stage extracted 66-72% of the copper from the leach residue.

6.2.3. Recovery of Copper and Cobalt Using Nitric Acid

Nitric acid (HNQO3) is a strong oxidizing agent that reacts aggressively with many
metallic compounds during leaching. Tshiongo et al. [73] compared the use of nitric
acid and ammonia solution as leaching agents for copper slags formed under different
cooling conditions, including water quenching, air cooling, and furnace cooling. They
discovered that the slag cooling rate affected base metal leaching by altering the phase
distribution in the slag as well as the base metal distribution within the phases. Tshiongo
et al. [73] discovered that quick cooling of the slag inhibited crystallization and resulted
in an amorphous phase containing the base metals. However, they discovered that the
amorphous slags were more leachable in nitric acid than in basic medium (NH4OH), with
best resulting extractions of 46% Cu, 95% Co, 85% Zn, 92% Pb and 79% Fe.

These studies demonstrate that nitric acid is a highly effective leachant for copper
smelting slags, particularly when applied to amorphous or finely comminuted materials
and when adequate acid strength is maintained. High nitric acid concentrations can achieve
near-quantitative recoveries of Cu, Pb, Zn, Co, and Fe, depending on slag composition and
mineralogy. However, structural characteristics—most notably cooling history and degree
of crystallinity, exert a strong influence on leaching behaviour and ultimately constrain
achievable extraction efficiencies. Consequently, nitric acid leaching represents a potent
and versatile approach for copper slag processing, with its performance governed by the
interplay between slag structure, acid concentration, and redox conditions.

6.2.4. Recovery of Copper and Cobalt Using Amino Acids

Amino acids have received a lot of interest in hydrometallurgy over the last decade
as a highly selective and environmentally benign way to extract metals from various
sources [74]. Glycine is the most common amino acid tested and is distinguished by the
presence of a carboxyl group and an amino group [75,76]. Glycine is widely used for
effectively extracting critical metals from various natural resources [74-77]. Our recent
study demonstrated that substantially higher amount of copper can be extracted from
the copper smelting slag, suggesting that glycine is effective for leaching copper. Oraby
et al. [77] investigated the extraction of nickel and cobalt from a flotation tailings material
using an alkaline glycine-based lixiviant system. The findings indicate that the highest
extractions of 90% Co and 88% Ni were achieved at a fine particle size of 15 um. Guo
et al. [78] revealed that copper exhibits superior coordination ability to glycine compared
to other transition metals in the first series. Huang et al. [76] observed a significant drop
in the NH,CH,COOH fraction in the species distribution of glycine as the pH value
increased from 8 to 10. Thus, by increasing the pH of the solution to an alkaline level,
NH,;CH,COOH undergoes dehydrogenation to produce NHyCH,COO™ and form a stable
complexation with Cu?* and Co?*, resulting in the formation of Cu(NH,CH,COO), and
Co(NH,CH,COQ),, respectively.

6.2.5. Recovery of Copper and Cobalt Using Oxidants or Acid/Oxidant Combinations

Oxidants are excellent leaching agents for naturally occurring minerals that are vul-
nerable to oxidation reactions. Liquids such as oxygen, hydrogen peroxide, sodium
chlorate, and Fe(Il)/Fe(Ill) are thought to be effective oxidants for leaching of copper
slag [13,67,69,71]. The use of oxidants as leaching agents can be an effective option for
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solving the problem of silica gel formation while also removing iron from solution via the
oxidation process. Banza et al. [13] investigated hydrogen peroxide (H,O,) as an oxidant
for the extraction of metals from copper slag while preventing the problem of silica gel
formation. The study achieved extraction efficiencies of 80% of Cu, 90% of Co, 90% of Zn,
and Fe extraction was reduced to 5%. A similar study revealed that the use of oxidants
such as sodium chlorate (NaClO3) combined with using calcium hydroxide (Ca(OH);) as a
neutralizing agent reduced silica gel formation, and facilitated filtration of the solution [17].
The results achieved metal extractions of 89%, 98%, 97% for Cu, Co, and Zn, respectively,
while the iron extraction was as low as 0.02%. Sodium chlorate (NaClO3) was found to
prevent the formation of silica gel due to the oxidation of Fe?* to Fe*. Acid leaching using
sulfuric acid in the presence of hydrogen peroxide was found to overcome the issue of silica
gel formation by the simultaneous oxidation of iron and sulfide, followed by the removal
of iron-bearing impurities [63]. The iron dissolution from copper slag is illustrated in the
following Equations (2)—(4) [63]:

CuS + 2H2504 + 2H202 = CuSO4 + 2H2803 + 2H20 (2)
FeO + H2SO4 = FeSO4 + HzO (3)
ZFESO4 + H202 + 2H20 = 2FeOOH + 2H2504 (4)

The leaching investigations produced silica gel-free solutions containing dissolved
metal values, which could be readily filtered. An alternative strategy for recovering metals
from copper slag while suppressing silica gel formation was reported by Yang et al. [17].
This approach involved sulfuric acid leaching in the presence of sodium chlorate as an
oxidising agent, followed by neutralisation with lime to enhance precipitate filtration. The
combined use of an oxidant and controlled neutralisation effectively mitigated the adverse
effects associated with silica gel precipitation. The effects of key operating parameters,
including acid and oxidant consumption, reaction temperature, and leaching duration, were
systematically evaluated. Lime addition was identified as a critical step for the selective
precipitation of silica and ferric oxides prior to filtration. Under optimised conditions, an
overall copper extraction efficiency of 89% was achieved.

Anand et al. [67] conducted research on the leaching of copper slag using high oxygen
pressure, and the results showed improved metal extraction efficiencies of 90% of Cu
and 98% of Co. It was observed that oxygen availability was an important factor for the
oxidation of Fe?*” which minimized the extraction of iron. For example, at lower oxygen
pressure, the extraction efficiency of Fe was 1.2%, whereas at higher oxygen pressure, it was
0.81% Fe. These findings were consistent with the study conducted by Basir and Rabah [69],
who found that oxygenated conditions can improve copper and cobalt extraction efficiencies
while simultaneously achieving a low iron extraction.

The influence of sulfuric acid and potassium dichromate concentrations on the extrac-
tion of metals from copper slag has been extensively investigated [14,15,18]. In particular,
Altundogan et al. (2004) [14] studied the leaching of copper converter slag using sulfuric
acid (H,SOy) in the presence of potassium dichromate (K,Cr,O7). The optimal lixiviant
composition was identified as 0.25 M H,SO, and 0.1 M K;Cr,O7, with a solid-to-liquid ratio
of 10 g/L, a temperature of 25 °C, and a contact time of 120 min. Under these conditions, the
presence of K,Cr,Oy facilitated a copper extraction efficiency of 81.15%, while significantly
limiting the extraction of other metals, with Co, Zn, and Fe recoveries of 12.0%, 10.27%,
and 3.15%, respectively. In contrast, using 1.0 M H,SO4 without potassium dichromate
under the same operating conditions (contact time of 120 min, slag-to-solution ratio of
10 g/L, and 298 K), the extraction efficiencies for Cu, Co, Fe, and Zn were 20.5%, 66.6%,
62.1%, and 65.7%, respectively. These results highlight the critical role of oxidants such as
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K,Cry07 in selectively enhancing copper recovery, while also illustrating the trade-offs in
the extraction of other metals.

In a related study, Boyrazli et al. [15] investigated the effects of temperature
(25-70 °C), leaching time (5-240 min), and solid-to-liquid ratio (5-400 g/L) on metal
extraction from copper slag. The highest copper extraction efficiency of 99.6% was achieved
at 0.25 M HSOy4, 0.1 M K,CrOy, 70 °C, and 120 min of leaching. In contrast, the ex-
traction efficiencies for Co, Zn, and Fe under these conditions were substantially lower,
at 42.09%, 49.86%, and 27.59%, respectively. The study noted that the extraction of Co,
Zn, and Fe improved only at elevated temperatures, likely due to the reduced adsorption
of dichromate ions, which are responsible for passivation effects on these metals. These
findings are consistent with more recent investigations of the H,SO4-K;Cr,Oy system for
leaching copper, Zn, and Fe from copper smelter slag [18]. The study reported that dichro-
mate presence enhanced copper recovery, achieving 68% Cu extraction, while significantly
suppressing Zn and Fe recovery to 4% and 5%, respectively, under the same conditions.
The authors attributed the decreased extraction of non-copper metals to precipitation and
surface passivation effects induced by dichromate ions, while noting that copper extraction
improved with increasing dichromate concentration [18].

6.2.6. Recovery of Copper and Cobalt Using Bases and Salts

Several studies have investigated the leaching of copper slag using bases and salts
such as ferric chloride [79], ferric sulphate [39,48,70], ammonium sulphate [68], ammonium
chloride [47,80], chlorine solution [62,70] and ammonium hydroxide [81,82]. Hydrochloric
acid with ammonium hydroxide has also been investigated [69]

A number of studies have shown that using hydrochloric acid with ammonium
hydroxide has several advantages and can eliminate problems associated with leaching
using common acids [6,81,82]. For example, ammonium hydroxide (NH4OH), which is
also known as aqua ammonia in aqueous solutions, can dissolve various metal oxides
and hydroxides, such as copper (II) hydroxide, to form ammine complexes. Ammonium
chloride is a safe, non-volatile agent and an environmentally friendly crystalline substance
at room temperature. The physico-chemical principles for metal recovery using ammonia
and ammonium are based on the behavior of the HyO-NH3-NH4Cl system containing
metal amines, and the phase equilibria for liquid and solid, and liquid and vapor [81]. The
following Equations (5) and (6) show the dissolution of metals in an aqueous solution of
NH4OH [81].

Several studies have demonstrated that the use of hydrochloric acid in combination
with ammonium hydroxide (NH4OH) offers distinct advantages and can overcome limi-
tations associated with conventional acid leaching [6,81,82]. Ammonium hydroxide, also
referred to as aqua ammonia in aqueous solution, can dissolve various metal oxides and
hydroxides, such as copper(Il) hydroxide, by forming stable ammine complexes. Ammo-
nium chloride, a non-volatile and environmentally benign crystalline compound at room
temperature, is commonly used as a supporting agent in these systems. The physicochemi-
cal principles underlying metal recovery with ammonia and ammonium are based on the
behaviour of the HyO-NH3-NH,Cl system, which governs the formation of metal-amine
complexes as well as the phase equilibria between liquid-solid and liquid-vapor states [81].
The dissolution of metals in aqueous NH4OH solutions can be represented by the following
reactions (Equations (5) and (6)) [81].

MO + 4NH3(501) + nHZO — [M(NH3)4](OH)2 + (1’1 — 1)H20 (5)

O+ XNH3(SO]) + 2NH4C1(501) — [M(NHg.)n]z +2C1™ + Hzo (6)
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where M = metals, e.g., Cuyn=x+2

Equation (5) shows the dissolution of metals in the absence of Cl~ ions, and
Equation (6) in the presence of C1~ ions.

Overall, the reviewed studies demonstrate that oxidative and complexing leaching
systems are most effective for copper recovery from smelting slags. Ferric-based oxidants
(FeCls, Fep(SO4)3) consistently achieve the highest copper dissolution rates, often exceeding
70-85% recovery by oxidizing metallic and sulfide copper phases. Ammonium salts and
hydroxides, on the other hand, offer greater selectivity by forming stable copper-ammonia
complexes while minimizing iron dissolution. Chloride- and chlorine-based systems fur-
ther enhance solubility but pose environmental and corrosion challenges. Collectively,
these findings confirm that the choice of leaching reagent, redox potential, and pH con-
trol are critical for optimizing copper extraction efficiency and selectivity from copper
smelting slags.

6.2.7. Recovery of Copper and Cobalt Using Chlorination Roast-Water Leach

Chlorination roasting followed by water leaching relies on the formation of stable,
water-soluble metal chlorides during a roast, which can then be readily leached out in
water to recover the metallic values. Anand et al. [79] investigated the leaching of cop-
per slag using ferric chloride and observed that the extraction of copper increased with
an increase in ferric ions. The chlorination reactions are summarized in the following
Equations (7) and (8).

Cu,S + 2FeCl; — 2CuCl + 2FeCl; + S (7)

Cu + FeCly — CuCl + FeCl, (8)

The study demonstrated that ferric chloride is the most effective chloride for direct
leaching of copper minerals, achieving copper extraction of 92%. Herreros et al. [62]
investigated the leaching of copper from reverberatory slag using a chlorine solution. In
this slag, most copper was present as metallic copper, chalcocite (Cu,S), bornite (CusFeSy),
and other complex sulphides, with mineral liberation occurring at particle sizes below
20 um. The study evaluated the effects of stirring speed, particle size, initial chlorine and
chloride concentrations, and temperature on the leachability of the copper. Maximum
copper extraction reached 80%, while iron solubilisation remained low at approximately 5%.
In a similar investigation, Bese et al. [70] examined the treatment of converter slag using
chlorine-saturated water. The study identified optimum conditions for copper dissolution
that minimized iron dissolution, achieving a copper extraction efficiency of 98.35%.

Borisov et al. [80] observed that the reaction of chloride with oxides and sulfides of
some metal-bearing compounds, such as CaO, ZnO, CuS, FeS, ZnS, and Fe, O3, leads to the
formation of chloro-metallate complexes such as (NH4)2ZnCly and (NH)4CuCl;z. These
complexes could be further decomposed into chlorides. The results revealed that oxides of
Si and Al did not react with ammonium chloride, which makes it a good leaching agent for
silicate materials. Ammonia solutions containing ammonium chloride were found to be
effective for the extraction of Cu and Zn from copper smelter slag [81]. The study used the
central composite rotatable design and approximation method to determine the optimum
conditions for the recovery of copper and zinc. The model successfully predicted the
responses, and maximum copper and zinc recoveries of 81.16% and 56.48%, respectively,
were obtained. In a recent study by Aracena et al. [82] a high copper recovery of 87.7% has
been reported using an ammonia column system for the leaching of copper converter slag.
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6.2.8. Recovery of Copper and Cobalt Using Ultraviolet Radiation

The application of ultraviolet (UV) radiation in hydrometallurgical leaching has
emerged as an innovative approach for enhancing the dissolution of valuable metals
from refractory mineral residues. Recent investigations, including Sari and Turan [83]
and [84], provide complementary insights into the role of UV-induced photochemical
processes in improving the recovery of metals, such as copper and cobalt, from complex
slag matrices.

Sari and Turan [83] evaluated the direct photooxidative leaching of copper slag under
UV irradiation and demonstrated that high-energy UV wavelengths, specifically vacuum
ultraviolet (VUYV, 185 nm) and UVC (254 nm), significantly enhance copper dissolution
compared with conventional acid leaching. Under optimal conditions (1.5 mol/L HySOy,
55 °C, 180 min), copper extraction increased from 70.7% in non-UV conditions to 85.1%
under 185 nm irradiation. Iron dissolution exceeded 90% in both conditions. The authors
attributed these improvements to the in-situ generation of potent oxidative radicals arising
from the photolysis of water and sulfate species under high-energy UV irradiation. These
radicals promote the oxidation of both oxide and sulfide copper phases, accelerating their
dissolution into Cu?*.

Complementary mechanistic understanding is provided by Deng et al. [84], whose
work demonstrates the fundamental ability of UV radiation to drive rapid redox transfor-
mations in aqueous metal-ligand complexes. Under 254 nm irradiation, Fe(Ill)-oxalate
complexes were photochemically reduced and precipitated as Fe(l)-oxalate with efficien-
cies exceeding 97% within 30 min. This redox behavior parallels the photooxidative and
photoreductive mechanisms observed in UV-enhanced leaching of copper slag, emphasiz-
ing UV’s capacity to manipulate metal oxidation states and promote dissolution of complex
phases [84]. For copper slag, where copper and cobalt are commonly hosted in fayalite,
magnetite, and complex silicate matrices, UV-generated radicals accelerate decomposition
of the silicate network, promote oxidation of Cu(I) and Co(Il) species, and enhance the
dissolution kinetics of Fe-bearing phases.

6.2.9. Economic Viability of the Hydrometallurgy Approach for Reprocessing of
Copper Slag

These findings underscore the broader potential of UV-based photochemical recovery
of metals from copper slag. By leveraging photon-driven radical chemistry, UV irradiation
offers a pathway toward higher metal recovery efficiencies, reduced chemical consumption,
and improved processing of refractory waste materials. Hydrometallurgical processing
has emerged as a technically efficient and economically feasible method for recovering
valuable metals, particularly copper and cobalt, from copper smelting slags. Among the
various lixiviants examined, sulfuric acid (H»SO4) remains the most widely applied due
to its low cost, strong leaching capability, and ready availability as a smelter byproduct,
allowing on-site integration without significant reagent import or waste disposal costs.
Numerous investigations [13,14,17,67,70] have demonstrated high metal extraction efficien-
cies up to 98% Co, 97% Zn, and 89% Cu, under optimized temperature, pressure, and acid
concentration conditions.

However, conventional acid leaching suffers from high acid and lime consumption,
excessive silica gel formation, and poor filtration characteristics caused by iron hydroxide
precipitation. To overcome these economic and operational constraints, researchers have
introduced mechanochemical activation and acid-oxidant hybrid systems. Mussapyrova
et al. [72] demonstrated that mechanical activation via high-energy milling substantially
increases slag reactivity, enabling selective copper leaching (84-87%) using dilute acid
(0.1-0.5 M H,S04) at room temperature a major reduction in both reagent and energy costs.
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Similarly, oxidant-assisted leaching systems (e.g., HySO4—H,O, or H;SO4—NaClO3) have
achieved high metal recoveries (>90%) while minimizing silica gel formation and iron
dissolution [13,17,63].

Complementary work using alternative organic lixiviants such as citric acid [41],
nitric acid [73], and amino acids like glycine [74-76] demonstrates growing interest in
eco-efficient and recyclable leaching systems. Although these reagents are more expensive,
they provide cleaner solutions, reduced waste generation, and greater metal selectivity,
aligning with circular-economy and low-carbon processing goals. Overall, the reviewed
studies confirm that hydrometallurgical leaching, particularly sulfuric-acid-based and
oxidant-enhanced processes, offers a commercially viable pathway for valorizing copper
slags. The combination of mechanical activation, controlled oxidation, and reagent recy-
cling significantly reduces energy intensity and reagent costs, transforming slag from a
metallurgical residue into a sustainable secondary resource for critical metals essential to
the global clean-energy transition.

6.3. Pyrometallurgical Approaches for Processing of Copper Slag

Pyrometallurgy involves chemical reactions of solids, gases, or molten materials at
elevated temperatures in a furnace.

Recovery of Copper and Cobalt Using Carbothermal Reduction

In carbothermic reduction, carbon serves as a reductant to convert minerals in the slag
into metallic phases at elevated temperatures. Yucel et al. [19] investigated the treatment
of ancient Kure copper slag using a carbothermal reduction method in a DC arc furnace
at 1430-1480 °C, achieving maximum recoveries of 95.7% for cobalt and 90% for copper
in a closed system. Hara and Jha [64] developed an alternative approach involving the
reduction and sulphurisation of copper slag with activated charcoal, attaining a copper
recovery of 90% at 1323 K. Zhang et al. [85] reported that gas-phase diffusion, with an
activation energy of 118.06 k] mol !, was the rate-limiting step during isothermal reduction
of carbon-bearing copper slag pellets. Despite these successes, pyrometallurgical reduction
requires substantial energy input, with operating temperatures exceeding 1200 °C, largely
due to the high melting point of fayalite in copper slag [57,85]. The presence of significant
amounts of fayalite further complicates the reduction process [86]. Moreover, this approach
has the potential to generate considerable environmental contamination, as it produces
multiple types of solid waste.

6.4. Pyro-Hydrometallurgical Approach for Processing Copper Slag

The most common method for pyro-hydrometallurgical processing of copper smelting
slag is roasting, followed by water or acid leaching. The pyro-hydrometallurgy involves
the study of the effects of roasting time, acid/slag ratio, and roasting temperature, and the
effect of thermal decomposition prior to leaching on metal dissolution was examined. The
roasting of copper sulfide produces a calcine, which is then treated using the hydromet-
allurgical technique. Extensive studies have been done on the roasting of copper slag
using roasting agents such as sulfuric acid (H,SOy) [16,20,21,68], pyrite (FeS,) [87], ferric
sulphate (Fe;(SO4)2) [39], graphite [48] and ammonium sulphate ((NH4)2SO,) [68] to yield
metal sulphates.

6.4.1. Recovery of Copper and Cobalt Using Sulphation Roasting-Water Leach

Sulphation roasting involves the addition of sulphate salts, sulfuric acid, or SOz gas
during roasting, producing stable and water-soluble metal sulphate complexes. It is among
several low-temperature methods reported for recovering metals from copper slag. Tiimen
and Bailey [86] investigated the sulphation roasting of primary and secondary slags with
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pyrite, followed by hot water leaching of the calcines. The addition of pyrite enhanced
copper recovery from primary converter slag to 95%, with minimal iron contamination of
approximately 2%. However, this approach was less effective for other metals, achieving
only 58%, 35%, and 29% extraction efficiencies for Co, Ni, and Zn, respectively. Mutu-
tubanya [88] applied solid-state carbothermic reduction in an inert nitrogen atmosphere
using charcoal as a reductant at 600-1000 °C, followed by sulfuric acid leaching. This
process selectively reduced Co, Ni, and Cu oxides while retaining the majority of Fe in
the slag. Cobalt extraction reached 52% at 950 °C. Subsequent experiments incorporating
pyrite and cobalt sulphide concentrates as sulphating agents improved cobalt recovery to
72% at a 1:1 slag-to-pyrite ratio. Altundogan and Tiimen [39] proposed an alternative ap-
proach involving roasting with ferric sulphate at 500 °C followed by water leaching. Ferric
sulphate promoted sulphation of copper slag constituents, yielding extraction efficiencies
of 93% for Cu, 38% for Co, 13% for Ni, and 59% for Zn.

The recovery of Cu, Co and Zn from copper smelter and converter slags by roasting
with sulfuric acid was conducted by Arslan and Arslan [20]. The study investigated the
effects of roasting time, roasting temperature, and acid/slag ratio. Metal extractions of 88%
of Cu, 87% of Co, 93% of Zn and 83% of Fe were achieved after two hours of roasting at
150 °C and with a 3:1 acid/slag ratio. The authors observed that increasing the roasting
time to four hours further increased the extraction of copper to 95%. However, high iron
content would make further treatment of the leach liquor difficult. In a similar study,
Sukla et al. [68] studied roasting of copper converter slag using sulfuric acid and achieved
recoveries for Cu, Ni and Co of 95%, 90% and 99%, respectively. It was observed that the
Fe contamination was 60-80% and removal of most of the Fe from the leach liquors was
achieved with ammonia liquor and lime as precipitants, bringing the Fe level to about
3%. A recent study has shown that increasing the sulphation temperature could reduce
the iron content in the leach liquor [21]. The method involved roasting the slag in the
presence of sulfuric acid at an initial temperature of 250 °C, achieving maximum copper
extraction efficiency of about 94% with iron dissolution of 55%. When further experiments
were carried out by roasting at a much higher temperature of 600 °C, the iron extraction
efficiency was reduced to about 6%; however, the copper recovery was also reduced to
79%.

The use of ammonium sulphate in the roasting was found to be effective and maximum
copper recovery levels of over 80% were obtained. Rudnik et al. (2009) [89] explored the
roasting of slag in reducing conditions to produce Cu-Co-Fe-Pb alloy, and thereafter
electrolytic dissolution of the alloy in an ammonium chloride solution was conducted.
The results indicated that 99.9% high purity copper was deposited, while cobalt recovery
of 92.0% was obtained during the selective electrowinning process. Other roast-leach
approaches have involved roasting the copper slag with a combination of sulfuric acid and
ammonium sulphate (Sukla et al., 1986 [68]). This study was carried out by roasting the slag
at 150 °C, leading to the sulphation of the metals of interest. The leaching was conducted
in water in an agitated system using a particle size of —150 um. Similar investigations
were conducted by Hamamci and Ziyadanogullari [90] on the influence of roasting with
ammonium sulphate on the extraction of copper. Copper extraction of up to 88% was
achieved at particle sizes of less than 100 mesh at a roasting temperature of 400 °C for
60 min. The preliminary conversion of Cu and Co in copper slag to Cu,S and CoS using H,S
gas has been shown to attain high extraction efficiencies for copper and cobalt metals [91].
The recoveries after roasting and leaching with agitation in water at a particle size of 149 um
were 100% of the Cu and 70.7% of the Co. Deng and Ling [16] demonstrated that thermal
acid aging followed by water leaching was an effective method for recovery of metal values
from copper slag, giving an extraction efficiency of 93% of the Cu. Grudinsky et al. [92]
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investigated the efficacy of sulphatising roasting using iron sulphates, followed by water
leaching, to extract copper values from discarded slags rich in silica content. The copper
slag sample was ground to a particle size of 100% passing 100 pm and mixed with pure
iron sulphates for 24 h. The recovery of copper was up to 79% at a roasting temperature of
625 °C for 6 h.

6.4.2. Recovery of Copper and Cobalt Using Carbothermal Reduction-Sulfuric Acid Leach

The carbothermal reduction of copper slag in a submerged DC arc furnace was inves-
tigated by Acma [93]. The study demonstrated that copper slag could be carbothermally
smelted with partial reduction of iron oxide (FeO) to a metallic phase containing copper
and other metals at temperatures of 1400-1800 °C. The reduced material was subsequently
leached with H,SOy4, and copper was recovered as CuS following purification with H;S,
while iron precipitated as goethite. Bulut [48] studied the reduction of copper slag using
graphite in a DC arc furnace, followed by hot sulfuric acid leaching at 60 °C with an acid
concentration of 120 g L™! for 2 h. The process achieved extraction efficiencies of 71.5% for
Fe, 78% for Cu, and 90% for Co. More recently, Phiri et al. [22] investigated low-temperature
carbothermic reduction of copper slag using charcoal in the presence of borax, followed by
H,S04 leaching. Thermochemical calculations, phase characterisation, and experimental
results demonstrated that borax addition lowered the temperature required for fayalite
reduction and promoted the transformation of copper slag microstructures into amorphous
and metallic phases. Subsequent leaching yielded high extraction efficiencies for Cu, Co,
and Fe, reaching 83.8%, 84.8%, and 85.7% at 850 °C, respectively.

6.4.3. Economic Viability of the Pyrometallurgy Approach for Reprocessing of Copper Slag

Pyrometallurgical processing remains an established but energy-intensive and capital-
demanding route for the recovery of copper and cobalt from smelting slags. The process
relies on high-temperature reactions between molten, solid, and gaseous phases to reduce
oxides and form metallic or sulphidic products suitable for further refining. Although
pyrometallurgy offers rapid reaction kinetics and high metal recoveries, its economic
viability is constrained by high energy consumption, complex furnace operation, and
environmental control costs associated with off-gas and solid waste management.

Among pyrometallurgical methods, carbothermal reduction has been widely studied
for its capacity to recover over 90% Cu and 95% Co at temperatures above 1400 °C [19,64].
However, the requirement for sustained high-temperature operation increases both operat-
ing and maintenance costs, making the process economically feasible only when integrated
into existing smelter infrastructure. Moreover, the high melting point of fayalite (Fe;SiO4)
in the slag [85] necessitates additional fluxing or reductant additives to lower melting tem-
peratures, further increasing reagent expenditure. The process also generates substantial
solid waste residues and CO; emissions, which add to environmental compliance costs
and reduce the net economic margin.

To improve efficiency, hybrid pyro-hydrometallurgical routes have been developed,
wherein roasting precedes acid or water leaching to enhance metal solubility. Studies
on sulphation roasting followed by leaching have achieved copper recoveries of 88-95%,
cobalt recoveries of 70-87%, and zinc recoveries above 90% under moderate roasting
temperatures (150-600 °C) and acid-to-slag ratios of 3:1 [20,39,68,88]. These hybrid systems
operate at significantly lower energy inputs than direct reduction smelting, improving
their economic outlook. However, they still require thermal energy for roasting, acid
neutralization reagents, and multi-step solid-liquid separation systems, which increase
processing costs compared to purely hydrometallurgical options.
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Recent innovations, such as borax-assisted carbothermal reduction [22], have shown
promise in lowering operational temperatures to below 900 °C while maintaining high
extraction efficiencies (Cu: 83.8%, Co: 84.75%, Fe: 85.69%). These modifications improve
the energy-to-yield ratio, thereby enhancing process economics and sustainability. Sim-
ilarly, sulphation roasting with ferric sulphate or ammonium sulphate provides a cost
advantage by achieving metal recoveries exceeding 90% at 500 °C, compared to >1200 °C
in conventional smelting [39,90].

Economically, pyrometallurgical routes are most viable when implemented in conjunc-
tion with existing copper smelter operations, utilizing available heat, gas-handling systems,
and byproduct acid streams. However, as stand-alone processes, they are generally less
competitive than hydrometallurgical or flotation methods due to higher energy input,
infrastructure costs, and environmental constraints. The pyro-hydrometallurgical hybrid
approach, especially sulphation roasting followed by leaching, represents a balanced com-
promise between metallurgical efficiency and operational cost, achieving high recovery
yields with reduced energy demand.

Opverall, while pyrometallurgical and pyro-hydrometallurgical methods can deliver
high copper and cobalt recoveries, their economic viability depends heavily on process
integration, waste minimization, and thermal efficiency improvements. Emerging low-
temperature reduction and sulphation roasting technologies, combined with selective
leaching, offer a pathway toward cost-effective and environmentally responsible valoriza-
tion of copper smelting slags.

7. Conclusions

This study reviewed global smelting slag production over the last 25 years, and
the results demonstrate that huge amounts of smelting slag have been produced. This
represents a significant potential resource for cobalt and copper metals. The chemical and
mineralogical characterization of smelting slag has shown that it is highly heterogeneous
and chemically diverse. However, the high metal content in smelting slag has attracted
extensive research in finding innovative processing strategies to reprocess the critical
metals. The recovery of copper and cobalt from copper slag could significantly augment
the supply of these metals, which are essential to facilitating the transition to green energy,
while simultaneously addressing environmental concerns regarding slag disposal. The
important aspects of various processing techniques for recovering copper and cobalt
from the smelting slag have been discussed. Froth flotation using xanthates is a well-
known beneficiation technique for the recovery of copper from copper slags worldwide.
A mixed collector system, with xanthates as one of the collectors, works better than any
single collector. The mixed collectors have higher adsorption and selectivity on the slag
surface, thereby inducing higher separation efficiency. However, froth flotation is ineffective
for the recovery of copper from oxides. Therefore, sulphidation treatment of copper
oxide-containing slags is essential for slag flotation. Although some collectors, such as
hydroxamates, have been employed in the flotation of copper oxide minerals without
sulfidation treatments, their efficacy at large scale or for Cu slags is yet to be studied.
However, cobalt cannot be recovered by the flotation technique because it is embedded in
silicate and magnetite structures.

The traditional hydrometallurgical approach by leaching is the most common method
used for extracting critical metals from smelting slag. However, the high consumption of
sulfuric acid and lime, as well as poor settling and filtration characteristics caused by the
formation of iron hydroxide precipitates and silica gel, limit the application of the process.
The use of oxidants is promising in overcoming these challenges. The pyrometallurgical
methods for the recovery of copper and cobalt from slag at high temperatures are the most
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effective approaches. However, they necessitate considerable energy consumption with
temperatures over 1200 °C and cause considerable environmental contamination. The
combustion of carbonaceous reductants and oxidation of sulfide minerals release large
quantities of sulfur dioxide, carbon monoxide, and carbon dioxide, contributing to air
pollution and greenhouse gas accumulation. Trace volatile metals such as As, Pb, Zn, and
Cd may also vaporize and condense as fine particulates, posing health and environmental
risks. Research has shown that the use of basicity flux can lower the temperature for
fayalite disaggregation. A pyro-hydrometallurgical process involves the transformation of
the smelting slag using roasting and reduction. The products after roasting and reduction
are subsequently leached in water or acid to recover the critical metals of interest. How-
ever, pilot-scale studies need to be conducted to ascertain the economic viability of this
processing route.
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Abstract: 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 aluminium recovery from MSW
incineration bottom ash from two different countries. The 2-30 mm fraction of aluminium particles
was characterized in terms of its size, shape, and oxide thickness, and its effects on aluminium
recovery were investigated. In addition, the ability of mechanical pre-treatment to remove 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 aluminium
recovery. Mechanical pre-treatment increased the yield for smaller particles to a larger extent than
larger particles due to the difference in the oxide/metal ratio.

Keywords: incineration; oxidation; solid waste; recycling; compaction

1. Introduction

The increasing population and changing consumption habits have resulted in a grow-
ing volume of municipal solid waste (MSW). The amount of MSW generated in the world
annually is estimated to be 3.4 billion tonnes by 2050 [1]. MSW contains metal, ceramic,
glass, plastic, and organic fractions. The widespread utilization of incineration applications
for MSW in the solid waste management industry ensures an up to 90% reduction in
volume and at least 70% reduction in mass compared to initial values due to the burning of
organics [2].

End-of-life products are recycled, landfilled, and/or incinerated to various extents,
depending on the country. Globally, around 19% of waste generated is recycled, and
11% is incinerated [3]. Direct recycling is the most effective process for material recovery.
However, social behavior and governmental regulations directly affect the amount and
type of metals being recycled. Metallic fractions oxidize and are contaminated by the
surrounding materials, which reduces the recoverable amount of the metal. The rest of the
waste is landfilled, which is the worst scenario for the environment due to soil acidification
and contamination as well as the economic impact.

Figure 1 presents the recycling and incineration ratios of European countries in 2021. It
can be observed that Norway, Finland, and Sweden incinerate more than 50% of their MSW.
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On the other hand, Switzerland, Belgium, Luxembourg, Denmark, the Netherlands, Aus-
tria, Germany, Slovenia, and Italy recycle more than 50% of their MSW. These two groups
of countries landfill less than 10% (except Italy ~19%) of their total MSW. From the 32 coun-
tries given in Figure 1, 9 countries (Cyprus, Greece, Malta, Romania, Montenegro, North
Macedonia, Albania, Tiirkiye, and Kosovo) landfill more than 70% of their MSW which
corresponds to approximately 40 million tons of MSW landfilled.

80
9
1 - North Macedonia ™ 5
70 2 - Kosovo ~ 00
7| 3-Montenegro e ”/5)@
4 - Romania ~ Cp
5 - Malt < _Finland %
- Malta
(%
601 5. Tiirkiye ~Sweden fo%( )270,'
. 7 - Cyprus Norway ® S 6,)0’ 7,
== 50 8 - Greece - %
~— 1 9- Albania Y
o Estonia Switzerland\.\
-_‘»-OJ Belgium Denmark
© 40 4 Luxembourg® ¥ Netherlands
U Lithuania® S
= France ® Austria s
E 07 Cerman.y\ >
— 7 ~
Portugal' ° RN «
20 Poland ®ltaly
Czechia
10 4 Hungary ® Spai o e ®Slovenia
4. 5 opain ® 5lovakia
8 ~ ; [ ] ri
0 1‘2-3 6_%7 o®9 (,rgaha Latvia
T T T T T T
0 10 20 30 40 50 60 70 80
Recycling (%)

Figure 1. Incineration and recycling ratios of MSW in 2021 (data: Eurostat) [4].

Figure 2 presents the annual municipal waste generation per country as a function of
their gross domestic product (GDP). Although a linear correlation cannot be seen, it can
be stated that countries generate more waste with increasing GDP. Only Sweden and the
Netherlands are among the countries with a higher GDP than the EU (European Union)

and generate less waste than the EU on average.
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Figure 2. Annual MSW production per capita in comparison with the GDP of different European

countries in 2021 (Data: Eurostat) [4].
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Municipal solid waste incineration (MSWI) can be converted using three different
types of combustion devices: rotary furnaces, fluidized beds, and grate incinerators. Eu-
ropean MSWI is predominantly performed in grate-firing-type incinerators. The waste is
introduced into the furnace and is carried by the moving grate through the incineration
zone and discharged after the incineration is completed. The average temperature on
the bed surface is approximately 900 °C; however, the temperature distribution in such
furnaces is heterogeneous [5]. Bunge reported that 80% of materials during incineration
are subjected to temperatures between 700 °C and 1100 °C [6].

The outputs of a MSW incineration process are heat, off-gas, bottom ash, and fly
ash [7]. Both ashes represent the unburned fractions of the waste. Fly ash is mainly fine
oxidic particles collected on the way to the chimney [8]. Bottom ash consists of larger
particles, including ceramic, glass, and metals [9]. The bottom ash is sorted by the type
of materials, such as glass, ceramic, aluminium, iron, and copper [10]. In addition, due
to the wide range of particle size, the ash is also sorted according to size. While the size
fraction below 2 mm can be used in construction materials, fractions over 2 mm contain a
significant number of metals to be recovered [11].

Warrings and Fellner reported that approximately 11 wt.% of the aluminium is lost
due to oxidation in incineration plants [12]. Chen et al. [13] investigated the metallic
aluminium content of the aluminium fraction in bottom ash for sizes between 0.5 and 1.6
mm, and an aluminium content of 6 to 71 wt.% was reported. Gokelma et al. reported
that the oxide thickness of the aluminium fraction in bottom ash was 68 um on average,
but no correlation was found between the oxide thickness and particle size or origin [14].
Vallejo Olivares et al. reported a life cycle assessment of the recycling of waste streams,
including bottom ash in rotary furnaces. The study concluded that recycling 1 tonne of
waste streams with a metal yield of 72% saves 13.2 t CO, eq [15]. Syvertsen et al. studied
the yield and composition of aluminium bottom ash particle ranging from 5 to 50 mm
(mostly in the range of 5-25 mm). Heavy elements such as Pb, Hg, Bi, Cd, and Sb were
detected from one to several hundred ppm, and a 90% to 96% metal yield was reported [16].
Marthinsen et al. assessed the possibility of AlSi10Mg alloy production from bottom ash.
Salt treatment and arc remelting were both applied, and with Si and Mg additions the
AlSil0Mg alloy was obtained. Studies regarding economic feasibility and impurity issues
are still ongoing [17]. MSW and its fractions in bottom ash are very heterogeneous in
terms of composition and size, which makes characterization very difficult and limits the
modeling of expected efficiencies. Therefore, more measurements and characterization
studies are needed to better understand the recyclability of these types of materials.

This study investigates the effects of size, shape, and the mechanical pre-treatment
of the MSWI aluminium fraction on the formed oxide thickness during the incineration
procedure and metal yield. Aluminium fractions from two countries (the United Kingdom
and the United States of America) were remelted before and after compaction as a form
of pre-treatment to assess the metal yield. The samples were analyzed under computed
tomography (CT) analysis and Scanning Electron Microscope (SEM), and their oxide
thicknesses were measured using Image]J (version 1.54g) software. EDS and XRF analysis
were performed to measure the composition of the oxide layer. An analytical model was
developed to approximate the metal yield results, and a model was proposed that is
independent of the bottom ash source. Predicted aluminium yield values for particles that
are 1 to 30 mm with an oxide layer of up to 500 um are shown.

2. Materials and Methods
2.1. Materials

The bottom ash samples used in this study were received from a European recycling
company. Samples were collected from incinerators in the USA and the UK and dry-
sorted. Industrial sorting was achieved in three size groups, which were 2-6, 6-12, and
12-30 mm. However, due to industrial sorting techniques and the heterogeneity of the
material, further separation of glass, dust, ferrous, and non-ferrous fractions in the bottom
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ash was performed manually as part of the current study. Compaction was applied for
some bottom ash samples under 100 kN for 5 s to observe the effects of compaction.

2.2. Remelting

The sample size groups from different sources were remelted in a laboratory-scale
resistance chamber furnace at 800 °C. In addition, 2-6 and 6-12 mm fractions were com-
pacted into cylindrical briquettes using uniaxial pressure to see the effect of compaction
on the metal yield. A clay-bonded graphite crucible with a volume of 0.3 It was used
for remelting. The remelting was carried out under a salt flux to remove the thick oxide
layer and prevent further metal losses during melting. The salt flux consisted of chlorides
NaCl-KCI (70:30 wt.%) and 2 wt.% CaF, was added to promote coagulation. After melting,
the melt in the crucible was stirred with a graphite rod and the crucible was allowed to
cool in the furnace. After cooling to room temperature, the salt dross was washed out, and
the metal fraction was collected.

2.3. Characterization

The samples in all size ranges were analyzed using the image analysis program
Image] to calculate their 2D surface area, perimeter, and circularity. Three samples were
randomly selected from each size range and origin and mounted in epoxy. After sanding
and polishing, the cross-section of samples was analyzed under SEM, and oxide layer
thicknesses were measured from at least 40 positions from each sample. EDS and XRF
analysis were used to assess the composition of the oxide layer of the samples. In addition,
compacted bottom ash samples were analyzed using CT to observe the compaction degree
and internal porosity.

2.4. Analytical Modeling

An analytical model was developed, which is valid for a broad size range of particles
and oxide layers. This model covers most of the oxide/metal ratios possible during
incineration. The results were obtained by calculating the oxide mass of bottom ash
samples by changing the diameter of the sample and the thickness of the oxide. Particles as
shown in Figure 3 with a radius of “r” with an oxide thickness of “x” were used for the
model, where r ranges from 1 to 30 mm and x is 10 to 500 um. The assumptions made for
the model are shown below:

Bottom ash particles are spherical;

Oxide and metal phases have the same porosity value;
Oxide thickness is the same throughout the entire surface;
The density of the metal alloy is 2.7 g/cm?;

The density of the oxide layer is 3.99 g/cm3.

+

Figure 3. Schematic of a spherical bottom ash particle with an oxide layer.

The mass of the outer oxide layer and the metal core were calculated by multiplying
the volume and density of each. The metal yield was calculated by the ratio of metal to
the entire sample, as shown in Equation (1). p4; is the density of aluminium, g,y is the
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density of the oxide layer, 7t is the number of pij, r is the radius of the sample, and x is the
thickness of the oxide layer.

par4/am(r —x)°
.4 53 L4 3 (r_ )3
PAl /37'[(1‘ X) + Poxide /37T (1‘ (1‘ X) )

Predicted Metal Yield = D)

3. Results and Discussion

The length and surface area of samples from the aluminium fraction were characterized
using Image] image analysis software, and samples were sorted into four groups for each
country. Figure 4 presents the picture of three samples from the USA, which was used for
image analysis. The same process was conducted for every particle group, and, in total,
1150 samples were analyzed.

Figure 4. (a) A representative picture of the USA 3-sample group; (b) image analysis screen shot of
the samples.

Figure 5 shows the computed tomography analysis picture of compacted bottom ash
samples. It can be observed from the picture that the direct contact of samples was achieved.
Also, glass contamination could be observed in the structure, which is common due to
the inefficient sorting of fractions. The internal porosity was measured as 22%, which is
acceptable due to the high content of hard oxides on the surface. Due to the high hardness
of oxides, cracked oxides were observed in powder form during compaction. In total,
1.4 £ 0.4 wt.% weight loss was observed in 18 compaction tests. The collected powder was
analyzed by XRF. XRF results showed that the powder consisted of 31% Al,O3, 27% SiO,,
16% CaO, 3% Fe, O3, and 3% NayO (in wt.%), which are typical oxides found on aluminium
scraps and incinerated waste.

Table 1 shows the length and surface area of the samples as well as their metal yield
values after remelting under salt flux. The length was measured by taking the longest axis
of the sample, which is an area that represents the two-dimensional area of the samples,
as seen in Figure 4b. The aluminium yield after remelting the bottom ash samples was
calculated using Equation (2).

Metal Yield = ——recovered AL, 100, 2)
Minput Al—fraction

where Mjnput Al-fraction 1 the total mass of charged bottom ash samples and myecovered Al 18
the mass of all aluminium droplets recovered via salt remelting. The metal yield was found
to be between 71.9 and 95.7 wt.% depending on the size, which is in line with previous
studies, which showed yields of 76-93 [14] and 83-92 wt.% [18].
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Figure 5. CT analysis of bottom ash samples compacted by uniaxial pressure.

Table 1. Maximum length and surface area measurements of aluminium fraction samples.

Av. Axis Std of Av. 2D Area . Al Yield after
Length (mm) Length (%) (mm?) Stdof Area (%) Al Yield (%) Compaction (%)
USA 1 5 2.82 77 58.31 7191 77.6
UK 1 5.6 2.29 76 62.37 77.15 80.1
USA 2 8.6 2.57 164 43.60 81.30 83.8
UK 2 9.3 2.66 155 44.32 82.96 83.2
USA 3 14.3 1.68 277 32.56 86.59 -
UK 3 15.9 1.55 217 26.04 83.53 -
USA 4 27.9 293 357 35.57 95.67 -
UK 4 28 2.76 353 29.18 91.84 -

Figure 6 shows the metal yield of the four fractions from the two countries shown
in Table 1 as a function of size. Each particle was measured as mentioned above, and the
average of their longest length (with a standard deviation of 1.55% to 2.93%) used is shown
in Figure 6. A clear trend can be observed with an R? value of 0.88, which indicated that
increasing the size of the aluminium fraction in bottom ash results in a higher metal yield.
An almost 25% yield difference was observed between a 5 and 28 mm particle length. For
the mentioned size range, a linear yield difference is expressed, as shown below:

Metal yield = 0.0775L + 0.7278 3)

where, metal yield is calculated via Equation (2) and L is the max length of the sample
calculated via Image].

Further investigation was conducted to determine the effect of surface area on the
metal yield. Figure 7 shows an increase in metal yield with an increase in surface area
similar to the trend seen between metal yield and length; however, a deviation in surface
area measurements was observed between 26% and 62% due to for the irregular shape
of the bottom ash particles. Due to high deviation in surface area measurements, it is
recommended to use the length instead of the area to define the relation. The linear trend
with an R? value of 0.8668 can be expressed as follows:

Metal yield = 0.0635L + 0.7058 4)
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Figure 6. Metal yield of each size fraction as a function of the average max axis of samples.
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Figure 7. Metal yield of each size fraction as a function of the average surface area of samples.

Figure 8 presents each oxide thickness measurement under SEM for bottom ash
samples from UK and USA. Multiple SEM pictures were taken from each sample, and

random locations were measured.

Table 2 summarizes the 906 measurements performed using Image] in terms of
the oxide thickness fractions. The thickness results were grouped as <40, <50, 50-100,
and >100 um. In total, 63.5% of all measurements were below 50 um, 25.9% were between
50 and 100 pm, and 10.6% were thicker than 100 um. The mean thickness value of all
906 measurements was 70 pm. A significant difference between UK and USA samples were
not observed in terms of oxide thickness distribution.

Table 2. Oxide thickness distribution in all samples.

Oxide o o Average, All
Thickness (um) UK (% of Samples) USA (% of Samples) Samples (%)
<40 53.6 51.9 521
<50 64.6 62.3 63.5
50-100 23.4 28.7 25.9
>100 12.0 9.0 10.6
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Figure 8. Oxide thickness measurement for 906 measurement points of samples from the UK and USA.

Figure 9 shows a typical cross-section of an aluminium sample in bottom ash. The
oxide layer can be clearly seen in a darker color. The layer is not homogeneous, and the
thickness varies throughout the surface.

. AlAlloy

HV spot | det | mag [ WD essure 8/5/2024 : 300 pm
15.00kv | 5.0 [ CBS | 500x |11.4mm | 70Pa 10:43:33 AM IYTEMAM

Figure 9. SEM image of the cross-section of a representative bottom ash sample.

The oxide layer of the samples was analyzed by EDS. A high oxygen and aluminium
content were observed in all samples, as expected, due to the heavy oxidation of aluminium
during incineration. Na, K, and CI were found in all samples. Cl content mainly originates
from PVC, food waste, and batteries [19]. This can lead to HCI formation during the
remelting of the aluminium fraction, and thermal decomposition up to 600 °C can lead
to molecular Cl; [20]. In addition, bottom ash materials, especially fine fractions, can be
used in secondary building materials, but the Cl content becomes a challenge due to strict
regulations for building materials [21]. Chloride content can be found at up to 5 wt.%
depending on the fraction and size of the sample [22]. Sulphur content in the samples can
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also lead to the formation of harmful gasses, which should be taken into account during
recycling /remelting processes.

Analytical Modeling

Figure 10 presents the modeling results for bottom ash particles from 1 to 30 mm in
diameter with an oxide layer of up to 500 pm. Increasing the sample size and decreasing
oxide thickness increases the metal yield due to the decreasing oxide/metal mass ratio. The
predicted yields for 70 pm (mean value of measured samples) oxide thickness are 55% for
1 mm, 74% for 2 mm, 89% for 5 mm, 94% for 10 mm, 97% for 20 mm, and 98% for 30 mm
aluminium samples. The degree of oxidation becomes more important with the decreasing
sample size and effects the metal yield significantly.
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Figure 10. Metal yield predictions of changing particle size and oxide thickness.

In order to compare the modeling results with experimental results, calculations
were also conducted for the average particle sizes used in the remelting experiments.
Table 3 presents the modelling results where x is oxide thickness (mm) and y represents the
predicted metal losses.

Table 3. Trendlines calculated by the analytical model for the average particle sizes used in remelt-
ing experiments.

Average Particle

2 .
Size (mm) Formula R Equation
9 y=-2x10"8 x 3+5 x 107°x% — 0.0982x + 99.992 1 ()
15 y = —0.0505x + 99.281 0.9984 (6)
28 y = —0.029x + 99.778 0.9995 )

Figure 11 shows the metal yield results calculated by the model for particles with a
homogenous oxide thickness of 70 pm and the results from the remelting experiments. The
predicted yield is higher than the experimental results for all sizes. The main reason for
this difference is the effect of particle shape. Particles are assumed to be spherical in the
modeling, and a spherical shape has a lower specific surface area than the real shape of
bottom ash particles. The lower specific surface area results in a lower mass of oxides in
comparison with the metal. However, the difference between the model and experiments
decreases with increasing particle sizes. This is due to the decreasing oxide/metal mass
ratio with increasing particle size. It can also be observed that the yield after compaction
increases up to 5% due to the loss of the oxide layer during compaction. Compaction
works like mechanical pre-treatment, decreasing the non-metal content. However, this
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effect decreases with increasing size due to the decreasing oxide/metal ratio. The rafination
of the recovered aluminium alloy melt must be improved in further studies since the
composition of the recovered alloy may change depending on the season, location, and
treatment. The mechanical pre-treatment of bottom ash must be further studied to increase
the yield and decrease the usage of salt flux for more sustainable recycling processes.
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Figure 11. Comparison of the metal yield results calculated by the analytical model and measured
by experiments.

4. Conclusions

The effect of particle size, shape, and mechanical pre-treatment has been experimen-
tally studied, and an analytical model has been developed. The following conclusions can
be drawn as a result of the research:

e  The particle length and surface area have a linear correlation with recoverable alu-
minium content for bottom ash particles between a 2 and 30 mm fraction.

e  Mechanical pre-treatment decreased the oxide content by cracking the oxides, which
increased the aluminium yield. However, this effect became less significant with
increasing particle size due to a decrease in oxide/metal ratio.

e  The analytical model showed a 5% to 15% higher yield for particles with an average
size of 28 to 5 mm, respectively. The difference between the model and experiments
originated due to the specific surface area difference in spherical to irregular particles.
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Abstract: Red mud is a by-product 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. 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 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.

Keywords: direct reduction; leaching; titanium; slag

1. Introduction

Red mud (RM), also known as bauxite residue, is the sludge produced during the
Bayer process of alumina production from bauxite ore. This sludge is a very complex
mixture of compounds. With approximately 180 million tons produced annually, red mud
has become one of the largest environmentally hazardous waste products, accumulating to
a staggering 4 billion tons worldwide [1,2].

RM contains a high concentration of iron compounds, which can be significantly
reduced through chemical reduction processes. Additionally, it has a notable amount of
titanium compounds that can be utilized for titanium production. Furthermore, red mud
contains rare earth elements and a significant amount of sodium oxide (NayO), the latter
varying based on the washing efficiency in the Bayer process [3].

Due to its alkalinity and its chemical and mineralogical properties, red mud is classified
as a toxic industrial waste that must be treated before discharge. Its environmental and
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health impacts include land use (conventional disposal of red mud occupies large areas
of potentially productive land), groundwater contamination, soil and plant properties
(it impacts soil’s physical properties and has ecotoxicological effects on plants), dust
generation and health risks [4].

Over the years, researchers worldwide have extensively explored various economical
methods for utilizing red mud. Investigated applications include [5-9]: stabilization mate-
rial, adsorbents, catalyst preparation, metal recovery (such as iron, aluminum and titanium),
radiopaque materials, ceramics, construction bricks, pigments and paints and cements.

However, large quantities of red mud are never treated due to high costs and transport
difficulties. For instance, it is challenging to neutralize red mud if the refinery is far from
seawater or mines experiencing Acid Mine Drainage (AMD) issues. Additionally, red
mud produced by refineries is unsuitable for long-distance transport, and many proposed
methods for its treatment are not economical. One of the sustainable ways to utilize red
mud is the recovery of titanium using reduction and leaching techniques [1,10,11].

Reduction of metallic oxides is a crucial process in metallurgy, involving the conversion
of metal oxides into their respective metals. This process is vital for extracting pure metals
from their ores and is achieved through various methods, primarily involving chemical
reduction. The general principle of reduction involves a reducing agent that reacts with the
oxygen in the metal oxide, removing the oxygen and leaving behind the pure metal [12-14].

Carbothermic reduction and hydrogen reduction are both important methods for
reducing metal oxides to metals, each with distinct processes and environmental impacts.

Carbothermic reduction uses carbon as a reducing agent, typically in the form of
coke, charcoal or coal. The process involves heating the metal oxide with carbon at high
temperatures in a furnace. The carbon reacts with the oxygen in the metal oxide to form
carbon dioxide or carbon monoxide, resulting in the extraction of pure metal. This method
is widely used in the production of metals like iron, lead and zinc, and is fundamental
to the steel-making industry. The advantages of carbothermic reduction include its well-
established technology and efficiency for large-scale production. However, it has significant
drawbacks such as high energy consumption due to the need for very high temperatures
and substantial CO, emissions, which contribute to environmental pollution and climate
change [12,15-17].

The carbothermic reduction process of RM may be represented as the following
reactions [18]:

3FeyO3 4+ CO — 2Fe304 + CO» 1)
Fe304 + CO — 3FeO + CO, (2)
FeO + CO — Fe+ CO» 3)

In contrast, hydrogen reduction uses hydrogen gas as the reducing agent. This method
has potential applications in producing metals such as iron, copper and nickel, and is con-
sidered promising for green metallurgy and clean energy technologies. The key advantage
of hydrogen reduction is its lower environmental impact, as the by-product is water instead
of CO,. It also aligns with sustainable and environmentally friendly practices. However,
hydrogen reduction faces challenges such as the high cost of hydrogen gas production,
which often relies on non-renewable energy sources, and the need for careful handling
due to the flammability and explosiveness of hydrogen gas. Additionally, it is still in the
development and optimization stage for large-scale industrial applications [19-23].

Overall, while carbothermic reduction remains the dominant method due to its es-
tablished use and efficiency, hydrogen reduction offers a promising alternative that could
significantly reduce environmental impacts and support sustainable development in the
metallurgical industry.

Leaching is a crucial process in extractive metallurgy which is used to extract valuable
metals from ores. It involves treating the ore with specific chemicals that react with the
metal compounds to form soluble salts, while the impurities remain insoluble. These
soluble salts can then be washed out from the ore and further processed to obtain pure
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metal. The residual materials left behind after the valuable metals have been extracted are
known as tailings [16,24-26].

However, leaching also has significant drawbacks, often resulting in large volumes of
waste effluent and tailings. These waste products are frequently highly acidic or alkaline
and can contain toxic substances, posing environmental and health risks [27,28].

Leaching processes can be applied in various ways, such as pressure leaching, atmo-
spheric leaching and ultrasound-assisted leaching. Leaching is often performed at high
temperatures to obtain better leaching efficiency. Despite its challenges, leaching remains a
vital technique in the mining industry, providing a method to extract metals that might be
otherwise economically or technically unfeasible to obtain through other means. Proper
management and treatment of leaching effluents and tailings are essential to minimize the
environmental impact and ensure the sustainability of this extraction method [28].

Several studies have explored methods for recovering valuable metals from red mud.
One approach achieved high titanium (91%) and scandium (93%) recoveries through a
multi-stage process involving leaching, hydrolysis and solvent extraction [29].

Another study utilized diluted sulfuric acid under atmospheric conditions, achieving
a 64.5% recovery of titanium [30].

Additionally, a multi-step process involving pre-reducing-smelting and leaching
achieved high recovery rates for iron (98.15%) and titanium dioxide (95.53%) with hy-
drochloric acid [14].

This paper presents a novel approach (Figure 1) for the utilization of red mud through
the combination of carbothermic reduction and high-pressure autoclave leaching to recover
valuable components, particularly titanium. By reducing red mud at 1600 °C and using
magnetic separation to remove the iron, followed by optimized leaching under high-
pressure conditions, the study addresses a key challenge in avoiding silica gel formation,
which often hinders titanium recovery.

Red mud

| Carbothermic reduction |

Y

Iron 4—' Iron separation |

Slag

Leaching |—> Solid residue

Ti-rich solution

Figure 1. Design of research methodology.

Furthermore, the sustainability of this process lies in its ability to transform industrial
waste into valuable raw materials. The reduction step not only removes the majority of
the iron, which can be reused in the steel industry but also enriches other components
like titanium, making them more accessible for further hydrometallurgical processing.
Although carbothermic reduction uses high temperatures and carbon, it provides a means
of significantly reducing red mud waste.

The main aim of this work is to treat our research strategy by combining the hydromet-
allurgical and pyrometallurgical treatment of red mud. The first step is the thermochemical
modeling of carbothermic reduction in order to predict the chemical composition of pro-
duced slag, gases and metals.
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2. Thermochemical Modeling

As it was already stated in the introduction part, thermodynamical modeling of the
reduction of red mud is performed by the FactSage™ 8.0 software, GTT Technologies,
Kohlscheid, Germany. The thermochemical modeling is performed for different temper-
atures and different amounts of reducing agents. All parameters of the simulations are
shown in Table 1. All simulations are performed for 100 g of red mud input.

Table 1. Design of the experiments for thermochemical modeling.

Calc;i)a.tlon Tem:)oecr;lture Mass of C (g) Calc;tettlon Temflecr:;lture Mass of C (g)
1 1600 0 12 1700 0
2 1600 5 13 1700 5
3 1600 10 14 1700 10
4 1600 15 15 1700 15
5 1600 20 16 1700 20
6 1600 25 17 1700 25
7 1600 30 18 1700 30
8 1600 35 19 1700 35
9 1600 40 20 1700 40
10 1600 45 21 1700 45
11 1600 50 22 1700 50

As seen in Figure 2, during the reduction process, Fe;Oj is firstly reduced to FeO and,
with the increase of reducing the agent’s mass, it is further reduced to metal Fe. So, after
the reduction process, there are two phases: a slag phase which is low in Fe, and the metal
Fe phase. This iron metal phase can then be easily separated from the slag phase.

25
—=—Fe01600 °C [ 4
—8—Fe0 1700°C
40 7 —8—Fe,0,1600°C 20 |12
&( \ —e—Fe,0,1700°C 0
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/ // \Tﬂxoyﬁ 0°C | ofs
20 10 6
\\ \\ ¢
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0 0o Lo
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Figure 2. Dependence of the compound mass fractions on carbon content in slag.

Thermochemical modeling was essential for optimizing the carbothermic reduction of
red mud. The model indicated that carbon is highly effective at reducing iron oxides, nearly
to completion, as illustrated in Figure 2. However, increasing the carbon amount beyond a
certain threshold leads to the reduction of titanium oxides to titanium carbide (TiC), which
complicates the subsequent leaching process. Figure 2 shows that with 10 g of carbon per
100 g of red mud, the titanium oxide concentration in the slag reaches a maximum of 14.4%.
Beyond this point, the concentration of titanium oxides dramatically decreases, indicating
that excessive carbon leads to the formation of TiC rather than the desired titanium oxides.
According to the thermochemical simulation, a carbon mass of 10 g per 100 g of red mud is
optimal for the reduction process.

Figure 3 shows the different compositions of the metal phase in dependency on the
mass of C. The concentration of Fe is almost 100% at a lower mass of carbon, but if the
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carbon mass is increased, the Fe content decreases while other components, such as C, Si or
titanium, are incorporated in the metal phase. So, the composition of the metal phase also
shows that a quantity of 10 g C is suitable for the experimental trials of red mud reduction.
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Figure 3. Composition of the metal phase depending on the reducing agent’s mass.

Depending on the concentration of the reducing agent, it can be seen (Figure 4) that
slag mass decreases as the mass of the reducing agent increases. The decrease can be
explained because carbon is reducing the iron oxides in the red mud. The decrease is higher
when the carbon mass is higher than 10 g because it also reduces the Ti oxides to TiC, which
is an unwanted side product.
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Figure 4. Dependence of slag and titanium oxide masses in the slag from reducing agent’s mass.

3. Experimental Part
3.1. Material and Methods

In this work, red mud from the factory “alumina” d.o.o. was used as a raw material
from Zvornik. The red mud was previously dried, ground and prepared for the reduction
process. Red mud characterization was performed using an XRD analysis. The XRD
analysis of red mud is shown in Figure 5.
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Figure 5. XRD Analysis of red mud.

As shown in Figure 5, the XRD analysis of red mud revealed the following phases:
hematite, perovskite, cancrinite, ilmenite, calcite, diaspore, gibbsite and hydrogarnet. Iron
is present in the structures of hematite and ilmenite. Titanium is found in the structures of
perovskite and ilmenite, while aluminum is present in the structures of cancrinite, diaspore,
boehmite, gibbsite and hydrogarnet. The composition of red mud is detailed in Table 2.

Table 2. Red mud composition.

Compounds % Compounds %

Ignition loss at 1000 °C 8.32 Ga,O3 0.225
5iO; 10.52 CuO 0.007

Fep, O3 49.29 KO 0.159
Na,O 245 TLO; 0.088
TiO, 4.59 MnO 0.145
CaO 8.23 MgO 0.627
Al,O3 12.03 NiO 0.034
AgrO 0.001 PbO 0.019
BaO 0.014 P,05 0.930
CryO3 0.133 ZnO 0.016
Sc,03 0.011 V705 0.135
C0,03 0.012 SrO 0.075

The reduction process took place in a DC electric arc furnace. Three kilograms of
red mud and 10 g graphite per 100 g of red mud as the carbon-reducing agent are mixed
and charged into the furnace. Because of the high viscosity of the slag after reducing the
iron-oxides, the slag creates a foam. To lower the viscosity, CaO was added as a fluxing
agent. The positive side effect of CaO is that the possible FeO from Fe,SiO; is dissolved
back into the slag with a positive change of activity of FeO. After charging, a holding time
of 45 min was started to let the C react with the slag. After the holding time, the furnace
was tapped to win the Fe metal phase, while the slag phase was left in the crucible.

The samples were separated mechanically using magnetic separation. The obtained
products were analyzed by XRD. In Figure 6, the electric arc furnace’s reduction of red
mud (a) and the products of reduction (b) are shown.
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Figure 6. Electric arc furnace (a) and carbon-reduced red mud (b).

As can be clearly seen in Figure 6b, the reduction products are separated very easily,
and the difference between slag and metallic iron droplets is clearly visible.

Leaching of the slag is performed in an autoclave in Buchi, Switzerland, which was
designed for acid leaching (1.53 L, max pressure 200 bar, max. Temperature 270 °C) [31],
as shown in Figure 7. This experimental set contains a heat exchanger with a thermostat,
a mixer and probes for increasing and decreasing the pressure and also the possibility of
taking a sample during the operation. The autoclave is connected to a computer and can be
fully controlled by software that records all data during operation, which can later be used
to process the results. Pressure in this autoclave was monitored using a manometer and
digital sensors. The pressure in the system was formed from oxygen pressure (6, 9 bars)
and water vapor pressure (total of 12-15 bar). The cooling of the autoclave was performed
using a special system for cooling. The heating rate was 10 °C/min. The autoclave must be
manually sealed with screws, and a pressure test must be performed before each operation.

motor for the magnetic coupled stirrer

pressure pipe

needle valve
gas inlet

analog manometer

testing rode
for pressure

temperature

sample head reactor shell

working volume

propeller mixer
outlet valve

Figure 7. Experimental setup for leaching and schematic diagram of the autoclave.

The leaching process took place in an autoclave at elevated pressure and temperature.
Sulfuric acid was used for leaching. The leaching process is followed by filtration, i.e., the
separation of tailings from the solution. The solution was analyzed by ICP, and the solid
residue with an XRD analysis. The design of the leaching is shown in Table 3.
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Table 3. Design of leaching experiments.

Exp. Temperature  Initial Pressure Concentration of  Liquid:Solid Time
No. Q) of O, (bar) Acid (mol/dm?) Ratio (mL/g) (min)
1 150 0 bar 0.5 10:1 30
2 150 6 bar 0.5 10:1 30
3 150 6 bar 2.5 10:1 60
4 150 6 bar 5 10:1 120
5 180 6 bar 5 10:1 120
6 150 9 bar 5 10:1 120

All experiments have been carried out in the laboratories of the IME RWTH.

In this paper, leaching is used to extract titanium from the earlier reduced slag and
represents a combination of pyrometallurgical and hydrometallurgical methods of red mud
processing in order to optimize and find the optimal processing process.

Pure oxygen was needed to react with titanium from the slag in order to form a
dissolved form of titanium oxysulfate.

The reduced red mud powder samples were analyzed at room temperature with an
X-ray powder diffraction technique using the Ultima IV Rigaku diffractometer (Rigaku,
Tokyo, Japan), equipped with CuKe; , radiation, using a generator voltage of 40 kV and
a generator current of 40 mA. The range of 10-100° 20 was used for all powder samples
in a continuous scan mode with a scanning step size of 0.02° and at a scan rate of 1°/min,
using a D/TeX Ultra-high speed detector (Rigaku, Tokyo, Japan). A glass sample carrier
for sample preparation was used. The PDXL2 (Ver. 2.8.4.0) software was used to evaluate
the phase composition and identification. All obtained powders were identified using the
ICDD database.

An Energy-Dispersive X-Ray Spectroscopy (EDX) analysis was conducted using an
Octane Plus-A system from Ametek-EDAX (2015 model, AMETEK Inc., Berwyn, PA, USA),
with data analyzed through the Genesis V 6.53 software by Ametek-EDAX.

The chemical composition of the elements dissolved in the solution was determined
using high-resolution inductively coupled plasma optical emission spectroscopy (ICP-
OES). This technique enables the detection of elements with atomic mass numbers ranging
from 7 to 250 (Li to U). The analysis was performed using a Spectro Genesis spectrometer
(SPECTRO Analytical Instruments GmbH, Kleve, Germany).

3.2. Results and Discussion
3.2.1. Carbothermic Reduction of Red Mud in an Electric Arc Furnace

As can be seen in Figure 8, thermodynamic calculations show that the experiment does
not always confirm the theory. The experimentally obtained results show that less metal is
obtained during reduction and that there is a greater loss of mass compared to the theory
with the slag. The theoretically calculated and experimentally obtained results are close,
and the differences can be because the thermodynamic calculations provide an idealized
outcome based on equilibrium conditions and do not always account for kinetic factors. In
reality, the reaction kinetics, including activation energy and reaction rates, could be slower,
resulting in the incomplete reduction of the metallic oxide. Also, the presence of impurities
in the raw materials or the reactants can lead to side reactions that are not accounted for in
thermodynamic models.

In comparison to the red mud, slag shows fewer phases (Figure 9), reflecting a reduc-
tion of hematite due to the carbothermal reduction process. While perovskite and magnetite
are still present, the absence of phases like hematite and gibbsite, replaced by gehlenite
and more concentrated magnetite, suggests a significant transformation in the mineral
composition. The slag appears more crystallized and less heterogeneous than the untreated
red mud. The reduction process simplifies the mineral composition, concentrating titanium
and other elements while iron-based phases are reduced or transformed.
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Figure 8. Thermodynamic calculation reduction of red mud (T) and experimentally obtained results.
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Figure 9. Diffractograms for slag reduced at 1600 °C. Identified minerals (gehlenite, perovskite and
magnetite) with positions of diffraction maxima are shown in the lower part. The position of intensive
diffraction maxima which do not overlap with the other maxima of the other minerals are shown in
colored bands and used for comparison in mineral abundance.

3.2.2. Leaching

Leaching of slag containing mostly iron oxide is a very complex process, and its
mechanism is very complicated. However, the reactions that can take place in the leaching
process can be assumed as:

F6203(S) +3 HzSO4(aq) — FEZ(SO4)3 ) + 3 H,O (4)

(
TiO, + HSO4 — [Ti0]SO4 + H,O ®)
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TiO[SO,] + % 0, — [Ti0-0]SO, )

AlLO3 +3HyS0; — Aly(SO4); + HyO @)
CaO + H,S0; — CaSOy(s) + HoO 8)
CaTiO; + HSOy + 1.50, = TiOSOy + H,O + CaSOy, ©)

In Figure 10, leaching efficiency is shown for the different parameters.
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Figure 10. Leaching efficiency for different parameters (150 °C, 6-9 bar Oy, 0.5-5 mol/L HSOy).

In the first three experiments, the selected parameters, such as temperature, oxygen
pressure and sulfuric acid concentration, are not sufficient for the efficient leaching of
titanium compounds. As the temperature increases, there is a noticeable rise in the con-
centrations of aluminum (Al) and iron (Fe) in the leachate, indicating enhanced leaching
of these metals. However, the concentration of titanium (Ti) decreases significantly with
the rise in temperature, which suggests that higher temperatures (180 °C) negatively affect
the leaching efficiency of titanium under the given conditions. This indicates a possible
inhibitory effect of temperature on titanium dissolution or a change in titanium’s phase,
making it less soluble.

On the other hand, the oxygen pressure plays a crucial role in the leaching efficiency
of titanium. When the oxygen pressure is increased from 6 to 9 bars, there is a substantial
improvement in titanium leaching efficiency. At an oxygen pressure of 9 bars, the leaching
efficiency for titanium reaches 97.5%, demonstrating that oxygen pressure is a key parame-
ter for optimizing the dissolution of titanium compounds. The presence of oxygen likely
enhances the oxidative dissolution of titanium, making it more reactive and easier to leach
in the acidic solution. Experiment number six enables the formation of titanium oxysulfate,
using an increased oxygen partial pressure of 9 bar at 150 °C, using 5 mol/L of sulfuric
acid, which is not present in the other mentioned experiments. The formation of titanium
oxysulfate is favorable for industrial companies and the best way to recover titanium from
aslag.

In addition to titanium, the leaching efficiencies for iron and aluminum are also high at
increased oxygen pressures. This suggests that higher oxygen pressures not only promote
the leaching of titanium but also support the dissolution of other metals like iron and
aluminum, which are commonly found in similar phases within the mineral matrix.

As for silica (S5i0,), under conditions of high temperature, increased acid concentration
and high oxygen pressure, the amount of leached silica is very low. This is a positive
outcome because it prevents the problem of silica gelation, which can occur when too much
silica is dissolved and precipitates out as a gel, causing processing difficulties. The low silica
leaching under these conditions suggests that the process parameters are well-optimized to
minimize silica dissolution while maximizing the leaching of target metals.
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Table 4 provides the elemental analysis of the slag and solid residue from leaching
experiment three (conducted at 1 h, 2.5 M H,SOy, 6 bar O,, and a solid-to-liquid ratio of
10:1). It is evident from the data that the leaching efficiencies of all elements, especially
titanium, are very low under these conditions. The low oxygen pressure (6 bars) appears
to be the limiting factor, as evidenced by the much higher titanium leaching efficiency
observed at 9 bars of oxygen pressure. The experiment also highlights that the other
parameters, such as temperature and acid concentration, are not sufficient to achieve
effective leaching without adequate oxygen pressure. This suggests that, while temperature
and acid concentration play a role, oxygen pressure is the dominant factor influencing the
dissolution of titanium in these experiments.

Table 4. Elemental analysis of slag and solid residue (experiment three).

Sample Fe, % Al, % Si, % Ti, %
Slag 5.27 4.14 2.72 5.59
Solid residue 4.49 3.82 2.48 5.18

Figure 11 shows the diffractogram of the solid residue after the leaching process, while
Figure 5 illustrates the slag prior to leaching. A significant change in the mineralogical
structure of the solid residue compared to the original slag is evident under the specified
conditions (temperature of 150 °C, duration of 2 h, pressure 9 bar O, and 5 mol/L sulfuric
acid concentration). As confirmed in Figure 11, the leaching process effectively dissolves
elements such as titanium, iron and aluminum, leaving calcium, which remains in the form
of calcium sulfate.

240802_15
10,000

5,000 +

Intensity

Y O +J‘J’-erjw(v-AL-+_m—\_.,.+r+~'~=.h+w.++«_4wwmﬁ+
4|0 SIU GIU TIU SIU I

90

CaSO,

Position [*2Theta] (Copper (Cu))

Figure 11. XRD diffractogram for solid residue after the leaching process at 150 °C, 9 bar O,, 2 h
(experiment nine).

Figure 12 further supports the extraction of titanium from the slag, with the EDS
analysis showing that only a trace amount of titanium (0.4%) remains in the residue.
This confirms the effective dissolution of titanium during the leaching process. Addi-
tionally, the EDS analysis identifies elements such as aluminum, silicon and other minor
components, in addition to calcium, sulfur and oxygen, suggesting the presence of an
amorphous phase. Since this amorphous phase cannot be detected by XRD, it indicates
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that a portion of the solid residue exists in a non-crystalline form, adding complexity to
the post-leaching material and further explaining the material composition that XRD alone
could not fully characterize.
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Figure 12. EDS analysis of solid residue (experiment nine).

4. Conclusions

This study successfully utilized red mud from the alumina d.o.o. factory in Zvornik
as a raw material for the reduction and leaching processes. The reduction yielded easily
separable products, with a clear distinction between slag and metallic iron, as evidenced in
Figure 6b. Despite thermodynamic calculations predicting a certain yield, the experimental
results indicated a lower metal recovery and greater mass loss during reduction, although
the slag’s theoretical and actual results were comparable (Figure 8).

In this study, we employ a method that first removes iron through reduction, effectively
enriching the remaining components and making them easier to dissolve during subsequent
leaching. The thermal treatment applied also disrupts the structural integrity of the red
mud, facilitating the dissolution process. Furthermore, our approach addresses the common
issue of silica gelation encountered in many other studies, ensuring a more efficient and
effective leaching process.

The leaching phase, optimized for titanium recovery, revealed that increasing the
oxygen pressure was crucial. At 9 bars of oxygen pressure, titanium leaching efficiency
reached 97.5%. While higher temperatures improved aluminum and iron recovery, they
decreased titanium extraction. This research underscores the importance of process op-
timization, particularly regarding oxygen pressure, to enhance the recovery of valuable
metals such as titanium from red mud. The EDS and XRD analyses have confirmed the
efficiency of titanium leaching. The novelty of this research lies in the innovative approach
of leaching titanium in the form of oxysulfate using oxygen pressure, which significantly
contributed to the high titanium recovery observed. Future investigations will explore the
leaching efficiency of titanium from slag produced by plasma hydrogen reduction, aiming
to compare different reduction methodologies in order to reach a maximal recovery of iron
from red mud forming new slag without iron.
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Abstract: Lithium-ion batteries (LiBs) are utilized in numerous applications due to ad-
vancements in technology, and the recovery of end-of-life (EoL) LiBs is imperative for
environmental 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, HNOj3 , and H,SOy , 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 powders
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 was investigated, and Density Functional Theory (DFT) calculations
were used to explain the leaching mechanism.

Keywords: ternary DES; Solvometallurgy; Recycling of LiBs

1. Introduction

Lithium-ion batteries (LIBs) are advanced energy storage devices characterized by a
wide operational temperature range, high voltage, and elevated energy and power density.
These advantages have led to the widespread adoption of LIBs in electric vehicles (EVs),

Minerals 2025, 15, 782

88

https://doi.org/10.3390/min15080782



Minerals 2025, 15, 782

hybrid electric vehicles (HEVs), laptops, mobile phones, hard drives, solar panels, and
wind turbines [1]. In smaller electronic devices (e.g., smartphones, laptops, cameras), the
average lifespan of LIBs ranges from 3 to 5 years, whereas in larger systems such as EVs,
their operational lifetime is estimated to be around 10 years [2]. With increasing demand
each year and the growing number of applications, end-of-life LIBs are accumulating as
millions of tons of waste [3]. By 2030, it is projected that approximately 2 million EVs will
reach end-of-life annually, and this number is expected to increase exponentially over the
following decade [4]. Furthermore, the rising demand for LIBs has led to significant price
increases in critical elements such as lithium (Li), nickel (Ni), and cobalt (Co). Additionally,
the large-scale accumulation of metals like Co and Li poses environmental and biological
hazards due to their toxic nature. In particular, the fact that LIB cathodes typically consist
of approximately 20% Co and 7% Li by weight highlights the critical importance of battery
recycling. The presence of toxic and flammable electrolytes, such as lithium hexafluo-
rophosphate (LiPFg), further intensifies these risks. Therefore, it is crucial to recover raw
materials from used LIBs in an environmentally friendly and sustainable manner [5,6].

Two of the most widely adopted techniques for recycling LIBs are pyrometallurgy
and hydrometallurgy [7]. However, hydrometallurgical methods are often chosen as an
alternative because of variables including high energy consumption, high prices, and the
release of hazardous gases during the pyrometallurgical process [8,9]. Hydrometallurgical
methods are notable for their lower energy needs, higher purity of recovered materials, and
reduced gas emissions when compared to pyrometallurgical methods [10]. Moreover, the
cumulative energy demand value of hydrometallurgical recycling processes was reported
as 198.2 MJ kWh~! , while that of pyro- + hydro- processes was reported as 228.2 MJ kWh~!
, and it was observed that hydrometallurgical processes exhibited less energy consumption
than pyro- + hydro- combinations [11]. Nevertheless, the use of strong and toxic mineral
acids, such as HNO3 , HCl, and H,SO, , during hydrometallurgical recycling presents a
significant threat to environmental safety [12].

To address these environmental concerns and improve metal recovery rates, deep
eutectic solvents (DESs) were introduced in 2003 by Abbott et al. as a combination of quater-
nary ammonium salts and hydrogen bond donors, resulting in low-melting, biodegradable,
and environmentally friendly solvents [13,14]. Although the environmental and economic
impacts associated with the production of raw materials for DES synthesis require further
investigation, the use of biodegradable and less corrosive organic compounds in DES-based
leaching processes may offer a more environmentally friendly alternative compared to
commercial mineral acids. A number of studies in the literature have investigated the
use of DESs with different solvent compositions for metal recovery from batteries. For
instance, Peeters et al. formulated several DESs in varying ratios and reported the Co
leaching efficiencies [15]. One of these investigations achieved a recovery rate of over 98%
by leaching Co from lithium cobalt oxide (LCO) batteries using a DES made of ChCl and
citric acid in a 2:1 molar ratio. The leaching procedure was carried out at 40 °C for 60 min.
However, the study noted that citric acid exhibited high viscosity and therefore had to be
diluted with 35% water to reduce the solvent’s resistance to mass transfer.

Ma et al. investigated a DES system made of ChCl and L-tartaric acid for the removal
of metals from the cathodes of NMC and LCO batteries [16]. The DES was prepared in a
1:1 molar ratio, and varying amounts of water were added to the mixture. The optimal
leaching temperature was found to be 70 °C, resulting in a metal recovery efficiency of
98.5%. Furthermore, it was observed that increasing the water content improved the
leaching performance. However, higher water content was also found to reduce the rate of
lithium recovery. Additionally, excessive water can disrupt the hydrogen bonding network
of the DES, which may change the coordination and behavior of metal ions, ultimately
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decreasing leaching efficiency [17]. For this reason, water-free DES systems have also
been explored.

Ternary DES systems have recently gained significant attention as an alternative to the
binary systems frequently used in the literature. These systems offer several advantages
over binary ones in the recovery of LCO from spent LIBs. Jafari et al. investigated the influ-
ence of a ternary DES system composed of ChCl:urea: ethylene glycol (EG) on the leaching
process [18]. Multiple DES systems, such as the ternary ChCl:urea: EG system, ChCl: urea,
and ChCl: EG system, were prepared in different mole ratios. Following preparation, 5 mL
of DES and 0.1 g of battery powder were used in the leaching experiments. For every
DES system, leaching tests were carried out at 50 °C, 75 °C, and 100 °C. When combined
with urea and ChCl, the EG structure in the ternary DES remained chemically stable and
unaltered, according to FT-IR measurements. By increasing its efficacy throughout the
procedure, EG’s stability in the ternary system made a substantial contribution to the
leaching performance. The findings of the characterization showed that metal recovery
rose in direct proportion to temperature. With a high Li recovery rate of 97%, it was found
that 100 °C was the ideal temperature for DES-based recovery. Furthermore, recovery
efficiencies for Mn, Ni, and Co were 34%, 40%, and 41%, respectively. The ternary DES
exhibited better selectivity for Co and Ni, whereas the binary DES system made of ChCl
and urea showed great selectivity for Li and Mn. The literature also identifies important
challenges in DES-based metal recovery procedures, such as high viscosity, the requirement
for high temperatures, and extended leaching times.

This study aims to design and optimize novel DES systems to address persistent
challenges. One major issue with DESs is their inherently high viscosity, which frequently
requires water dilution, which runs counter to their ecologically friendly nature. To over-
come this limitation, the present work focuses on developing water-free DES systems
composed solely of organic acids and ammonium salts. In many DES formulations, glycolic
acid (GLY) is a favored HBD, which makes it very useful for metal recovery operations. Van
der Waals forces and electrostatic interactions, in addition to the strong hydrogen bonding
interactions between HBDs and HBAs, are responsible for the high viscosity characteristic
of DESs [19]. This type of viscosity hinders mass transport, which creates obstacles to
effective leaching kinetics [20]. GLY is used as a viscosity-reducing HBD in anhydrous DES
formulations to lessen these disadvantages. GLY (C,H4O3), a member of the alpha-hydroxy
acid (AHA) family [21] , has a molecular weight of 76.05 g/mol, a melting point of 75-80 °C,
and a decomposition temperature of 100 °C. Glycolic acid was selected in this study due
to its carboxylic functional group, ability to reduce viscosity, and favorable coordination
with transition metal ions, all of which contribute to enhanced leaching kinetics in DES
systems. Moreover, it has no color or smell, is a weak acid, and is very water soluble [21].
Due to its diverse chemical characteristics, it is widely used in the food industry, textiles,
dermatology, cosmetics, and metal extraction [22].

In the study by Kaur et al., ChCl was used as the HBA and GLY as the HBD. The GLY
content was adjusted at molar ratios of 1:1, 1:2, and 1:3. Results indicated that increasing
GLY content reduced viscosity [23]. However, a higher GLY proportion led to decreased
dye extraction efficiency. At lower mole ratios, DESs with a 1:1 GLY: ChCl ratio exhibited
the highest performance, followed by 2:1 and 3:1 ratios, while at higher DES dosages,
extraction efficiencies among all ratios were comparable.

Ascorbic acid (AA), commonly known as vitamin C, has the chemical formula
CeHgOg [24]. Its density is around 1.65 g/ cm? , its melting and decomposition points
are between 190 and 192 °C, and its molecular weight is 176.12 g/mol. It is highly soluble
in both water and ethanol [24,25]. Owing to its carbon groups, AA exhibits strong reducing
properties, and the proximity of its hydroxyl and carbonyl groups enables it to act as a
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hydrogen donor [26]. In DES systems, cobalt is reported to dissolve in its +2 oxidation
state. Accordingly, Peeters et al. achieved successful Co recovery from LiCoO; cathodes
by employing reductants such as Cu and Al to reduce Co>" ions to Co?* [15]. Similarly,
Dixon et al. utilized L-ascorbic acid to reduce a pentaamine chromate cobalt (III) complex
through a two-step process: first, Cr was reduced, and then Co®* was reduced to Co?* [27].
To minimize the introduction of additional metals into the system, we propose the use of
AA as an alternative to conventional reductants such as Cu and Al

One of the innovative aspects of this study is the use of a three-component DES
system (ChCl:GLY:AA) instead of a conventional binary system. The high solubility of
GLY, combined with the reduction potential of AA under +2 oxidation state conditions
during the leaching process, contributes to the uniqueness of the system. Furthermore, this
study aims to address existing gaps in the battery recycling sector by optimizing novel DES
systems and providing solutions to the challenges identified in the current literature.

2. Materials and Methods
2.1. Materials

Choline chloride (ChCl, >98%, Sigma Aldrich, Shanghai, China), glycolic acid
(GLY, >98% , Sigma-Aldrich, St. Louis, MO, USA), and L (+)-ascorbic acid (AA, >99%,
Merck Ltd. Beijing, China) were used to prepare DESs. Moreover, HNO; (65%, Tekkim
Kimya San. ve Tic. A.S. Istanbul, Tiirkiye) was used for sample preparation. Ethanol (Merck
KGaA Darmstadt, Germany), acetone (99.5%, Tekkim Kimya San. ve Tic. A.S. Istanbul,
Tiirkiye), and de-ionized water (produced by Milli-Q) were utilized at various stages.

2.2. Characterization of Black Mass

The black mass used in this study was obtained as industrial waste from a lithium-ion
battery recycling facility located in Ttirkiye. It consisted primarily of shredded cath-
ode materials and residual graphite collected from spent LIBs. The characterization of
black mass was conducted in our previous study [28]. Briefly, the presence of LiCoO, ,
LiNip 33Mng 33C00 330, , LiMn,Oy4, and graphite phases was observed in the black mass.
Additionally, the composition of the black mass was ascertained to be 35.38% graphite by
weight, 29.62 ppm Li, 195.86 ppm Co, 79.55 ppm Ni, and 59.48 ppm Mn. Furthermore,
the particle morphology of the black mass was found to exhibit a heterogeneous structure,
with an average particle size of 70 pm.

2.3. Preparation of DES Solutions

To prepare homogeneous binary and ternary DESs, ChCl was used as the HBA at a
constant concentration of 1 mole, while GLY and AA served as HBDs in varying mole ratios.
The mole ratios of the prepared solutions are given in Table 1. The components were mixed
and stirred at 700 rpm at 60 °C, via a magnetic heating stirrer (model: MS300HS-MTOPS),
until a uniform, homogeneous solution was obtained. A 5 mL sample of the prepared DES
was transferred to a glass container.

Table 1. Binary and ternary DES compositions.

DES Codes Choline Chloride Glycolic Acid Ascorbic Acid
Ratio (Mole) Ratio (Mole) Ratio (Mole)
1:2 ChCl:GLY 1 2 -
1:1.9:0.1 ChCL:GLY:AA 1 1.9 0.1
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Table 1. Cont.

DES Codes Choline Chloride Glycolic Acid Ascorbic Acid
Ratio (Mole) Ratio (Mole) Ratio (Mole)

1:1.8:0.2 ChCL:GLY:AA 1 1.8 0.2
1:1.7:0.3 ChCL:GLY:AA 1 1.7 0.3

1:3 ChCL.GLY 1 3 -
1:2.9:0.1 ChCl:GLY:AA 1 2.9 0.1
1:2.8:0.2 ChCL:GLY:AA 1 2.8 0.2
1:2.7:0.3 ChCL:GLY:AA 1 2.7 0.3

1:4 ChCL:GLY 1 4 -
1:3.9:0.1 ChCI:GLY:AA 1 39 0.1
1:3.8:0.2 ChCl:GLY:AA 1 3.8 0.2
1:3.7:0.3 ChCL:GLY:AA 1 3.7 0.3

2.4. Leaching Experiments

Black mass containing graphite, lithium nickel-manganese-cobalt oxide (NMC),
lithium cobalt oxide (LCO), and lithium manganese oxide (LMO) was accurately weighed
and added to the 5 mL of DES system at different solid-to-liquid ratios. The leaching
process was conducted on a magnetic stirrer at 700 rpm and 60 °C for 1 h. Experimental
parameters, including leaching temperature and time, DES composition, solid-to-liquid
ratio, and stirring rate, were systematically varied to optimize the leaching efficiencies.
After the leaching process, the solution was subjected to filtration using a syringe filter
with a pore size of 0.22 um to facilitate the separation of solid and liquid phases.

2.5. Characterization

FTIR analysis was conducted in the wavenumber range of 400-4000 cm !

using a
Bruker FTIR spectrometer. The DES samples were analyzed after complete homogenization
in the liquid phase to ensure uniform hydrogen bonding interaction across the ternary sys-
tem. After leaching, the samples were filtered using a 0.22 um syringe filter. The resulting
filtrates were diluted to appropriate levels depending on metal concentration—typically
50x,100x, 250, 500, or 1000 dilutions were prepared with a 2% HNOj3 solution (v/7v).
The Atomic Absorption Spectroscopy (AAS) instrument (Agilent Technologies, Santa Clara,
CA, USA) was calibrated using certified standard solutions of Li, Co, Ni, and Mn. The metal
ion concentrations in the leachates were calculated based on the corresponding calibration

curves. Leaching efficiency was calculated with Equation (1) [29].

The leaching ef ficiencies (%)
. Metal ion concentration (%)*Leach volume(L) 100 1)
" Metal amount of specific metal (%)*Initial metal amount (g) *

The complex formation energies between Co?* and selected ligands—ascorbic acid,
glycolic acid, and choline chloride—were calculated using the ORCA 6.0.1 quantum chem-
istry package [30]. All calculations were carried out using the density functional theory
(DFT) hybrid functional B3LYP, in conjunction with Grimme’s D3BJ dispersion correction to
improve the accuracy of non-covalent interactions. The def2-TZVP basis set was employed
for all atoms, providing a balance between computational cost and chemical accuracy.
Geometry optimizations were performed using tight self-consistent field (SCF) conver-
gence criteria and without imposing any symmetry constraints. To simulate solvation

92



Minerals 2025, 15, 782

conditions more realistically, the conductor-like polarizable continuum model (CPCM)
was applied during all geometry optimizations and energy evaluations. Binding energies
(AE) were computed to evaluate the relative stability of the complexes, using the following
Equation (2)

AE = Ecomplex - (EC02+ + ZEligand) ()

In this equation E gy refers to the total energy of the optimized Co-ligand complex,
while E 2+ and Ejjgsg denote the energies of the isolated cobalt ion and individual ligands,
respectively. All computed energies are expressed in Hartree units. This methodology
enables a theoretical assessment of the coordination behavior and binding preferences of
cobalt in the presence of environmentally benign ligands under solvated conditions.

3. Results and Discussion
3.1. Characterization of DES

Figure 1A illustrates the chemical structures of GLY, AA, and ChCl. Both GLY and AA
act as HBD owing to the presence of hydroxyl (-OH) groups in their molecular structures. In
contrast, ChCl behaves as an HBA, primarily due to its C1~ anion [31]. These compounds
can form a DES through hydrogen bonding interactions between the HBD and HBA
components. Moreover, this interaction ensures that the binary and ternary DESs prepared
at different molar ratios remain in liquid form at room temperature, lowering their eutectic
points below room temperature. Figure 1B shows the FTIR pattern of ChCL:GLY binary
DESs prepared at 1:2 and 1:3 molar ratios. Strong absorption peaks were observed at
1085cm~!, 1422 em~!, 1732 em ™!, and 3290 cm ™! in the 1:2 ChCL:GLY DES spectra.
These peaks correspond to the stretching of the C-O, the stretching of the -COO™ , the
stretching of the C=0, and the stretching of the O-H group from pure GLY, respectively [32].
Moreover, the ChCl presence led to the appearance of N-H stretching peaks at 2918 and
3032 cm ™! [33]. Furthermore, the characteristic peak derived from the ChCl (CHj3);N*
group was observed at 1477 cm~! [33]. Increasing the GLY ratio from 2 to 3 does not
significantly alter the FTIR pattern; however, a decrease in the intensity of the characteristic
ChCl peak at 1477 cm ! is observed, which can be attributed to the reduced ChCl mole
ratio. The FTIR pattern of the DESs containing AA is presented in Figure 1C. Upon the
addition of AA, a vibration band corresponding to the C=C bond in its structure appears
at around 1600 cm ! [34] , and the intensity of this peak increases with higher amounts
of AA. The peak observed in the 3000-3600 cm ! range for all DESs appears broad, with
no distinct sharp peak in this region, indicating that the OH groups are involved in
hydrogen bonding interactions with ChCl [33,34]. The addition of ascorbic acid to the
DES system led to a notable increase in the absorbance intensity within the 1000-1100
cm~! region, as highlighted in Figure 1C. This spectral region is primarily associated
with C-O stretching vibrations, which are characteristic of the multiple hydroxyl groups
present in ascorbic acid molecules. The emergence and intensification of these peaks upon
ascorbic acid incorporation indicate its successful integration into the DES matrix. This
observation suggests the formation of additional hydrogen bonding interactions between
ascorbic acid and other DES components, potentially enhancing the overall hydrogen bond
network density. Consequently, the presence of ascorbic acid is expected to influence the
physicochemical properties of the DES, such as polarity, viscosity, and its capacity for metal
chelation or redox reactions.
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Figure 1. Chemical structures of ChCl, GLY, and AA (A), FTIR pattern of binary (B), and ternary
DES (C).

3.2. Leaching of Black Mass
3.2.1. Effect of GLY Mole Ratio on Leaching Efficiency

To investigate the effect of the amount of carboxylic groups on the leaching efficiency,
three different Na-DES with different mole ratios were prepared. ChCl and GLY solutions
were prepared at a molar ratio of 1:2, 1:3, and 1:4, and leaching experiments were carried
out at a solid-liquid ratio of 10 g/L for 1 h at 60 °C. Leaching efficiencies obtained for the
three different Na-DES are presented in Figure 2. Increasing the GLY molar ratio from
2 to 4 resulted in an enhancement of leaching efficiency, with increases observed from
20.24% to 47.47%, from 4.31% to 12.07%, from 17.50% to 43.92%, and from 19.28% to 28.48%,
respectively, for Li, Co, Ni, and Mn. Lu et al. (2022) reported that the leaching efficiency
of Malonic acid (MA) (containing a carboxyl group) with ChCl was higher than EG: ChCl
and EG: urea [35]. DESs containing carboxyl groups provide higher leaching efficiency
than other DESs due to the large number of free protons and the strong coordination ability
between the carboxylate and metals [36]. Consequently, the increase in the GLY molar ratio
exhibited a significant effect on the leaching efficiency.
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Figure 2. Leaching efficiencies obtained with ChCl:GLY Na-DES prepared at three different mole
ratios (60 °C, 10 g/L, 1 h).

3.2.2. Effect of Ternary System Mole Ratios on Leaching Efficiency

The leaching efficiency could not be increased above 48% for four metals by the
use of ChCl and GLY. Leaching studies with DESs prepared with oxalic acid (OxA) or
MA (containing a carboxyl group): ChCl have been conducted in the literature, and
leaching efficiencies are high [35,37]. Among the three acids (oxalic, malonic, and glycolic),
oxalic acid demonstrates the highest degree of acidity due to its pronounced resonance
and inductive effects. MA exhibits weaker interactions due to the presence of a leaving
methylene group. GLY demonstrates the least acidic properties due to the absence of
multiple carboxylic groups and the reliance on weaker inductive effects from its hydroxyl
group. Nevertheless, the viscosity order of the DESs prepared separately with these three
acids and ChCl is as follows: ChCI:GLY < ChCl: MA < ChCl:OxA [38]. The high viscosity
values of DES pose a significant challenge in the utilization of these solvents in industrial
recycling processes [39]. Therefore, the leaching efficiency of the mixture of GLY (containing
a carboxyl group) and ChCl was tried to be increased by adding a third organic substance
in DES. AA was added to the system to maintain the ChCl:acid ratio due to its reducing
and solvent properties. As seen in Figure 3A, the addition of AA into the ChCI:GLY system
significantly improved the leaching efficiencies of Li, Co, Ni, and Mn. In the reaction
where 1:2 ChCL:GLY DES solution was used, 20.24%, 4.31%, 17.50%, and 19.28% leaching
efficiency was obtained for Li, Co, Ni, and Mn, respectively. Moreover, in the reaction where
1:1.9:0.1 ChCL:GLY:AA was used, 99.68%, 98.95%, 98.58%, and 95.56% leaching efficiency
was obtained for Li, Co, Ni, and Mn, respectively. However, increasing the amount of AA
(1:1.8:0.2 and 1:1.7:0.3 ChCl:Gly:AA) caused a significant decrease in leaching efficiency.
In their study, Liu et al. (2018) reported that an increase in the amount of AA in the
ChCIL:AA DES solution increased solution viscosity [40]. Additionally, Kaur et al. (2018)
reported in their study that increasing the GLY ratio in the ChCl:GLY system decreased
the viscosity [23]. It is thought that the decrease in the amount of GLY and the increase in
the amount of AA in the ternary DES system increased viscosity. It has been demonstrated
that elevated viscosity leads to increased solvent flow, as well as greater resistance to heat
and mass transfer [41]. Consequently, this results in a reduction in leaching efficiency.
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Figure 3. Leaching efficiencies obtained with ChCl:GLY:AA ternary Na-DES prepared at different
mole ratios; 1:2 ChCl:Acid (A), 1:3 ChCl:Acid (B), and 1:4 ChCl:Acid (C) (60 °C, 10 g/L, 1 h).

In the leaching reactions where 1:3 ChCl:Acid and 1:4 ChCl:Acid systems were

used, it was observed that the leaching efficiency did not exceed 70% (see Figure 3B,C).

While 70.52% Co leaching efficiency was obtained in the leaching reaction using 1:2.9:0.1
ChCl:GLY:AA system, 56.01% Co leaching efficiency was obtained in the leaching reaction
using 1:3.9:0.1 ChCL:GLY:AA system. The dissolution mechanism of LCO powders in DESs
prepared with MA containing a carboxyl group and ChCl was explained [35]. It was shown
that after the reduction from Co®* to Co?* by HBD, C1~ anions in HBA formed complexes
with Co?* , and the formed complexes were tetrachloro complexes ([Co(II)Cl4]*"). This
study observed that the leaching efficiency decreased with increasing acid-mole ratio in
DES systems. The reason for this was thought to be the decrease in the amount of C1~
anions that complex with metal ions. Due to the reducing nature of AA in ternary DES
in this study; it easily reduces metal cations and then forms a complex with C1~ in ChCl.
It was thought that the decrease in the amount of ChCl decreased the leaching efficiency.
Furthermore, an increase in AA content was observed in 1:3 and 1:4 ChCl:Acid systems,
which exhibited a decrease in leaching efficiency, which was hypothesized to be attributable
to an increase in viscosity. Additionally, leaching efficiencies varying with DES composition
are summarized in Table 2.
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Table 2. Summarized leaching efficiencies obtained with varying DES composition (60 °C,

10g/L, 1h).
.. Leaching Efficiencies (%)

DES Compositions Li Co Ni Mn
(1:2) 20.24 431 17.50 19.28
(1:1.9:0.1) 99.68 98.95 98.59 95.56
(1:1.8:0.2) 69.62 68.92 66.05 62.45
(1:1.7:0.3) 47.47 47.09 44.09 41.49

(1:3) 28.78 6.51 24.12 20.03
(1:2.9:0.1) 70.09 70.52 68.25 58.63
(1:2.8:0.2) 64.08 66.88 66.67 58.01
(1:2.7:0.3) 60.63 59.85 57.48 48.13

(1:4) 47.47 12.07 43.92 28.48
(1:3.9:0.1) 69.62 56.01 72.31 57.64
(1:3.8:0.2) 63.77 48.98 71.43 50.43
(1:3.7:0.3) 50.32 38.06 60.14 47.78

3.2.3. Effect of Time on Leaching Efficiency

The time-dependent leaching efficiency of the leaching reaction (60 °C, and 10 g/L)
using the 1:1.9:0.1 ChCL:GLY:AA ternary DES system is given in Figure 4. It was determined
that the leaching reaction achieved maximum efficiency at the 60th minute. The leaching of
cathode powders utilizing binary DES, composed of an HBD and an HBA species, typically
requires tens of hours or even days [42]. In the ternary system where GLY contains a
carboxyl group, which has a high reducing capacity, such as AA, was used, complete
dissolution of the cathode powder in the black mass was achieved in 60 min. Furthermore,
in this study, black mass containing pure cathode powder was not utilized; however, the
leaching process of cathode powders containing ~40% graphite by weight and exhibiting
varying chemical compositions was conducted. Although the presence of graphite may
reduce the leaching efficiency because it creates a physical barrier, a leaching efficiency of
over 95% was achieved for all metals in 60 min.
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Figure 4. Time-dependent leaching efficiency of black mass (1:1.9:0.1 ChCL:GLY:AA, 60 °C, 10 g/L).
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3.2.4. Effect of Temperature on Leaching Efficiency

Temperature is a crucial parameter in leaching processes involving DES. Due to the
high viscosity of DES, higher temperatures are required compared to leaching reactions
using inorganic acids [43]. Moreover, the viscosity of DES can be reduced either by adding
water to the solution or by increasing the temperature; however, adding water may decrease
leaching efficiency, as it can weaken the hydrogen bonding network within the DES [17].
In literature studies, ChClI-GLY DESs have been reported to decrease viscosities by 20-fold
as the temperature increases from 20 °C to 80 °C [12]. Therefore, in this study, instead of
adding water to DES, the effect of temperature on leaching efficiency was investigated.
Additionally, the potential esterification of carboxyl groups in DES with the HBD must be
considered when determining the operating temperature range [38]. Esterification reactions
for DESs that use carboxylic acids as HBD and ChCl as HBA occur at temperatures above
60 °C [39,44]. Rodriguez et al. (2019) reported that esterification of 1%, 5%, and 9% (molar
ratio) occurred in the system with the preparation of 1:2 ChCl:GLY at 60 °C, 80 °C, and
100 °C, respectively [45]. Due to these considerations, the leaching experiments in this
study were limited to a temperature range between 20 °C and 60 °C, with no experiments
conducted above 60 °C. The dependency of leaching efficiency on temperature is illustrated
in Figure 5 (1:1.9:0.1 ChChl:GLY:AA, 60 min, and 10 g/L). Increasing the temperature from
20 °C to 60 °C caused an increase in leaching efficiencies from 24.63% to 95.56%, from
12.11% to 98.35%, from 12.9% to 98.59%, and from 12.95% to 99.68% for Li, Co, Ni, and
Mn, respectively.

WL M Co I Ni Mn
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Figure 5. Temperature-dependent leaching efficiency of black mass (1:1.9:0.1 ChCl:GLY:AA, 60 min,
10g/L).

3.2.5. Effect of Solid to Liquid Ratio on Leaching Efficiency

The effect of the solid-to-liquid ratio on leaching efficiency was investigated. The
effect of 1040 g/L solid-to-liquid ratio on leaching efficiency is given in Figure 6 (1:1.9:0.1
ChCL:GLY:AA, 60 min, 60 °C). Increasing the solid-to-liquid ratio from 10 g/L to 40 g/L
resulted in a decrease in metal leaching efficiency from above 98% to 75.27%, 16.26%,
66.35%, and 39.06% for Li, Co, Ni, and Mn, respectively. At a certain solid-liquid ratio,
the solution becomes saturated, and the amount of insoluble particles increases [46]. The
optimum solid-liquid ratio was therefore maintained at 10 g/L.
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Figure 6. Effect of solid-to-liquid ratio on leaching efficiency of black mass (1:1.9:0.1 ChCl:GLY:AA,
60 min, 60 °C).

3.2.6. Leaching Kinetics

It is imperative to comprehend the kinetics of the leaching process to achieve a more
profound comprehension of solid-liquid interactions and to ascertain the rate-limiting step
of the reaction. A prevalent model employed for this purpose is the shrinking core model,
which analyzes the interaction between solid particles and the leaching solution [44]. This
model emphasizes the gradual reduction of the unreacted core within solid particles over
time. This model is particularly useful in determining which stage governs the overall
reaction rate during leaching. In instances where the rate-limiting step is a chemical
reaction, Equation (3) is employed [47];

(e

1-(1—x)% =kt (©)]

In this equation, x” denotes the metal leaching rate, ‘t’ represents time (in minutes),
and ‘k;” is the reaction rate constant. Equation (4) provides a comprehensive description of
the leaching process governed by chemical reaction control in dense shrinking spherical
particles [47].

N|—

1—(1—-2x)2 =kt 4

The constants in this equation are identical to those in the previous one. Equation (5)
signifies the scenario in which the reaction rate is governed by diffusion through the
product layer surrounding the particles [15].

@IN

1+2(1—-x)—3(1—x)3 =kat. ®)

The leaching process was carried out with the parameters of 1:1.9:0.1 ChCl:GLY:AA,
60 min , 60 °C, 10 g/L, and the compatibility of 3 different models with the obtained
leaching efficiencies was examined. The leaching kinetics of Li, Co, Ni, and Mn were
evaluated using surface chemical reaction control (see Figure 7A), diffusion control (see
Figure 7B), and shrinking dense particles (see Figure 7C). Additionally, kinetic model
constants are presented in Table 3. However, it is difficult to conclude that any of these
models accurately describes the leaching behavior of all four metals. The R values of
four metals in all three models were found to be greater than 0.9 (except Ni, Diffusion),
and it was thought that the kinetics of dissolution of the four metals in model 3 could be
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explained. The reason for this was thought to be the use of cathode powders with different
phases and chemical compositions. However, the R values for Li and Mn (>0.99) indicate
a strong correlation with the surface chemical reaction model, whereas those for Co and
Ni (>0.99) are in good agreement with the dense shrinking particle model. Furthermore,
the reaction rate constants (k;) for the dissolution of Li and Mn were calculated as 0.0116
and 0.0095 min~! , respectively. The rate constants (k) for Co and Ni obtained from the
diffusion-controlled model were found to be 0.016 and 0.0158 min~—!, respectively. Based
on the obtained rate constants, the metal dissolution rates can be ranked as follows: Co >
Li> Ni> Mn.
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Figure 7. Leaching efficiencies’ compatibility with surface chemical reaction (A), diffusion control
(B), and shrinking dense particle models (C).

Table 3. Kinetic model fitting parameters for the leaching of Li*, Co%*, Ni%* , and Mn?*.

Surface Chemical Reaction Diffusion Shrinking Dense Particle

Metals Equation R? Equation R? Equation R?
Li y =0.0116x — 0.0067 0.9917 y =0.0141x — 0.0716 0.9625 y = 0.0154x + 0.0602 0.9854
Co y = 0.012x — 0.0282 0.9806 y = 0.0142x — 0.0859 0.9416 y =0.016x + 0.0234 0.9914
Ni y =0.0124x — 0.0459 0.9231 y = 0.0143x — 0.1032 0.8676 y = 0.0158x + 0.0099 0.9935
Mn y = 0.0095x + 0.0215 0.9907 y =0.0116x — 0.0423 0.9735 y = 0.0138x + 0.0907 0.966

The Arrhenius equation, which is presented in Equation (6), is employed to calculate
the dissolution activation energies of Li, Co, Ni, and Mn [48];

Ky = Aexp( R’;”) 6)

Here, the activation energy is denoted by E, , the rate constant by K , the temperature
in K by T, and the gas constant by R (8.314472 ] k~'mol~!). The Arrhenius plots of
In (Kj;) versus 1000/ T for the leaching reactions of Li, Co, Ni, and Mn are presented
in Figure 8. Moreover, the Arrhenius model constants are presented in Table 4. Based
on the Arrhenius plots, activation energies for the leaching of Li, Co, Mn, and Ni were
determined as 48.06, 71.06, 68.73, and 65.05 k] /mol , respectively. Activation energy above
42 kJ /mol indicates a chemically controlled reaction, whereas values between 4.2 k] /mol
and 13 kJ/mol suggest diffusion control, and those ranging from 13 k] /mol to 42 kJ /mol
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imply mixed control [18]. The calculated activation energies for the four metals indicate
that the dissolution reactions are chemically controlled.
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Figure 8. Arrhenius plot for Li (A), Co (B), Ni (C), and Mn (D).

Table 4. Arrhenius model fitting parameters for the leaching of Lit*, Co?* ,Ni%* , and Mn?2*.

Arrhenius Model Constant
Metals

Equation R?
Li y = —5.7804x + 14.154 0.8975
Co y = —8.5464x + 22.587 0.8222
Ni y = —8.2663x + 21.844 0.9061
Mn y = —7.8235x + 20.77 0.8708

3.2.7. Leaching Mechanism

As demonstrated in the extant literature, AA is employed in studies of the aqueous
leaching of waste LIBs to reduce transition metals from +3 to +2 [49,50]. The oxidation
reaction of AA is given in Figure 9 [48]. Moreover, the dissolution reactions of LCO in
an aqueous system are presented in Equation (7) [51]. AA acts as a reducing agent for
transition metal ions, facilitating their reduction while being oxidized to dehydroascorbic
acid, thereby enhancing the leaching efficiency. In aqueous systems, AA functions not only
as a reducing agent but also contributes to solvation, potentially enhancing the dissolution
and mobility of metal ions [52]. However, in DES, this process may become more complex
due to altered solvation dynamics and redox behavior. Carboxylic group-containing acids
employed in DESs contribute to the system’s acidity, functioning as leaching agents and,
in certain cases, also exhibiting reducing properties [39]. Wen et al. (2023) investigated
the leaching behavior of LCO cathode powders using a DES composed of ChCl and MA,
demonstrating that the carboxyl groups in MA facilitated the reduction of Co®" to Co?*,
which subsequently formed a [CoCl4 >~ complex with chloride anions [53]. Lu et al. (2022)
reported comparable findings in a system utilizing MA and ChCl, further supporting the
role of carboxyl groups in facilitating Co reduction and complexation in DES media [35].
The system utilized in this study combined AA, GLY, and ChCl, wherein AA exhibited
reductive capabilities, while GLY contributed to increased solution acidity, effectively
accelerating the leaching process.

LiC0Oy(s) +4H () +e(,py — Lify,y + Cotly +2Ha0) @)
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Figure 9. Oxidation reaction of ascorbic acid.

To identify the complexes that Co can potentially form following the leaching process,
the bond energies between Co and various ligands were calculated. The complexes that
Co can form and their bond energies are given in Figure 10. The presence of Co in
tetrahedral form in DES solutions has been reported in another study [53]. The tetrahedral
Co-glycolate (AE = 1.454 Hartree) complex exhibits a lower bonding energy compared to
the corresponding Co-ascorbate (AE = 1.462 Hartree) complex. Following the leaching
process, Co appears to exhibit a higher affinity for complexation with GLY rather than AA
in the ternary DES system. The introduction of C1™ anions into the tetrahedral coordination
led to a further decrease in the bonding energies of the Co-ascorbate and Co-glycolate
complexes, respectively. The [CoCly]*~ complex, representing the complete occupation of
tetrahedral coordination sites by C1~ anions, exhibits the lowest bonding energy difference
(AE = —0.413 Hartree). Based on the calculated bond energies, it is inferred that Co
preferentially forms the [CoCl4]*~ complex with chloride anions rather than coordinating
with AA or GLY. Comparable findings were reported in a separate study employing a
similar methodological approach [53].

/ Sa
c  AE=0.526

Figure 10. Potential complexes that may form after leaching.
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4. Conclusions

In this study, an environmentally friendly leaching method was developed using
a ternary DES system based on ChCl, GLY, and AA for the recovery of precious metals
such as Li, Co, Ni, and Mn from the black mass fraction of spent lithium-ion batteries.
The results showed that with the proposed 1:1.9:0.1 molar ratio ChCl:GLY:AA system,
leaching efficiencies of over 95% for all metals could be achieved at 60 °C within only 1 h
without applying a pre-enrichment process. Due to the reducing property of AA and the
synergistic effect of the low viscosity structure of GLY, leaching kinetics were accelerated
and metal solubility was optimized in DES medium. Also, as a forward-looking approach,
the dissolved metal ions can be co-crystallized by antisolvent addition after adjusting their
stoichiometry, enabling the regeneration of cathode precursors and closing the material
recovery loop. In addition, kinetic analyses and DFT calculations showed that the leaching
mechanism was controlled by chemical reactions, and Co ions predominantly formed
[CoClL4]*~ complexes after dissolution. This study demonstrates that ternary DES systems
based on environmentally friendly components such as glycolic acid and ascorbic acid can
provide an effective leaching medium for the recovery of metals such as Li, Co, Ni, and
Mn from lithium-ion battery waste. However, further research is needed regarding the
industrial scalability, recyclability, and process integration of the method.
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Abstract: 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
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% Crp0O3) from processing plant tailings containing 3.25%—4.25% Cr,O3, 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. The results revealed a strong interdependence between Cr,O3 recovery
and concentrate grade, both of which are critical indicators of process efficiency. Intermedi-
ate particle sizes (—0.250 + 0.150 mm) provided the most favorable balance, yielding high
recovery rates without substantially compromising the concentrated grade.

Keywords: chromite; tailings; recovery; custom-designed shaking table; optimum variables;
comparison

1. Introduction

Chromium is a naturally occurring element in the Earth’s crust and is present in
approximately 25 different minerals. Among these, chromite is the most common and
contains the highest chromium content [1]. It is a critical mineral for several key industries
essential to modern life, including the chemical, metallurgical, refractory, and foundry
sectors. The production of stainless steel is the primary driver of ferrochrome demand,
accounting for approximately 94% of global chromium consumption [2,3].

Globally, there are over 12 billion tons of marketable chromite reserves, with the
majority hosted in stratiform-type deposits. Podiform deposits constitute the second largest
source of chromite reserves, while laterites—weathering products of peridotite—contribute
minimally to global chromite production [4-8]. Chromite-bearing ores are commonly
associated with gangue minerals like olivine, serpentine, chlorite-group minerals, feldspars,
and pyroxenes, with specific gravities ranging from approximately 2.6 to 4 g/cm? [9].
Processing generally involves comminution to liberate chromite particles, followed by
concentration to achieve marketable Cr,O3 grades exceeding 34%, which can be directly
used in industrial applications.

Minerals 2025, 15, 1100 https://doi.org/10.3390/min15111100
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Numerous studies have employed gravity separation techniques for the beneficiation of
chromite ores. These studies highlight the effectiveness of various gravity methods, such as
shaking tables, spirals, jigs, and dense media separation, in concentrating chromite [10-14].
The significant density difference between chromite (3.58-5.09 g/cm3) [15,16] and its
associated gangue minerals makes gravity concentration the most widely employed and
well-established beneficiation method. This approach enables the economical separation of
valuable chromite particles from gangue while allowing precise control over operational
parameters to achieve higher concentrate grades [17-21]. Among various gravity separation
techniques, shaking tables are particularly preferred for chromite beneficiation because
they combine relatively low operating costs with operational simplicity and minimal
maintenance requirements compared to alternative methods [22]. They operate on the
flowing film principle, where a thin slurry layer moves across a riffled deck, enabling
density-driven stratification and differential motion of particles for effective separation.
Although they offer high separation efficiency, particularly for fine- and medium-sized
particles, the process, like other flowing film-based methods, is highly sensitive to feed rates.
Mono-layer feeding, where particles are distributed in a single layer, enhances separation
performance and enrichment efficiency by ensuring direct interaction between particles
and the flowing film, allowing gravity to act more selectively [23]. In contrast, industrial
operations often prioritize throughput over selectivity, using multi-layer feeding in which
particles interact with one another rather than the separating medium, thereby reducing
concentrate purity [2,24].

With the depletion of high-grade ores that can be directly used after mining, the
enrichment of fine-grained and low-grade ore reserves has become increasingly important
to meet industrial demand [25]. Consequently, lower-grade ores can be upgraded for
industrial applications using suitable beneficiation techniques, depending on the degree
of particle liberation and the nature of the associated gangue minerals [2,26]. At the
same time, critical design parameters of shaking tables—such as stroke, stroke length,
and inclination—are often fixed or difficult to adjust in industrial settings. Inadequate
control over these variables reduces separation efficiency and leads to substantial chromite
losses to tailings, even though these particles incur almost no comminution cost. Such
losses not only represent a loss of valuable material but also contribute to environmental
risks and storage challenges [3], prompting both industrial practice and academic research
to increasingly focus on developing strategies for minimizing chromite losses in tailings
during gravity separation [5,13,14,21,27].

This study focuses on recovering chromite from plant tailings using a custom-designed,
industrial-scale shaking table that was both modified and operationally optimized for
enhanced performance. The novelty lies in combining the valorization of low-grade tailings
with the development of a shaking table offering on-site adjustment of critical parameters,
such as stroke, stroke length, and slope, features typically absent or highly constrained in
conventional systems. This adaptability enables more efficient chromite recovery under
challenging conditions, particularly at higher strokes and shorter stroke lengths, which
exceed the capabilities of existing plant tables. The research specifically aimed to produce
marketable chromite concentrate (>42% Cr,Os) from tailings, identify optimal operating
parameters, and benchmark the new design against current plant equipment. By targeting
the recovery of approximately 10 million tons of accumulated tailings (3.25%—4.25% CryO3,
comparable to run-of-mine ore) from a long-standing mining operation in Bursa, the study
provides a practical, cost-effective pathway for improving chromite beneficiation efficiency.
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2. Materials and Methods
2.1. Taking Samples from the Tailings Storage Area

The physical conditions of the tailings storage area were first evaluated to establish
an optimal starting point for reprocessing, as the tailings originated from previous plant
operations, including grinding, screening, classification, and gravity separation. Samples
were systematically collected from storage areas 1-3 (Figure 1) using a 5 m x 5 m grid
sampling method with JCB-type backhoe loaders (Rochester, UK). Before testing, samples
from different storage areas were combined using a Bobcat mini loader, then subdivided
into representative samples applying alternate shovel sampling and coning—quartering for
laboratory analysis.

Area #1 |

Figure 1. Chromite enrichment plant and tailings storage area.

For particle size adjustment, the mills previously employed for grinding were operated
at low speeds (10 rpm) to disperse and disintegrate any agglomerated particles before the
tests. In some cases, a small proportion of grinding balls (<5% by volume) was added
to break down larger ore fragments, ensuring a uniform particle size distribution for
subsequent processing.

2.2. Petrographic and XRD (X-Ray Diffraction) Analyses

The investigated chrome spinel-bearing ultramafic rock is identified as serpentinized
dunite. Petrographic and XRD analyses were conducted to determine the mineralogi-
cal composition of the rock. The XRD results reveal that the rock consists of forsterite
(olivine), serpentine (antigorite, chrysotile), chromite, and magnetite minerals (Figure 2).
Thin-section analysis (Figure 3) indicates that olivine has undergone extensive serpentiniza-
tion, with more than 50% of the original olivine minerals altered to serpentine. However,
tiny relict olivine minerals (from 0.300 to 0.020 mm) are still observable. Under crossed
polarized light, olivine exhibits third- to fourth-order interference colors, while appear-
ing colorless under plane polarized light. Disseminated Cr-spinel crystals are mainly
opaque and dispersed within the serpentine matrix. The chromian spinels are mainly
subhedral to anhedral in shape and fine- to medium-grained (ranging in size from 1.5 mm
to 0.005 mm, average < 0.350 mm). They display pull-apart structures, with fractures filled
with serpentine minerals.
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Figure 2. X-ray pattern of as received tailings sample (Ol: olivine, Chr: chrome spinel, Srp: serpentine,
Mag: magnetite).

Figure 3. Photomicrographs of the sample in (a,c) plane polarized light (PPL) and (b,d) crossed
polarized light (XPL) (Ol: olivine, Chr: chrome spinel, Srp: serpentine, Mag: magnetite).

2.3. XRF (X-Ray Fluorescence) Analysis

Chemical analyses of the as-received tailings sample (used as the feed) and the concen-
trate, middling, and waste samples obtained from the experiments were conducted using a
Thermo Fisher Scientific Niton XL3t XRF (Waltham, MA, USA) analyzer. Calibration with
standards of known composition before measurements ensured high analytical accuracy
and minimized error. The results for the as-received tailings sample are presented in
Table 1.
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Table 1. Chemical analysis of the as-received tailings sample.

Component %
CI‘203 4.14
FeO 6.11
5i0, 36.82
MgO 38.3
CaO 0.95

Al,Os 14

2.4. Particle Size Analysis

The particle size distribution of the tailing sample used in the experimental tests was
determined by wet sieving. The size distribution and corresponding Cr,O3% content of
each size range are given in Table 2. According to the results, the CrpO3% content varied
between 1.61% and 5.90%. The lowest Cr,O3 content was obtained in larger particle sizes,
while the grade increased as the particle size decreased, resulting in the highest Cr,O3
grade with —0.150 mm particle size. Given that the Cr,O3 grade for the +0.500 mm size
was below 1% and accounted for less than 0.6% of the total feed, the sample finer than
0.500 mm was used throughout the study.

Table 2. Size distribution of the as-received tailings sample.

Particle Size (mm) Weight (%) Y~ Undersize (%) CryO03 (%)  CryOj Distribution (%)

+1 0.28 100.00 1.61 0.11
—1+0.850 0.05 99.72 1.73 0.02
—0.850 + 0.710 0.06 99.68 1.86 0.03
—0.710 + 0.600 0.23 99.61 2.01 0.11
—0.600 + 0.500 0.48 99.38 2.46 0.28
—0.500 + 0.425 8.70 98.90 2.55 5.36
—0.425 + 0.355 15.38 90.21 2.65 9.84
—0.355 +0.300 8.89 74.82 3.35 7.19
—0.300 + 0.250 15.32 65.93 3.70 13.68
—0.250 + 0.212 3.71 50.62 4.13 3.70
—0.212 + 0.180 6.12 46.90 4.28 6.32
—0.180 + 0.150 9.17 40.78 4.32 9.56
—0.150 + 0.125 3.71 31.62 5.49 491
—0.125 + 0.106 6.17 2791 5.81 8.65
—0.106 + 0.090 4.35 21.74 5.76 6.04
—0.090 + 0.075 3.51 17.40 5.68 4.82
—0.075 + 0.063 3.17 13.88 5.87 4.50
—0.063 + 0.053 1.64 10.71 5.81 2.29
—0.053 + 0.045 2.20 9.07 5.90 3.13
—0.045 + 0.038 2.84 6.88 5.73 3.93
—0.038 4.04 4.04 5.67 5.53
Total 100 4.14

2.5. Shaking Table Customization and the Methods Applied

The shaking tables in the existing plant have been in operation for many years and
exhibit limited flexibility in adjusting key operating parameters such as stroke, stroke length,
and deck slope. Furthermore, mechanical fatigue has reduced their overall operational
efficiency. To address these limitations, while preserving the principal design characteristics
of the plant-scale shaking table, specifically the deck dimensions (488 cm x 183 cm) and
the riffle configuration on the deck (3 mm high and spaced 6 mm apart), a customized
shaking table with easily adjustable high stroke speeds, variable stroke lengths, and an
adjustable slope mechanism (Table 3) was designed and manufactured for this study.
Several components were integrated to optimize operation, including a digital display
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speed driver (Figure 4a), a lever-type transmission for easy stroke adjustment (Figure 4b),
and a jointed and hinged assembly enabling precise control of deck inclination (Figure 4c).
The deck slope was measured by a digital display inclinometer (Figure 4d).

Table 3. Operating variables of the customized shaking table.

Variables Values
Strokes (rpm) <450 rpm
Length of strokes (mm) 3-28 mm
Deck slope (°) >0+ 0.05

Figure 4. Variable control mechanisms of the custom-designed shaking table included: (a) a speed
driver, (b) a lever-type transmission for stroke length adjustment, (c) a slope adjustment system, and
(d) a digital inclinometer.

A schematic diagram and photographs of the custom-designed shaking table are
presented in Figure 5a,b. To improve operational control, a mechanism comprising a pump
and feeding cone was implemented, allowing the table to operate in a closed circuit until
equilibrium was achieved under the specified variables during pulp feeding. To prevent
particle settling and clogging at the cone outlet, a mixing mechanism and pinch valve
system were integrated into the feeding cone, ensuring the pulp maintained the desired
density before entering the table. Product collection chutes positioned around the table
facilitated the transfer (recirculation) of waste, middling, and concentrate streams back
to the pump through a return pipe system, thereby maintaining a continuous feed to the
cone. In addition, spare outlet systems equipped with sampling valves were installed
on the chutes, enabling the collection of waste, middling, and concentrate samples once
steady-state operation was reached under the designated parameters.

VWash water

Concentrat

Figure 5. The custom-designed shaking table (a) schematic and (b) real view.
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The shaking table setup was operated in a closed circuit until the operating variables
reached equilibrium. Subsequently, samples were simultaneously collected from the concen-
trate, middling, and waste outlets using sampling valves (concentrate/ middling and waste)
over an average period of 10 s. After collection, each product was oven-dried at 100 £ 10 °C,
weighed after drying, and analyzed by XRF to determine its chemical composition.

3. Results and Discussion

This study was conducted in two distinct phases. The first phase focused on utilizing
existing plant facilities to recover a commercially viable chromite concentrate from tailings
using a Wilfley-type shaking table operated within the mechanical constraints of the current
processing equipment. The second phase aimed to improve process efficiency through the
design, modification, and operation of a custom-designed shaking table. Results from the
existing plant setup were systematically compared with those obtained using the custom-
designed shaking table. In addition, key variables influencing chromite recovery from
tailings were identified, and their optimal operating conditions were determined using the
custom-designed shaking table.

3.1. Processing of the Tailings with the Existing Plant Facilities

Before conducting experimental tests with the custom-designed shaking table, the
separation process was carried out under existing plant conditions using a standard Wilfley-
type shaking table operated within the mechanical limitations of the facility. As shown
in the chromite enrichment plant flowsheet (Figure 6), feed material with a particle size
of —0.500 mm was initially processed on the first group of tables (1st-2nd floors). The
middlings from this stage were subsequently directed to the next table group (3rd floor)
for additional chromite recovery, while the 4th floor tables operated in a closed circuit to
minimize chromite losses from the preceding stages.

J

X []

J J

Agitation

2nd floor
‘lriple—deck shaking tables|

0000000 3rd floor

0000000 triple-deck shaking tables|
0000000 . /

0000000 Mill T

2000000 discharge Ly

Screening

Final
Concentrate

Figure 6. Flowsheet of the chromite enrichment plant.

The primary objective of this phase was to produce a marketable-grade chromite
concentrate (>42% Cr,O3) while maximizing recovery and minimizing losses to waste. The
operational process variables applied during testing are presented in Table 4. Under optimal
operating conditions, the 1st-2nd floor tables achieved a Cr,Os3 recovery of approximately
8%, whereas the 3rd and 4th floor tables, which processed the middlings (about 65% of the
1st—2nd floor table feed), contributed an additional 17% Cr,O3 recovery.

112

Y

Final
Tailing



Minerals 2025, 15, 1100

Table 4. Key variables for maximizing chromite recovery from tailings under existing plant conditions.

Variables Values
Feed grade (CryO3%) 4.14 £+ 0.05
Strokes (rpm) 260
Length of strokes (mm) 16
Deck slope (°) 1.5+ 05

Pulp density (g/L) 1200

Feed rate (kg/h) 1050

Wash-water flow rate (tph) 8+t1

3.2. Processing of the Tailings with a Custom-Designed Shaking Table

Analysis of chromite recovery from tailings using the existing plant revealed several
challenges that limited the achievement of high Cr,O; yields. The operational inefficiencies
were attributed to constraints in the design and adjustable parameters of the existing
shaking tables used during the concentration process. To overcome these limitations,
an industrial-scale shaking table was designed, customized, and fabricated, featuring
adjustable low-to-high stroke frequencies, variable stroke lengths, and a conveniently
adjustable deck slope, all intended to improve Cr,O3 recovery from tailings with greater
efficiency. This custom-designed unit was subsequently employed to determine the optimal
operational parameters, including stroke, stroke length, slope, pulp density, and feed
particle size range, that significantly influence Cr,O3 recovery. The results obtained from
this setup were then compared with those achieved under the existing plant conditions.

3.2.1. Effect of Stroke Rate on Chromite Recovery

Particles in contact with the surface of the shaking table are transported in the direc-
tion of table motion through frictional forces. This shaking motion, which facilitates the
transport of mineral particles, is characterized by its asymmetry [23], consisting of a slower
forward stroke and a faster backward stroke. Under standard operating conditions, the
table is operated at 250-300 rpm. In the initial phase of this study, the variables listed in
Table 5, known to influence the separation process, were kept constant to evaluate the effect
of stroke speed (rpm) on chromite recovery from processing plant tailings.

Table 5. Variables used to determine the optimum table stroke.

Variables Values
Length of strokes (mm) 13
Deck slope (°) 1.0
Pulp density (g/L) 1300
Feed rate (kg/h) 500
Wash-water flow rate (tph) 7
Strokes (rpm) 280-360

As shown in Figure 7, chromite recovery from the enrichment plant tailings exhibited
an inverse relationship with the shaking table stroke rate: recovery decreased as stroke
increased. The CryO3 recovery ranged from 10% to 22%, highlighting the significant
influence of stroke on separation performance. At the lowest stroke rate of 280 rpm, the
shaking action was insufficient to promote effective stratification of the dense chromite
particles behind the riffles. Consequently, these particles were entrained into the middling
zone and mixed with gangue minerals (primarily olivine) due to the scavenging effect of
the wash water, resulting in the lowest recovery of approximately 10%.
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Figure 7. Effect of the shaking table stroke on Cr,O3 recovery from tailings.

With increasing shaking table stroke, Cr,O3; recovery improved, and at 320 rpm,
chromite particles were effectively directed into the concentrate zone without intermixing
with the middling product. Under these conditions, a distinct separation layer was formed,
resulting in higher recovery rates. However, a further increase in stroke speed to 360 rpm
led to the intrusion of gangue minerals, primarily olivine, into the concentrate zone,
producing a broad separation band and a subsequent decline in Cr,O3 recovery from the
tailings. Considering that the tailings were processed without additional grinding, one of
the factors limiting further recovery improvement is the presence of unliberated particles.
These particles likely reduced the efficiency of gravity separation, as they are less prone to
report to the concentrate fraction.

3.2.2. Effect of Stroke Length on Chromite Recovery

In gravity concentration using a shaking table, stroke length is a key operational
variable that significantly influences particle stratification and separation efficiency by
affecting particle movement according to size and density differences. For coarser feed
materials, longer strokes enhance the transport of heavier particles toward the concentrate
end, whereas shorter strokes are more effective for finer feeds [9]. Based on this principle,
the present study investigated the effect of stroke length, ranging from 7 mm to 16 mm,
on the separation performance, Cr,O3 recovery from tailings, and resulting concentrate
grade. During these experiments, all other operating parameters, including the previously
determined optimum stroke rate of 320 rpm, were held constant as listed in Table 6. The
results are presented graphically in Figure 8.
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Figure 8. Effect of stroke length on CryO3 recovery from tailings.
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Table 6. Variables used to determine the optimum stroke length.

Variables Values
Strokes (rpm) 320
Deck slope (°) 1.0
Pulp density (g/L) 1300
Feed rate (kg/h) 500
Wash water flow rate (tph) 7
Length of strokes (mm) 7-16

The experimental results indicated that Cr,O3 recovery from the tailings was strongly
affected by the shaking table stroke length. At short stroke lengths (7-10 mm), heavier
chromite particles predominantly remained in the middling zone and failed to reach the
concentrate area, resulting in Cr,O3 recoveries below 13% and 19%, respectively. Increasing
the stroke length enhanced particle transport and broadened the collection band, promoting
more efficient separation. When the stroke length was set to 13 mm, Cr,O3 recovery
increased to approximately 22%. However, further increasing the stroke length to 16 mm
caused chromite particles to bypass the riffles, designed to create a hindered settling
region toward the concentrate, and shift into the middling and reject zones. Under these
conditions, effective separation on the deck surface was not achieved, leading to a decline
in CryO3 recovery to below 17%.

3.2.3. Effect of Shaking Table Slope on Chromite Recovery

Deck slope is a key parameter influencing CryO3 recovery, as it must be optimized
according to the properties of both valuable and gangue minerals, including particle size
and density. Increasing the table slope accelerates water flow, which in turn affects the
lateral movement of particles across the deck. Higher slopes are generally more suitable
for coarser feed materials, whereas near-horizontal slopes are preferred for finer fractions.
Considering that the dgy of the feed was —0.325 mm, shaking table slopes ranging from
0.5° to 2.0° were evaluated to assess their effect on chromite recovery from the tailings. The
operating variables applied during these tests are summarized in Table 7, and the results
are presented graphically in Figure 9.

Table 7. Variables used to determine the optimum shaking table slope.

Variables Values
Strokes (rpm) 320
Length of strokes (mm) 13
Pulp density (g/L) 1300
Feed rate (kg/h) 500
Wash-water flow rate (tph) 7
Deck slope (°) 0.5-2.0

The results demonstrated a clear influence of deck slope on chromite recovery from
tailings. At the minimal slope of 0.5°, reduced water flow and increased water thickness
hindered effective stratification, causing chromite particles to move irregularly and mix
with gangue in the reject zone, resulting in Cr,O3 recovery of below 11.5%. Increasing the
slope to 1° enhanced stratification behind the riffles, promoting more efficient transport
of chromite particles to the concentrate zone and yielding recovery values exceeding 20%.
However, further increases in slope to 1.5° and 2.0° accelerated water flow, displacing
additional gangue minerals toward the reject zone. Although these steeper slopes produced
higher concentrate grades, the separation bands became narrower, rendering the process
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more sensitive to minor variations during concentrate collection, which could significantly
affect final concentrate quality.

30 A

20 A

10 A

Cr,0; Recovery (%)

0 T T T T
0 0.5 1 1.5 2 25

Slope (°)
Figure 9. Effect of shaking table slope on Cr,O3 recovery from tailings.

3.2.4. Effect of Pulp Density on Chromite Recovery

Maintaining the appropriate solid—water balance is crucial for effective gravity con-
centration. Pulp density, expressed as the percentage of solids in a solid-liquid mixture,
directly affects the slurry viscosity. When pulp density exceeds the optimal value, increased
viscosity reduces fluidity, preventing most minerals from stratifying behind the riffles.
Conversely, low pulp densities allow fine heavy particles to be carried with the lighter
particles toward the reject zone. As a result, gravity concentration equipment operates
most efficiently within the narrow range of pulp densities, and even slight deviations
from this range can significantly reduce separation efficiency [25]. This part of the study
investigated the effect of varying pulp densities on chromite recovery from tailings. Tests
were conducted with pulp densities ranging from 1100 to 1400 g/L, while previously estab-
lished optimum values for stroke, stroke length, and slope were maintained. The tested
variables and corresponding results are summarized in Table 8 and presented graphically

in Figure 10.
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Figure 10. Effect of pulp density on Cr,Oj3 recovery from tailings.
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Table 8. Variables used to determine the optimum pulp density.

Variables Values
Strokes (rpm) 320
Length of strokes (mm) 13
Deck slope (°) 1.0
Feed rate (kg/h) 500
Wash water flow rate (tph) 7
Pulp density (g/L) 1100-1400

The results indicate that at a low pulp density (1100 g/L), chromite fines were largely
carried down the slope with the water, predominantly entering the waste zone due to
excessive water content, which limited the recovery of marketable-grade concentrate.
Increasing the pulp density enhanced Cr,O3 recovery, reaching an optimum at 1300 g/L.
However, further increasing the pulp density to 1400 g/L caused chromite particles to be
displaced toward the waste and middling zones due to enhanced mechanical carrying
effects, ultimately reducing the overall yield. These findings highlight the critical role of
pulp density in balancing mineral transport and separation efficiency, demonstrating that
both under- and over-dilution of the pulp can adversely affect Cr,O3 recovery.

3.2.5. Effect of Feed Rate on Chromite Recovery

For mineral processing equipment to be economically viable, it must operate at optimal
efficiency and capacity. Operating below the ideal capacity results in lost economic value,
reduced production of marketable product per unit time, and higher operating costs,
whereas exceeding optimal capacity decreases effectiveness and separation efficiency.
Consequently, achieving the highest possible Cr,O3 yield requires operating the shaking
table at its optimum feed rate. Based on the optimum variables determined earlier in this
study (Table 9), enrichment tests were carried out with feed rates ranging from 500 to
1200 kg /h to both maximize processing capacity and identify the most effective feed rate
for shaking table operation.

Table 9. Variables used to determine the optimum feed rate.

Variables Values
Strokes (rpm) 320
Length of strokes (mm) 13
Deck slope (°) 1.0
Pulp density (g/L) 1300
Wash water flow rate (tph) 7
Feed rate (kg/h) 500-1200

The optimal conditions determined in this study were initially applied at a feed rate
of 500 kg/h, with the wash water flow rate maintained at 7 tph, based on existing plant
conditions and preliminary tests. The results showed that increasing the feed rate from
500 kg/h to 800 kg/h substantially enhanced Cr,O3 recovery (Figure 11). Ata 500 kg/h,
Cr,O3 recovery was approximately 22%, whereas increasing the feed rate to 800 kg/h
increased recovery to over 28%. This improvement can be attributed to the fixed wash
water rate of 7 tph, which was relatively high for the lower feed rate and caused chromite
particles to be washed away into the reject zone. At the higher feed rate, gangue minerals
were displaced toward the middling and reject zones, resulting in more efficient separation
and higher Cr,Oj3 recovery values.
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Figure 11. Effect of feed rate on Cr,O3 recovery from tailings.

However, further increasing the feed rate to 1200 kg/h caused chromite particles
to be transported along with gangue minerals without effective separation, resulting
in their accumulation in the middling and reject zones and preventing the production
of a marketable-grade concentrate. At these higher feed rates, the shaking table riffles,
designed to create hindered settling conditions, were unable to retain the chromite particles
effectively, allowing them to escape to the reject zone. Combined with the insufficient
wash water relative to the increased feed, this led to a sharp decline in Cr,O3 recovery,
dropping below 10%. These findings highlight the critical balance required between feed
rate and wash water flow to maintain effective separation and maximize recovery in
shaking table operations.

3.2.6. Effect of Wash Water Flow Rate on Chromite Recovery

Insufficient wash water flow hinders the effective removal of low-density gangue min-
erals from high-density valuable minerals, resulting in low-grade concentrate. Conversely,
excessive wash water can displace high-density minerals toward the low-density fraction,
leading to significant losses of valuable material to waste and reducing Cr,O3 recovery [28].
In this part of the study, the previously established optimal operational parameters were
maintained (Table 10), while the effect of varying wash water flow rates (6-9 tph) on Cr,O3
recovery was systematically evaluated. The results (Figure 12) emphasize the critical bal-
ance between wash water flow and mineral density required to achieve optimal separation
and maximize chromite recovery.
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Figure 12. Effect of wash water flow rate on Cr,O3 recovery from tailings.

118



Minerals 2025, 15, 1100

Table 10. Variables used to determine the optimum wash water flow rate.

Variables Values
Strokes (rpm) 320
Length of strokes (mm) 13
Deck slope (°) 1.0
Pulp density (g/L) 1300
Feed rate (kg/h) 800
Wash water flow rate (tph) 6-9

The experimental results demonstrated that the wash water flow rate has a substantial
effect on the efficiency of the separation process. At the lowest flow rate of 6 tph, water
was insufficient to achieve effective separation, resulting in poorly defined concentrate,
middling, and reject zones on the shaking table surface and low overall recovery. Under
these conditions, careful control was required to prevent mixing olivine with chromite
and to produce a marketable-grade concentrate, further limiting recovery. Increasing the
wash water flow rate to 7 tph improved the separation: lighter gangue minerals were
effectively displaced toward the middling and reject zones, enabling easier attainment of
marketable concentrate grades and higher Cr,O;3 recoveries compared to the lower flow
rate. However, further increasing the wash water flow to 8-9 tph caused chromite particles
to be carried into the middling or reject zones due to excessive water, thereby reducing
separation efficiency and causing Cr,O3 recovery to drop sharply below 15%. These results
underscore the critical need to balance wash water flow with feed characteristics to optimize
both recovery and concentrate quality in shaking table operations.

3.3. Comparison of the Custom-Designed Shaking Table Performance with Existing Plant Conditions

Previous results (Section 3.1) indicated that under existing plant conditions, the 1st and
2nd floor shaking tables produced a maximum chromite concentrate of less than 1% of the
feed, corresponding to a maximum Cr,O3 recovery of 8%. Approximately 65% of the feed,
classified as middlings in the first step, was subsequently reprocessed using the 3rd and 4th
floor shaking tables to recover marketable-grade concentrate and minimize chromite losses.
This part, therefore, aimed to compare the performance of the existing plant shaking tables
with that of the custom-designed shaking table in terms of Cr,O3 recovery. The optimized
operating parameters for the custom-designed shaking table and the corresponding results
are summarized in Table 10 and presented in Figure 13, respectively.

45 @ 1st—2nd floor
< 3rd—4th floor 4
~
X 35 |
N’
>
R
2 °
S 25 A
]
(=2
(g
Q, o
S _
515
°
5 T T
Existing Customized
Shaking Table Used

Figure 13. Comparison of Cr,O3 recovery under existing plant conditions and using the custom-
designed shaking table.
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The primary objective of the enrichment processes was to obtain marketable chromite
concentrate from the plant tailings. Under existing plant conditions, the 1st and 2nd floor
shaking tables achieved a maximum Cr,O3 recovery of only 8%, indicating substantial
chromite losses. This low recovery can be attributed to mechanical fatigue from prolonged
operation and design limitations of the existing tables, which restricted their separation
efficiency. In contrast, the use of a custom-designed shaking table with optimized oper-
ating parameters significantly enhanced Cr,O3 recovery, increasing it to over 27%. This
improvement highlights the importance of equipment optimization in tailings processing
and demonstrates the potential economic gains without additional mining or grinding.
Moreover, the proportion of middlings sent to the 3rd and 4th floor shaking tables was
reduced by 40%, reflecting more efficient separation and lower material recirculation, which
collectively enhance overall plant performance.

When evaluating the recovery of marketable-grade chromite concentrate from the mid-
dlings of the 1st and 2nd floor tables, the 3rd and 4th floor shaking tables under existing
plant conditions achieved only approximately 17% Cr,O3 recovery. In contrast, repro-
cessing these middlings using the custom-designed shaking table substantially increased
recovery to over 40%. This result underscores the critical role of tailored equipment design
in capturing chromite particles that would otherwise remain unextracted and emphasizes
the potential of customized solutions to improve mineral utilization and promote more
sustainable processing practices.

3.4. Processing of the Tnilings Classified into Narrow Particle Size Ranges: Effect of Feed Particle
Size on Chromite Recovery Using a Custom-Designed Shaking Table

Gravity concentration equipment, including jigs, spirals, and shaking tables, typically
operates on feed materials classified into narrow particle size ranges to minimize the in-
fluence of particle size on recovery [24]. Each method achieves optimal efficiency only
when operated under conditions specifically adjusted for the target particle size fraction.
Consequently, careful optimization of both operational parameters and particle size charac-
teristics is essential to achieve peak separation performance. While the optimal particle size
ranges for gravity separation are broadly recognized, the quantitative relationship between
particle size and separation efficiency remains insufficiently explored.

In this phase of the study, tailings enrichment was conducted using a custom-designed
shaking table after classifying the feed into four narrow particle size fractions: —0.500 +
0.355 mm, —0.355 + 0.250 mm, —0.250 + 0.150 mm, and —0.150 mm. The previously estab-
lished optimal operational variables (Table 11) were applied consistently across all fractions
to evaluate the effect of particle size on Cr,Oj3 recovery. The results clearly demonstrated
that size-dependent particle behavior governs the efficiency of chromite-gangue separation
(Figure 14). Effective separation was driven by hindered settling and selective layering,
which were most pronounced in the —0.250 + 0.150 mm size fraction. Within this optimal
range, the significant specific gravity differential between chromite and the lighter gangue
(e.g., olivine, serpentine) promoted efficient separation, yielding high recoveries while
maintaining concentrate quality, with peak CryO3 recovery exceeding 50%. In contrast, the
—0.355 + 0.250 mm fraction yielded a lower recovery of approximately 45%, attributed to
incomplete stratification and localized turbulence that disrupted consistent layer formation.
Recovery sharply declined to ~16% for the —0.150 mm fraction due to the process ineffi-
ciencies inherent to fine particle processing. As fine or slow-settling particles remained
suspended, they increased pulp viscosity. This elevated viscosity directly impaired sep-
aration in two ways: it enhanced the entrainment of gangue minerals, preventing their
clean rejection, and it reduced the visual clarity of mineral bands on the deck, hindering
precise mechanical separation [24]. Similarly, the coarsest fraction (—0.500 + 0.355 mm)
exhibited poor separation due to hindered particle mobility and erratic movement on the
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deck surface. These findings corroborate classical stratification theory [29], demonstrating
that gravity separation efficiency is governed by a complex interplay between particle
characteristics (size, shape, and density) and hydrodynamic conditions [30]. Ultimately,
particle size was identified as the most influential parameter controlling Cr,O3 recovery on
the custom-designed shaking table.

Table 11. Optimized operating variables for the custom-designed shaking table.

Variables Values
Strokes (rpm) 320
Length of strokes (mm) 13
Deck slope (°) 1.0
Pulp density (g/L) 1300
Feed rate (kg/h) 800
Wash water flow rate (tph) 7
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Figure 14. Effect of feed particle size distribution on Cr,O3 recovery.

4. Summary and Conclusions

This study clearly demonstrates the substantial potential of a custom-designed shaking
table to enhance chromite recovery from plant tailings significantly. By redesigning the
conventional table for improved usability and operational flexibility, the research provides
a practical solution to both mitigate environmental pollution associated with tailings while
economically valorizing chromite minerals that would otherwise be lost—critically, without
additional mining or grinding costs.

The optimized operating parameters—320 rpm table speed, 1° inclination, 13 mm
amplitude, 1300 g/L pulp density, 800 kg/h feed rate, and 7 tph wash water flow—resulted
in significant performance gains. Under these conditions, Cr,O3 recovery increased from
approximately 8% to 27% for the 1st-2nd floor tables and from roughly 17% to over 40%
for the 3rd—4th floor table groups. Consequently, a marketable-grade chromite concentrate
was produced from tailings (average 4.15 £ 0.05% Cr,0O3), effectively more than doubling
the recovery rates achieved under existing plant conditions.

The study also emphasizes that separation efficiency is fundamentally governed by
feed particle size. Classifying the tailings into discrete size fractions markedly improved
Cry03 recovery. The —0.250 + 0.150 mm fraction exhibited optimal performance, driven by
hindered settling and selective layering, achieving a recovery of >50% without compro-
mising concentrate grade, followed by the —0.355 + 0.250 mm fraction (~44%).
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Overall, this research demonstrates the effectiveness of a custom-designed shaking
table and provides mineral processing plants with a technically viable and economically
attractive approach to substantially enhance chromite recovery from challenging tailings.
These findings support improved resource utilization and contribute to more sustainable
mining operations.
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Abstract: 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 effec-
tive recovery of metals requires mechanical pre-treatment and advanced characterization,
WPCB boards were subjected to size reduction and then characterized through X-ray flu-
orescence (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 pm) 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 um) were processed using a multi-gravity sepa-
rator (MGS), with recoveries of 94% for 100 x 300 um 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. 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.

Keywords: characterization; multi gravity separator (MGS); waste printed circuit boards
(WPCBs); recycling: shaking table

1. Introduction

Waste electrical and electronic equipment (WEEE) is among the fastest growing
waste streams in the European Union, increasing at a rate of 3%—-5% annually. Globally,
it is also one of the most rapidly expanding waste streams in terms of volume and envi-
ronmental impact [1,2]. Waste printed circuit boards (WPCBs) are crucial components of
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these electronic waste streams. Although they comprise only 3%—6% of global e-waste,
these devices contain valuable recyclable materials, including plastics, glass, and metals
such as copper, silver, gold, and palladium [3,4]. This makes e-waste a potential eco-
nomic resource, often referred to as an “urban mine” [5-8]. The total e-waste stream is
approximately 40 billion euros; WPCBs contribute over 40% of the total metal value. The
potential revenue from recycling WPCBs is estimated at $21.200 per ton [1]. WPCBs have
a high metal concentration, containing around 20% copper, 1000 ppm silver, 250 ppm
gold, and 110 ppm palladium by mass. In contrast, an average mine yields only 0.6% cop-
per (Cu), 215 ppm silver (Ag), 1 ppm gold (Au), and 2.7 ppm palladium (Pd). However,
they contain various toxic substances, including heavy metals such as cadmium (Cd),
lead (Pb), mercury (Hg), and Arsenic (As), as well as persistent organic pollutants (POPs)
and brominated flame retardants (BFRs) [4,9,10]. This highlights the dual significance
of waste WPCBs as a valuable secondary resource and a concern for environmental
regulations. Therefore, recovering precious metals from WPCBs is economically and
environmentally beneficial, as the e-waste problem remains unresolved, especially in
developing countries [11-13].

Recycling WPCBs is not an easy process due to the varying mechanical properties
of the WPCB compositions [14-16]. Pre-treatment methods, such as mechanical process-
ing and dismantling, not only help to address this challenge by reducing impurities but
also reduce the reagent consumption during recycling [3,9,17,18]. Processes such as impact,
compression, shearing, stretching, tearing, and bending apply energy to modify materials, re-
sulting in reduced particle sizes, morphological changes, exfoliation, or phase transformations.
These changes enhance the effectiveness of hydrometallurgical and bio-metallurgical treat-
ments [19,20]. So, optimizing WPCB communication strategies is essential and aligns with the
United Nations’ Sustainable Development Goals (SDGs), particularly SDG 12—Responsible
Production and Consumption. Enhancing physical separation methods for WPCB recycling
promotes sustainability by conserving resources, improving infrastructure, and benefiting
human health and environmental quality [6,21-23].

Another main challenge in WPCB recycling is proper characterization of their compo-
sition, distribution, and composition liberation, as WPCBs are heterogeneous [5]. They can
contain up to 60 different elements, consisting of approximately 40% metals—including
copper (Cu), lead (Pb), nickel (Ni), silver (Ag), platinum (Pt), and gold (Au)—along with
30% plastics and 30% ceramics [9,24]. Various characterization methods have been explored,
like acid digestion [25,26]. However, X-ray fluorescence (XRF) is also widely used due to its
non-destructive nature, speed, and ease of particle manipulation [25,27,28]. Additionally,
imaging techniques such as microscopy and scanning electron microscopy (SEM) aid in
analyzing particle distribution and liberation [26,29,30].

In the mineral industry, image analysis has shifted towards automated procedures
lately, using automated analyzers coupled with electron microscopes, such as MLA and
QEMSCAN, to study composition liberation. MLA stands out as an invaluable tool for
qualitative and quantitative characterization, including composition associations, particle
size, and composition liberation. This system was developed to analyze the liberation
of compositions and has attracted significant attention from both industry and academia.
However, it is used for determining the degree of liberation of mechanically processed
PCB particles and for compositional characterization of complex electronic waste, such as
batteries [5,29,31,32].

Other techniques, such as Quantitative Evaluation of Materials by Scanning Electron
Microscopy (QEMSCAN), Automated Material Identification and Classification System
(AMICS), Tescan Integrated Mineralogical Analyzer (TIMA), and X-ray microtomography
(uCT), also provide valuable insights to analyze the degree of liberation of a composi-
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tion [31,33]. These non-destructive characterization methods, and their use to understand
the association of metals/non-metals across different size fractions, demonstrate their
importance for characterizing electronic waste. Therefore, accurate characterization is
crucial for quantifying metals and non-metals in extraction processes, assessing losses,
determining extraction yield, optimizing recovery efficiency, and evaluating the feasibility
of large-scale implementation [34,35].

Although various mineral processing techniques, including magnetic and electrostatic
separation, column air classification, flotation, and gravity-based methods such as jigging,
tabling, falcon concentrator, sink—float separation, etc., have been employed to extract
metals from the crushed WPCBs due to the effective minimization of the air pollution
while enhancing metal recovery, none of them mentioned the capacity of the multi-gravity
separator (MGS) technique usage to recover Cu from automotive WPCBs, with a focus
on fine particles [3,11,21,26,30,36-45]. Gravity concentration methods, renowned for their
environmental friendliness (no chemical reagents required and no further heating needed),
low capital, and operating costs, are widely used as a pre-treatment step in WPCB recycling.
It should be noted that it is one of the oldest methods for separating compositions based
on differences in specific gravity. Thus, since metals and non-metals (NMF) existing in the
crushed WPCBs exhibit significant differences in specific gravity, this makes the low-cost
gravity separation methods, such as tabling [9,36,46] or MGS, a viable option for separating
heavy metal particles from relatively lighter plastic and ceramic particles [36,47].

The MGS operates on principles similar to a shaking table but utilizes rotational
motion to generate centrifugal forces stronger than gravity. This enhanced force enables
more efficient separation, especially at finer particle sizes [48]. MGS is an advanced gravity
concentration technique that combines centrifugal acceleration with the forces acting on a
conventional shaking table to concentrate materials. The separation chamber of the MGS
consists of a cylindrical drum with a to-and-fro shaking mechanism. With the front end
elevated, the inclined drum allows the material to flow towards the opposite end, rotated at
a specific speed, generating centrifugal forces on the particles. Due to their higher settling
rates, heavier particles form initial layers on the drum surface, while lighter particles
overlay them. At this point, the material bed inside the drum contains successive layers,
with heavier particles in the innermost positions and lighter ones on top. Fresh water is
continuously sprayed onto the settled bed at the front of the drum, facilitating the flowing
film concentration. The outer layers of the lighter materials are selectively washed and
collected in the tailings launder at the back end of the drum. The heavier material bed,
along with any entrapped coarser and lighter particles, is scraped toward the front end by a
rotating spiral scraper mechanism. During this scrapping process, wash water helps further
separate the heavy material bed, ensuring that the coarser and lighter materials are washed
into the tailings before the heavy materials are discharged into the front-end launder. The
combined forces acting on the MGS drum allow for repeated concentrations of materials
based on their differential specific gravity before the products are discharged. This study
aimed to exploit the specific gravity differences between copper-bearing materials and
gangue for efficient separation in the MGS process [49].

The shaking tables consist of a sloping deck with a riffled surface. A motor powers a
small arm that shakes the table along its length, parallel to the riffle and rifle pattern. This
longitudinal shaking motion includes a slow forward stroke and a rapid return strike. The
riffles are arranged in such a manner that heavy material is trapped and conveyed parallel
to the direction of the oscillation. Water is added to the top of the table perpendicular to
the table’s motion. The heaviest and coarsest particles are collected at the end of the table,
while the lightest and finest particles wash over the riffles and to the bottom edge. Between
these two extremes, particles of medium size and density—known as middlings—are
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also separated. The process sorts materials into concentrate, middlings, and waste based
on the difference in the specific density of the grains. Shaking tables are widely used in
mineral processing to concentrate different metal ores and coal preparation. It is also used
for the cost-effective recovery of metals from crushed WPCBs. These devices are often
used downstream of other gravity concentration equipment, such as Reichert spirals, jigs,
and centrifugal gravity concentrators, for final cleaning before refining or the sale of the
product [50-53].

This study aims to propose a process combining two gravity concentration methods
—shaking table and MGS—with high cut efficiency in terms of mass recovery and metal
content in the final products. According to the literature review, the MGS, as a gravity
separation method, has received no attention, to the authors” knowledge, despite its strong
separation potential and compatibility for recovering fine Cu particles from automotive
WPCBs, which is often a limit for the other separation methods. MGS, with the combined
effects of rotation and pulsation, produces cleaner separation boundaries, higher-purity
metal concentrates, and non-metal tails with fewer contaminants. So, this means less need
for downstream hydrometallurgical refining. In addition, water use is efficient as thin-film
flow requires relatively little water. Moreover, most of the work focused on coarse particles
(>300 pum). In contrast, this study focused on MGS to physically recover Cu from fine
particles (<300 um), which can substitute for the concentration in subsequent steps, such
as hydrometallurgical, pyrometallurgical, and bio-metallurgical treatments, which mainly
concentrate the metals. Those are not environmentally friendly and slower, respectively.
Moreover, by maximizing the Cu recovery physically as a preconcentration, the subsequent
efficiency of the further processes, like pyrometallurgical and hydrometallurgical processes,
will be improved. Finally, a green process flowsheet was proposed to enrich the copper
content in WPCBs, utilizing a shaking table and MGS.

2. Materials and Methods
2.1. Materials

In this study, automotive WPCB boards were selected after manual disassembly of
electronic components (such as resistors, capacitors, diodes, transistors, connectors, and
chips) and cutting them into small pieces with simple workshop tools like a hammer,
mallet, standard pliers, and bolt cutter to reduce material variability and simplify the
crushing process.

2.2. Methodology
2.2.1. Comminution

Simple workshop tools were used to disassemble the components from the boards.
Then, a knife crusher with adjustable knife spacing (0.15-0.2 cm) was used to control the
size reduction of the samples. In addition, a Kenwood Easy Chop Chopper (0.5 L container,
two speeds, four blades, 500 W) was used to crush the samples to finer particle sizes.
Samples with particles smaller than 1.18 mm were characterized and subjected to liberation
analysis, while larger particles were reprocessed through additional crushing until all
materials were reduced to below 1.18 mm, and then they proceeded to the separation steps
(Figure 1). The quartering technique was applied to ensure representative sampling in
subsequent analyses.
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Figure 1. Preparation plan for the recovery of copper from WPCBs.

2.2.2. Characterization and Liberation Study

Various characterization techniques were employed to analyze the resulting WPCB
powder. The process began with size distribution analysis using 1180, 500, 250, and
100 um sieves. Then, to characterize the chemical composition, semiquantitative X-ray
fluorescence (XRF) analysis was performed using the Epsilon 1 model from Malvern
Panalytical (Malvern, The Netherlands) to determine the metal content in the WPCB
powder. For XRF analysis, powder samples were analyzed, and the compositions were
defined as elements and oxides in the program created for WPCBs. The study was carried
out with three repetitions to ensure the accuracy of the results. For the quantitative
identification of precious metals, samples were digested in a microwave using an aqua
regia solution (3:1 volume ratio of hydrochloric acid (37% pure) to nitric acid (67% pure)).
The digested solution was then analyzed using inductively coupled plasma optical emission
spectroscopy (ICP-OES) with the 5100 ICP-OES model from Agilent Technologies (Santa
Clara, CA, USA).

At the end, the morphological and compositional distributions of the powder
were analyzed using optical microscopy and scanning electron microscopy (SEM) with
energy-dispersive spectroscopy (EDS). These analyses were conducted using a field
emission scanning electron microscope (FESEM) (JEOL JSM 7001F-JEOL LTD Chome-1-2,
Tokyo, Japan) paired with an energy-dispersive spectrometer (EDS; Oxford X-Max,
20 mm? window, Oxford Instruments Abingdon OX13 5QX, Oxford, UK) for qualitative
assessment. To study the degree of liberation, mineral liberation analysis (MLA) is
used at the SEM-MLA facility at Memorial University of Newfoundland (St. John’s, NL,
Canada). The study used FEI MLA 650FEG equipment to assess composition associations
quantitatively, composition locking, and particle shape factors, all of which are crucial
for subsequent separation processes.
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2.2.3. Separation

Based on the WPCB compositions’ liberation degree and density, a Holman-Wilfley
Ltd. (Redruth, Cornwall, UK) shaking table was used for coarse particles > 300 pm
(300 x 1180 pm). In comparison, an MGS was selected for fine particles < 300 um to
separate copper from non-metallic materials. The feed is divided into two particle size
ranges for MGS tests: 100 x 300 um and <100 pm.

The shaking table begins with a 20%—-25% mass pulp fed from the feed box, moving
along the table with wash water. Due to the vibrating mechanism, particles undergo
diagonal movement, where size and density differences determine their separation. The
process involves a slow forward stroke and a rapid return, ultimately collecting small,
dense particles at the left end of the table. In contrast, larger, lighter particles are collected
opposite the feed box. Figure 2 illustrates the cross-section of the shaking table. The Wilfley
model shaking table can effectively separate metal and plastic materials within a 100 um
to 1000 um particle size range [36]. In this study, the process was applied to materials
within the 300 x 1180 pum particle size range. Four key factors, process water flow rate
(L/m), wash water flow rate (L/m), deck angle (°), and motion frequency (Hz), influencing
the copper recovery of the concentrate, middlings, and tailings were evaluated. Process
water flow rate between 4 and 8 (L/m); wash water flow rate between 4 and 12 (L/m);
deck angle from 2 to 5 (°); and motion frequency 50-60 (Hz) were tested. To facilitate
separation, gutters were placed in the concentrate collection and tailings discharge areas
with partitions to separate the collected products. After separation, the collected fractions
were filtered and dried at 90 °C in an oven. The final products were classified into a heavy
fraction (copper concentrate), middlings (copper and plastic), and a light fraction (plastic).
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Figure 2. The cross-section figure of the shaking table.

The MGS setup used in this study includes a feed tank equipped with a stirrer, a peri-
staltic pump for delivering feed to a pilot-scale MGS unit, and sample containers for collecting
concentrate and tailings samples. Figure 3 presents a cross-sectional view of the MGS. Solids
and water were combined in measured proportions to achieve a solids consistency of 20%—25%
by weight in the feed tank. Three factors of water flow rate (L/m), movement frequency
(strokes/min), and longitudinal slope angle (°) were studied to reach the highest Cu re-
covery. Water flow rates of 0.5-2 L/min, movement frequencies of 200-300 strokes/min,
and longitudinal slope angles of 3°-5° were examined. During operation, the feed slurry,
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consisting of WPCB particles smaller than 300 um, was continuously pumped into the
drum steadily, ensuring the top-size-to-small-size ratio remained below 20%. Samples
from the concentrate and tailings streams were collected under steady-state conditions and

reached after 5 min of operation. These samples were filtered, dried, and analyzed for total
copper content.
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Figure 3. The cross-section figure of the MGS.

3. Results and Discussion
3.1. Sample Preparation

After disassembling the WPCBs, the mass balance indicated that approximately 61.6%
of the WPCBs consist of boards, while the remaining 38.4% are components (Figure 4a).

This breakdown is crucial for recovery and recycling, indicating that most WPCBs are
boards [54].
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Figure 4. (a) disassembling the WPCBs, (b) PSD of the crushed WPCBs, (c) results of the crushing
with the Easy Chop Chopper.
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Then, the boards resulting from this disassembling proceeded to the crushing step.
Since the Easy Chop Chopper crusher was found to be ineffective for crushing WPCBs,
the crushing process continued with the knife crusher until all samples were reduced to
particles smaller than 1.18 mm. Figure 4c. shows the results of the Easy Chop Chopper
crusher. As shown in the results, it produced coarser (>8 mm, 24%) and medium-sized
fragments (8—4 mm, 55%).

The particle size distribution (PSD) of the crushed materials was determined to analyze
the crushing process using sieves of 1180, 500, 250, and 100 um. Figure 4b shows the results
of the PSD analysis of the crushing processes, with three repetitions. The steep rise in larger
particle sizes suggests that most of the material mass is concentrated in the larger particle
fractions, approximately 67.6% of the particles were larger than 250 pm. In comparison,
32.3% were smaller than 250 um. As less fine material was produced, it can be concluded
that the comminution process was environmentally friendly.

3.2. Characterization

During crushing, the classified sample was examined in the laboratory under an
optical microscope without reflected light to analyze each size class. The results revealed
that the finest size (—63 pm) could not be observed with the optical microscope without
reflected light (Figure 5f). However, as the particle size range increases, the resolution
improves (Figure 5e,d). In coarser size classes (100 x 150 pm and 150 x 250 pm), no visible
interlocking was detected (Figure 5¢,d), although in the 250 x 500 um and 500 x 1180 um
size fractions, numerous recognizable clusters were observed, highlighted by red circles
(Figure 5a,b). These clusters consist of interconnected materials, likely due to metal pins
coated with other metals or metal bundles compressed with adhesive [6].

Figure 5. Different-sized fractions of the crushed WPCBs under optical microscopy. (a) 500 x 1180 pm,
(b) 250 x 500 um, (c) 150 x 250 pm, (d) 100 x 150 um, (e) 63 x 100 um, (f) —63 pm.

Then, WPCB powder was examined under a microscope with reflected light to com-
pare with the results from optical microscopy without light. The results from the optical
microscope with reflected light reveal remarkable images (Figure 6). Non-metallic com-
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ponents, such as glass fibers and ceramics, did not transmit light, so they appeared black
or gray, whereas metals reflected light, making them colorful and shiny. It is evident that
depending on the type of metal, the reflected color varies; for example, the orange color is
associated with copper particles. Moreover, unlocked metals and locked metals containing
non-metal particles are clearly visible in this Figure. In Figure 6¢,d, the red circles indicate
locked metal with non-metal particles, while the green circle marks a free metal particle.

Figure 6. WPCB powder under an optical microscope with reflected light at different magnifications.
(a,b) WPCB powder with x5 magnification, (¢,d) WPCB powder with x 10 magnification, (e,f) WPCB
powder with x20 magnification.

To study the distribution of the compositions and the morphology of the crushed
WPCBs, SEM-EDS was conducted on the feed and various-sized fractions of WPCBs, as
illustrated in Figure 7. According to SEM-EDS analysis, WPCBs mainly consist of glass
fibers embedded in resins containing SiO;, Al,O3, and CaO [3,6], which appear in all
classifications as bar- and spherical-shaped particles (gray color). Moreover, there are
particles in white colors that correspond to metals that are more liberated at finer particle
sizes (Figure 7a,b). However, Cu particles appear more agglomerated with glass fibers in
the coarse particle sizes (Figure 7c,d). As particle size increases, the agglomeration of both
metal and non-metal components also increases.
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Figure 7. SEM-EDS analysis of the feed and different particle size ranges of WPCBs. (a,b) —100 um,
(€) 100 x 250 pm, (d) 250 x 500 pm, (e) 500 x 1180 um, (f) feed.

To analyze the major compositions of the WPCBs, XRF analysis was carried out on
feed WPCBs and different size fractions of crushed WPCBs in three repetitions. Since the
average standard deviation of the repeated analyses was less than 0.7%, the results were
considered trustworthy. The results have been selected to be presented in both oxides and
elements (Table 1). Based on the XRF results, the major elements of the feed are SiO,, CaO,
Cu, Br, and Al,O3 at 35%, 13.6%, 11.1%, 9.4%, and 6.4%, respectively. Copper is the primary
metal in WPCB due to its high electrical and thermal conductivity. From the results shown
in Table 1, it can be inferred that the Cu percentage is higher in coarser meshes than in finer
ones [11]. This phenomenon is attributed to the “ductility” and “workability,” showing
how much a specific metal or alloy can elongate without rupturing. Thus, due to the higher
ductility, a higher portion of the Cu is found in the coarser meshes [3].

It should be noted that industries use different types of copper foil, each with distinct
advantages and drawbacks. Electrodeposited (ED) and rolled annealed (RA) copper are
the most commonly used foils. The primary difference between them lies in their grain
structure. ED copper has a vertical grain structure, which makes it more susceptible to
cracking due to stress concentration in the valleys between sharp surface peaks. Cracks
can quickly spread along these boundaries. In contrast, RA copper has a horizontal
grain structure with a smoother surface, reducing stress concentrators. However, once a
crack forms, it must pass through multiple grain boundaries to fracture the entire copper
structure [6]. So, this variation in copper types affects crushing and separation efficiency,
explaining why not all the Cu is fully liberated during processing. Moreover, Fe during the
crushing step cracks and becomes finer due to the lower ductility, thereby decreasing its
percentage in the coarse phase. In addition, CaO + SiO;, as glass fibers and ceramic parts,
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follows the same approach. The contents of SiO, and CaO are reported to be higher in the
finer fraction than in the coarse one. This indicates that a significant number of ceramics
and glass fibers became very fine during the comminution due to their brittleness [3].

Table 1. XRF determination of the crushed WPCBs in wt%.

<100, 100 x 250, 250 x 500, 500 x 1180, Feed,
um um um um um
Al,O; 6.8 7.4 7.9 8.9 6.4
CaO 15.0 116 10.6 8.7 136
SiO, 36.1 25.7 23.2 19.9 35.0
Fe,O5 2.9 14 0.7 0.5 16
Cu 4.8 132 13.0 189 11.0
Br 5.7 12.9 13.0 10.9 9.4
Sb 0.16 0.21 0.23 0.25 0.22
Ba 14 0.9 03 0.2 0.5
w 5.9 45 35 2.1 3.8

In the following, ICP-OES analysis was used to determine metals with small amounts,
such as Au, Ag, Sn, Pb, Co, Ti, and Ni, as the XRF was not able to measure them accurately.
Table 2 shows the analysis results of feed and WPCBs with different particle size ranges,
with an average standard deviation of less than 0.5%. As can be seen, the amounts of
precious metals such as Au and Ag are high. It can be seen that precious metals in WPCBs
are many times more abundant than in their respective natural ores [55,56].

Table 2. Chemical composition of the crushed WPCBs using ICP-OES in wt%.

<100, 100 x 250, 250 x 500, 500 x 1180, Feed,
pm um pm pm pm
ppm
Au 846.79 149.38 176.32 69.45 400.64
Ag 116.68 236.79 185.84 397.74 236.84
Pb 455.14 640.74 889.85 714.07 747.33
Co 23.23 13.60 25.13 27.01 38.99
Yo
Sn 1.60 2.33 3.36 4.23 3.24
Ni 0.42 0.40 0.58 1.12 0.65
Ti 0.19 0.14 0.07 0.08 0.12

After determining the sample compositions by XRF and ICP, the samples were sent for
MLA analysis to determine the accurate liberation degree of mechanically processed WPCB:s.
MLA images were obtained from MLA across three particle size ranges—300 x 1180 um,
100 x 300 um, and —100 um—for further separation processes. Although the distribution
of compositions and the morphology of the crushed WPCBs were analyzed by SEM-EDS,
MLA is a technique that provides qualitative and quantitative characterization, including
associations among compositions, particle size, and composition liberation. So, as a final
stage of the characterization and for beginning the separation step, MLA analysis has been
carried out.

As the XRF analysis showed, the major metal in this WPCB is Cu, so the first study
explicitly presents the liberation of Cu for subsequent separation steps. The Cu liberation
by particle size corresponds to the distribution of particles (wt%) by the grade class of Cu
within the WPCBs, as illustrated in Figure 8. The graphs show the distribution of Cu in
WPCBs. The X-axis, considering eleven grades ranging from 0%-10% to 90%-99%, as well
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as a 100% grade class for fully liberated particles. The Y-axis shows the distribution in
wt. (%), which means how much of the total material (by weight) falls into each grade in
different particle size ranges. The Z-axis presents the particle size ranges (um), in other
words, the size of the particles in pm.
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Figure 8. The liberation degree of Cu in 3 different particle sizes. (a) 300 x 1180 um, (b) 100 x 300 um,
(c) —100 pm.

The analysis of the particles smaller than 100 pm (Figure 8c) shows that most of the
particles are completely liberated, 57.04%. They are accumulated in the grade class 100%.
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This means that a large number of particles are formed only by copper (grade class 100%).
The concentration of these particles in a gravity concentration process is expected to recover
concentrates with high copper contents and high copper mass recovery. In contrast, 13.59% of
particles with Cu have a low grade (0%—-10%), indicating that 13.59% are not liberated. The
liberation degree of Cu particles smaller than 100 pm was analyzed by dividing the particles
into 10 pm size intervals. Each interval represents a range of particle diameters (0 x 10, 10 x 20,
20 x 30,30 x 40,40 x 50,50 x 60, 60 x 70,70 x 80, 80 x 90,90 x 100 pm). As can be seen in
Figure 8¢, particles smaller than 10 um are a dark blue color. Then particles with particle sizes
of 10 x 20 um are orange in color, etc. It makes it easier to interpret the liberation degree of
each particle size range in Wt%.

On the other hand, in the other two size ranges (300 x 1180 pm and 100 x 300 pm—
Figure 8a,b), a large number of particles are in the grade classes in the middle of the figure
(20-30, 3040 . . . 70-80) indicating a low copper liberation (these particles are called Middlings),
33.06% and 36.86% of 300 x 1180 um and 100 x 300 um size ranges are middlings, respec-
tively. Only 10% of particles with Cu in 100 x 300 pum size ranges have a grade class of 100%,
indicating total liberation. In both cases, it is expected to concentrate low copper contents
and low copper mass recovery, especially in the size range 100 x 300 pm (Figure 8b), which
presents a large amount of middlings. The liberation degree of Cu particles with 100 x 300 pm
size ranges was analyzed by dividing the particles into 25 um size intervals. Each inter-
val represents a range of particle diameters (100 x 125, 125 x 150, 150 x 175, 175 x 200,
200 x 225,225 x 250,250 x 275,275 x 300 um). It should be explained that the groups were
determined by evaluating the data, and the best group was selected based on each particle
size. As shown in Figure 8b, particle sizes of 100 x 125 um are shown in a dark blue color.
Then, particle sizes of 125 x 150 um are the orange color, etc.

On the other hand, Figure 8b presents a large number of particles in the grade class
0%—-10%, 33.75%. This means that almost half of the waste particles are not liberated. They
present a maximum of 10% of copper. If they are removed in a gravity concentration
process (waste material), the copper content will increase in the concentrate. Moreover,
54.86% of particles with Cu in the 300 x 1180 pum size range have a grade of 0-20. It means
that half of the coarse particles are mostly locked. The liberation degree of Cu particles
with 300 x 1180 um size ranges was analyzed by dividing the particles into 100 pm size
intervals. Each interval represents a range of particle diameters (300 x 400, 400 x 500,
500 x 600, 600 x 700, 700 x 800, 800 x 900, 900 x 1000, 1000 x 1180 um). As shown in
Figure 8a, particle sizes of 300 x 400 pm are the dark blue color. Then the particle sizes of
400 x 500 pm are shown in orange color, etc.

Secondly, the Cu association with other components in three particle size ranges is
analyzed in Figure 9. Associations refer to the percentage of the extent of the boundaries of
composition in contact with free surfaces or other compositions [57].

The figure shows that 96.32% of Cu in particles smaller than 100 um have a free surface,
while the remaining 3.68% are associated with other compositions, primarily Ca + Al + SiO.
This is the flotation size range, and good results could be achieved with flotation due to the
free surface. In the 100 x 300 um size fraction, 72.03% of Cu have a free surface, with 27.97%
associated mainly with bromide. For particles in the 300 x 1180 um size range, 66.18%
of Cu have a free surface, while 33.82% are predominantly associated with bromide. The
results indicate that the free surface (orange color) dominates in all particle sizes, meaning
most of the Cu has a free surface. However, as particle size increases, the proportion of Cu
with a free surface decreases, confirming the liberation study findings that the degree of
liberation of Cu decreases with increasing particle size.
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Figure 9. Cu association analysis in three different particle size ranges in wt%.

Lastly, the cumulative mass of Cu in different particle size ranges was measured
(Figure 10). The cumulative theoretical recovery obtained through MLA estimates the
amount of valuable compositions that could be recovered in a separation process, based
on its degree of liberation from the waste [58]. This recovery can be calculated from the
grade and/or the free surface, as both factors influence the efficiency of the concentration
process. A higher degree of liberation or greater free surface area of the compositions
imply potentially higher recovery. Both methods help predict the efficiency of composition
recovery by considering the composition’s quantity and physical liberation.
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Figure 10. Cumulative mass of the Cu in different particle size ranges.

The Cu cumulative graph shows that as the Cu grade decreases (100 to 0), the cumula-
tive mass of copper increases across all three particle size ranges (almost 20 to 100 wt%).
The finer particle size (gray line) retains a higher cumulative mass of Cu across most Cu
grade ranges, while the coarser particles (blue line) show the lowest cumulative Cu mass.
This suggests that Cu is more liberated in the fine fractions than in the coarse fractions.
Although the finest particle size has the most liberated Cu, the other particle size ranges
have approximately the same number of liberated particles in the 100% grade class.

To conclude, coarse samples with particle sizes ranging from 300 to 1180 um present a
Cu content of 9.65% (Table 3). Of this Cu mass, 24.68% is in the 100% grade class, indicating
that these Cu particles are completely liberated. Additionally, 22.18% falls within the
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70%-99% grade classes (grade classes 70-80, 80-90, and 90-99 in Figure 10), meaning they
are partially liberated. This work assumes that particles in grade classes above 70% exhibit
sufficient liberation to be concentrated using gravimetric processes. A significant portion
of this particle size range—38.50%—falls within the 20%-70% grade classes, while a small
fraction, around 14.64%, has a grade of less than 20%. Cu particles in grade classes below
20% are thoroughly mixed, showing low Cu liberation and making their separation by
gravity concentration difficult. Table 3 presents the Cu content of WPCBs determined by
MLA techniques across three particle size ranges. It determines the quantitative volume or
weight percentages of composition phases in a sample. It describes the actual composition,
rather than the normative (theoretical) composition calculated from chemical data.

Table 3. Cu content in three different particle sizes by MLA techniques.

Particle Size Ranges, pm wt%
300 x 1180 9.65

100 x 300 4.58

<100 4.25

Samples with particle sizes ranging from 100 to 300 pum contain 4.58% Cu (Table 3),
of which 23.71% is completely liberated, falling within the 100% grade class (Figure 10—
orange curve). Additionally, 40% have a grade between 70% and 99%, indicating that the
particles are partially liberated. Meanwhile, 31.10% of the particles fall within the 30-70%
grade classes, while less than 5.19% have a grade below 30%.

For finer samples with particle sizes less than 100 um containing 4.25% Cu (Table 3),
69.69% of this material is entirely liberated (Figure 10—gray curve), grade class of 100%.
Furthermore, 28.12% falls within the 70%-99% grade classes, indicating partial liberation
of the particles. Only a small fraction, 2.19%, is in the grade class below 70%, indicating
limited particle liberation.

3.3. Separation

After accurate characterization of the classified feeds, particles in the size range
300 x 1180 pm were beneficiated on a shaking table, and particles in the size range
smaller than 300 um were beneficiated in an MGS.

The shaking table concentration with the coarse particles (300 x 1180 um) shows that
Cu can be recovered by 14.78% (Cu content) and 95.01% (Cu recovery) in the concentrate,
the middlings present 0.70% (Cu content) and 4.53% (Cu recovery), and the waste 0.07%
(Cu content) and 0.46% (Cu recovery). The test’s average standard deviation indicates
that the data are reliable. The average standard deviations of the concentrate, middlings,
and tailings were 2.2%, 1.5%, and 0.65%, respectively. It is possible to say that most of the
particles with grade classes over 70% are in the concentrate, with grade classes between 30
and 70% in the middlings, and with grade classes under 30% in the waste.

Optimal recovery is achieved with a higher water flow rate and a lower deck angle [35],
since the process targets a high-recovery clean product. Increasing the deck angle and
decreasing the water flow rate negatively impact the efficiency. On the other hand, as the
deck angle increases, efficiency decreases in the concentrate while rising in the middlings,
as shown in Table 4.
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Table 4. Shaking table results.

Concentration Middlings Waste
Mass, g Deck é&ngle, Fre(}_lllency, Wash Water, Process Water, Moass, (;’u, C})l R, Moass, (;’u, C:’l R, Moass, (;’u, CE R,
z L/min L/min % % % %o % % % % %
296.4 1 60 12 8 379 307 946 534 09 41 87 1.9 1.4
298.2 2 60 12 8 369 401 95 38.7 1.8 45 244 03 05
3125 3 60 12 8 436 477 732 39.9 18.4 26 16.5 15 0.8
3229 4 40 2 4 452 42 83 46.5 7.8 159 8.4 3 1.1
300.9 5 50 2 4 47 478 821 235 173 157 318 18 23
319.2 5 60 4 4 294 567 609 403 245 361 30.3 27 3
The MGS has been carried out on two particle size ranges: 100 x 300 um and smaller
than 100 pm. Table 5 presents the concentration results of the MGS tests. The MGS
concentration with the coarse particles (100 x 300 pm) shows that Cu can be recovered by
6.89% (Cu content) and 94% (Cu recovery) in the concentrate and 0.44% (Cu content) and
6% (Cu recovery) in the waste. The MGS concentration with the fine particles (—100 um)
shows that Cu can be recovered by 3.81% (Cu content) and 81.5% (Cu recovery) in the
concentrate and 0.87% (Cu content) and 18.5% (Cu recovery) in the waste. According to
the average standard deviation of the tests, the data are reliable. An average standard
deviation of the concentrate and tailings was 1.2% and 0.4%, respectively. Optimal recovery
is achieved with a lower wash water flow rate and a lower deck angle, since the process
aims for a high-recovery clean product with a low-grade rejectable tailings stream.
Table 5. MGS results.
Concentration Waste
Mass, g Wailllmvzlzter, Drum Rr;\rr::lutions, Deck Angle, © Mass, % Cu, % CuR, % Mass, % Cu, % CuR, %
<100 pm
106.2 0.5 300 24 524 7.3 81.5 47.6 1.8 18.5
203.3 0.5 295 3 17.8 18.4 65.3 82.2 21 34.7
195.8 0.9 290 2.94 8.5 19.2 409 91.5 2.6 59.1
100 x 300 pum
86.7 0.5 300 24 59.8 11.5 94 40.1 1.1 6
153.4 0.5 300 3.4 21.4 40.1 80.4 78.6 27 19.6
202.7 0.5 305 3 17.2 37.9 56.9 82.8 6 43.1

The proposed flowsheet for Cu beneficiation using a shaking table and MGS is shown
in Figure 11. The following data are presented in the figure: Mtot is the total mass in
the fraction; Cucont is the copper content in the fraction; Cumetal is the mass of copper
presented in the fraction; and Curec is the metallurgical mass balance of the copper in
relation to the feed (total is 100%).

It is possible to observe in Figure 11 that 44.32% of the total mass of the feed goes
to the concentrates: 10.67% of the concentrate of the MGS in the fraction 100 to 300 wm,
11.25% in the fraction —100 um, and 22.40% of the concentrate of the shaking table. These
concentrates (44.32% of the total mass) present a mean copper content of 10.10%, with
93.81% of the copper mass from the feed (15.41% of the MGS 100 x 300 um; 8.99% of the
MGS —100 pm, and 69.41% of the shaking table). This means it is possible to recover 93.81%
of the copper using a flowsheet like that.
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Figure 11. Proposed flowsheet for Cu beneficiation.

The tailings of the tests (MGS, fraction 100 x 300 um and fraction —100 pm; and the
shaking table) present a mass of 32.17% of the feed (7.15%, MGS, fraction 100 x 300; 10.20%,
MGS, fraction —100; and 14.82% of the shaking table). The mean copper content of these
tailings is 0.29%, with only 2.74% of the copper in the feed. The amount of copper discarded
in the tailings is relatively small, demonstrating good liberation of waste particles and good
cutting efficiency.

It is also possible to generate middlings in the shaking table (23.51% of the total mass;
0.7% of copper content; 3.45% mas of the copper in the feed) that can be added to the tailings or
comminuted to a top size of 300 pm and sent to the MGS feed for more intense concentration.

As mentioned before, this flowsheet tries to propose more environmentally friendly
processes. In terms of chemical usage, other methods such as flotation and leaching [59-62]
use chemicals such as acids, collectors, and frothers, but this process reduces chemical
use to zero, thereby reducing environmental impact and lowering costs, especially on a
large scale. The large-scale industrial use of the chemical will add to the cost of recycling
processes for these kinds of wastes; however, this flowsheet uses differences in the specific
gravity of the waste to separate metals from non-metals, which seems more industrial.

Ogunniyi et al. (2009) used the flotation technique without collectors or frothers,
but the Cu recovery did not reach 70% [63]. In another study by Chen et al. (2023),
93.8% of the Cu was recovered by reverse flotation with ultrasonic assistance, which uses
ultrasonic to increase the energy consumption, and it will increase the costs at the end [64].
However, some studies prove that with proper optimization of flotation conditions, high
recoveries (up to 95%) are achievable [65,66]. However, as mentioned, the environmental
and economic aspects remain problems. Moreover, the particle size ranges in these studies
are limited; however, our study covers a broader range.

Ismail Mohammad et al. (2025) studied the effect of solvent pre-treatment on the
leaching of copper, especially for larger particle sizes [67]. The results were not satisfactory:
47.3% Cu recovery without pre-treatment and 87.65% with pre-treatment. Magoda et al.
(2024) used a two-step bioleaching process to recover Cu [60]. However, the particle size
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was limited to the 38-150 pum fraction, and the Cu recovery was 68.2%. Other difficulties in
this work include maintaining pH and temperature, as each microbial group has a strict
optimal range (acidic for acidophiles, alkaline for cyanobacteria) [68]. We suppose that the
combination of the Cu recovered from our work with leaching in the following steps can
provide better results with less environmental impact and at a lower cost.

Bilesan et al. (2021) combined a hydrocyclone with the dilution-gravity method (DGM)
for recovering precious and base metals from fine particle sizes (<75 um) of the WPCBs [26].
However, the total copper recovery of 72% was achieved. So, compared to the MGS, it has a
limited particle size, lower Cu recovery, and an additional cost due to the use of the DGM.

Xian et al. (2021) used heated printed circuit boards via an enhanced gravity concen-
trator falcon (SB40) and a high-gradient magnetic separator to recover Cu and iron (Fe),
and they earned 74.02% Cu recovery and 78.11% Fe recovery [69]. In addition to the lower
recovery gained compared to our work, the heating process is not environmentally friendly
and releases toxic gases.

It is important to note that some losses occur primarily due to the generation of fines
and the flat particles, with a nearly two-dimensional shape of metal particles produced dur-
ing crushing. These particles exhibit poor settling behavior in the wet circuit. Additionally,
ultrafine plastic particles create challenges in the wet circuit by clustering and trapping
small metal particles, further affecting separation efficiency [11].

Furthermore, the selective separation of heavy metals such as zinc, brass, and gold
was not the focus of this study. Instead, the primary objective was to minimize the environ-
mental impact of electronic waste and ensure the efficient recovery of copper resources [32].
Future studies could explore the separation of precious metals like gold and silver, since
considerable quantities were prevalent in the WPCBs. These noble metals in WPCBs are the
primary economic driver for e-waste recycling [70-73]. Additionally, non-metallic fractions
(NMFs) should not be overlooked, as they can serve as safe and effective fillers in various
composites with thermoset and thermoplastic resin matrices, adding them to concrete to
enhance the engineering properties of concrete such as strength, durability, shrinkage, and
permeability, offering an environmentally friendly solution [74-77].

Lastly, it is suggested that the recovered copper from this flowsheet be sent for further
treatment, such as pyrometallurgical processing, to eliminate impurities and meet the
requirements of the industry’s smelting process [78].

4. Conclusions

This study developed and evaluated a two-stage gravity separation process for recov-
ering copper from waste printed circuit boards (WPCBs), combining a shaking table for
coarse particles (>300 pm) and a multi-gravity separator (MGS) for fine particles (<300 pm).
After mechanical pre-treatment and comprehensive characterization, X-ray fluorescence
(XREF), inductively coupled plasma optical emission spectroscopy (ICP-OES), scanning
electron microscopy (SEM-EDS), and mineral liberation analysis (MLA) were performed,
which were critical in understanding the feed material composition locking and association.

Quantitative separation results highlight the efficiency of the proposed flowsheet. The
shaking table achieved 95.01% Cu recovery in the coarse fraction, while the MGS produced
94% Cu recovery for the 100-300 um fraction and 81.5% Cu recovery for particles below
100 um. When integrated, the two-unit flowsheet successfully recovered 93.81% of the total
Cu into clean concentrates representing 44.32% of the total mass, while only 2.74% of the
copper was discarded in tailings. These outcomes confirm that gravity separation, when
preceded by appropriate comminution and liberation analysis, can produce high-quality
Cu concentrates with minimal environmental impact.
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The efficiency of the multi-gravity separator as a physical beneficiation technique for
the recovery of Cu from fine particles was proven. 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.

Results of the characterization show that the MLA technique is an effective and accu-
rate method for characterizing complex materials like WPCBs and offering detailed insights
into compositions, particle liberation, and shapes, etc. Secondly, a high concentration of
precious metals such as Au and Ag highlights its potential for future recovery and recycling.

For future work, the research can be extended in several promising directions. First,
the separation of other precious metals, such as gold and silver, identified in significant
quantities by ICP-OES, should be investigated, as they are a primary economic driver of
e-waste recycling. Second, the valorization of the non-metallic fraction (NMF) should
be explored, for instance, as a filler in construction composites or concrete to enhance
material properties.
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Abstract: 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,O3 (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 png/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 negative
correlation with Mn, TiO,, Zn, and Pb. The ferromagnetic phase most likely originates
from pyrrhotite, as well as hematite formed during pyrite alteration and goethite.

Keywords: flotation tailings; Rudnik mine; mineralogy; geochemistry; magnetic susceptibility

1. Introduction

Mine tailings are increasingly recognized as a potential source of mineral raw materials
in response to increasing metal demand and the need for sustainable resource management.
Their characterization and the recovery of valuable components have become an important
aspect of contemporary resource and environmental policies [1]. Mine tailings often contain
significant amounts of metals that could not be recovered with the technologies available
at the time of mining, were not economically viable, or were not analyzed—or could not be
analyzed—at that time. In Serbia, tailings generated from polymetallic Pb—Zn mines are the
second largest source of waste in the metal mining sector, due to an annual ore production

Minerals 2025, 15, 1287 https://doi.org/10.3390/min15121287
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of approximately 500 thousand tonnes [2]. Despite their potential as secondary sources
of metals, tailings from polymetallic deposits in Serbia have received limited scientific
attention [3,4]. Until recently, only flotation tailings from the Grot mine had been the subject
of preliminary investigation [5]. More recent studies have examined flotation tailings from
the Rudnik mine, including mineralogical and environmental assessments [6] and the
flotation behavior of minerals [7-9].

The Rudnik mine, situated in central Serbia, is one of the most prominent and long-
standing polymetallic mining sites. It hosts economically significant concentrations of
Pb, Zn, Cu, and Ag, and has been continuously exploited since 1953, with a total of
more than 14 million tonnes of ore extracted to date [10]. The mine exploits a distal
skarn deposit formed during Oligocene to Early Miocene magmatic-hydrothermal activity,
consistent with other deposits associated with volcano-intrusive complexes in the Balkan
Peninsula [11-13]. Sulfide ore is predominantly hosted within epidote-bearing skarn and
occurs as massive bodies, stockwork veinlets, and disseminated mineralization. The main
sulfide minerals include sphalerite, galena, and chalcopyrite, with pyrrhotite, arsenopyrite,
and pyrite as common gangue phases. Metal concentrations in ore vary considerably,
ranging from 0.94 to 5.66 wt% Pb, 0.49 to 4.49 wt% Zn, 0.08 to 2.18 wt% Cu, and 50 to 297
ng/g Agl14].

Decades of mining and flotation processing of polymetallic ore have resulted in a
tailings storage facility covering ~30 ha, with over 11 million tonnes (7 million m3) of
material deposited to date (Figure 1a,b). These flotation tailings, representing the resid-
ual fraction after the beneficiation of PbS, ZnS, and CuFeS, concentrates, has evolved
from initially supporting only Pb and Zn recovery to including Cu concentrates since
1988. Their mineralogical composition and heterogeneity position them simultaneously
as a potential secondary resource and as a factor influencing long-term environmental
impact. Consequently, the tailings storage facility represents both a challenge and an
opportunity—requiring proper management to mitigate ecological risks while offering
scope for revalorization through modern processing technologies. In this context, charac-
terization becomes essential for advancing sustainable resource management and circular
economy strategies.

Figure 1. (a) Satellite image of the Rudnik mine flotation tailings showing the positions of sampled
trenches (T1, T2, T3), source: Google Maps [15]. (b) Location of the Rudnik flotation tailings in the
Republic of Serbia, SE Europe. (c) Field photograph of the mine flotation tailings site. (d) Sample
brown-colored flotation tailings. (e) Sample grey-colored flotation tailings.
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The present study provides the first comprehensive dataset on the mineralogical,
geochemical, and magnetic susceptibility properties of flotation tailings samples from
the Rudnik mine, thereby strengthening the knowledge base required for sustainable
management and the potential valorization of tailings as secondary raw material sources
in the future.

2. Materials and Methods
2.1. Sampling

Samples were obtained from three vertical trenches excavated within the tailings body,
which occupies the bed of a former dry creek (Figure 1a). In total, 16 samples were collected
(Table 1). Trench T1 was sampled at 0.5 m intervals, whereas trenches T2 and T3 were
sampled at 1 m intervals to evaluate vertical heterogeneity within the flotation tailings.
Mineralogical and geochemical analyses, as well as magnetic susceptibility, were carried
out for each depth interval. This approach enables the assessment of vertical variations
in composition.

Table 1. Details of flotation tailings samples, including trench, sample designation, depth, and
material description.

Trench Samples ID Depth (m) Material Description

T1.1 0.0-0.5
T1.2 0.5-1.0 ]
T1.3 1.0-1.5 Grey material
T1.4 1.5-2.0

o T15 2025 ) N
T1.6 25-3.0 rown materia
T1.7 3.0-3.5 o .
T1.8 3.5.4.0 Grey material, interbedded with Brown
T2.9 0.0-1.0 ]

T T2.10 1.0-2.0 Grey material
T2.11 2.0-3.0 Brown material
T2.12 3.0-4.0 Grey material
T3.13 0.0-1.0 )

T3 T3.14 1.0-2.0 Grey material
1315 2.0-3.0 Brown material
T3.16 3.0-4.0 Grey material

2.2. Granulometrical Analysis

Granulometric analysis was performed on two composite samples. The first composite
(TC1) was prepared from 50 g of individual samples consisting of brown material and
mixture of grey and brown material (samples T1.5, T1.6, T1.7, T7.8, T2.11, T3.15), while
the second composite (TC2) was prepared from the same weight of grey material (samples
T1.1,T1.2, T1.3,T1.4, T2.9, T2.10, T2.12, T3.13, T3.14, T3.16). Both composite samples were
homogenized and analyzed.

The grain-size distribution of the two composite samples was determined by dry
sieving in the laboratory. The homogenized material was separated into nine fractions:
F1 = 0-0.045 mm, F2 = 0.045-0.063 mm, F3 = 0.063-0.09 mm, F4 = 0.09-0.125 mm,
F5 = 0.125-0.25 mm, F6 = 0.25-0.5 mm, F7 = 0.5-0.71 mm, F8 = 0.71-1 mm, and
F9 =1-2mm.
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2.3. X-Ray Diffraction (XRD)

X-ray diffraction analyses were performed on a “PHILIPS” X-ray diffractometer, model
PW-1710 (Malvern Panalytical, Malvern, UK), with a curved graphite monochromator and
a scintillation counter. The intensities of diffracted CuK« X-rays (A = 1.54178 A) were
measured at room temperature in intervals of 0.02°20 and a time of 1 s in the range from
4 to 65°20. The X-ray tube was operated at a voltage of 40 kV and a current of 30 mA,
while the slits for directing the primary and diffracted beams were set to 1 mm and
0.1 mm, respectively.

2.4. Optical and Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)

Optical analyses were performed at the University of Belgrade, Faculty of Mining and
Geology, using a Zeiss Axio Imager 2 reflected light microscope, and at the Institute for
Technology of Nuclear and Other Mineral Raw Materials (ITNMS), using a Carl Zeiss-Jena
JENAPOL-U polarizing microscope for both reflected and transmitted light. Samples were
subsequently examined with a scanning electron microscope (SEM, JSM-6610LV, JEOL
Inc., Tokyo, Japan) operated at 20 kV. Mineral identification was supported by energy-
dispersive X-ray spectrometry (EDS, Xplore 30, Oxford Instruments, Abingdon, UK), with
a detection limit of approximately 0.1 wt% based on internal standards. Backscattered
electron (BSE) micrographs were used to evaluate mineral homogeneity and identify
potential zoning features.

2.5. X-Ray Fluorescence (XRF)

The chemical composition analyses of the selected samples were performed using the
SPECTRO Xepos C energy dispersive X-ray fluorescence (ED-XRF) spectrometer, with an
air-cooled X-ray tube with a thick Pd/Co binary alloy anode operating at 50 kV voltage and
at tube power of 50 W. The analyses were conducted on 5 grams of unfused, fine-grained
powder samples.

2.6. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the fine-grained powder materials were recorded using a Perkin
Elmer Spectrum Two equipped with the Universal ATR accessory. The spectrum of each
powder sample was recorded in the mid-infrared range 1600-400 cm ! with 20 scans and a

spectral resolution of 4 cm 1.

2.7. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

Selected elements (Ca, Mg, Cu, Pb, Zn, Co, Ni, Mn, Cr, Ba, As, Bi, and Ag) were ana-
lyzed with a PERKIN-ELMER AVIO 200 ICP-OES, which uses a vertical plasma engineered
to handle even the most difficult, high-matrix samples without dilution. A full-wavelength
field detector simultaneously measured spectral ranges around the lines of interest. Sample
digestion and preparation were carried out using an acid mixture (HNO3:HCI = 3:1). The
detection limit of the AVIO 200 ICP-OES is in the ug/L (ppb) range, typically 0.1-100 pug/L
depending on the element. The procedure for preparation of a calibration curve included
5 values depending on the range of concentration that is expected. Standard reference
material OREAS 135 [16] was used for quality control.

2.8. Laboratory Measurement of Magnetic Susceptibility (MS)

Magnetic susceptibility was measured at room temperature (~20 °C) under a low
magnetic field of 400 A/m using an MFK-1A Kappabridge (AGICO Instruments, Brno,
Czech Republic) with a sensitivity of 2 x 10~ SI. Volume magnetic susceptibility was
determined on dry samples of fixed volume (20 cm3). Sample mass was measured with a
Radwag AS 220 R2 Plus analytical balance, accurate to four decimal places, to calculate
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mass magnetic susceptibility. Each sample was measured five times, and the mean value
was used for further analysis. Before measurements, the magnetic susceptibility of the
plastic bag and instrument holder was determined and used to correct the final values.

3. Results
3.1. Grain Size Distribution

Grain size analysis of composite samples TC1 and TC2 revealed that both samples
have a similar distribution, with slightly over 90% of the material being finer than 0.5 mm

(Table 2 and Figure 2). The main difference is that the brownish colored material contains
approximately twice the amount of the <0.063 mm fraction.

Table 2. Grain size distribution of composite flotation tailings samples.

Sieve, mm TC1, % TC2, %
F9: 1.0-2.0 100.0 100.0
F8: 0.710-1.0 97.6 96.2
F7: 0.500-0.710 97.0 94.5
F6: 0.250-0.500 92.7 91.1
F5: 0.125-0.250 76.4 76.3
F4: 0.090-0.125 53.8 54.3
F3: 0.063-0.090 32.0 31.6
F2: 0.045-0.063 17.3 8.1
F1: <0.045 10.6 5.1
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Figure 2. Diagram of grain size distribution of composite flotation tailings samples TC1 (a) and TC2
(b) from the Rudnik mine.
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3.2. Mineralogy
3.2.1. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis of flotation tailings samples reveals a consistent and
complex mineral assemblage predominantly composed of silicate, carbonate, sulfate, and
sulfide minerals (Figure 3, Table 3). Quartz and calcite are the most abundant phases across
all samples. Sulfide minerals, including pyrite, sphalerite, chalcopyrite, galena, pyrrhotite,
and arsenopyrite, are also present. Accessory minerals such as chlorite, dolomite, and
gypsum were also identified, and minor diffraction peaks indicate the presence of additional
gangue minerals, including kaolinite or related clays, plagioclase, orthoclase, muscovite,
anatase, and goethite.
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Figure 3. Representative XRD diffractograms of flotation tailings samples from the Rudnik mine:
(a) sample T1.5, (b) sample T2.10. Abbreviations [17]: Apy—arsenopyrite, Ccp—chalcopyrite, Gn—
galena, Py—pyrite, Qz—quartz, Sp—sphalerite, Kfs—K-feldspar, Ant—anatase, Gp—gypsum, Chl—
chlorite, KIn—kaolinite, Pl—plagioclase, Cal—calcite, CM—clay mineral, Px—pyroxene. ?—possible
presence, but not confirmed.
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3.2.2. FTIR Analysis

The Fourier transform infrared spectroscopy (FTIR) was used for profiling the mine
tailings samples” components. The component identification based on characteristic band
vibrations in the fingerprint region of 1600-400 cm ! is shown in Figure 4. In the fingerprint
region, the most intensive broad complex band in the 1100-950 cm ™! range is assigned to
the in-plane Si-O-5i stretching vibration in silicates. The bands at ca 1163, 1086 (shoulder),
doublet 799 and 778, are assigned to stretching and banding vibrations in quartz. The
strong and wide band at 1440-1420 cm ! is assigned to carbonates. Specifically, bands
876 and 712 cm ™! are assigned to calcite. The intensities of quartz and carbonate bands
suggest that those minerals are the most abundant, which is consistent with optical and
XRD investigations. In addition, the bands belonging to feldspar and sulfates are also
observed, the latter consistent with the gypsum identified by XRD.

3.2.3. Optical and Scanning Electron Microscopy with Energy Dispersive Spectroscopy
(SEM-EDS)

Optical and SEM-EDS analyses support the XRD results and provide additional
insight into the textural and spatial relationships among the identified minerals (Table S1
in Supplementary Materials). The tailings comprise a heterogeneous mixture of sulfides,
native elements, and secondary oxidation products, embedded within a matrix dominated
by silicates and carbonates (Figure 5a). According to optical examination, most grains
range in size from 100 to 300 um. Sulfides and their alteration products often appear as
finer particles (<100 pm), with occasional larger grains, whereas silicates and carbonates
typically form coarser particles (>400 um).

Quartz is the most abundant, occurring as large, homogeneous and euhedral grains.
It is commonly associated with sulfide minerals, particularly pyrite and sphalerite, where
it occurs in interstitial spaces relative to the sulfides (Figure 5a,b).

Calcite, epidote, garnet, and orthoclase are also common, most frequently occurring
as dispersed grains of various sizes (Figure 5a,b). Ca-pyroxenes, represented by diopside-
hedenbergite, occur as subhedral to euhedral grains, although they are present only in
minor quantities. Apatite and zircon appear as small, very rare, and dispersed grains.

Pyrite and arsenopyrite represent the most abundant sulfide minerals within the
tailings, predominantly occurring as isolated grains and, to a lesser extent, as intergrowths
with silicate phases (Figure 5c). Pyrite grains display considerable size variability, com-
monly reaching coarse dimensions of up to 400 pum. These grains are homogeneous, with
rare inclusions of chalcopyrite and galena, which appear as droplet-shaped inclusions
up to 40 um in length. Partial to complete oxidation of pyrite is frequent, with hematite
frequently present as a secondary alteration mineral (Figure 5a,b). Arsenopyrite occurs as
isolated, homogeneous, and unaltered grains of sizes comparable to pyrite (Figure 5c).

Pyrrhotite is less abundant relative to pyrite and arsenopyrite and often associated
with galena, sphalerite, and chalcopyrite (Figure 5d). It occasionally contains flame- or
vein-like pentlandite exsolutions less than 5 um in length.

Among economically significant sulfides, sphalerite is the most prevalent. It occurs
as individual grains that host chalcopyrite inclusions ranging from 10 to 40 um and, less
frequently, as co-occurrence with other minerals, especially sulfides such as galena and
chalcopyrite (Figure 5e). Sphalerite grains range from below 50 pm to 500 pm in size.

Galena is commonly observed in complex intergrowths with sphalerite, chalcopyrite,
and various silicate, oxide, and carbonate minerals, while isolated grains are subordinate.
Its grain size ranges from 50 to 250 um. Sometimes, galena is associated with native
bismuth, native silver, and bismite (Figure 5f,g). Secondary alteration along some grain
boundaries is evidenced by the occurrence of cerussite (Figure 5h).
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Figure 4. FTIR spectra in the fingerprint region (1600400 cm ™) of flotation tailing from the Rudnik
mine. Abbreviations [17]: Cal—calcite, Kfs—K-feldspar, Qz—quartz, Sulf—sulfates.
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Figure 5. Photomicrographs ((a—d): reflected light; (e-h): backscattered electron images) of tailings
from the Rudnik mine. (a) Quartz and calcite grains associated with sulfides in the flotation tailings;
(b) quartz grain associated with garnet, pyrite, epidote, and hematite; (c) pyrite and arsenopyrite
grains; (d) Co-occurrence of pyrrhotite, chalcopyrite, and galena; (e) sphalerite grain with chalcopyrite
inclusions; (f) pyrrhotite with galena hosting inclusions of native silver and native bismuth; (g) galena
grain associated with native bismuth and bismite; (h) galena grain partly altered to cerussite along
the rim. Abbreviations [17]: Ag—native silver; Apy—arsenopyrite; Bi—native bismuth; Bsm—
bismite; Ccp—chalcopyrite; Crz—cerussite; Ep—epidote; Gn—galena; Grt—garnet; Hem—hematite;
Or—orthoclase; Po—pyrrhotite; Py—pyrite; Qz—quartz; Sp—sphalerite.

Chalcopyrite forms fine impregnations within sphalerite or as small inclusions and co-
occurrence with pyrrhotite and sphalerite (Figure 5d,e). Grain sizes range from submicron
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to 100 pm. The chalcopyrite is rarely altered, although minor malachite coatings have been
present on some grain surfaces.

3.3. Geochemistry

The most abundant oxide in all samples is SiO, (33.81-44.30 wt%; Table 4; Figure 6), fol-
lowed by Fe, O3 (19.02-28.74 wt%), Al,O3 (7.69-10.57 wt%), CaO (4.49-12.88 wt%) and MgO
(1.24-1.91 wt%). Sulfur (S) contents vary widely (2.20-12.30 wt%). Among the metals, Zn
shows the highest enrichment (0.21-0.79 wt%), followed by Pb (0.14-0.32 wt%) and Cu (0.05-
0.17 wt%). Manganese (Mn) is present in moderate amounts (0.104-0.189 wt%), whereas Cr
is consistently low (<0.036 wt%). Arsenic (As) displays a broad range (0.012-0.732 wt%).
Nickel (Ni) (0.011-0.023 wt%) and Co (0.003-0.007 wt%) contents remain consistently low.
Bismuth (Bi) is present in trace but potentially significant amounts (0.002-0.013 wt%), while
Ag content is lower (6 to 19 pg/g).

Pearson correlation analysis is performed to assess the relationships among oxides,
elements, and magnetic susceptibility (MS) (Figure 7).

Strong positive correlations (r > 0.7) are between SiO; and Al,O3 (r = 0.87). Al,O3 is
also positively correlated with Ni (r = 0.71), while Fe,O3 shows strong positive correlations
with Cu (r = 0.82), Bi (r = 0.87), and Co (r = 0.79). Sulfur (S) is strongly correlated with Co
(r=0.97) and Bi (r = 0.91), while with Cu and Ag (r = 0.81), as well as Zn and Mn (r = 0.79),
also show strong positive correlations. Ni is strongly correlated with As (r = 0.89), and Bi
with Co (r = 0.97). Ag is positively correlated with Cr (r = 0.77) and Zn (r = 0.71).

Moderate positive correlations (0.4 < r < 0.7) are between SiO, and Ni (r = 0.61)
and As (r = 0.55), AlbO3 and S (r = 0.50) and As (r = 0.63), Fe;O3 and S (r = 0.71) and
Cr (r=0.55), S and Cu (r = 0.53) and Cr (r = 0.45), Cu and Pb (r = 0.61) and Co (r = 0.62),
Ni and SiO; (r = 0.61) and Al O3 (r = 0.71), Co and Cr (r = 0.49), Cr and Cu (r = 0.64) and
Fe;O3 (r = 0.55), Ag and Pb (r = 0.54) and Mn (r = 0.43).

Table 4. Major oxide, sulfur, and metal contents, and mass magnetic susceptibility (MS) in flotation
tailings samples from the Rudnik mine (oxides and sulfur contents determined by XRF; metals
contents by ICP-OES).

T11 Ti2 Ti3 Ti4 T15 Ti6 Ti7 Ti8 T29 T210 T211 T212 T3.13 T3.14 T3.15 T3.16 AV SD
Si0; (%) 4430 3574 35.10 35.10 3445 4023 43.01 3724 4387 3831 33.81 37.66 41.73 4130 4323 3873 38.99 3.60
TiO; (%) 055 050 045 048 052 053 048 052 047 052 053 047 037 045 0.63 0.52 0.50 0.06
AL O3 (%) 998 830 769 79 782 871 905 813 943 866 784 822 1017 1024 1057 9.26 8.88 0.96
Fe, O3 (%) 21.31 23.02 2259 2517 2588 21.31 2331 2331 19.02 22.88 2545 2345 2874 2731 21.02 2059 2340 2.58
CaO (%) 949 1030 1254 9.63 1071 930 948 953 791 927 865 12838 449 511 7.56 7.62 9.03 223
MgO (%) 1.68 146 136 134 146 143 143 141 169 183 133 133 124 146 191 1.71 1.50 0.20
S (%) 220 224 328 505 454 294 399 425 422 311 266 293 1230 1090 4.16 3.49 4.52 2.90
Cu (%) 0.059 0.100 0.153 0.137 0.161 0.085 0.070 0.144 0.047 0.069 0.127 0.103 0.171 0139 0.075 0.049 0.106  0.042
Pb (%) 015 021 023 026 025 014 015 028 014 016 032 025 020 015 0.21 0.17 0.20 0.06
Zn (%) 024 070 079 076 072 040 032 068 025 027 070 070 027 022 0.24 0.21 0.47 0.24
Co (%) 0.003 0.003 0.003 0.004 0.004 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.007 0.007 0.003 0.003 0.004 0.001
Ni (%) 0.016 0.011 0.013 0.014 0.014 0.012 0.012 0.013 0.023 0.015 0.012 0.011 0.018 0.019 0.018 0.017 0.015 0.003
Mn (%) 0.164 0.161 0.189 0.180 0.177 0150 0.164 0.164 0123 0145 0.156 0.188 0.105 0.104 0.119 0132 0.151  0.028
Cr (%) 0.018 0.016 0.021 0.036 0.036 0.021 0.022 0.025 0.019 0.017 0.015 0.016 0.027 0.025 0.017 0.016 0.022  0.007
Ba (%) 0.003 0.002 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.000 0.001 0.001
As (%) 0.132 0.034 0.039 0.040 0.035 0.012 0.014 0.016 0.732 0266 0.065 0.032 0541 0550 0.195 0.163 0179 0.228
Bi (%) 0.004 0.004 0.004 0.006 0.007 0.003 0.004 0.005 0.002 0.003 0.003 0.004 0.013 0.012 0.002 0.002 0.005 0.003
Ag (ug/g) 8 11 16 19 16 11 12 15 11 8 12 13 14 13 8 6 12 3
MS [10-° m3kg 1] 1465 1.997 1528 2230 2766 2.034 2428 1.673 2363 0.687 1217 1502 4.643 4724 1965 1991 2201 1.093
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Figure 6. Distribution of major oxides, selected elements, and magnetic susceptibility (MS) in flotation
tailings samples from the Rudnik mine.

Strong negative correlations (r < —0.7) are between SiO; and Zn (r = —0.86) and Pb
(r=—-0.76), Al,O3 and Zn (r = —0.88), Mn and Al;O3 (r = —0.82) and Ni (r = —0.76), and
Zn and Ni (r = —0.69).

Moderate negative correlations (—0.7 < r < —0.4) are between TiO; and Fe;O3
(r=-0.55), S (r = —0.63), Co (r = —0.61), and Cu (r = —0.46), S and Mn (r = —0.64),
Cu and AlO3 (r = —0.33), as well as Ag and SiO; (r = —0.51), TiO; (r = —0.50), and Al,O3
(r = —0.530).
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Figure 7. Correlation matrix of oxides, elements and magnetic susceptibility (MS) of flotation
tailings samples from the Rudnik mine. The color bar on the right represents the values of the
correlation coefficient (r) between pairs of variables (in this case, chemical elements, oxides and
magnetic susceptibility).
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3.4. Magnetic Susceptibility

Mass magnetic susceptibility (MS) values of the flotation tailings show considerable
variability, ranging from 0.687 x 10~° m3-kg~! to 4.724 x 107° m3-kg~!, with an average
of 2.201 x 107% m3 ~kg’1 (Table 4). The highest MS values were recorded in samples T3.13
and T3.14, whereas the lowest were observed in T2.10 and T2.11. This variability reflects
differences in geochemical and mineralogical composition, particularly the abundance of
iron-rich ferromagnetic minerals (in general), which show an affinity toward specific metals
(Figure 6).

Correlation analysis was performed using MS and bulk geochemical data for all
analyzed tailings samples (Figure 7). Strong positive correlations were identified between
MS and S (r = 0.92), Co (r = 0.90), Bi (r = 0.87), and Ag (r = 0.87). Moderate positive
correlations with MS were observed for Fe,O3 (r = 0.62), As (r = 0.57), Cr (r = 0.48),
Al,O3 (r=0.50), Cu (r = 0.45), and Ni (r = 0.45). Moderate negative correlations were
recorded for Mn (r = —0.60) and TiO, (r = —0.58), while Zn exhibited only a weak negative
correlation with MS (r = —0.31). These trends are consistent with sample-level observations;
for instance, T3.13 and T3.14, which show the highest MS values, also display elevated
concentrations of S and Co, reflecting the strong positive correlations identified. No
elements show strong negative correlations with MS (r < —0.7).

4. Discussion

The polymetallic ore from the Rudnik mine is characterized by complex co-occurrence
of gangue and ore minerals, which can adversely influence ore processing efficiency [18,19].
In the analyzed flotation tailings samples, no significant variations in the distribution of
mineral phases were observed. The major minerals—calcite, quartz, and K-feldspar—were
consistently present, accompanied by epidote, Ca-garnet, and Ca-pyroxene, which reflects
the skarn-type mineralogy of the primary ore [13,20]. These minerals were commonly
associated with sulfides, which were either embedded within or dispersed throughout a
predominantly silicate—carbonate matrix. Among the sulfides, pyrite, arsenopyrite, and
pyrrhotite are dominant, followed by sphalerite, galena, and chalcopyrite.

Post-depositional oxidative alteration is most pronounced near the surface, where
atmospheric exposure promotes the oxidation of sulfides. Similar alteration features are
also observed at several depths within the tailings, mainly in material that was previously
exposed at the surface and later buried by younger tailing material. Pyrite is particularly
susceptible, frequently replaced by hematite along grain boundaries or via pseudomorpho-
sis, illustrating natural weathering processes [21]. Galena and chalcopyrite are likewise
transformed, forming cerussite and malachite, respectively, whereas other sulfides remain
relatively unaltered, resulting in heterogeneous oxidation patterns throughout the tailings.
Compared with nearby sites, oxidation in the Rudnik flotation tailings appears relatively
limited [22].

The geochemical data corroborate these mineralogical and petrographic observations.
Elevated SiO; and Al,O3 contents confirm the prevalence of silicate and aluminosilicate
minerals (Table 2), while increased Fe;O3 and S concentrations in the upper part of T3
indicate a significant abundance of iron sulfides such as pyrite and pyrrhotite. Sulfur
concentrations vary considerably (2.20-12.30 wt%), reflecting vertical heterogeneity in
sulfide distribution (Table 4; Figure 6). Base metal contents—Zn (up to 0.79 wt%), Pb (up to
0.32 wt%), and Cu (up to 0.17 wt%)—provide further evidence of inefficiencies in historical
ore processing. Although present at low concentrations, trace elements such as Ag and Bi
may still hold economic significance for potential future recovery.

The sulfur content along the vertical profile of the trenches T2 and T3 indicates a
decrease with depth, reflecting the progressive decomposition of sulfide minerals over time
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(i.e., with depth) and the migration of liberated sulfur as sulfate via pore waters within the
tailings body.

Correlation analysis provides further insights into the geochemical controls of the
tailings. The strong positive correlation between SiO, and Al,O3 (r = 0.87) is typical of
aluminosilicate minerals (feldspars), which, together with quartz, dominate the gangue
matrix. Conversely, strong positive correlations between Fe,Os3 and Cu, Bi, and Co, as well
as between S and Co and Bi, highlight the controlling role of sulfide phases—chiefly pyrite,
pyrrhotite, and arsenopyrite—in the geochemical behavior of these elements [23]. Correla-
tions such as Cu—Ag, Zn-Mn, and Ni-As further reflect well-documented mineralogical
linkages, including chalcopyrite with Ag, sphalerite with Mn, and arsenopyrite with Ni
and As [24,25]. The very strong correlation between Bi and Co (r = 0.97) suggests a close
association within Fe-sulfide phases, with possible implications for the recovery of critical
metals [26]. Negative correlations between SiO;, /Al;O3 and Zn/Pb highlight the contrast
between the silicate—carbonate matrix, which is poor in metals, and the sulfide phases,
which serve as the primary hosts of base metals. Similarly, negative correlations between
Mn and Al,O3/Ni indicate that Mn is linked to carbonate and oxide minerals, whereas Ni
is predominantly controlled by the presence of sulfides.

Magnetic susceptibility (MS) data further support the observed geochemical and
mineralogical patterns in the analyzed samples. Pyrrhotite is strongly ferromagnetic, in
contrast to pyrite and arsenopyrite, which are diamagnetic to weakly paramagnetic; this
explains why pyrrhotite is the only mineral capable of generating high MS values in the
flotation tailings material. Accordingly, Fe-sulfide-rich samples (e.g., T3.13 and T3.14)
display the highest recorded MS values, consistent with their elevated sulfur contents
(12.3% and 10.90%, respectively), confirming that the abundance of pyrrhotite exerts
primary control over the magnetic response. Pyrrhotite is the main carrier of the magnetic
signal, while its alteration products—hematite and goethite—may provide a secondary but
measurable contribution [27]. In contrast, samples dominated by the silicate—carbonate
matrix show markedly lower MS values, as minerals such as quartz, calcite, and K-feldspar
have negligible or zero susceptibility and therefore diminish the overall magnetic signal.
Overall, MS patterns are consistent with the mineralogical assemblage and demonstrate
that variations in mineral distribution—particularly the proportion of pyrrhotite relative to
non-magnetic gangue minerals—govern the magnetic properties of the flotation tailings.

The relatively low metal concentrations and the complex intergranular associations
of the sulfide minerals indicate that economically viable metallurgical processing of the
tailings is limited. In contrast, the high abundance of other minerals (quartz, calcite and
orthoclase) and their fine grain size (~90% smaller than 0.5 mm) suggests the potential use
of the tailings as low-value aggregates in the construction industry. This approach enables
material valorization despite the low metal content and provides a sustainable solution for
tailings management.

5. Conclusions

The flotation tailings of the Rudnik mine exhibit mineralogical and geochemical
characteristics that reflect the complexity of the processed primary ore, the efficiency of
mineral liberation and phase selectivity during flotation, as well as post-depositional
alterations, including sulfide oxidation and the formation of secondary minerals. Key
findings include the following;:

e  Complex mineral associations and microtextural intergrowths of rock-forming miner-
als with sulfides hinder efficient flotation of the primary ore.

e Flotation tailings are dominated by quartz, calcite, orthoclase and accompanied by
Ca-garnets, Ca-pyroxenes and epidote. Economically valuable sulfides—sphalerite,
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galena, and chalcopyrite—are mostly present in fractions finer than 400 um (mostly
below 100 um) and occur as dispersed grains within a silicate-carbonate matrix.
Post-depositional oxidation is moderately developed; pyrite is often replaced by
hematite, galena by cerussite, and chalcopyrite by malachite, while other sulfides
remain relatively unaltered.

e High SiO, and Al,O3 contents confirm the dominance of silicate and aluminosilicate
minerals, whereas elevated Fe,O3; and S reflect the presence of iron sulfides. Zn,
Pb, and Cu concentrations are below 1%, while minor elements such as Ag and Bi,
although present at low levels, may hold future economic potential.

e  Mass magnetic susceptibility data support the mineralogical observations: samples
with higher Fe,O3 and S show elevated susceptibility, whereas samples with lower
Fe, O3 exhibit reduced susceptibility, consistent with XRD and SEM-EDS analyses.

e  Given the relatively low metal concentrations and the complex intergranular associ-
ations of the minerals, the most realistic immediate valorization pathway is the use
of the tailings as low-value construction aggregates. Future research will include
various mineral processing techniques for further characterization and evaluation
of the tailings. Selective pre-treatment for trace-metal recovery could also be inves-
tigated as a secondary option following detailed characterization and a technical—-
economic assessment.
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method in wt% normalized.
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