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Abstract: Studies on anode slime processing further highlight the potential of pressure leaching for near-complete nickel
extraction under optimized acidic and oxidizing conditions. Overall, the literature indicates that well-designed hybrid systems offer
the most effective balance of selectivity, energy efficiency, and environmental sustainability for nickel recovery. Copper smelting
slag represents a significant environmental challenge, with accumulated quantities exceeding 1.8 billion tonnes globally. This slag
contains 35-45 wt% iron primarily in the form of fayalite (Fe-SiO4) and magnetite (FesOs), making it an attractive secondary source
for iron recovery. The present literature review synthesizes recent research (2013-2025) from Scopus and Web of Science indexed
journals on iron extraction from copper smelting slag and its subsequent conversion to direct reduced iron (DRI) and hot briquetted
iron (HBI) for steelmaking applications. Major iron recovery methods include coal-based direct reduction combined with magnetic
separation (achieving 91-98% iron recovery), hydrogen-based reduction, oxidation-roasting magnetic separation, carbothermal
reduction, and hydrometallurgical processing. Current findings demonstrate that reduction temperature (1200-1300°C), reductant
type, slag basicity adjustment, and additive incorporation critically influence recovery efficiency. Hydrogen-based direct reduction
emerges as the most promising technology for sustainable iron recovery, achieving superior metallization degrees (94-95%) while
enabling near-zero CO: emissions when coupled with renewable electricity. Global DRI/HBI production is projected to increase
from 115 Mt/year (2019) to 212.6 Mt/year (2050), with hydrogen-based production dominating future production. This review
synthesizes optimal process parameters, kinetic mechanisms, thermodynamic principles, and technological innovations essential for
advancing sustainable iron recovery and low-carbon steelmaking.
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1. INTRODUCTION iron (HBI), a compacted form facilitating transportation and
storage. Global DRI production reached approximately 115
million tonnes in 2019, with projections indicating growth to
157.3 million tonnes by 2030 and 212.6 million tonnes by
2050, predominantly through hydrogen-based reduction

technologies [13].

The production of copper through pyrometallurgical
smelting generates substantial quantities of slag as a co-
product. Globally, the copper smelting industry produces
approximately 2.2-3.0 tonnes of slag per tonne of copper
produced, resulting in accumulated slag exceeding 1.8 billion

tonnes, particularly in China [1]. This slag represents both an
environmental challenge and an underutilized resource, as it
contains significant iron content (35-45 wt% total iron),
copper residues (0.3-0.7 wt%), and potentially hazardous
elements (lead, zinc, arsenic) [6].

The mineralogical composition of copper smelting slag
differs fundamentally from other industrial slags. Unlike blast
furnace or electric arc furnace slags dominated by calcium
silicates, copper slag exhibits high silica content (30—40 wt%
Si02) and contains iron predominantly as fayalite (Fe2SiOa), a
complex iron-silicate phase, alongside magnetite (FesO4) and
hematite (Fe:Os) [50]. This unique mineralogy necessitates
specialized reduction technologies distinct from conventional
iron ore processing [2].

The global steel industry faces mounting pressure to reduce
carbon emissions and transition toward sustainable, low-
carbon production pathways. Direct reduced iron (DRI),
produced through controlled reduction of iron oxides at
temperatures below the iron melting point (1538°C), has
emerged as a critical intermediate product enabling this
transition. DRI is subsequently processed into hot briquetted

The valorization of copper slag through iron recovery
offers strategic advantages including: (1) secondary iron
resource development; (2) environmental remediation and
waste minimization; (3) reduction of dependency on virgin
iron ore extraction; and (4) potential recovery of valuable
secondary metals (copper, lead, zinc) through integrated
processing routes [136]. Recent technological advances in
coal-based reduction, hydrogen-based reduction, magnetic
separation, and hydrometallurgical processing have
substantially improved iron recovery efficiency and product
quality [3][12].

This literature review synthesizes current understanding of
copper slag iron extraction mechanisms, optimal process
parameters, reduction kinetics, thermodynamic principles, and
industrial applications derived from approximately 50 peer-
reviewed articles indexed in Scopus and Web of Science
databases [4].

2. MATERIALS AND METHODS
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2.1 Copper Slag Mineralogical Composition

Copper smelting slag exhibits distinctive mineralogical
features reflecting the copper extraction process. The
dominant iron-bearing phases include fayalite (Fe:SiOa),
which typically accounts for 35-50 wt% of slag composition;
magnetite (FesOs), present at 5—15 wt%; and minor hematite
(Fe205). Secondary phases include amorphous silica, calcium
silicates, and trace sulfide phases containing residual copper
and precious metals [15].

X-ray diffraction (XRD) analysis characteristically reveals
strong diffraction peaks corresponding to fayalite (d-spacing:
2.43 A, 1.57 A) and magnetite (d-spacing: 2.96 A, 1.61 A).
Scanning electron microscopy with energy-dispersive
spectroscopy (SEM-EDS) reveals fayalite as a continuous
silicate phase matrix hosting metallic copper particles, copper
sulfides, and magnetite crystals. The glassy or crystalline
nature of slag depends on cooling conditions: rapidly water-
cooled slag exhibits predominantly amorphous structure with
dispersed crystalline phases, while slow-cooled slag develops
well-crystallized mineral phases [5].

2.2 Chemical Composition

Typical copper slag contains 35-45 wt% total iron
(distributed as FeO in fayalite: ~32-40 wt% and
magnetite/hematite: ~3-5 wt%), 30-38 wt% SiO, 0.2—2 wt%
Ca0, 0-5 wt% AlOs, 0-8 wt% MgO, and trace elements
including copper (0.3-0.7 wt%), lead (0.5-1.2 wt%), zinc
(1.5-2.5 wt%), and potentially hazardous arsenic and
antimony [1][6][12]. The silicate-rich composition and low
basicity (CaO/SiO: ratio typically <0.1) distinguish copper
slag from iron- and steelmaking slags [6].

2.3 Environmental Significance

The accumulation of copper slag represents a significant
environmental challenge [7]. Leaching studies demonstrate
that copper slag exhibits potential for environmental
contamination through release of copper (0.1-5 mg/L), lead
(0.01-2 mg/L), zinc (0.5-15 mg/L), and arsenic under acidic
conditions. Consequently, sustainable valorization of copper
slag through iron recovery presents an opportunity for
simultaneous environmental remediation and resource
conservation.

3. RESULTS
3.1 Iron Extraction Methods from Copper Slag

3.1.1 Coal-Based Direct Reduction with Magnetic
Separation

Coal-based direct reduction represents the most
extensively studied and industrially implemented iron
recovery technology. The process comprises three sequential
stages: (1) slag preparation and pelletization; (2) carbothermal

reduction roasting at 1200-1350°C; and (3) magnetic
separation of reduced iron [1].

During carbothermal reduction, carbon and carbon
monoxide reduce iron oxides according to:

Fe2SiO4 +4C — 2Fe + SiO: + 4CO (Prim. fayalite reduct.)
Fes04+4C — 3Fe +4CO FeO + C — Fe + CO

Thermodynamic analysis indicates that fayalite reduction
becomes favorable above approximately 900°C, with
equilibrium conversion approaching 95% at 1200°C and
exceeding 98% at 1300°C [8]. The addition of CaO flux (15—
25 wt%) modifies slag basicity, promoting slag fluidity and
metallic iron grain aggregation through formation of low-
melting phases including dicalcium silicate (2Ca0O-Si0O:) [50].

Under optimized conditions (1300°C, 30 min reduction, 35
wt% coal, 20 wt% CaO addition), coal-based direct reduction
achieves iron recovery rates of 91-98.13%, with iron grades in
the magnetic concentrate reaching 90-96% [1]. The recovered
metallic iron exhibits particle sizes predominantly >50 um,
enabling efficient subsequent magnetic separation at field
intensities of 60—80 kA-m™ [9].

3.1.2 Oxidation-Roasting Followed by Magnetic
Separation

An alternative processing route employs sequential
oxidation and reduction roasting to enhance iron phase
crystallinity and magnetic properties [10]. Oxidation roasting
at 600-800°C converts fayalite to hematite and amorphous
silica, promoting phase segregation. Subsequent reduction
roasting converts iron oxides predominantly to magnetite
(Fes04), which exhibits significantly enhanced magnetic
susceptibility compared to hematite [11][15].

This two-stage approach achieves iron recovery rates of
78-80% with iron grades of 78.87% in the concentrate. While
recovery efficiency remains lower than coal-based direct
reduction, oxidation-roasting magnetic separation offers
advantages including lower process temperature and reduced
carbon consumption, making it suitable for slag samples where
carbon-based reduction proves technically challenging [12].

3.1.3 Hydrogen-Based Direct Reduction

Hydrogen-based reduction represents the most promising
future pathway for sustainable iron recovery. Pure hydrogen
reduction eliminates CO- generation, producing only water
vapor as a byproduct:

Fe2Si04 + 4H2 — 2Fe + Si102 + 4H20 Fe;O4 + 4H2: — 3Fe + 4H>0

Recent studies demonstrate that hydrogen reduction of
copper slag achieves metallization degrees of 85-95% at
reduction temperatures of 800-950°C, with activation energies
ranging from 29.1-36.1 kJ/mol—substantially lower than
coal-based systems [35]. The unreacted shrinking core model
indicates that hydrogen-based reduction is controlled by
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combined effects of internal diffusion and chemical reaction,
with internal diffusion becoming predominant as reduction
progresses [13].

Hydrogen-based DRI exhibits superior product quality
compared to natural gas-derived DRI, achieving metallization
degrees of 94-95% and carbon contents typically <1.5 wt%,
enabling production of high-purity HBI with density >5.0
g/lcm® meeting international maritime transport standards
[13][36].

3.1.4 Carbothermal Reduction with Additives

Recent research emphasizes the importance of additive
incorporation during carbothermal reduction to enhance iron
grain growth, aggregation, and ultimate recovery efficiency.
Addition of compounds including sodium carbonate
(Na2COs), calcium carbonate (CaCOs), and compound
additives promotes nucleation during reduction, enhances
metallic iron grain migration and coalescence, and facilitates
slag-metal separation [14].

The compound additive mechanism involves formation of
nucleation sites promoting iron grain growth through
interfacial energy minimization [13][37]. Addition of 3-5 wt%
compound additive during pelletization followed by reduction
at 1250°C increases iron recovery by 5-8% compared to
unadditized processes [15][38].

3.1.5 Hydrometallurgical Processing

Hydrometallurgical methods employ acid or base leaching
to selectively extract iron from copper slag. While less
commonly employed than pyrometallurgical methods,
hydrometallurgical processing offers lower temperature
requirements and potential for selective metal extraction [16].

Sulfuric acid leaching with concentration 200-300 g/L at
50°C for 2-3 hours achieves copper recovery exceeding 95%
but generates iron-rich residues requiring separate processing.
Alkaline leaching with ammonia solution shows promise for
selective copper extraction while maintaining iron in solid
residue for subsequent magnetic separation [17][39]. Organic
acid leaching (including L-ascorbic acid) demonstrates
feasibility for simultaneous recovery of lead (68—-88%), copper
(up to 99.1%), and iron (99.2%) under optimized conditions,
though at higher chemical cost [18].

3.2 Reduction Kinetics and Thermodynamic Analysis

3.2.1 Temperature Dependence

Temperature exerts the most significant influence on
reduction efficiency and recovery rate. Coal-based copper
slag reduction exhibits nonlinear temperature dependence:

. 1050°C: ~35% reduction degree
. 1200°C: ~70% reduction degree
. 1300°C: ~85% reduction degree
. 1350°C: >92% reduction degree

This temperature dependence reflects changes in rate-
controlling mechanisms [19]. At lower temperatures (1050-
1150°C), the reduction process is controlled by interfacial
chemical reaction between carbon powder and slag and the
Boudouard reaction generating CO. At intermediate
temperatures (1150-1300°C), mixed control involving both
interfacial reaction and gaseous diffusion occurs. At elevated
temperatures (>1300°C), CO diffusion through the slag pellet
becomes rate-limiting [1].

3.2.2 Kinetic Models and Activation Energies

The  Arrhenius equation  successfully  describes
temperature dependence of reduction kinetics:

k(T) = A-exp(-Ea/RT)

For coal-based copper slag reduction, apparent activation
energies range from 85-220 kJ-mol™ depending on
temperature range and slag composition [40]. At lower
temperatures (1050-1150°C), apparent activation energy
approximates 180-220 kJ-mol™. At elevated temperatures
(1250-1350°C), apparent activation energy decreases to 85—
150 kJ-mol™', reflecting transition to diffusion-controlled
kinetics [19].

The reduction of fayalite exhibits distinctive two-stage
kinetic behavior [67][75]: - First stage (0—33% conversion):
Phase boundary chemical reaction controls rate; activation
energy ~ 175-202 kJ'mol? - Second stage (>33%
conversion): Two-dimensional to three-dimensional diffusion
with concurrent boundary reaction; activation energy =~ 194—
248 kJ-mol'[41].

This two-stage behavior reflects the coupled processes of
fayalite decomposition and iron oxide reduction followed by
metallic iron grain growth and coalescence [20][42].

3.3.3 Thermodynamic Equilibrium

Gibbs free energy calculations confirm the thermodynamic
feasibility of copper slag reduction:

AG®(1200°C) = -45.3 kJ-mol ! (favorable)
AG®°(1300°C) = -52.8 kJ-mol™! (highly favorable)

The thermodynamically more favorable reduction of FesOa
compared to Fe.SiOs indicates that magnetite reduction
proceeds preferentially during the initial reduction stage, with
fayalite reduction occurring subsequently [43]. The addition of
CaO flux stabilizes calcium silicates and calcium
aluminosilicates, further enhancing iron oxide reduction
thermodynamics [21].

3.4 DRI/HBI Production and Characterization
3.4.1 Direct Reduced Iron Properties

Direct reduced iron produced from copper slag exhibits
distinctive characteristics. The product contains 85-96 wt%
metallic iron, 1-3 wt% residual carbon (from reducing agent),
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0.5-2 wt% FeO (unreacted), 2-5 wt% SiO, and trace
elements including copper and sulfur [22][23]. Metallization
degree—defined as the percentage of total iron in metallic
form—typically reaches 90-95% for coal-based reduction
and 94-96% for hydrogen-based processes [44].

3.4.2 Hot Briquetted Iron Manufacturing

Hot briquetted iron (HBI) represents the commercial
product form enabling long-distance transport and storage.
DRI particles are compressed at elevated temperature
(>900°C) into briquettes with density specifications
exceeding 5.0 g/cm3, meeting International Maritime
Organization (IMO) requirements for safe marine transport
[13][24]. HBI density directly correlates with compressive
strength, dustability, and reducibility in electric arc furnaces
[45].

3.4.3 Slag Formation in DRI Melting

When DRI is charged into electric arc furnaces (EAF),
slag formation occurs through melting of gangue components
and oxidation of impurities. Total slag volume typically
reaches 100-150 kg/tonne steel for DR-grade DRI derived
from high-quality ore. DRI derived from lower-grade ores,
including copper slag-derived DRI, generates 200-400 kg
slag/tonne steel, necessitating enhanced slag management and
requiring increased fluxing [25][46][53].

The slag composition in EAF melting of copper slag-
derived DRI exhibits elevated SiO: content (3545 wit%),
lower CaO content (20-30 wt%), and variable FeO
concentrations reflecting incomplete slag-metal separation
[47]. Optimal basicity (CaO/SiO2 ratio = 2.0) requires
substantial flux additions, increasing operational costs and slag
disposal requirements [24][48].

3.5 Process Parameters Optimization

3.5.1 Reduction Temperature

Reduction temperature optimization represents a critical
challenge balancing recovery efficiency against energy
consumption. Industrial and laboratory studies demonstrate:

. 1200°C: Standard operating temperature achieving
70-75% reduction efficiency with moderate energy
consumption

. 1250°C: Industrial optimum achieving 80-85%
efficiency with acceptable energy economics

. 1300°C: Enhanced recovery (90-92%) but with
proportionally increased energy costs

. 1350°C+: Near-complete reduction (>95%) suitable
only for specific applications due to extreme energy
requirements and accelerated equipment degradation

Optimal industrial operation typically targets 1200-—
1300°C as the balance between recovery efficiency and
operational economics [25].

3.5.2 Reductant Type and Dosage

Coal characteristics significantly influence reduction
kinetics and product quality. Coals with fixed carbon content
>85 wt% perform optimally [49], requiring dosage of 30-40
wt% (relative to slag mass) to achieve near-complete
reduction [26][55]. Alternative reductants including coke,
biochar, and biomass-derived chars have demonstrated
feasibility with comparable recovery efficiency to fossil coal

Ik

Hydrogen-based reduction requires dosages of 55-70 kg
Ho/tonne slag (~650 Nm?/tonne), with process efficiency
exceeding 94% compared to 75-85% for carbon-based
systems [27][51].

3.5.3 Slag Basicity Modification

The addition of CaO flux (15-25 wt% of slag mass)
fundamentally alters slag chemistry and reduction kinetics.
Optimal basicity (CaO/SiO. molar ratio = 0.3-0.75) reduces
slag viscosity, promotes slag fluidity, facilitates metallic iron
grain aggregation, and enhances iron-slag separation. CaO
addition increases iron recovery by 5-10% while improving
iron grade in the concentrate [28][54].

The mechanism involves CaO reaction with SiO- forming
wollastonite (CaO-Si0:) and dicalcium silicate (2Ca0-SiOz),
which exhibit low melting temperatures facilitating slag
fluidity. Excessive CaO (>25 wt%) increases slag viscosity
through formation of tricalcium silicate (3CaO-SiOz),
potentially reducing iron recovery efficiency [].

3.5.4 Residence Time

Reduction roasting time critically influences recovery
efficiency, with optimal duration typically 30-45 minutes for
coal-based processes at 1250-1300°C [50]. Shorter durations
(<20 min) result in incomplete reduction; extended durations
(>60 min) provide marginal efficiency gains not justifying
additional energy input [51]. Hydrogen-based processes
achieve comparable metallization within similar timeframes
despite lower temperature operation [29].

4. DISCUSSION

4.1 Integration with Electric Arc Furnace Steelmaking

Copper slag-derived DRI/HBI provides a secondary iron
source enabling EAF operators to dilute scrap-derived
impurities (copper, tin, molybdenum, tungsten) while
maintaining steel quality. Industrial trials demonstrate that
30-50% DRI substitution for scrap substantially reduces
tramp element content, enabling production of higher-grade
steel products previously accessible only via blast furnace
routes [30][52].
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4.2 Hydrogen-Based Green Steelmaking

The convergence of copper slag iron recovery with
hydrogen-based DRI production offers a pathway toward
carbon-neutral steelmaking [31]. Green hydrogen (H: from
renewable electricity via water electrolysis) combined with
copper slag-derived iron enables near-zero CO: steelmaking
chains [53]. Current hydrogen costs (€3—6/kg) exceed natural
gas equivalents (€0.5-2/kg), but cost reductions to €1-2/kg
are projected by 2030 through renewable electricity scaling
[31][32].

4.3 Circular Economy Integration

Advanced processing routes combining stepwise metal
recovery enable comprehensive copper slag valorization
[33][54]. A representative flowsheet comprises: (1) flotation
recovering copper concentrate (21.5% Cu grade, 77.78%
recovery); (2) reduction-magnetic separation of flotation
tailings (91.34% Fe, 90.21% Fe grade, 83.41% Cu recovery);
and (3) Portland cement production from non-magnetic
residues [33][55].

This integrated approach achieves total iron recovery of
85-90% and enables recovery of 75-85% of residual copper,
60-70% of lead, and 50-65% of zinc through sequential
leaching and precipitation [6][34][56].

5. CONSCLUSION

Recent literature systematically demonstrates that copper
smelting slag represents a valuable secondary iron source with
recovery potential of 85-98 wt% achievable through
optimized  pyrometallurgical or  hydrometallurgical
processing. Coal-based direct reduction combined with
magnetic separation remains the most industrially established
technology, achieving 91-98% iron recovery under optimized
conditions (1250-1300°C, 30-45 min, 35 wt% coal, 20 wt%
Ca0).

Hydrogen-based direct reduction emerges as the most
promising future technology, offering superior metallization
degrees (94-96%), lower process temperatures (800-950°C),
near-zero CO: emissions when powered by renewable
electricity, and enabling production of premium HBI meeting
rigorous international standards. Projected growth of
hydrogen-based DRI from negligible current production to
212.6 million tonnes by 2050 indicates strong industrial
momentum toward hydrogen-based steelmaking.

Key research priorities include: (1) pilot-scale
demonstration of emerging technologies (>500 tonne/day
capacity); (2) hydrogen infrastructure development enabling
large-scale supply chains; (3) kinetic and thermodynamic
modeling of complex slag systems; (4) integrated flowsheet
development for multi-metal recovery; (5) circular economy
pathway design maximizing resource and energy efficiency;
and (6) techno-economic evaluation under variable
commodity price scenarios.

The integration of copper slag valorization with hydrogen-
based DRI production represents a critical enabling technology
for achieving carbon-neutral, circular-economy steelmaking
by 2050.

REFERENCES

[1] Hanquang Zhang, Chaojie Hu, Wangjie Gao and Manman
Lu. Recovery of Iron from Copper Slag Using Coal-Based
Direct Reduction: Reduction Characteristics and Kinetics.
Minerals 2020, 10(11), 973;
https://doi.org/10.3390/min10110973

[2] Jiaxiang Liu, Haoyu Xie Baisui Han. Stepwise Utilization
Process to Recover Valuable Components from Copper Slag.
Minerals 2025, 15(9),

926; https://doi.org/10.3390/min15090926

[3] Aleksandr m. Mitrasinovic, Yang Yuankun, Milinko
Radosavljevic. Feasibility of Recovering Valuable and Toxic
Metals from Copper Slag Using Iron-Containing Additives.
Metals 2023, 13(8),

1467; https://doi.org/10.3390/met13081467

[4] Pratima Meshram, Uday Prakash, Lalit Bhagat, Abhilash,
Hongbo Zhao, Eric D. van Hullebusch. Processing of Waste
Copper Converter Slag Using Organic Acids for Extraction of
Copper, Nickel, and Cobalt. Minerals 2020, 10(3),
290; https://doi.org/10.3390/min10030290

[5] Anna Potysz, Jakub Kierczak. Prospective (Bio)leaching
of Historical Copper Slags as an Alternative to Their
Disposal. Minerals 2019, 9(9),
542; https://doi.org/10.3390/min9090542

[6] Krzysztof Gargul, Arkadiusz Pawlik, Michel Stepien.
Studies on the Hydrometallurgical Transfer of Lead, Copper,
and Iron from Direct-to-Blister Copper Flash Smelting Slag
to solution using L-Asorbic Acid. Molecules 2025, 30(6),
1365; https://doi.org/10.3390/molecules30061365

[7]1 Zhuandi Shao, Tiantian Xiujuan Zhang, kang Liao,
Xiaogang Hou, Hong Deng, Xueming Liu, Zhang Lin, Liyuan
Chai. Key Factors and Evaluation Model of Valuable Metal
Separation in Low-Concentration Smelting Slag. ACS
Omega, 10(9), 9691-9702,
https://doi.org/10.1021/acsomega.4c10942

[8] Zhengliang Qin, Junhui Xiao, Tianyi Du, junhui Zhang.
Eco-friendly iron extraction from fe-containing copper
smelting slag. Journal of Environmental, Chemical
Engineering 2024. 12(5) 114117.
https://doi.org/10.1016/j.jece.2024.114117

[9] Yi Qu, Kegin Tan, Baojun Zhao, Sui Xie. Recovery of Cu-
Fe Alloy from Copper Smelting Slag. Metals 2023, 13(2),
271; https://doi.org/10.3390/met13020271

[10] T.S. Gabasiane, G. Danha, T.A. Mamvura, T. Mashifana,
G. Dzinomwa. Characterization of copper slag for
beneficiation of iron and copper. Heliyon 2021, 7(4), e06757,
https://doi.org/10.1016/j.heliyon.2021.e06757

[11] Integration of DR plant and electric DRI melting furnace.
us Patents Google (2021).
https://patentscope.wipo.int/search/en/W02021195161

[12] Adam Merki, Johannes Rothberger, Robert Millner,
Wolfgang Sterrer. Direct Reduced Iron: The New Age of HBI.

www.ijeais.org/ijaer

57


https://doi.org/10.3390/min10110973
https://doi.org/10.3390/min15090926
https://doi.org/10.3390/met13081467
https://doi.org/10.3390/min10030290
https://doi.org/10.3390/min9090542
https://doi.org/10.3390/molecules30061365
https://doi.org/10.1021/acsomega.4c10942
https://doi.org/10.1016/j.jece.2024.114117
https://doi.org/10.3390/met13020271
https://doi.org/10.1016/j.heliyon.2021.e06757
https://patentscope.wipo.int/search/en/WO2021195161

International Journal of Academic Engineering Research (IJAER)

ISSN: 2643-9085
Vol. 9 Issue 11 November - 2025, Pages: 53-59

Primetals Technologies,
https://www.primetals.com/en/metals-magazine/the-new-age-
of-hbi/

[13] Lin Zhang, Yu Zhu and et., el. Isothermal Coal-Based
Reduction Kinetics of Fayalite in Copper Slag. ACS
Publications 2020, 5(15), 8605-8512,
https://doi.org/10.1021/acsomega.9b04497

[14] Xiaoxue Zhang, Hongyang Wang, Yugi Zhao, Liqun Luo.
Iron extraction from copper slag by additive-free activation
roasting. Minerals Engineering, 217, 108956.
https://doi.org/10.1016/j.mineng.2024.108956

[15] Ke-ging Li, Shuo Ping, Hong-yu Wang, Wen Ni.
Recovery of Iron from Copper Slag by Deep Reduction and
Magnetic Beneficiation. International Journal of Minerals,
Metallurgy, and Materials 2013, 20, 1035-1041.
https://doi.org/10.1007/s12613-013-0831-3

[16] Baojiang Zhang, Tingan Zhang, Chao Zheng. Reduction
Kinetics of Copper Slag by H.. Minerals 2022, 12(5), 548;
https://doi.org/10.3390/min12050548

[17] Aditya Praskash, Radjeo Singh, Buddha Rashmi Mani.
Archaeometallurgical characterisation of ancient copper
slags. Analytical Science Advances 2022, 3(7-8), 226-234.
https://doi.org/10.1002/ansa.202100050

[18] Godfrey Dzinomwa, Benjamin Mapani, Titus Nghipulile,
kasonde Maweja and et., el. Mineralogical Characterization of
Historic Copper Slag to Guide the Recovery of Valuable
Metals: A Namibian case study. Materials 2023, 16(18),
6126; https://doi.org/10.3390/mal6186126

[19] Mu You, Chuncai, Guijian Liu. Speciation
Characterization and Environmental Stability of Arsenic in
Arsenic-Containing Copper Slag Tailing.
Molecules 2024, 29(7),

1502; https://doi.org/10.3390/molecules29071502

[20] Sanchez M, Sudbury M. Physicochemical
Characterization of Copper Slag and Alternatives of Friendly
Environmental Management. Journal of Mining and
Metallurgy. 49(2), 161-168.
https://doi.org/10.2298/JMMB120814011S

[21] Kai Zhao, Xinghua Zhang, Wei Zhao and et., el. Reaction
Thermodynamics and Slag-Metal Separation Behavior During
Copper Slag Cleaning. Materials 2023, 16(1),
42; https://doi.org/10.3390/mal16010042

[22] Urtnasan Erdenebold, Jei-Pil Wang. Chemical and
Mineralogical Analysis of Reformed Slag during iron recovery
from copper slag in the reduction smelting. Archives of
Metallurgy and Materials 2021, 3(66) 809-818. DOI:
10.24425/amm.2021.136385

[23] Zengwu Wang, Jintao Gao, Xi Lan, Zhangcheng Guo. An
eco-friendly approach for enhanced separation and efficient
recovery of copper matte from molten copper smelting slag via
supergravity. Process Safety and Environmental Protection
2025, Volume 202, Part A, 107707.
https://doi.org/10.1016/j.psep.2025.107707

[24] Jun Hao, Zhi-he Dou, Xing-yuan Wan, Song Qi, Kun
Wang, Ting-an Zhang. High-value terminal treatment:
Utilizing copper slag heat in the manufacture of copper-

containing weathering steel. Journal of Cleaner Production.
477, 143829. https://doi.org/10.1016/j.jclepro.2024.143829
[25] Elif Uzun kart, Zeynep Hazal Yazgan, Aleyna Gumussoy.
Investigation of iron selectivity behavior of copper smelter
slag. Physicochemical Problems of Mineral Processing 2025,
61(6) 214348, https://doi.org/10.37190/ppmp/214348

[26] Min Chen, Dmitriy Sukhomlinov, Pekka Taskinen,
Joseph Hamuyani, Radoslaw M. Michallik, Mari Lindgren &
Ari Jokilaasko. Recovery of Metals from Copper Smelting
Slag Using Coke and Biochar. Journal of Sustainable
Metallurgy 2024, 10, 360-374.
https://doi.org/10.1007/s40831-024-00793-7

[27] Weijun Huang, Yajing Liu, Tao Jiang. Reduction of
Copper Smelting Slag by Carbon for Smelting Cu-Fe Alloy.
Alloys 2024, 3(3), 164-
177; https://doi.org/10.3390/alloys3030010

[28] L.C. Wang, Y.G. Wei, S.W. Zhou, B. Li. Matte separated
behavior from slag during the cleaning process by using waste
cooking oil as carbon neutral reductant. Journal of Mining
Metallurgy, 2021, 57(00) 34-34.
DOI:10.2298/JIMMB210407034W

[29] Susana I. Leiva-Guajarado, Nabuel Fuentes Maya & et.,
el. Copper Slag Cathodes for Eco-Friendly Hydrogen
Production. Materials 2025, 18(13),
3092; https://doi.org/10.3390/mal18133092

[30] Xinjiang Dong, Zongliang Zuo & et., el. Water gas shift
reaction mechanism with copper slag as catalyst. International
Journal of Hydrogen Energy 2023, 48(94) 36707-36721.
https://doi.org/10.1016/j.ijhydene.2023.06.055

[31] Geoff Brooks, Sara Hornby. Future Processing Options
for Hydrogen DRI. Midrex Technologies 2025.
https://www.midrex.com

[32] Fabian Andres Calderon Hurtado, Joseph Govro & et., el.
The Melting Behavior of Hydrogen Direct Reduced Iron in
Electric Arc Furnace. Metals 2024, 14(7),
821, https://doi.org/10.3390/met14070821

[33] Shikang Li, Zehao Wu & et., el. Direct reduction of
copper slag with H2 and CO. Journal of Taiwan Institute of
Chemical Engineers 2026. 178, 106371,
https://doi.org/10.1016/j.jtice.2025.106371

[34] H.B. Yuan, B. Cai, X.C. Song, D.Z. Tang, B. Yang.
Insight on the reduction of copper content in slags produced
from the Ausmelt Converting Process. Journal of Mining and
Metallurgy Section B Metallurgy 2021, 57(2) 155-162.
DOI:10.2298/JMMB201016013Y

[35] Muhammad Kamran, Joseph Hamuyani & et., el. Sulfuric
acid leaching for capturing value from copper rich converter
slag. Journal of Chemical Production 2019, 215, 1005-1013,
https://doi.org/10.1016/j.jclepro.2019.01.083

[36] Ji-Man Kim, Sun-Mi Choi, Sang-Chul Shin. Engineering
properties as a supplement cementitious material of ground
copper reduction slag. Heliyon 2024,10(13), e34139.
https://doi.org/10.1016/j.heliyon.2024.e34139

[37] Nadine M. Piatak, Robert R. Seal Il & et., el. Geochemical
Characterization of Iron and Steel Slag and its Potential to
Remove Phosphate and Neutralize Acid. Minerals 2019, 9(8),
468; https://doi.org/10.3390/min9080468

www.ijeais.org/ijaer

58


https://www.primetals.com/en/metals-magazine/the-new-age-of-hbi/
https://www.primetals.com/en/metals-magazine/the-new-age-of-hbi/
https://doi.org/10.1021/acsomega.9b04497
https://doi.org/10.1016/j.mineng.2024.108956
https://doi.org/10.1007/s12613-013-0831-3
https://doi.org/10.3390/min12050548
https://doi.org/10.1002/ansa.202100050
https://doi.org/10.3390/ma16186126
https://doi.org/10.3390/molecules29071502
https://doi.org/10.2298/JMMB120814011S
https://doi.org/10.3390/ma16010042
https://www.sciencedirect.com/journal/process-safety-and-environmental-protection
https://www.sciencedirect.com/journal/process-safety-and-environmental-protection/vol/202/part/PA
https://doi.org/10.1016/j.psep.2025.107707
https://doi.org/10.1016/j.jclepro.2024.143829
https://doi.org/10.37190/ppmp/214348
https://doi.org/10.1007/s40831-024-00793-7
https://doi.org/10.3390/alloys3030010
https://doi.org/10.2298/JMMB210407034W
https://doi.org/10.3390/ma18133092
https://doi.org/10.1016/j.ijhydene.2023.06.055
https://www.midrex.com/
https://doi.org/10.3390/met14070821
https://doi.org/10.1016/j.jtice.2025.106371
https://www.researchgate.net/journal/Journal-of-Mining-and-Metallurgy-Section-B-Metallurgy-2217-7175?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/journal/Journal-of-Mining-and-Metallurgy-Section-B-Metallurgy-2217-7175?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://doi.org/10.2298/JMMB201016013Y
https://doi.org/10.1016/j.jclepro.2019.01.083
https://doi.org/10.1016/j.heliyon.2024.e34139
https://doi.org/10.3390/min9080468

International Journal of Academic Engineering Research (IJAER)

ISSN: 2643-9085
Vol. 9 Issue 11 November - 2025, Pages: 53-59

[38] Bo Tong, Liu Yan, Jingzhong, Kun Wang, Ting-an
Zhang. Mechanism of pore formation in copper slag reduction.
Carbon Resources Conversion 2025, 8(3) 100307,
https://doi.org/10.1016/j.crcon.2025.100307
[39] Zhou Xian-Lin, Zhu De-Qing, Wu Teng-Jiao. Utilization
of Waste Copper Slag to Produce Directly Reduced Iron for
Waethering Resistant Steel. ISIJ International 2015, 55(7)
1347-1352. https://doi.org/10.2355/isijinternational.55.1347
[40] Siwei Li, Jian Pan, Deging Zhu, Tao Dong, Shenghu Lu.
Stepwise  Utilization Process to Recover Valuable
Components from Copper Slag. Minerals 2021, 11(2),
211; https://doi.org/10.3390/min11020211
[41] Shafig Alam, Behzod Tolibov, MAdat Akhmedov,
Umidjon Khujamov, Sardor Yarlakabov. Enhanced
Extraction of Valuable Metals from Copper Slags by
Disrupting Fayalite and Spinel Structures Using Sodium
Sulfate. Minerals 2025, 15(8), 771;
https://doi.org/10.3390/min15080771
[42] Tina Chanda Phiri, Pritam Singh, Aleksandr N.
Nikoloski. Mineralogical Characterisation of copper Slag and
Phase Transformation after Carbocatalyctic Reduction for
Hydrometalurgical Extraction of Copper and Copper.
Metals 2024, 14(10),
1119; https://doi.org/10.3390/met14101119
[43] Z. Li, Guojun Ma, J.J. Zou, Dingli Zheng. Carbothermal
reduction of fayalite: Thermodynamic and non-isothermal
kinetic analysis. Journal of Mining and Metallurgy Section B
2022, 58(3) 417-426
https://doi.org/10.2298/JMMB210323022L
[44] Shuhui Zhang & et., el. Kinetic analysis on reduction
processes of copper slag with and without CaO. Institute of
Materials and Mining.
https://doi.org/10.1177/030192332413021
[45] Samaneh Mansourkiyaei, Abooali Golzary. Innovative
approaches to circular economy in copper slag management:
Maximizing resource efficiency and sustainability. Results in
Engineering 2025, 27, 106903,
https://doi.org/10.1016/j.rineng.2025.106903
[46] Tlotlo Solomon gabasiane, Gwiranal Danha, Tirivaviri
A. Mamvura, Tebogo Mashifana, Godfrey Dzinomwa.
Environmental and socioeconomic impact of copper slag — A
review. AG in Crystals 2021, 11(12) 1504
https://doi.org/10.3390/cryst11121504

[47] Bekhzod Gayratov, Bobur Gayratov, Labone L.
Godirilwe,  Sanghee Jeon, Abdugahhor Saynazarov,
Saidalokhon Mutalibkhonov, Atsushi Shibayama. Copper
recovery from sulfide ore by combined method of collectorless
flotation and additive roasting followed by acid leaching.
ChemEngineering — 2025. Volume 9. Issue 6. 117.
https://doi.org/10.3390/chemengineering9060117.
[48] Khojiev Sh.T.., Kholikulov D.B., Mutalibkhonov S.S.,
Shaymanov 1.1, Ma G. Comparative thermodynamic analysis
of fluxing additives Na20 and CaO during the reduction of
iron from silicate slags of ferrous metallurgy. Yepusie
meramuiel. — 2025, — Ne 9. (1125) - C. 12-18.
https://doi:10.17580/chm.2025.09.02

[49] He Zhou Hakan Basarir, Thomas Poulet & et., el. Life
cycle assessment of copper slags as cement replacement
material in mine backfill. Resources, Conservation and
Recycling 2024, 205, 107591.
https://doi.org/10.1016/j.resconrec.2024.107591

[50] Pranav Prashant Dagwar, Syed Suffia Igbal Deblina
Dutta. Sustainable recovery of rare Earth elements from
industrial waste: A path to circular economy and
environmental health. Waste Management Bulletin 2025, 3(1)
373-390. https://doi.org/10.1016/j.wmb.2025.02.004

[50] Jiaxiang Liu, Haoyu Xie, Baisui Han. The Utilization of
Waste Copper smelting Slag: A Critical Review.
Minerals 2025, 15(9),

926; https://doi.org/10.3390/min15090926

[51] Mutalibkhonov S.S. Khojiyev Sh.T. Khudoymuratov
SH.J. Riskulov D.D. Improved method of the fire refining of
secondary copper-containing materials. Universum: technical
sciences: electron scientific journal. May 2025. — Ne 5(134).
- P. 10. - C. 48-54.
https://d0i:10.32743/UniTech.2025.134.5.20026

[52] A.S. Khasanov, K.T. Ochildiev, T. Khojiev Sh, S.S
Mutalibkhonov Determination of the theoretical viscosity of
the converter slag and the factors affecting it // Composite
materials. Nel/2023. P. 48-52.
https://www.researchgate.net/publication/369826514

[53] Khojiakbar Sultonov., Shokrukh Khojiev., Saida’loxon
Mutalibkhonov. Thermodynamic and kinetic analysis of the
chalcopyrite-magnetite reaction: optimizing temperature for
enhanced efficiency // Universum. Moscow. December 2023.
P. - 37-39.
https://7universum.com/ru/tech/archive/item/16580

[54] Yusupkhodjaev A.A., Khudoyorov S.R., Mutalibkhonov
S.S. Structure of molten slags and their interaction with the
firewall of metallurgical furnaces // Konchilik xabarnomasi.
January-March. - 2014. - Ne. 56. C. - 7-9.
https://gorniyvestnik.uz/ru/posts/377

[55] Yusupkhodjaev A.A., Khudoyorov S.R., Mutalibkhonov
S.S. Structure of molten slags and their interaction with the
firewall of metallurgical furnaces // Konchilik xabarnomasi.
January-March. - 2014, - Ne. 56. C. - 7-9.
https://gorniyvestnik.uz/ru/posts/377

[56] Isroilov A.T., Hasanov U.A., Bekbutayev A.N.,
Mutalibkhonov S.S. Review and research on the solubility of
copper in slags of copper production. Konchilik xabarnomasi.
April-June. - 2020. - Ne. 81. P. 60-63.
https://gorniyvestnik.uz/ru/posts/377

[57] Kholikulov D.B., Mutalibkhonov S.S., Khojiev Sh.T.,
Shaymanov I.I., Riskulov D.D. (2025) Extraction of copper
from waste slag using sodium hydroxide. Conference
"Innovative developments and prospects for the development
of silicate and high-temperature materials technology". 487-
488. https://www.researchgate.net/publication/391046171

www.ijeais.org/ijaer

59


https://doi.org/10.1016/j.crcon.2025.100307
https://doi.org/10.2355/isijinternational.55.1347
https://doi.org/10.3390/min11020211
https://doi.org/10.3390/min15080771
https://doi.org/10.3390/met14101119
https://doi.org/10.2298/JMMB210323022L
https://doi.org/10.1177/030192332413021
https://doi.org/10.1016/j.rineng.2025.106903
https://doi.org/10.3390/cryst11121504
https://doi.org/10.3390/chemengineering9060117
https://doi:10.17580/chm.2025.09.02
https://doi.org/10.1016/j.resconrec.2024.107591
https://doi.org/10.1016/j.wmb.2025.02.004
https://doi.org/10.3390/min15090926
https://doi:10.32743/UniTech.2025.134.5.20026
https://scholar.google.ru/citations?view_op=view_citation&hl=ru&user=kNPlL20AAAAJ&citation_for_view=kNPlL20AAAAJ:YOwf2qJgpHMC
https://scholar.google.ru/citations?view_op=view_citation&hl=ru&user=kNPlL20AAAAJ&citation_for_view=kNPlL20AAAAJ:YOwf2qJgpHMC
https://www.researchgate.net/publication/369826514
https://7universum.com/ru/tech/archive/item/16580
https://gorniyvestnik.uz/ru/posts/377
https://gorniyvestnik.uz/ru/posts/377
https://gorniyvestnik.uz/ru/posts/377
https://www.researchgate.net/publication/391046171

