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Abstract

Remediating and recovering valuable metals from metallurgical slags is a critical challenge
and opportunity for sustainable resource management in the metal extraction industry.
This study investigates a process to simultaneously recover nickel, copper, and cobalt
from nickel converter slag from the Sudbury region, Canada, using carbon- and iron-
based reducing agents. Experimental results show that, without additives, performing
reduction settling at 1300 °C, a process similar to metal extraction from ore concentrates,
yielded 62 wt% recovery of valuable metals, while after adding reducing additives, over
90% of entrained valuable metals were efficiently coalesced into a matte phase within one
hour, significantly reducing the hazardous metal content in the residual slag leaving mainly
iron and silicon oxides, which are stable and environmentally benign. X-ray diffraction and
SEM-EDS analyses show that after treatment, the dominant phases in the residual slag are
fayalite (Fe,SiO4) and glassy silicates, with almost no detectable sulfide or metallic inclusions
or other leachable metal-bearing phases. Estimated total cost to increase and maintain slag
temperature at 1300 °C for 1 h is $44.50 per tonne. The exothermic reaction of ferrosilicon with
slag provides 14.60 kWh/tonne of energy, reducing the need for external heating, while the
value of recovered metals is about 10 times higher than the estimated capital, processing, and
transportation costs of the additional process treatment. An efficient and sustainable approach
to recovering valuable metals from nickel slag, using innovative chemistry and process
integration, delivered high metal recovery, reduced environmental impact, and clear economic
benefits. The proposed approach aligns with the United Nations Sustainable Development
Goals, as outlined in the document “Transforming Our World: the 2030 Agenda’, supports
circular economy principles, enhances resource efficiency, and offers a practical pathway for
remediating legacy slag deposits in existing metals extraction facilities.

Keywords: heavy metals; contaminated soil; remediation; reduction; settling; additives;
environmental sustainability; waste treatment

1. Introduction

The ever-increasing demand for basic and valuable metals poses a significant environ-
mental hazard in regions where such metals are mined, concentrated, and extracted [1,2].
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Metallurgical processes employed in metals extraction consume and process vast quantities
of toxic and/or hazardous materials that eventually transpire either in the atmosphere [3,4],
rivers [5], or landfills [6]. One of the greatest environmental challenges in metal extraction
is the generation of large amounts of slag containing heavy metals [7], which is typically
disposed of close to populated areas and freshwater sources (Figure 1). In earlier years,
metallurgical extraction processes and slag disposal were managed primarily based on eco-
nomic interests rather than considering long-term health and environmental impacts [8,9].
The consequence of the unavoidable trade-off between the amount of metals in the slag
and concentrate [10] during metals extraction is the accumulation of large quantities of
slags rich in heavy metals in different regions worldwide [11]. For example, Vale, a leading
world producer of nickel, disposes of 1.2 million tonnes of slag annually, whereas the
total inventory of slag in the Sudbury area after nearly one century of company opera-
tion is 115 million tonnes [12]. With a forecasted increase in metals extraction processes,
the environmental threat to vast land areas will persist. Fortunately, stricter regulations
on slag disposal and treatment worldwide will inevitably spur the development of new
environmentally friendly processes and procedures [13-15].

Figure 1. Aerial image of the Sudbury basin in Canada depicting a large slag dump area and its
proximity to the densely populated area and freshwater basins. Neary et al. [16] estimated that over
7000 lakes in an area of about 17,000 km? surrounding the depicted slag dump have been acidified to
pH < 6.0, either through aerial pollution or leaching through the soil.

Most of the heavy metals, confined in slags and disposed of in landfills, were consid-
ered valuable prior to extraction. If someone develops a process to efficiently recover metals
entrained in slags formed during large metallurgical extraction processes, the economic
value of the recovered metals can offset additional processing costs [17]. Preventing the
disposal of heavy metals in landfills and eliminating the need for carbon-rich additives
can further lead to the development of an environmentally friendly and sustainable metals
extraction process from their ores [13,18]. Furthermore, an economically viable process for
the recovery of heavy metals from disposed slags can reclaim large land areas currently
threatened by leaching of toxic compounds from these slags. The simplest method for
the recovery of valuable metals from slag is slow cooling, which allows the precipitation
of matte and metals, with matte particles growing by coalescence from the slag solution.
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To enhance metal coalescence, slags could be treated with a chemical agent capable of
reducing metal oxides to metallic or, in some cases, sulfide form [19]. Although chemical,
heat, and mass transfer processes involved in metals extraction are extremely complex, the
process itself is relatively simple, where the liquefied mixture of the slag with the injected
chemical agent is left to settle in a controlled atmosphere for a set amount of time.

The current research gap lies in the lack of efficient, economical, and environmentally
friendly processes to recover valuable heavy metals from metallurgical slags, a byproduct
currently disposed of in ways that pose significant environmental hazards. While current
slag disposal practices focus primarily on economic factors and often disregard long-term
environmental and health impacts, methods that recover valuable metals and reduce
environmental risks without requiring major changes or new capital investments from
metal producers remain insufficiently developed.

The bridge between future environmentally sustainable extraction of metals [20,21]
and current practices lies in developing an economical method that does not require
additional capital costs or new know-how from current raw-metal producers. The aim
of the current project is to implement new procedures to remediate heavy metals from
slags in processes similar to extracting these metals from their ores, where, if recovered in
significant quantities, they may become valuable. New practices can lead to both profitable
and environmentally friendly process that requires less energy, eliminate CO, emissions,
and extract more valuable metals. The same procedure could be employed to process
already disposed slags and implemented in the main extraction process. The effectiveness
of new reducing agents is investigated by considering matte yield and the concentrations
of valuable metals in the matte. The market value of recovered Cu, Ni, and Co is assessed
and compared with the energy cost of the additional refining step.

2. Potential Value of Polymetallic Deposits

Ore bodies containing more than one valuable metal are known as polymetallic or
complex ores. Although geological, volcanic, and impact events often gather various
metal-containing minerals, mining operations focus on primary metals, whereas secondary
metals are more often discarded as by-products rather than extracted for their economic
value [22]. The most widely distributed polymetallic mineral worldwide is chalcopyrite
(copper-iron sulfide), which is primarily processed for copper (Cu), with iron traditionally
discarded as oxides in slag. More often, since chalcopyrite deposits are rich in gold, silver,
and platinum, smelting processes are adjusted to recover these valuable trace metals rather
than iron. Only recently, with advancements in direct reduction processes and zero-waste
economy principles, some iron has been recovered [23].

Although cobalt (Co) is present in much smaller quantities compared to nickel (Ni)
and copper (Cu), its market price has historically been significantly higher than either
metal. More than 90% of the world’s cobalt is produced as a byproduct of copper and nickel
mining, since it is rarely mined independently [24]. In processing Ni-Cu ores, accurately
identifying where cobalt concentrates are located is crucial (pentlandite matrix, pyrrhotite,
or silicate tails) since inefficient recovery can result in substantial lost revenue [25].

The Sudbury Basin, formed by an asteroid impact 1.85 billion years ago, is 62 km long,
30 km wide, and 15 km deep. It contains nickel and cobalt in the pentlandite mineral and
copper in chalcopyrite, along with gold, silver, platinum, palladium, rhodium, iridium,
ruthenium, and other precious and rare-earth elements [26]. Earlier, due to economic factors
and technological limitations, mining operations focused on extracting a single metal that
would yield the highest profit, often disregarding the potential value of other metals [27].
In some locations, these historical wastes now contain significant concentrations of these
by-product metals. By-product metals originating from polymetallic ores may contain

https://doi.org/10.3390/sci8090260


https://doi.org/10.3390/sci8090260

Sci 2026, 8, 260

40f 15

iron, aluminum, zinc, or other metals that have their own production from their ores, but
also have highly valuable metals that have no own production but rather are obtained as
co-elements of some more abundant metals. The typical interconnection among polymetallic
ores, where copper and nickel are carrier metals, and other elements are shown in Figure 2.
Slags originated from Nickel extraction in the Sudbury Basin, historically disposed of in slag
dumps between the Copper Cliff smelting facility and residential area, contain significant
concentrations of metals that have its own production such as copper, iron, or aluminum and
certain elements that lack dedicated production infrastructure yet have market value such as
cobalt, gold, silver, platinum metals, and recently gaining attention rare earth elements.

Cu-Ni-Co U

Polymetallic ___ Metals that have thei

res etals that nave their
Eﬁ‘é@ﬁi‘a&“ @ own production

@ Metals that have no dedicated
production infrastructure

/\*——/ Unwanted elements,
——— difficult to remove

Sulfide and

Sulfide Ores Oxide Ores

Figure 2. The Cu-Ni-Co polymetallic ores interactions among different metals and the economical
and thermodynamic recoverability of co-elements and metals for which no dedicated production
infrastructure exists.

Given the complexity of polymetallic ores and the available extraction technologies, it
is impossible to provide a single procedure; therefore, each mining and extraction site must
develop the most beneficial and least environmentally harmful procedure. Sites that use
pyrometallurgical processes to extract metals may use the same facilities and processes to
further extract additional metals from polymetallic ores. Figure 3 shows which elements,
dictated by their respective chemical properties, thermodynamics, and process technology,
may be extracted by slag reduction during settling with or without using reducing additives.

Slag Reduction during Settling

D Mostly in Gas/Dust

Figure 3. The destination of elements in metallurgical slags after the settling process using a
reducing agent.
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3. Materials and Methods

Ideal additives for reducing nickel slags have a low melting temperature, a slightly
higher density than the slag, and the ability to facilitate exothermic reactions without
producing gaseous products. Among commercially available additives, as shown in Table 1,
the iron-containing additives are the closest to the required parameters [28].

Table 1. Physical and cost-effectiveness parameters of reducing additives typically used in metal
extraction from their ores and remediation of heavy metals from slags.

Melting Temp., (°C) Density, (g cm—3) Cost
Slag 1200 44 -
Coke 3000 1.9 Lowest
Pig iron 1150 7.86 Low
Ferrous sulfide 1194 4.84 Moderate
Ferrosilicon 1250 5.1 Moderate

Converter slag was obtained from Vale S.A. in 1 kg batches and homogenized upon
arrival. Pig iron with a carbon content of 5.02 wt% and ferrous sulfide with 5.01 wt%
sulfur were obtained from the Copper Cliff smelting facility. Figure 4 shows the particle
size distribution of both the converter slag and the additives used. The average chemical
composition of converter slag from Vale’s Copper Cliff Smelter, expressed in weight percent,
shows the dominance of iron and silicon oxides: iron (Fe) at 52.03%, oxygen (O) at 29.04%,
and silicon (Si) at 10.76%, with significant amounts of Copper (Cu) and nickel (Ni) at 2.37%
and 2.17%, respectively. Other elements occur in smaller amounts: cobalt (Co) at 0.58%,
calcium (Ca) at 0.30%, aluminum (Al) at 0.32%, magnesium (Mg) at 0.17%, sulfur (S) at
2.07%, arsenic (As) at 0.01%, lead (Pb) at 0.03%, zinc (Zn) at 0.07%, manganese (Mn) at
0.02%, and chromium (Cr) at 0.06% [29]. Although iron, silicon, and oxygen constitute the
bulk of converter slag, the combined market value of contained copper, nickel, and cobalt

exceeds $600 per tonne [Supplemental S1].
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Figure 4. Experimental heating and cooling regime.

A flow chart of the experimental procedure and the analyses conducted is shown in
Figure 5. Crushed slag particles were loaded into a cylindrical alumina crucible (17 cm high,
3.8 cm inner diameter), heated to 1300 °C, and purged with argon to prevent oxidation
by atmospheric oxygen. Subsequently, 20 g of additives were evenly dispersed across the
surface of the molten slag and allowed to assimilate. After one hour, the crucibles were
removed from the furnace and left to air-cool to room temperature, thereby completing
the settling process. As shown in Figure 6, the solidified sample comprised a matte layer
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settled at the bottom and newly formed slag, now depleted of heavy metals, at the top.
The solidified mass was extracted from the crucible, and the matte and slag phases were
separated at their interface for chemical and metallographic analysis.

- Results
1300 °C Additives Air-cooling evaluation
Slag particles Insertion Crucible removed Settli hani
it ettling mechanism,
heated in alumina 20 g of additives from furnace and Characterization environmental assessment
crucible added cooled XRD, SEM, ICP usefulness and practicality
Sample Reduction Sample Results
Preparation Settling Separation Analysis
Argon purge Matte and slag Calculations
Atmospheric oxygen separation Mass balance and yield,
prevented Additives Solidified mass energy balance,
assimilated into slag separated economi calculations

Figure 5. A flow chart of the experimental procedure and the analyses conducted.

Figure 6. Solidified sample consists of reclaimed heavy metals settled in the matte at the bottom and
newly formed slag depleted of these metals at the top.

Chemical analyses were performed on approximately 10 g of each phase at the Vale
Technical Services at Sheridan Park, Mississauga, Ontario. As-received converter slag,
along with matte and post-settling slag, were mounted in epoxy resin and prepared for
metallographic examination. A Hitachi S-4500, from Tokyo Japan, field emission scanning
electron microscope was used to obtain high-magnification images of all samples, while
INCA microanalysis software, version 5.05, was used to obtain detailed X-ray maps of
specific areas of each sample. Energy dispersion spectroscopy was then used to analyze
the area of each sample to determine the approximate composition of each phase present.
The mineralogical composition of the initial slag was analyzed using a PW 1830/40 X-ray
Diffractometer (Philips, Almelo, The Netherlands) operated at 40 kV and 20 mA. Measure-
ments were conducted over a 20 range of 0 to 90 degrees with a 0.1-degree step size.

4. Results and Discussion

Additives are essential for promoting the coalescence and growth of matte particles
during pyrometallurgical processes. Adding specific additives to the slag decreases the
interfacial tension between the matte and slag phases. This reduction in interfacial energy
facilitates the merging of smaller matte droplets into larger particles, thereby enhancing
coalescence. Furthermore, certain additives reduce slag viscosity, which allows matte
droplets to move more freely and collide more frequently, further supporting the formation
of larger matte particles. From a thermodynamic perspective, additives alter the chemical
potential and activity coefficients of key species at the slag-matte interface, such as sulfur
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and oxygen. These changes stabilize the matte phase and promote matte particle growth
rather than dissolution into the slag. Moreover, additives can serve as nucleation sites or
promote heterogeneous nucleation, offering favorable locations for the initial formation
and subsequent growth of matte droplets.

Mineralogical analyses shown in Figure 7a present the X-ray diffraction (XRD) analysis
of the initial slag, which primarily consists of iron-containing oxides such as fayalite and
magnetite. After keeping the slags at 1300 °C for one hour, regardless of the reducing agent
employed, the XRD patterns indicate that magnetite is almost completely reduced, while
fayalite persists as the predominant phase (Figure 7b). The settling process initiates several
key trends: after reduction, metallic iron appears as a new phase in the slag, magnetite is
absent, and fayalite remains the dominant constituent.
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Figure 7. XRD analyses of initial nickel slag (a) and newly formed slag after reduction settling at
1300 °C for one hour (b).

4.1. Coalescence Mechanism and Matte Formation

The major reclamation mechanism is based on the fact that metals with a more negative
Gibbs free energy change in formation (AG®¢) can reduce metals with a higher AG’; to
metallic form from their oxide or sulfide compounds [30]. Temperature dependences of
changes in the Gibbs free energies of reactions to produce oxides or sulfides of individual
elements can be found in the overrepresented Ellingham-Richardson diagrams for either
oxides [31] or sulfides [32], where the more negative the value of Gibbs free energy change,
the more stable is the product. The order in which five key elements during heavy metals
remediation at 1300 °C will oxidize is Si-Fe-Co-Ni-Cu [31], while sulfide formation will
occur in the following order: Si-Ni-Fe-Co-Cu [32]. Based on thermodynamic principles,
optimal process parameters should promote the oxidation of Fe and Si while retaining Ni,
Co, and Cu as sulfides or elemental metals.

The first phase to form in the coalescence of valuable metals from fayalite-based slags
is the one with the highest melting point. Hansen [33] described the mechanism of initial
matte particle formation, in which Cu-S is the first phase to solidify during slow cooling.
The Cu-Cus,S system contains 20.15 wt% sulfur and has a eutectic temperature of 1070 °C.
Figure 8 shows the typical microstructures of the matte produced without a reducing agent.
The first microconstituent that solidified can be approximated as a Cu-Cu,S system of about
75 wt% Cu, 20 wt% S, and 5 wt% Fe, with trace amounts of oxygen and nickel (Figure 8,
Spectra 1 and 2), with a wide monotectic transformation starting at 810 °C. The matrix
consists mainly of a light region, about 75% nickel and 25% sulfur, that can be approximated
as a NizS, phase with a melting temperature of around 800 °C [34] (Spectrum 3). The other
phase in the matrix is darker and much sparser, with a composition of about 25% sulfur and
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iron and 40% nickel (Spectrum 4). This phase appears to be close to pentlandite (Fe,Ni)gSg,
or perhaps a pentlandite—nickel mixture, and is the last to solidify at 600 °C [35]. Ideally,
all coalesced metals would be gathered into large matte prills, as shown in Figure 8, and
separated from the slag. However, some matte particles are small in size and remain
entrained in slag. These trapped particles, together with the dissolved metals, constitute
both a value loss and a major environmental concern, since they can leach out if disposed

of together with the slag.

Nt ~ <:

Spect Fe Co Ni Cu o S

rum

1 7.14 0.21 0.61 71.95 0.77 19.32
2 5.64 - 0.84 74.96 0.58 17.98
3 1.15 0.84 73.76 1.34 - 22.91
4 23.93 3.94 41.86 2.48 - 27.79

Figure 8. Normalized Energy-Dispersive Spectroscopy analyses of matte formed after keeping the
slag at 1300 °C for one hour.

4.2. Distribution of Valuable and Heavy Metals

Slag treatment at 1300 °C for 1 h, followed by slow cooling, results in significant
coalescence of metals into the matte. In typical industrial treatment of the NiCuCo concen-
trate, about 95% of metals are extracted. Repetition of the industrial process, in which slag
containing the remaining 5 wt% of unrecovered metals is charged instead of concentrate,
resulted in a new trade-off, with 62 wt% of the investigated metals recovered. The bulk
chemical compositions of mattes and newly formed slags, produced with various additives
after settling at 1300 °C for one hour, are provided in Table S1 [36].

Adding exothermic additives to the treated slag increased heavy metal remediation
to above 90%. Figure 9 shows the CuNiCo-Fe-S ternary diagram with the corresponding
chemical compositions of the initial slag and mattes settled using various reducing agents.
Copper, nickel, and cobalt were grouped to understand better how the specific reducing
agent affects the recovery of valuable metals and the distribution of iron and sulfur between
slag and matte. To produce a metalized matte, a reducing agent must obtain a matte below
the sulfur saturation line. The dotted line that crosses the left axis at 23 wt% sulfur and
the right axis at 64 wt% iron represents the stoichiometric sulfur content between FeS and
Cu;S, NisS; and CogSg, i.e., the sulfur saturation line of the CuNiCo-Fe-S system.

Adding ferrosilicon compounds formed mattes with the greatest degree of metalliza-
tion and, therefore, the lowest sulfur content of any matte recovered in the investigation.
The iron content of this matte is about 30-35 wt%, which is about twice that of matte formed
without additives. Despite its higher iron content, the price, availability, and ability to
recover nickel and cobalt in particular make ferrosilicon a very attractive reducing agent.
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The pig iron mattes show a higher degree of metallization, lower sulfur content, and a max-
imum increase in iron content of only 10 wt%. A 5 wt% addition of coke to converter slag
resulted in a high degree of metallization and a low sulfur content. It also contains about
32 wt% iron, twice that of the other matte settled without additives. Unlike ferrosilicon,
adding ferrous sulfide and silica did not further improve valuable metal recovery. Since
silica is used as a flux in extraction processes and has no reducing potential, a significant
improvement in valuable-metal recovery is not expected; only the iron concentration de-
creases from 15 wt% to about 11 wt%. However, making the slag more acidic could lead to
metal losses due to the formation of alkaline CuO/NiO oxides [37].
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Figure 9. CuNiCo-Fe-S phase diagram indicating the bulk chemical composition of the matte formed
from converter slag by reduction settling with various additives at 1300 °C for one hour. The dotted
lines represent the sulfur saturation limits.

Adding 5 wt% ferrous sulfide increased the matte’s iron and sulfur content while
decreasing the matte grade and was, in fact, counterproductive. Adding a sulfurizing agent
typically converts target metals into a dense sulfide phase (matte), facilitating separation
from the oxide slag. In contrast to iron-silicon or carbon-containing compounds, ferrous
sulfide is fully bonded with sulfur. It therefore cannot effectively reduce oxide forms of
target metals, such as CuO or NiO, to their elemental state for efficient extraction [38].
Additionally, specific to settling processes, the substantial sulfur content introduced by
ferrous sulfide stabilizes metal-containing droplets as micro-suspensions, preventing them
from settling and ultimately resulting in their loss within the discarded slag [39,40].

Simultaneously with the coalescence of valuable and heavy metals, all newly formed
slags were depleted of these metals. Newly formed slags fall in the narrow range of
20 to 30 wt% SiO,, whose composition range corresponds to the 2FeO-5i0O, phase, which
explains why fayalite was seen as the major constituent in newly formed slags in all
instances. Figure 10 depicts the bulk chemical compositions of slags formed during settling
on an FeO-5i0; pseudo-binary phase diagram. Adding reducing agents increased the
S5i0,-to-FeO ratio in the new slag. This is an additional benefit, as some iron was recovered
along with other valuable metals.
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Figure 10. FeO-SiO; pseudo-binary phase diagram and projections of the slags” bulk chemical
compositions during settling at the 1300 °C for one hour.

4.3. Amount of Heavy Metals in Slag Converted into Valuable Metals

The quantity of matte formed following gravity separation may be calculated by
comparing the mass of the matte to the combined mass of the initial slag and additive:

Matte Yield = Mass of Matte/(Mass of Slag + Mass of Additive) x 100 [%] 1)

To calculate the recovery for a specific element, its chemical concentration in the matte
is compared with its concentrations in the initial slag and additive. Equation (2) provides
the recovery value for the specific element in the matte ([Melgecovery), Where [Melpaite,
[Melsjsq, and [Mel oggitive denote the concentrations of the element in the matte, slag, and
additive, respectively.

[MelRecovery = Matte Yield /(Mass of Slag [Melsj,g + Mass of Additive [Melaggitive) [%] — (2)

Matte formed at the bottom of the crucible can be forwarded to the final stage of
metal refining, and such metals can be placed on the valuable metals market. The sum
of average concentrations of three examined valuable metals in mattes is above 60 wt%
for typical additives used in industry, such as coke and ferrocarbon (Figure 11). A high
concentration of valuable metals in matte demonstrates the effectiveness of the settling
process and supports further profitable treatment of the matte.

2406,,

Converter |
slag / j
J ) ) J J )

Sio, Coke Fe-5wt%C Fe-5wt%S Fe-15wt%Si

Add itive Flux

Element, — Carbon Containing Additive | Containing Addit
ron Containing itive
wt% l,

\ 9
0.6 03 \
21.8 314 |
32.0 | // 3.8—
W A o AV
A @

Figure 11. The initial slag composition and compositions of the mattes formed after the reduction
settling process.
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High concentrations of heavy metals in disposed slags affect the chemical balance
in soil and water. Reducing heavy metals disposed of in landfills by using these slags
would be a huge environmental benefit for companies and regions involved in metal
extraction processes. The major components of new slag depleted of metals are iron
and silicon oxides. Such compounds are already abundant in Earth’s crust and, as such,
would not impose a large environmental threat. Furthermore, these compounds have
strong intermolecular bonds and, as such, are very stable and impervious to atmospheric
conditions and can be further used as construction material [41,42]. Experimental evidence
and material standard compliance assessments confirm that almost all slags, including
Ground Granulated Blast Furnace Slag (GGBFS), Steel Slag (BOF/EAF), Copper Slag, and
Zinc Slag, can effectively replace traditional construction materials [43]. Nickel slag creates
a less porous matrix, reducing water absorption. Replacing natural coarse aggregates
with nickel slag can increase compressive strength by up to 45%, splitting tensile strength
by 24%, and the modulus of elasticity by 19% [44], while a 40% nickel slag substitution
achieved a characteristic compressive strength of up to 69.73 MPa [45].

Direct leaching tests of treated residual slag from nickel laterite extraction gener-
ally demonstrate limited mobility of heavy metals. Elements such as nickel, cobalt, and
other heavy metals are primarily retained within stable mineral phases, reducing their
potential release into the environment [46]. Decomposing crystalline structures that en-
capsulate residual heavy metals typically requires high-pressure acid leaching (HPAL),
which requires temperatures exceeding 250 °C, oxygen overpressure of approximately 520
kPa, and elapsing times between 60 and 90 min. Such conditions are uncommon at the
Earth’s surface [47,48].

4.4. Energy Balance of Settling New Matte

If a reducing agent assimilates into the treated slag via an exothermic reaction that
often increases the overall system temperature, adding energy from external sources is
not required. Figure S2 [49] in the Supplemental Material shows the exothermic effect of
a ferrosilicon additive during the settling of nickel slag. Simulating the settling process
in an industrial environment, the molten slag would be transferred to a vessel similar to
that of a converter, which is typically operated at 1250 °C. Table 2 shows the estimated
energy required to raise the converter temperature from 1250 to 1300 °C, assuming equal
amounts of the two most significant components, FeO and SiO;. The comparison between
the energy required maintaining the process and the 14.60 kWh output from slag-reduction
chemical reactions using iron-containing additives indicates that little external heating is
required to remediate heavy metals from slags successfully.

Table 2. Mass and energy balance of heating one tonne of slag from 1250 to 1300 °C. Data taken from
the HSC software 8.

Temperature, °C Amount, kmol Amount, Nm?3 Latent Heat, kWh Total Heat, KWh

Input FeO 1250 6.96 0.083 137.2 —379.5
Species SiO, 1250 8.32 0.192 196.1 —1909.4
Output FeO 1300 6.96 0.083 143.4 —373.3
Species SiO, 1300 8.32 0.192 204.5 —1901.0
Balance 0 0 14.60 14.60

4.5. Economy of Settling New Matte

Since all analyses were conducted on slags received from Vale Sudbury, process
parameters are taken based on internal reports for their short converter with max capacity
close to 100 tonnes, in particular, the overall cost of power is at 0.15 U$/kWh, overall
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process efficiency at 10%, and 1440 kWh/h heat loss. Dividing heat loss and power cost by
the converter capacity and process efficiency estimates the cost of maintaining the mixture
at 1300 °C for one hour at 21.60 U$/Tonne. Further considering the cost of heating one
tonne of FeO-5i0; slag from 1250 °C to 1300 °C at 21.90 U$/Tonne (14.60 kWh/Tonne x
0.15 U$/kWh/0.1), the total cost of increasing by 50 °C and maintaining the temperature at
1300 °C for one hour is 44.50 U$/Tonne.

These estimates indicate that the value of the recovered metals is about 10 times the
estimated capital, processing, and transportation costs of the additional process treatment.
Furthermore, because its assimilation is exothermic or only slightly endothermic, reducing
agents such as ferrosilicon may concentrate valuable metals without requiring an external
heat source. An economically viable process for reclaiming valuable metals from converter
slag can bring new revenue to the extraction process while further transforming large areas
of disposed slag into profitable, resource-rich fields [50,51].

Additive prices vary over time and are influenced by trends in related markets that
share the same feedstock. Ferrosilicon, used as an alloy additive in high-temperature
metal extraction, typically costs between $1100 and $1300 per ton [52]. The required
quantity depends primarily on the desired nickel grade and the initial iron-to-nickel ratio
in the concentrate or ore. Usage typically ranges from 5 to 30 kg of ferrosilicon per ton of
concentrate [53]. Given current prices and the potential for higher yields of valuable metals,
using additives remains economically justified.

Scaling up the nickel slag settling process in large industrial vessels offers significant
opportunities to increase throughput and improve process economics, provided key op-
erational factors are carefully managed. Increased heat loss due to greater surface area,
challenges in maintaining uniform mixing throughout the vessel, accelerated refractory cor-
rosion from prolonged exposure to high temperatures, and difficulties in achieving effective
matte-slag separation may be particularly significant. Addressing these scaling-related risks
requires careful design considerations, advanced process control strategies, and ongoing
monitoring to ensure optimal performance and longevity of the slag cleaning operation.

5. Conclusions

This study demonstrates that significant quantities of valuable metals can be efficiently
recovered from nickel converter slag using reduction settling at 1300 °C with carbon- and
iron-based additives. Over 90% of copper, nickel, and cobalt were successfully coalesced
into a high-grade matte phase within one hour, while the residual slag was depleted of
hazardous metals and consisted mainly of stable iron and silicon oxides. XRD and SEM-EDS
analyses confirmed the near-complete conversion of magnetite to fayalite and the effective
removal of leachable metal-bearing phases from the slag. The process is economically viable:
the value of recovered metals is approximately ten times the additional processing costs, and
the exothermic reactions from additives such as ferrosilicon significantly reduce external
energy requirements. Implementing this approach in existing metallurgical facilities can
promote sustainable resource management and remediate legacy slag deposits, providing
both environmental and economic benefits to the metals extraction industry.

Overall, this work provides a practical and economically viable solution for sustainable
metal recovery and heavy metal remediation in the metal extraction industries. The process
supports circular economy principles, reduces the environmental footprint of slag disposal,
and can be implemented in existing pyrometallurgical facilities with zero additional capital
cost. Future research should explore the process’s scalability and its application to a wider
range of slag types and industrial conditions.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/sci8090260/s1, S1: Market value of the newly formed matte; S2:
Technical analyses; S3: Energy release during assimilation of ferrosilicon and copper-silicon additives
into fayalite slags; Figure S1: Historical market prices for three most abducting valuable metals in
converter slags and total value of these metals recovered after settling on 1300 °C using different
reducing agents; Figure S2: Thermal analysis curves after immersing 25 g of additives into 475 g
FeO/SiO,-based liquid bath kept at 1518 K operational temperature; Table S1: Normalized Assays
(wt%) of elemental concentrations in mattes and newly formed slags after settling at 1300 °C for
one hour [36].
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