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Abstract: With the growing demand for critical metals, extraction from secondary sources
such as slag, tailings, and end-of-life materials has become inevitable. Processing from such
secondary sources is described as technospheric mining. Technospheric mining is a broad
term for extracting valuable resources from anthropogenic materials that are currently
excluded from the material flow. The study utilises technospheric mining to extract cobalt
and nickel from nickel furnace slag using organic acids such as ascorbic and citric acid. The
experiments were designed using one variable at a time (OVAT) to optimise the different
parameters: temperature, time, particle size, and reagent concentration. A maximum
recovery of 79% Co and 80% Ni were obtained by leaching the nickel furnace slag using
0.5 mol/L citric acid and 0.5 mol/L ascorbic acid for 6 h at 80 °C. It is proposed that citric
acid leaches the surface and ascorbic acid acts as a reducing agent, thereby reducing the slag
matrix and leaching the metals trapped in it. The results show that treating nickel furnace
slag via a mixture of organic acids is promising, as it is environmentally friendly. Retreating
this material would reduce the net waste generated and aid in building a circular economy.

Keywords: technospheric mining; nickel furnace slag; organic acid leaching; cobalt; critical
metals

1. Introduction

Clean technologies, such as the electrification of vehicles, are being developed to
create a low-carbon society, driving the demand for critical and strategic materials [1].
These vehicles employ certain critical and strategic materials like cobalt (Co) and nickel
(N1i) as cathodes in their batteries, further increasing demand for these elements. Besides
the battery industry, cobalt is used to make catalysts, dyes, pigments, and magnets and
is employed in metallurgical applications such as superalloys for gas turbine engines
and cemented carbides [2,3]. Nickel is a major alloying element for stainless steel, shape
memory alloys, nickel-plating, and coins, and it is used as a catalyst in the hydrogenation
of vegetable oils. With the increasing applications of these elements in diverse fields, there
is an expected increase in demand in the upcoming years.

In nature, cobalt exists in the form of sulphide (Linnaeite, Co*2Co0*3,8, and Carrollite,
CuCo0,5,), arsenide (Skutterudite, CoAsz), or a combination of both (Cobaltite, CoAsS)
due to its chalcophile and siderophile properties [4]. Nickel usually occurs as sulphides,
arsenides, silicates, and oxides, of which nearly 60% are found as laterites [5]. Majorly
exploited nickel-bearing minerals include pentlandite (Fe, Ni)9Sg, millerite NiS, gersdorffite
NiAsS, and nickeliferous limonite FeO(OH)-nH,O [6].
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The primary cobalt supply in mining and processing is geographically concentrated
in the Democratic Republic of Congo (DRC) [2]. Mines in the DRC account for more than
70% of the global cobalt production, extracting orders of magnitude more than China [7].
Despite DRC being a major supplier of cobalt to the international market, its state is
characterised by high governance risks. About 15 to 20% of cobalt mining in the DRC
comes from artisanal mining, which appears problematic for human rights and child
labour [8]. Moreover, cobalt is usually mined as a by-product of copper. This, combined
with the socio-political instability and heavy geographical concentration [1], can lead to an
imbalance in the supply-demand chain of cobalt [9]. This has led to a significant fear of
causing a global supply shortage [2,10].

In the case of nickel, vast applications for stainless steel and other nickel-based al-
loys drive the demand. Albeit laterites constitute around 60% of the land-based nickel
reserve, most nickel is extracted from sulphide ores. The global nickel reserves are un-
evenly concentrated, with Indonesia, Russia and the Philippines representing the bulk of
nickel produced from natural minerals [11]. Indonesia produces over 60% of the global
nickel supply [12]. The nickel prices have thus been highly dependent on the Indonesian
market [12]. Certain aspects that cause price fluctuation include natural disasters, like
earthquakes, typhoons and changes in government regulations [12]. One example would
be the export ban on nickel ore from Indonesia, which has been an issue since 2014 [12,13].
These geopolitical risks and price fluctuations have posed continued challenges to existing
operations and in bringing new operations online [11-13]. With nickel being classified as a
critical and strategic mineral by several countries, challenges to meet global demand are
well established.

In order to maintain a continuous supply of cobalt and nickel to the global markets and
avoid any bottleneck situation, an alternate source for producing cobalt and nickel should be
identified. Processing these elements from secondary sources such as slags, tailings, spent
batteries, and discarded wastes would be an alternative [14]. Mining or processing valuable
resources from a secondary source will provide access to a larger reserve volume than the
estimated value from the primary sources [14,15]. The overarching term for extracting
metals from secondary sources is termed technospheric mining. The technosphere is
proposed as a new component of the environment along with the atmosphere, biosphere,
hydrosphere, and lithosphere [16]. The technosphere includes material stocks generated
by human activity that are currently excluded from material flow [16]. Technospheric
mining describes extracting and recovering valuable resources from the technospheric
stocks [16,17].

Johansson et al. identified that recovering metals from these stocks has received
greater attention owing to environmental factors [17]. Extracting from technospheric stocks
contributes to sustainable development, increases the production base to meet growing
demand and diversifies supply chains in times of global environmental problems and
a shortage of natural resources [14,18]. Furthermore, processing a waste stream would
reduce the volume of net waste generated.

Considering the potential risks in meeting the supply chain and the technospheric
streams containing significant proportions of nickel and cobalt, assessing secondary sources
for viable production routes is attractive [14,16]. Conventional production of nickel is
achieved through beneficiation followed by either hydrometallurgical or combined pyro-
and hydrometallurgical extraction routes. Smelting is the primary technology for treating
nickel sulphide concentrates, involving an oxidative step to reduce sulphur content and
reject iron, resulting in a high-nickel content matte. This is then further processed to recover
nickel metal or other high-value components. The primary solid waste streams generated
from nickel smelting are slags composed of a solution of iron oxides and silicates along
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with a significant amount of Ni and Co that are rejected from the process. Even though
the desired metal contents in the slag are sometimes low, the volume of waste generated,
along with the growing emphasis on the circular economy, highlights the importance of
processing mine waste for metal recovery. It is to be noted that an estimated 6-16 tonnes of
slag are being discharged in the production of 1 tonne of nickel [19,20].

The main focus of this work is to return cobalt and nickel inventory lost to nickel
furnace slag by retreating that material. Moreover, extracting from slag aligns with the
principles of circular economy and contributes towards sustainability.

A few studies have been reported for extracting cobalt and nickel from slag, a techno-
spheric stock, using pyrometallurgy, hydrometallurgy, or a combination of both and are
reported below.

Yang et al. [21] utilised a matte-slag mixture from the ISAMELT furnace to recover
cobalt and copper. They achieved a cobalt recovery of 98% with 2% coke and pyrite at
1260 °C for 2 h [21]. Altundogan and Tumen [22] studied the roasting of copper converter
slag with Fe;(SO4)3 and then subjected it to water and sulphuric acid leaching. A compara-
tively higher recovery percentage of 69%, 98%, 57%, and 93% for cobalt, copper, nickel, and
zinc was achieved using sulphuric acid, respectively [22]. Altundogan et al. [23] investi-
gated the recovery of Cu, Co, Zn, and Fe from copper converter slag obtained by oxidative
leaching with K;Cr,O7 and H,SO4 lixiviants. The experimental results indicated that the
presence of dichromate greatly influences the extraction of metals. The process recovered
81.15% Cu, 12.0% Co, 3.15% Fe, and 10.27% Zn [23]. Anand, Das and Jena’s studies showed
that using 10% furnace oil as the reducing agent yielded 80% cobalt, 82% copper, and
95% nickel by roasting the copper converting slag at 850 °C and leaching with 1.25 times
the stoichiometric amount of ferric chloride for 2 h [24]. Numerous studies reported that
the recovery of cobalt and nickel from nickel converter slag using pressure oxidative acid
leaching with H,SOy is promising [25-27]. They achieved a cobalt and nickel recovery
of greater than 97%, with temperatures ranging from 200-250 °C in 80-120 min [25-27].
Meshram et al. used oxalic and citric acid to recover valuable metals from copper converter
slags. They achieved a Co and Ni recovery of 94% and 89% using citric acid and a maximum
recovery of 16% cobalt using oxalic acid [5]. Lim et al. (2023) used citric acid and hydrogen
peroxide to recover Co and Ni from nickel furnace and converter slag. They achieved
a recovery of 82% Ni and 91.7% Co from nickel furnace slag and 65% Ni and 99.1% Co
from converter slag using the following experimental conditions: 1M citric acid, 0.5% (v/v)
hydrogen peroxide, a pulp density of 2.5%, a particle size f —100 +75 um, 400 rpm at 60 °C
for 6 h [28].

Although relatively high recoveries are achieved using the above methods, it is seen
that most of the techniques mentioned above utilise high energy and harsh chemicals. Also,
very limited studies have been conducted to extract valuable metals using nickel slag. The
study conducted by Meshram et al. (2020) [5] and Lim et al. (2023) [16] has shown promise
in recovering these elements from slags using organic acids. Therefore, this study aims to
investigate the potential of organic acids to recover cobalt and nickel from nickel furnace
slag by studying the effect of concentration, temperature, time, and particle size.

A series of experiments were conducted by employing citric acid and ascorbic acid as
leaching reagents. A description of the experimental procedure and the results obtained
are discussed below.

2. Results and Discussion
2.1. Sample Characterisation

The particle size distribution indicated that the pgg of the slag was 34 pm, which was
used for experimentation unless otherwise specified. The elemental composition of the slag
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was determined using XRF, and is presented in Table 1. For conciseness, only the elements
of interest are presented. Major impurities include Si, Al and Mg.

Table 1. Elemental composition of the slag.

Elements Fe Ni Co Si
Composition (%) 40.7 0.6 0.2 15.9

The ground sample was analysed using XRD to identify the mineralogy of the slag.
Figure 1 shows the XRD analysis of the slag, and it is observed that it consists of fayalite
(FepSi0O4) and magnetite (Fe3O4). It is to be noted that the cobalt, nickel, and any other
phases were not detected. It was reported by Jones et al. [29] that Co and Ni could be
present either on the surface or entrained in the silicate and oxide matrix as metals or as
sulphides [29]. SEM analysis of the sample also shows that silicon, iron, and oxygen are
distributed throughout the slag matrix, which comprises the silicate and oxide phases
(Figure 2). Previous studies on nickel slag have shown that the nickel was trapped in the
matte left behind in the slag [27,28] and that Co exists as CoFe;O4 and is associated with
fayalite [26,28]. TIMA analysis of the nickel furnace slag revealed that it primarily consists
of fayalite, with some magnetite present [28]. Additionally, it was reported that a trace
amount of godlevskite (Ni,Fe)9Sg was detected in the furnace slag [28].
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Figure 1. XRD analysis of nickel furnace slag.

2.2. Citric Acid Leaching of Nickel Furnace Slag

Studies carried out by Lim et al. (2023) have shown that 0.5 mol/L CA performed well
in extracting Co and Ni from nickel slag [28]. Therefore, experiments were conducted to
evaluate the effectiveness of leaching Co and Ni from nickel furnace slag using 0.5 mol/L
CA at 50 °C and 80 °C for 6 h. The results are presented in Figure 3.

Figure 3 shows that a 60% Co, 55% Ni, and 66% Fe recovery was achieved by maintain-
ing a temperature of 50 °C. From the data presented above, it can be seen that temperature
has a considerable effect on leaching, as a recovery of 69% Co, 67% Ni, and 76% Fe was
obtained at 80 °C over 6 h. Also, citric acid tends to be a strong leaching reagent for
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the chosen sample. Further studies were carried out by adding a strong reducing agent,
ascorbic acid.

SEM HV: 10.0 kV
SEM MAG: 3.99 kx

Figure 2. Scanning electron microscope image of nickel furnace slag (i) Secondary electron image;
(ii) Silicon mapping (iii) Iron mapping (iv) Oxygen mapping using SEM-EDS.
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Figure 3. Effect of citric acid on Co, Ni, and Fe dissolution (0.5 mol/L CA, 6 h, S/L ratio = 1:10, 34 um
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2.3. Ascorbic Acid-Assisted Citric Acid Leaching of Nickel Furnace Slag
2.3.1. Effect of Ascorbic Acid Concentration on Metal Dissolution

The effect of ascorbic acid concentration was investigated by leaching the slag at
different temperatures for 6 h using 0.5 mol/L CA with varying concentrations of AA. The
results obtained are shown in Figure 4.
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Figure 4. Cont.
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Figure 4. Effect of ascorbic acid concentration on Co, Ni, and Fe dissolution at (a) 25 °C (b) 50 °C
(c) 80 °C (0.5 mol/L CA, 6 h, S/L ratio = 1:10, particle size = 34 microns, stirring speed = 250 rpm).

At 25 °C, the recovery percentage of Co, Ni, and Fe dropped with the increase in the
concentration of AA added. However, at 50 °C, the recovery percentage increased slightly
at 0.5 mol/L compared to 0.3 mol/L AA. It is to be noted that the dissolution percentage
for 0.7 mol/L and 1 mol/L AA concentrations was lower than the other concentrations
at different temperatures. Therefore, at 80 °C, experiments were carried out only up to
0.5 mol/L AA. It was seen that the recovery percentage increased significantly when
0.5 mol/L AA was added to 0.5 mol/L CA. The drop in dissolution percentage at higher
concentrations of ascorbic acid is potentially due to the increased ascorbic/ citric acid ratio,
thereby decreasing the activity and thus the efficacy of the citric acid. Therefore, it was
concluded that the optimal combination was 0.5 mol/L AA + 0.5 mol/L CA.

2.3.2. Effect of Temperature and Time on Metal Dissolution

The effect of temperature and time was investigated by leaching the slag at different
temperatures and times using 0.5 mol/L CA + 0.5 mol/L AA. The experiments were carried
out at 25 °C, 50 °C, and 80 °C for 24 h, and the results obtained are shown in Figure 5.

With the variation of AA concentration, the temperature played a significant role. For
0.5 mol/L AA, the Co and Ni recovery increased for 25 °C and 50 °C till 24 h. However, at
80 °C, Co, Ni, and Fe recovery dropped significantly at 24 h. This shows that a mixture
of 0.5 mol/L AA and 0.5 mol/L CA is suitable to operate at 80 °C for 6 h. As seen in
Figure 3, with higher concentrations of AA (0.7 mol/L and 1 mol/L), the leaching efficiency
of Co and Ni was relatively lesser than 0.3 mol/L and 0.5 mol/L. For 80 °C, the recovery
rate increased until 6 h, and the value decreased. This is possibly due to the denaturing
tendency of ascorbic acid, which worsens at 76 °C [30]. Also, Jutkus et al. observed that
storing ascorbic acid at higher temperatures led to chemical instability over time [31].
Therefore, it is recommended to either run the experiment at a lower temperature or to run
the experiment for a smaller duration. Based on the observations, the following operating
conditions were chosen for further experimentation: 80 °C, 0.5 mol/L AA + 0.5 mol/L CA,
6 h, and 250 rpm.
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Figure 5. Effect of temperature on (a) Co, (b) Ni, and (c) Fe dissolution (0.5 mol/L CA + 0.5 mol/L
AA, S/L ratio= 1:10, particle size = 34 microns, stirring speed = 250 rpm).

2.3.3. Effect of Particle Size on Metal Recovery

The effect of particle size on the leaching efficiency of Ni and Co was studied by

using milled and unmilled particles with a pgy of 75 pm and 34 pum, respectively. The
experimental conditions were: 80 °C, 0.5 mol/L AA + 0.5 mol/L CA, 250 rpm for 6 h. The
results obtained are shown in Figure 6.

100

90

80

< Co Milled

4 Co Unmilled

Ni Milled

Ni Unmilled

3 4 5 6

Time (h)

Figure 6. Effect of particle size on Co and Ni dissolution (80 °C, 0.5 mol/L CA + 0.5 mol/L AA,S/L
ratio = 1:10, stirring speed = 250 rpm).
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A recovery percentage of 53% Co, 59% Ni, and 79.8% Co, 80% Ni was attained for
unmilled (pgy = 75 microns) and milled (pgg = 34 microns), respectively. An optimal particle
size screens the unwanted minerals and ensures the liberation of the target elements [32].
Mechanical activation was employed to reduce particle size. The disintegration by high-
energy grinding increases the surface area and alters the physicochemical properties,
rendering them more reactive in the subsequent processing [33]. The higher recovery
percentage is due to the liberation of the target elements [32] and the increased number of
particles newly exposed to the leaching conditions [33].

2.4. Leaching Mechanism of the Synergistic System

To understand the effect of the combined reagents, graphs were plotted individually
for 0.5 mol/L AA, 0.5 mol/L CA, and 0.5 mol/L AA + 0.5 mol/L CA at 80 °C. The graphs
were plotted for Co, Ni, and Fe recoveries under the above-said conditions, shown in
Figure 7.

Figure 7 proves that the synergistic system works better than the individual systems,
i.e., only citric and ascorbic acid. It is seen from the above graphs that cobalt, nickel, and
iron follow the same trend for the three different systems. This shows that it is essential
to dissolve Fe by disintegrating the fayalite and magnetite matrix to ensure Co and Ni
dissolution [28]. On treating the slag with either citric or ascorbic acid, it is seen that the
leaching curve tends to plateau after 3 h. However, with a combination of these reagents,
the recovery percentage increases till 6 h. The proposed mechanism for the synergistic
system is as follows.

Citric acid provides H* ions for protonation, which attacks the fayalite matrix, releas-
ing ferrous ions and silicic acid. The H* ions also facilitate the dissolution of magnetite, a
mineral containing both Fe>* and Fe3* ions, thereby releasing ferric and ferrous ions into
the solution.
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< 70 / ?
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© 50
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Figure 7. Cont.
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Figure 7. Comparison of leaching efficiency (a) Co (b) Ni and (c) Fe dissolution (80 °C, particle
size = 34 microns, stirring speed = 250 rpm).

Ascorbic acid, a reducing agent, converts the Fe>* to Fe?* ions. This reaction plays a
vital role in the dissolution of magnetite, as two-thirds of the Fe content exists in the ferric
state. Furthermore, ascorbic acid forms complexes with silica, promoting the breakdown
of the fayalite matrix [34]. In addition, citric acid also acts as a chelating agent and forms
stable complexes with both Fe?* and Fe®* ions.
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Itis evident from Figure 7 that the dissolution of iron is essential for the release of cobalt
(Co) and nickel (Ni). Thus, promoting the dissolution of fayalite and magnetite matrices is
necessary for efficient leaching of Co and Ni. According to Meshram et al. [5] citric acid
forms complexes with both Co and Ni ions. This supports the proposed mechanism’s
applicability for the extraction of these metals. The reaction equations for the mechanism
are summed up in Equations (1)-(6) [5].

Fe,SiO, + 4H™ — 2Fe? + HySiOy (1)
Fe;O4 + 8H' — 2Fe®" + Fe?* + 4H,0 2)
Fe3* + CgHgOy — Fe?* + C4HgOp + 2H* (3)
Fe®* + C4HgO; — [Fe(CeH507) 4)
Fe?* + C¢HgO; — [Fe(CeH50,)[" (5)

The metals (M) reacted with citric acid to form soluble metal chelates, and the reaction
was expressed as Equation (6) [5].

CH:COOH . ooc

HOCCOOH + M2+ 2H20 — H0 === M-=-00CCH; ==~ C --- OH ©6)
| i

CH2COOH H,O CH,COO~

Overall, it is evident that reducing the slag matrix plays a vital role in efficiently
extracting Co and Ni from slag. The combined actions of citric acid and ascorbic acid
ensure the breakdown of the mineral structure and the leaching of the target metal ions.

This might be because citric acid, a strong leaching reagent, leaches the cobalt and
nickel on the surface and converts them into their corresponding metal salts [5]. Meanwhile,
ascorbic acid, a strong reducing agent, causes a disturbance in the slag matrix and reduces
it [35]. This helps in leaching the cobalt and nickel trapped in the slag matrix. The increased
iron recovery is due to the reduction of the slag matrix. Ascorbic acid also tends to reduce
the metal citrate complexes. It is evident from the results that reducing the slag matrix is
vital for extracting Co and Ni efficiently from the slag.

However, the decreased recovery after 6 h can be attributed to a number of reasons.
The chemical instability of ascorbic acid at higher temperatures plays a major role [30,31];
this denaturing tendency of ascorbic acid causes the reprecipitation of some of the iron into
the system. This, in turn, decreases the cobalt and nickel recovery as they tend to follow the
same trend as iron (Figure 7). In addition, the system loses ascorbic acid due to its instability,
which tends to decrease the reaction rate. It is proposed that iron reprecipitation occurs
much faster than forming iron ascorbate, thereby reducing the recovery of iron, cobalt, and
nickel. Based on these observations, it is said that the optimal operating conditions for
this system are 6 h at 80 °C, which also helps prevent the decomposition of AA. However,
further investigations are required to evaluate the extent of AA decomposition, its impact
on reagent recyclability, and the overall feasibility of this approach for achieving more
sustainable circular processing.

The above process not only treats waste but also provides better utilisation of resources,
providing the potential to generate multiple products and thus contributing to a circular
economy. The leach liquor obtained can be further processed through solvent extraction
to separate Fe, Co, and Ni; however, this approach has not been tested with the specific
solution obtained from this study. Given the significant concentration of Fe in the leach
liquor, there is an opportunity to create a low-value iron stream that could be used for
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other applications. By extracting these valuable elements from furnace slag, this method
enhances resource efficiency which is beneficial for nickel-producing industries globally.
Additionally, it not only aids in reducing waste but also has the potential to generate an
additional revenue stream.

3. Materials and Methods
3.1. Sample Preparation and Characterisation

The nickel furnace slag used in this study was obtained from a processing plant in
Western Australia. The furnace slag was initially pulverised using a Rocklabs Limited
Model C pulveriser. The slag was then mechanically activated using a Restch PM type
100 planetary ball mill, which had a capacity of 50 cm3. A charge-to-ball ratio of 1:10 was
employed. Then, the ground sample was analysed using X-ray diffraction (XRD) (Pan
Analytical, Worcestershire, UK) to identify the mineralogy of the slag. Also, Scanning
Electron Microscopy—Energy Dispersive Spectroscopy (SEM-EDS) was carried out to un-
derstand the elemental distribution of the sample using an MIRA3 Tescan (Brno, Czech
Republic) at John de Laeter Centre in Curtin University. The elemental composition of
the ground sample was determined using X-ray fluorescence (XRF) and was conducted
by Bureau Veritas Laboratory, Perth. The particle size distribution of the slag was carried
out using laser sizing (Mastersizer 3000, Malvern, Worcestershire, UK). The concentration
of the elements in the dissolved solution was determined using an Inductively Coupled
Plasma—Optical Emission Spectroscopy (Agilent 5100 Synchronous Vertical View-SVDV,
Boulder, CO, USA).

3.2. Reagent Preparation

The leaching reagents used in this study were 100% pure L-ascorbic acid (C¢HgOg)
(Daintree Quality Herbs, USA) and 100% anhydrous citric acid (C¢HgOy7) (Sigma Group
Companies Pty Ltd., Perth, Australia) in a solid crystalline form. Based on the solubility
of these reagents in water, the concentrations of the reagents were fixed. The individual
solutions were prepared with known concentrations of these reagents in deionised water.
A previous study using nickel slag indicated that 0.5 mol/L citric acid as a leaching reagent
was effective at elevated temperatures [28]. Therefore, in this study, further experiments
were conducted to explore the potential of the synergistic system. Thus, different ascorbic
acid concentrations ranging from 0.3-1 mol/L ascorbic acid were added to 0.5 mol/L citric
acid. In the upcoming sections, ascorbic and citric acid have been abbreviated as AA and
CA, respectively, for ease.

3.3. Leaching Experiments

Batch leaching experiments were conducted using a three-necked round-bottom flask.
The flask was fitted with a condenser on one neck and a thermometer on the other to
monitor the temperature of the slurry throughout the experiment. An overhead stirrer with
a collapsible impeller was fitted to ensure mixing and was set to rotate at a fixed speed
of 250 rpm. The effect of variables influencing the leaching process, such as temperature,
reagent concentration, particle size, and time was investigated. The reagent was taken
in the three-necked round-bottom flask and placed in a heating mantle to achieve and
maintain the desired reaction temperature during leaching. Once the desired temperature
was attained, an aliquot of slag was weighed and added to the flask. A solid-to-liquid
ratio of 1:10 was maintained. The nickel furnace slag was subjected to leaching using a
mixture of ascorbic and citric acid. Solution samples were collected at 1, 3, 6, and 24 h.
The pH of the solution samples were measured and recorded. The collected samples were
centrifuged and vacuum filtered using a Wattman filter paper of 7-11 microns. At the end
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of the experiment, solid-liquid separation was done using a vacuum filter and the leach
residue was washed with distilled water, which yielded a dark red-violet filtrate and a
black residue. The resultant dark red solution is due to the formation of ferrous ascorbate.

4. Conclusions

In this study, experiments were carried out to determine if nickel slag is a viable
source for recovering cobalt and nickel from nickel furnace slag in an environmentally
benign manner using organic acids such as ascorbic and citric acid. The parameters
varied were temperature, the concentration of the reagents used, time, and particle size.
It was observed that the recovery of Co and Ni generally increased with temperature.
Interestingly, the dissolution percentage of Co and Ni decreased at longer residence times
at 80 °C and while using 0.5 mol/L of ascorbic acid and citric acid. This is plausibly due to
the denaturing tendency of ascorbic acid at 76 °C, as reported by Jutkus et al. (2015) [31].
In addition, altering the physicochemical properties of the slag by mechanically activating
it aided in significantly increasing the leaching efficiency of Co and Ni. A combination
of the two reagents at specific concentrations attained a much higher recovery than their
individual counterparts. This is because the citric acid provides H* ions that attack the
fayalite and magnetite matrices, releasing metal ions into the solution. Ascorbic acid
aids in reducing these ions, while citric acid complexes with the released metal ions to
enhance dissolution. Optimal recovery of 79% Co and 80% Ni was obtained by subjecting
the nickel furnace slag of pgyp 34 um to 0.5 mol/L citric acid and 0.5 mol/L ascorbic acid
for 6 h at 80 °C. This result shows that breaking down the Fe matrix to dissolve Co and
Ni is essential, as these elements are trapped in the slag matrix. The outcomes of this
work highlight the potential of organic acids as effective leaching reagents owing to their
capability to attain high recoveries from a low-grade material under atmospheric conditions.
Moreover, extracting critical and strategic minerals from slag adds more value to the supply
chain of these elements. It also enables us to reprocess the material and reduce the net
waste generated, thereby contributing to sustainability and aiding in a circular economy.
Additionally, a comprehensive evaluation of the process considering the supply chain of
both the waste products and reagents is to be done to enhance the overall circularity of
the process.
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